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Dean’s Address

The greeting message from the Dean of the Faculty of Chemical Technology and Engineering, West 
Pomeranian University of Technology in Szczecin

As the Dean of the Faculty of Chemical Technology and Engineering and the Conference Chairman, 
on behalf of the Organizing Committee, I am delighted to welcome all participants to the 24th Natio-
nal Conference of Chemical and Process Engineering, scheduled to be held at the West Pomeranian 
University of Technology in Szczecin on June 13-16, 2023.

One of the main objectives of this conference will be to define the expectations of innovative com-
panies in the chemical industry regarding scientists in the field of chemical engineering. This event 
will also provide an excellent opportunity to explore new avenues for the dissemination of knowledge 
and innovation resources.

I strongly believe that our conference will serve as an outstanding platform for establishing connec-
tions between scientists and industry representatives. Collaboration between academia and indu-
stry is essential for establishing industrial and scientific consortia capable of conducting research 
and development projects in the field of chemical industry.

The conference will bring together approximately 250 distinguished specialists from Poland and 
abroad, whose research focuses on chemical and process engineering. The topics discussed during 
the conference will include modern trends in chemical engineering and technology, circular economy 
and climate protection, chemical engineering and new energy sources, industrial process engine-
ering, intensification of transport processes, chemical reaction engineering, process modeling and 
simulation, environmental chemical engineering, technological and process innovations, bioprocess 
engineering and medical applications, as well as green and sustainable chemical engineering. Ad-
ditionally, a forum for young researchers will be organized during the conference, providing an oppor-
tunity to analyze the results of scientific work carried out by students and doctoral candidates.

Furthermore, I believe that the conference will provide an excellent opportunity to present a research 
offer related to the capabilities of the Center for Advanced Materials and Manufacturing Processes 
Engineering (CZMIMP), which can serve as a research base for the industry.

I would like to take this opportunity to express my gratitude to all those who will participate in our 
conference. The results of their scientific work constitute a valuable contribution to the advancement 
of chemical engineering, shaping the innovative directions of this scientific discipline.

Sincerely,

Professor Rafał Rakoczy  
Dean of Faculty of Chemical Technology and Engineering
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Mechanochemistry represents an environmentally sound alternative to the traditional solution-
based chemistry, as it offers the option to obtain desired compounds in a one-step solvent-free 
fashion without the need of supplying external heat or pressure. It is also recognized by 
International Union of Pure and Applied Chemistry (IUPAC), which considers a mechanochemical 
reaction as a chemical reaction that is induced by direct absorption of mechanical energy [1]. It is 
particularly interesting for the preparation of nanocrystalline materials, as instead of using organo-
metallic compounds, products can be obtained through purely solid-state processing of elemental 
precursors, very common non-toxic compounds or even natural materials.  

The present talk will focus mainly on two areas, namely on the mechanochemical synthesis of 
(i) bionanocomposites based on silver nanoparticles and (ii) metal chalcogenides. 

Silver nanoparticles are well-known mainly due to their overwhelming antibacterial activity [2]. 
During the last couple of years, our research group has developed a biomechanochemical 
approach, where by one-step mechanochemical processing of AgNO3 used as Ag precursor and 
natural material used as a reducing agent, antibacterially active Ag nanoparticles embedded in the 
residual matrix of the natural species were successfully prepared. The process was performed in a 
laboratory-scale planetary ball mill. The natural reducing agents encompassed common plants 
such as thyme, elderberry, lavender, or various lichen species [3-4]. The principle of bio-
mechanochemical synthesis applying three common plants as reducing agents is shown in Fig. 1. 

 
Fig. 1. Principle of bio-mechanochemical synthesis of Ag nanoparticle-based bionanocomposites [4] 

Metal chalcogenides are currently among the most intensively studied materials in various 
areas of materials science, namely in the field of energy conversion. Among the most common 
groups of metal chalcogenides, metal sulfides are very interesting, because they contain abundant 
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Metal chalcogenides are currently among the most intensively studied materials in various 
areas of materials science, namely in the field of energy conversion. Among the most common 
groups of metal chalcogenides, metal sulfides are very interesting, because they contain abundant 

sulfur and are applicable in various fields [5]. By just co-grinding sulfur with corresponding metals, 
it is possible to obtain nanocrystaline metal chalcogenides in a very convenient way [6]. Recently, 
we published a study describing the mechanochemical synthesis of 12 ternary and quaternary Cu-
based sulfides in a scalable fashion (100 g batch) using eccentric vibratory milling from their 
elemental precursors and revealing their great potential as antibacterial agents [7].  

 
Fig. 2. Scalable mechanochemical synthesis of various copper-based ternary and quaternary metal 

chalcogenides as prospective antibacterial agents [7] 

At the end, the possibility to recycle a rich plethora of waste materials via mechanochemistry 
will be shown. This topic was comprehensively summarized in a monograph published in 2021, 
where more than 1000 studies dealing with the recycling strategies of consumer, technogenic, and 
agricultural waste were reviewed [8].  

This work was supported by the projects of the Slovak Grant Agency VEGA (2/0112/22) and 
the Slovak Research and Development Agency APVV (VV 18-0357).  
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The design, optimization and control of chemical engineering problems, including fundamental 
phenomena, unit operations as well as complex industrial processes, involves the need for the 
formulation and subsequent implementation of mathematical models characterized by a range of 
levels of complexity. Although at the design phase of new processes and equipment it seems to be 
economically justified (e.g., to avoid time- and cost-consuming experiments) to employ detailed 
models accounting for many constituent phenomena and based on first principles, the use of such 
tools for process optimization or control, especially when dealing with multiscale problems or 
complex process plants, is virtually impossible. However, the computational burden inherent to the 
numerical solution of mechanistic models can be substantially reduced by replacing the entire 
model or even just some of its elements with a data-driven submodel (Fig. 1a). Over the last 
decades, a number of techniques emerged, and related publications (Fig. 1b), that make it possible 
to use directly the information extracted from the so-called full numerical model as well as the real 
physical object aimed at developing computationally efficient numerical simulations. 

The study analyzes different approaches through which data of both simulation and 
experimental origin can be used to construct light yet robust numerical models [1-3]. In addition to 
an overview of various methodologies and possible applications in chemical engineering, including 
industrial process engineering, related problems and challenges are outlined that are likely to boost 
future research. 

 
 

Fig. 1. Illustration of the classification of data-driven models (a) and the number of publications (in Scopus 
indexed journals) over the years on dimensionality reduction, hybrid and surrogate models, and digital twins 
addressing issues in chemical engineering, chemistry, material and environmental science, and energy (b) 
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It is necessary to recognize that data-driven models are not an invention of recent years, yet 
due to lack of computing power, in research works they began to appear only in the 1950s [1], and 
in practical industrial applications well beyond that. Speaking of data-driven models, also referred 
to as empirical, it is necessary to distinguish between two basic categories of such objects, that is, 
models reduced by methods exploiting knowledge of the behavior of the object, but fully preserving 
its mechanistic character, and so-called surrogate models. 

As for the first group, also categorized as white-box models, one of the most widely used and 
powerful methodologies today is dimensionality reduction via the Galerkin projection combined with 
an empirical basis, determined from numerical (or very rarely experimental) observations obtained 
from the non-reduced model using the Proper Orthogonal Decomposition [1, 4]. The method has 
been intensively researched and used since the 1990s in chemical reactors, engineering 
applications and study of turbulent flows. Today it can also be coupled with solvers for 
Computational Fluid Dynamics. The latter fact strongly confirms its significant applicative and not 
just theoretical character in process engineering. Anyhow, some issues such as appropriate 
reduction of non-linear terms (via so-called super-reduction), which are ubiquitous in engineering 
problems, or selection of “most informative” data to create an optimal basis are still the subject of 
intensive research [4]. 

On the other hand, surrogate (or surrogative) models [2], which are simply black-box models, 
encompass a huge group of methods that allow to handle complex problems in an equation-free 
manner. These methods can be divided into interpolation (e.g. Krigging [2]) and non-interpolation 
methods, with the last group primarily including a wide range of techniques based on Machine 
Learning (e.g. Artificial Neural Networks [2, 5]). The latter, apart from predictive modeling, can also 
be successfully used in engineering applications as virtual (soft) sensors [5]. The use of Machine 
Learning to simulate chemical and physical processes seems to be extremely attractive nowadays 
and research on the development on entirely data-driven models for the description of multiscale 
and multiphysics systems are intensively conducted. Preserving at least a fragment of the model in 
a mechanistic form is more adequate for process optimization applications, which involves the 
exploration of a wide parameter space. In this context semi-empirical hybrid (or grey-box) models 
[2, 3, 6] combining first-principles models with data-driven surrogates developed using feature 
extraction, regression/interpolation and Machine Learning methodologies appear to be the best 
solution. Hybrid models are also an excellent solution for simulating integrated processes, e.g. 
Combined Heat and Power systems [6]. Indeed, some elements of complex process installations 
can often be described using relatively simple models based on first principles, while others are 
almost impossible to describe without data-driven methodologies. 

Eventually, the extremely rapid development of hardware and computing power over the last 
decade allowed to combine simulation models of different nature with their constant updating and 
real-time interaction with the simulated real world asset. This brought about the birth of a whole 
novel group of computational tools: the so-called Digital Twins [3], which are an important element 
of the age of Industry 4.0 and, closely allied to it, widespread digitalization. They can profit from all 
available techniques (Fig. 1a): starting from white- through grey- to black-box modeling, and without 
a doubt they are a tool that will be of great importance in industrial applications in the near future. 
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Over the past few decades, mankind has experienced an enormous growth leading to the 
introduction of many cutting-edge technologies that significantly increased our living standards and 
longevity. With this rate of progress, however, comes massive responsibility for our future and the 
safety of natural environment. In fact, to fuel the ever-growing consumerism of our modern society 
and satisfy an enormous energy demand, we are burning more and more fossil fuels, and extracting 
precious natural resources that eventually disturb the environmental equilibrium. This, in turn, 
leads to extreme natural phenomena, high levels of air and drinking water pollution, hostile climate 
and the accelerated extinction of various fauna and flora species. To reverse or at least mitigate 
this trend, two fundamental concepts of 1) zero waste, and 2) circular economy were introduced, 
and subsequently an international effort has been undertaken to put it into action. The goal of zero 
waste is to design and manage the manufacturing and consumption of products in a way that 
minimizes waste and recovers as many resources as possible, while keeping toxic substances out 
of the environment. The ultimate goal of the circular economy, however, is a system of a global 
scale, where we can primarily rely on resources we have already harvested, rather than ignoring 
recyclables and exploiting raw materials. A successful implementation of these two concepts would 
not be possible without novel sophisticated nanomaterials that constitute a foundation for the next 
generation sustainable and green processes. 

The design of novel nanomaterials for green chemical engineering processes is frequently a 
very complex and multidimensional procedure because it requires thorough understanding of 
physics and chemistry of materials at nanoscale, and how the physics and chemistry change upon 
external stimuli such as light, temperature, electric field etc. In addition, the target nanostructures 
must be long-term stable, nontoxic, and synthesized from easily available and cheap precursors to 
make the process economically viable. In an ideal scenario, the newly designed nanomaterials 
should outperform their conventional and unsustainable counterparts. All the aforementioned 
requirements have to be taken into account simultaneously making the design process very 
challenging. To speed up the design procedure, we often involve high power supercomputers 
together with modern computational simulation packages that allow us to screen through large 
possible configuration space and narrow down the number of promising nanomaterials. 

Although advanced nanomaterials can be regarded as a heart of green and sustainable 
technologies, chemical engineering is a body, and they both cannot be disentangled. In fact, 
chemical engineering plays a major role prior and after production of nanomaterials. The synthesis 
protocol which has to be properly tuned to reproduce the designed properties of nanomaterials for 
a given process application, and the process application itself has to be optimized to reach the 
highest possible efficiency. 

We are going to provide a general perspective on the design procedure of advanced 
nanomaterials that can be successfully implemented in sustainable and green chemical processes. 
For the sake of clarity, particular attention is given to nanostructures for light-driven processes. 
First, we introduce some intrinsic properties of a nanostructure and their relationships with 
photocatalytic properties that can be tuned via chemical and phase compositions. We emphasize 
the role of the state-of-the-art quantum chemistry methods in designing efficient nanostructured 
catalysts [1]. Next, we discuss the concept of quantum efficiency as a direct indicator of 
nanocatalyst performance and how to control and increase its value. In this case, we focus our 
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together with modern computational simulation packages that allow us to screen through large 
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technologies, chemical engineering is a body, and they both cannot be disentangled. In fact, 
chemical engineering plays a major role prior and after production of nanomaterials. The synthesis 
protocol which has to be properly tuned to reproduce the designed properties of nanomaterials for 
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nanocatalyst performance and how to control and increase its value. In this case, we focus our 

attention on the localized surface plasmonic resonance (LSPR) phenomenon and its benefit in 
efficient light harvesting [2, 3]. We discuss a few possible strategies to control the LSPR by changing 
the chemical composition, size, and shape of plasmonic nanostructure [2]. Finally, we demonstrate 
several examples of designed and synthesized nanomaterials in their respective applications  
[2, 3]. 
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Intensive technological development and performance requirements for modern materials 
with defined properties determine new challenges towards the design of advanced, functional 
hybrid systems. By combining two or more components (mainly inorganic and of natural origin), 
materials with improved properties and great practical relevance are produced. 

The lecture will focus on current trends in the fabrication and development of advanced hybrid 
materials. Additionally, practical utilities of those materials will be also emphasized. Methods of 
their production, characteristics, how and above all the most important areas of their use will be 
indicated, e.g. in such areas as: disposal of organic compounds or metals harmful to the 
environment, production of materials for medical applications, formation of advanced sensors, 
immobilization of enzymes, electrochemistry, catalysis, functional membranes etc. 

An extremely important element of research is work devoted to neutralization of contaminants 
with metals harmful to the environment or substances of organic origin (dyes, pesticides, 
pharmaceuticals, estrogens, etc.). Although there are many methods and techniques used for this 
purpose, adsorption and photocatalysis seem to be unusually useful [1, 2]. 

Currently, materials of natural origin, obtained from biomass or other sources, are of great 
interest among scientists. Lignin and its derivatives are becoming increasingly important in this 
respect. Lignin is chemically modified/activated to give its surface or structure appropriate 
chemical functionality. Hybrid materials produced with lignin and selected oxides (e.g. SiO2, Al2O3, 
Fe3O4) can serve as advanced fillers, eco-friendly components of abrasives or biosensors as well 
as cement additives (Fig. 1) [3, 4]. 

 

 
Fig. 1. Design and fabrication of functional cement composites 

Chitin, a polysaccharide with unique properties, is also very popular. An interesting field of 
research concerns the mineralization of chitin under extreme environmental conditions (Fig. 2a). 
Sea sponges or their derivatives (skeletons, including carbonized forms), due to their unique spatial 
structure and properties, are also the subject of numerous studies. They are used as adsorbents 
of harmful metals and carriers in the immobilization of enzymes. Together with dyes, both natural 
and synthetic, adsorbed on their surface, they form hybrid systems with antioxidant, antibacterial 
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Chitin, a polysaccharide with unique properties, is also very popular. An interesting field of 
research concerns the mineralization of chitin under extreme environmental conditions (Fig. 2a). 
Sea sponges or their derivatives (skeletons, including carbonized forms), due to their unique spatial 
structure and properties, are also the subject of numerous studies. They are used as adsorbents 
of harmful metals and carriers in the immobilization of enzymes. Together with dyes, both natural 
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and catalytic properties [5-7]. Recently, the use of deep eutectic solvents in the design of materials 
for tissue engineering has also become very important. 

 

 
 

Fig. 2. Bioinspired hybrid material fabrication strategy (a) and exemplary supports in enzyme immobilization 
(b) [5-7] 

Another direction of development of hybrid materials is their use as carriers in the 
immobilization of enzymes (Fig. 2b), followed by the production of enzymatic biosensors. For this 
purpose, nanomagnetite, lignin, polydopamine, poly(caffeic acid), etc. are used as components, as 
well as suitable enzymes dedicated to environmental or medical applications. Additionally, 
functional hybrid materials can be used to produce unique non-enzymatic sensors as well as 
advanced membranes [8]. 
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Clean environment, pure water and green energy are the major challenges that the world 
humanity is facing.  It is thought that heterogeneous photocatalysis under solar radiation might 
solve (at least in part) these tasks. Under irradiation with energy equal and/or larger than 
semiconductor bandgap, the semiconductor photocatalyst is excited, and thus formed charge 
carriers (electrons and holes) might initiate various redox reactions, including the formation of 
reactive oxygen species (e.g., hydroxyl radicals and superoxide ions) that could efficiently purify 
water and decompose various pollutants. Moreover, photo-conversion of solar energy on the 
surface of irradiated photocatalysts could be used for both photocurrent generation and fuel 
production.  

In our study, various photocatalysts have been synthesized, characterized and tested for 
different environmental applications, especially for hydrogen generation, and decomposition of 
organic and microbiological pollutants [1-6]. Either commercial or self-synthesized photocatalysts, 
mainly based on titanium(IV) oxide (titania), have been applied. Although nanoparticulate titania is 
very efficient, its three shortcomings should be overcome for efficient applications, i.e., (i) charge 
carriers’ recombination (typical for all semiconductors), (ii) inactivity under vis irradiation (due to its 
wide bandgap), and (iii) expensive recovery after reactions. Accordingly, different methods have 
been applied (e.g., surface modification, doping, and nanoarchitecture design, resulting in the 
preparation of novel structures, such as faceted nanoparticles, nanotubes, nanowires, core@shells 
and inverse opals [7-10]) to achieve vis-responsive photocatalysts with high quantum yields of 
photocatalytic reactions and feasible recovery (e.g., by magnetic separation [11]). Additionally, 
other materials have also been examined, such as bismuth tungstate, bismuth vanadate, graphitic 
carbon nitride (e.g., [12]).  

During this talk, several examples of vis-responsive materials will be presented, including the 
aspects of property-dependent activity and probable mechanisms of photocatalysis reactions (e.g., 
Figure 1 [13]). Both advantages and disadvantages, as well as still existing challenges (with 
possible solutions) for the further development of solar heterogeneous photocatalysis will be 
discussed. 
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Clean environment, pure water and green energy are the major challenges that the world
humanity is facing.  It is thought that heterogeneous photocatalysis under solar radiation might
solve (at least in part) these tasks. Under irradiation with energy equal and/or larger than
semiconductor bandgap, the semiconductor photocatalyst is excited, and thus formed charge
carriers (electrons and holes) might initiate various redox reactions, including the formation of
reactive oxygen species (e.g., hydroxyl radicals and superoxide ions) that could efficiently purify 
water and decompose various pollutants. Moreover, photo-conversion of solar energy on the
surface of irradiated photocatalysts could be used for both photocurrent generation and fuel
production.

In our study, various photocatalysts have been synthesized, characterized and tested for
different environmental applications, especially for hydrogen generation, and decomposition of
organic and microbiological pollutants [1-6]. Either commercial or self-synthesized photocatalysts,
mainly based on titanium(IV) oxide (titania), have been applied. Although nanoparticulate titania is
very efficient, its three shortcomings should be overcome for efficient applications, i.e., (i) charge
carriers’ recombination (typical for all semiconductors), (ii) inactivity under vis irradiation (due to its
wide bandgap), and (iii) expensive recovery after reactions. Accordingly, different methods have
been applied (e.g., surface modification, doping, and nanoarchitecture design, resulting in the
preparation of novel structures, such as faceted nanoparticles, nanotubes, nanowires, core@shells
and inverse opals [7-10]) to achieve vis-responsive photocatalysts with high quantum yields of
photocatalytic reactions and feasible recovery (e.g., by magnetic separation [11]). Additionally,
other materials have also been examined, such as bismuth tungstate, bismuth vanadate, graphitic
carbon nitride (e.g., [12]).

During this talk, several examples of vis-responsive materials will be presented, including the
aspects of property-dependent activity and probable mechanisms of photocatalysis reactions (e.g., 
Figure 1 [13]). Both advantages and disadvantages, as well as still existing challenges (with
possible solutions) for the further development of solar heterogeneous photocatalysis will be
discussed.
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Fig. 1. The schematic drawing of the photocatalysis mechanism on CuxO@TiO2 photocatalyst under vis or UV 
irradiation in anaerobic (H2 evolution) or aerobic (oxidation of organic compounds) conditions [13] 
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The most commonly quoted definition of sustainability: "Sustainable development is 
development that meets the needs of the present generation without compromising the ability of 
future generations to meet their own needs" comes from a report by Gro Harlem Brundtland, Prime 
Minister of Norway [1]. Sustainability was explained in depth in this 300-page document through 
the discussion of climate change, economic development and global goals that should be 
implemented. It is based on three fundamental pillars: social, economic and environmental. To gain 
an understanding of sustainability and its implication it is essential to mention 17 Sustainability 
Development Goals (SDGs) and the 2030 Agenda [2]. The United Nation publishes an annual report 
analysing how each goal is progressing and in March 2022 UN Secretary-General Antonio Guterres 
warned that humanity is moving backwards in relation to the majority of the SDGs. 
 In 2021, the UN’s International Energy Agency (IEA) estimated that a global energy transition 
off fossil fuels would increase demand for key minerals such as lithium, graphite, nickel, and rare 
earth metals by 4200%, 2500%, 1900%, and 700%, respectively, by 2040 [3]. However, there is 
no capacity to reach such a demand. Critical raw materials are the backbone of modern economies 
and are key components of future development. Their use has serious environmental and social 
consequences, from extraction to disposal. Therefore, resource conservation aims to establish a 
circular economy that keeps products and raw materials in economically valuable loops, moving 
from waste to resource. 

The circular economy (CE) stands for an economy, which maintains the value of materials for 
as long as possible while minimizing waste generation and emissions by closing material loops 
along life cycles of products and services. The CE concept's life-cycle thinking helps to implement 
the waste hierarchy laid down by focusing on waste prevention. Implementing the CE concept 
systemically requires a shift from linear to circular systems, thus calling for system transformation 
in production, consumption and governance systems as well as in society. It is necessary to develop 
promising interventions in order to facilitate this transformation. While circular economy strategies 
can be implemented in various sectors such as industry, waste, energy and transportation, life cycle 
assessment is required to optimize new systems [4].  
 A quantitative measure of sustainability is needed. The only necessary evaluation method is 
provided by Life Cycle Engineering (LCE), which is a sustainability-oriented methodology , which 
takes into account the complex technical, environmental and economic impacts of life cycle 
decisions. The definition of LCE is "an engineering activity that involves the application of 
technological and scientific principles to the manufacture of products in order to protect the 
environment, conserve resources, promote economic progress, keeping in mind social concerns 
and the need for sustainability, while optimizing the life cycle of the product and minimizing 
pollution and waste."[4]. As you can see from this definition, however, LCE includes, in addition, 
social aspects that are difficult for us engineers to quantify. Therefore, in this article we will limit 
ourselves only to the basic LCE tool of life cycle assessment (LCA).  

Life cycle assessment (LCA) is a standardized tool to evaluate the environmental impacts 
associated with all the stages of a product's life, which is from raw material extraction through 
materials processing, manufacture, distribution, use and disposal. Nowadays, LCA analysis is 
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analysing how each goal is progressing and in March 2022 UN Secretary-General Antonio Guterres 
warned that humanity is moving backwards in relation to the majority of the SDGs. 
 In 2021, the UN’s International Energy Agency (IEA) estimated that a global energy transition 
off fossil fuels would increase demand for key minerals such as lithium, graphite, nickel, and rare 
earth metals by 4200%, 2500%, 1900%, and 700%, respectively, by 2040 [3]. However, there is 
no capacity to reach such a demand. Critical raw materials are the backbone of modern economies 
and are key components of future development. Their use has serious environmental and social 
consequences, from extraction to disposal. Therefore, resource conservation aims to establish a 
circular economy that keeps products and raw materials in economically valuable loops, moving 
from waste to resource. 

The circular economy (CE) stands for an economy, which maintains the value of materials for 
as long as possible while minimizing waste generation and emissions by closing material loops 
along life cycles of products and services. The CE concept's life-cycle thinking helps to implement 
the waste hierarchy laid down by focusing on waste prevention. Implementing the CE concept 
systemically requires a shift from linear to circular systems, thus calling for system transformation 
in production, consumption and governance systems as well as in society. It is necessary to develop 
promising interventions in order to facilitate this transformation. While circular economy strategies 
can be implemented in various sectors such as industry, waste, energy and transportation, life cycle 
assessment is required to optimize new systems [4].  
 A quantitative measure of sustainability is needed. The only necessary evaluation method is 
provided by Life Cycle Engineering (LCE), which is a sustainability-oriented methodology , which 
takes into account the complex technical, environmental and economic impacts of life cycle 
decisions. The definition of LCE is "an engineering activity that involves the application of 
technological and scientific principles to the manufacture of products in order to protect the 
environment, conserve resources, promote economic progress, keeping in mind social concerns 
and the need for sustainability, while optimizing the life cycle of the product and minimizing 
pollution and waste."[4]. As you can see from this definition, however, LCE includes, in addition, 
social aspects that are difficult for us engineers to quantify. Therefore, in this article we will limit 
ourselves only to the basic LCE tool of life cycle assessment (LCA).  

Life cycle assessment (LCA) is a standardized tool to evaluate the environmental impacts 
associated with all the stages of a product's life, which is from raw material extraction through 
materials processing, manufacture, distribution, use and disposal. Nowadays, LCA analysis is 

particularly important for emerging technologies that have not been tested in real operating 
conditions. The results of the analysis, which allow drawing conclusions at the design stage, are 
also of great importance. Consequently, LCA analysis is becoming an integral part of projects 
developing new technologies with market implementation potential.  

After a short presentation of the LCA methodology (Goals and Scope, Inventory Analysis, Impact 
Assessment, Interpretation) and the methods used, as well as the software programs we apply, 
(e.g. IPCC 2021, ReCiPe) examples of specific applications will be presented.  

For example, aviation industry works to achieve its goal of net-zero carbon emissions by 2050. 
The development of hybrid-electric regional aircraft is seen as one of the key issues to success; 
development of new high-voltage technologies will help pave the way for future hybrid-electric 
platforms and reduce carbon footprint [5].  

The environmental consequences of a material substitution decision can be also successfully 
determined with life cycle assessment. Approximately 90% of the annual indium consumption 
accounts for transparent conducting oxide films (TCOs) in the form of indium tin oxides (ITOs). 
Today, ITOs are technologically entrenched in the commercial manufacture of components like flat 
panels displays, liquid crystal displays (LCDs), light emitting diodes (LEDs), touch screens and 
photovoltaic cells. Replacement of ITO by other materials like for example ZnO proved to be an 
optimal strategy towards minimization of the environmental impact of TCOs [6]. 

LCA methodology is widely applied as a decision making tool not only for support replacement 
of raw materials in different products but also for alternative synthesis methods. Comparative LCA 
was performed for the synthesis of 2’3’-cyclic GMP-AMP (2’3’-cGAMP) in an early development 
stage. The cyclic dinucleotide (CDN) is of interest for pharmaceutical applications such as cancer 
immunotherapy and can be synthesized either by enzymes or chemical catalysis. Comparison of  
chemical and enzymatic processes for the synthesis of the same compound by conducting LCA 
analysis can support further process improvement and help to determine possibilities of 
environmental impact minimization. Based on the LCA results, the biocatalytic 2’3’-cGAMP 
synthesis was identified as a significantly more environmentally friendly route [7]. 

It is hoped that this presentation will make you aware of the necessity of using the Life Cycle 
Assessment method in making decisions regarding the choice of development path for a new 
product or process under development, thus contributing to the fulfillment of at least some of the 
sustainable development goals.  
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The rapidly increasing energy costs in the world nowadays, the shortage of raw materials, 
stricter authority requirements and regulations in environmental protection to decrease ecological 
impacts by reducing the emissions of substances into air and water require new and modern design 
of industrial processes, especially fluid separation plants. The emissions of hazardous gases like 
H2S, SO2, NOX, CO2, CH4, and low-molecular chlorinated hydrocarbons from industrial processes 
into the atmosphere and emissions to the water body have to be reduced.  

This also leads to the conclusion that today’s plants have to be designed for higher production 
capacity, higher efficiency and with more accurate design without exceedingly high safety factors 
[1]. This is achieved with new components, more effective equipment and modern process control 
systems.  

In the last decades, remarkable progress was achieved in all unit operation and also in thermal 
separation processes such as distillation, absorption and extraction processes [1]. Consequently, 
during the last 20 years the industrial world production increased by about 70% and at the same 
time energy consumption was significantly reduced by about 30%.  

This worldwide progress in thermal separation processes was possible only owing to new 
developments in different parts of thermal separation processes such as optimization and design 
of new technology for separation processes with and without chemical reaction. Besides, progress 
has been made in modeling of fluid dynamics and mass transfer processes [1-9], in development 
of new column internals of active and non-active parts of columns and plants [1, 2], in more 
effective process automation, measurement of process parameter, in the development of new, high 
temperature resistant plastic materials that could be used for distillation and absorption processes. 
This is the main reason for a great reduction in investment and operation costs for process 
equipment during that time.  

Because of the use of new simulation technics for flow measurements like Laser-Doppler-
Anemometry (LDA) and Computational Fluid Dynamics (CFD), an effective and rapid optimization of 
existing internals as well as the development of new internals was possible and resulted in an 
increased separation efficiency of column internals. Also, column internals, which are not active 
parts for mass transfer like support grids, liquid and vapor distributors and droplet separators could 
be optimized with the previously mentioned tools (such as CFD) as inherent part of more highly 
efficient separation columns [5, 8].  

New, generally valid models for column design such as suspended bed of droplets model (SBD) 
lead also to faster and effective development of new column internals using BPD- data (the basic 
performance data) of internals [9]. BPD-data is relevant data for design of distillation and 
absorption processes and comprise pressure drop, flooding point and operating range, hold-up and 
mass transfer parameters in the whole operating range. Thus, the development costs could be 
decreased and years of costly and extensive testing with different test systems avoided. Today, the 
progress in this field is so advanced that it is possible to determine and evaluate the BPD-data of 
structured and random packings within a very short time and with very low experimental effort using 
only an air-water simulator plant [9].  

For the last 2-3 decades, a very important way to increase the effectiveness of chemical 
production plants has been the revamping of plants, e.g. changing internals of existing vacuum 
columns filled with trays into packed columns. This led to the rapid decrease of operation costs of 
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Anemometry (LDA) and Computational Fluid Dynamics (CFD), an effective and rapid optimization of 
existing internals as well as the development of new internals was possible and resulted in an 
increased separation efficiency of column internals. Also, column internals, which are not active 
parts for mass transfer like support grids, liquid and vapor distributors and droplet separators could 
be optimized with the previously mentioned tools (such as CFD) as inherent part of more highly 
efficient separation columns [5, 8].  

New, generally valid models for column design such as suspended bed of droplets model (SBD) 
lead also to faster and effective development of new column internals using BPD- data (the basic 
performance data) of internals [9]. BPD-data is relevant data for design of distillation and 
absorption processes and comprise pressure drop, flooding point and operating range, hold-up and 
mass transfer parameters in the whole operating range. Thus, the development costs could be 
decreased and years of costly and extensive testing with different test systems avoided. Today, the 
progress in this field is so advanced that it is possible to determine and evaluate the BPD-data of 
structured and random packings within a very short time and with very low experimental effort using 
only an air-water simulator plant [9].  

For the last 2-3 decades, a very important way to increase the effectiveness of chemical 
production plants has been the revamping of plants, e.g. changing internals of existing vacuum 
columns filled with trays into packed columns. This led to the rapid decrease of operation costs of 

plants and increase of plant capacity. Revamping has not only improved the throughput of plants 
without the need for costly new investment but has also improved product quality. This has been 
done with a new generation of structured and random packings of the new generation: the so-called 
lattice type packing [2, 4, 6-8]. 

In this work, numerous examples from industrial practice are presented. They demonstrate 
and document progress made in the last decades. The future and the prosperity of all countries in 
the EU depends strongly on whether investments are made and how quickly the achievements of 
thermal separation technology are incorporated into different industrial processes. In this field, also 
the research area is open for new activities and for active cooperation with industrial companies.  

The very important role of thermal separation technology today for science and industry is well 
recognized e.g. through numerous awards in the international scientific community. For example, 
in 2015 the three-volume book edited by Górak and Olujic [1] was awarded by the Association of 
American Publishers, where the new developments of the last years are presented by technical 
contributions of experts from individual subject areas. Distillation and absorption processes are the 
most important thermal separation processes and are not a marginal part of Chemical Engineering, 
but an essential element for all industrial applications and research and development in science 
and industry [3]. 
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With the depletion of fossil fuels and the environmental crisis associated with their use, huge 
efforts are being made to provide efficient, clean and sustainable energy sources and technologies 
for energy storage and conversion. Development of electrical energy storage systems has attracted 
massive attention due to their widespread applications in hand-handle electronic devices, 
electronic vehicles, and renewable energy techniques. Supercapacitors (SCs) are devices which 
employ carbon materials with specific surface area as a key parameter influencing its capacity for 
carbon-based electrostatic double layer SCs (EDLC). A variety of carbon materials, such as activated 
carbon, carbon nanotubes, carbon aerogels, and graphene have been used as electrode materials. 
Among different electrode materials, hierarchical porous carbons (HCPs) have been deeply 
explored. Main attempts have been made to decrease the cost of their fabrication. Therefore, using 
solid wastes as their precursors seems to be most advantageous in terms of environment crisis 
allowing some materials to be reused, which will prevent rubbish from being deposited in landfills. 

In this contribution, we focused on two groups of solid wastes: (i) biowastes and (ii) polymer 
wastes to demonstrate that they can be a source of well-designed HCPs serving as electrode 
material in EDLC.  

The conducted research demonstrated that the physicochemical properties (2D/3D 
morphology, SBET, micropore volume, meso-/macropore volume, doping with heteroatoms and 
combining metal oxides) play key roles in the electrochemical response of these porous carbons 
and composites. Tuning these properties of porous carbons boosts charge storage capacity, rate 
capability, pseudocapacitance contribution, energy density, long-cycle stability and reversible 
specific capacity. What is worth underlining is that the optimization of one of the physicochemical 
properties alone does not efficiently boost electrochemical properties. The synergy of these 
optimized physicochemical properties delivers: (i) increased charge storage capacity, (ii) a 
continuous electron pathway to benefit ion transport via short diffusion pathways for a high rate 
capability, (iii) charge storage sites to create a large electric double layer for great charge storage 
capacity, (iv) doping heteroatom into carbon matrix to enhance electronic conductivity and surface 
wettability for pseudocapacitance.  
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solid wastes as their precursors seems to be most advantageous in terms of environment crisis
allowing some materials to be reused, which will prevent rubbish from being deposited in landfills.

In this contribution, we focused on two groups of solid wastes: (i) biowastes and (ii) polymer
wastes to demonstrate that they can be a source of well-designed HCPs serving as electrode
material in EDLC.

The conducted research demonstrated that the physicochemical properties (2D/3D
morphology, SBET, micropore volume, meso-/macropore volume, doping with heteroatoms and
combining metal oxides) play key roles in the electrochemical response of these porous carbons
and composites. Tuning these properties of porous carbons boosts charge storage capacity, rate
capability, pseudocapacitance contribution, energy density, long-cycle stability and reversible
specific capacity. What is worth underlining is that the optimization of one of the physicochemical
properties alone does not efficiently boost electrochemical properties. The synergy of these
optimized physicochemical properties delivers: (i) increased charge storage capacity, (ii) a
continuous electron pathway to benefit ion transport via short diffusion pathways for a high rate
capability, (iii) charge storage sites to create a large electric double layer for great charge storage
capacity, (iv) doping heteroatom into carbon matrix to enhance electronic conductivity and surface
wettability for pseudocapacitance.
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Chemical engineering is a science discipline, which enables a description and modelling matter 
transformation processes, including chemical, biochemical and physical ones. As a result, cost 
effective production of materials and chemicals can be designed and implemented. Modern 
chemical engineering has to satisfy the needs of chemical and related industries, meet market 
requirements and economy demands as well as the social and environmental constraints. Due to 
its interdisciplinary approach the chemical engineering is applicable not only in chemical industries 
but also plays a significant role in development of other branches of industry – e.g. in biotechnology, 
biochemical and biomedical engineering, production of nanomaterials, environment protection, 
green processes, decarbonization of energy systems etc. Therefore, chemical engineering is 
considered one of the few scientific disciplines, which will contribute significantly to implementation 
of sustainable development strategy and participate in technological development in 21th century. 

Chemical engineering has been changing throughout the years – from the first “unit 
operations” paradigm initiated by Arthur D. Little and presented in the textbook by Walker et al. [1], 
through the second “transport phenomena” paradigm determined with publication of the famous 
textbook by Bird et al. [2], to further developments set with interest in bio-based processes, 
biomedical engineering and nanotechnologies. This last-mentioned period is even called the third 
“multiscale approach” paradigm [3], as now an understanding of how phenomena at molecular 
level influence system behaviour at the production scale is crucial for reasonable development of 
the considered processes. Therefore, an integrated system approach for description of all stage 
processes is required, in which complex, multidisciplinary, non-linear, non-equilibrium processes 
occurring at different length and time scales have to be taken into account.  

Challenges humankind faces today include:  prevention of climate change, improvement of 
energy transformation and storage, reasonable consumption of raw materials, intensification of 
recycling leading to a full circular economy, production and distribution of food, conservation and 
purification of water, production of new materials and medicines and many others. Chemical 
engineering has opportunities and tools to contribute significantly to solving these problems, 
therefore participation in these activities is crucial for its role and significance today and in the 
future.       

Based on a comprehensive literature review – e.g. see [4-6] – the following most important 
directions for future development and applications of chemical engineering can be indicated: 

Decarbonization of energy systems 
Chemical engineering should intensively participate in elaboration of non-fossil-based energy 

sources and in modification of energy carriers. Particularly novel systems are required to improve 
solar energy capture and its conversion to energy carriers via reactions with water, nitrogen and 
CO2 to produce hydrogen, ammonia and liquid fuels (e.g. methanol). Successful mitigation of 
climate change and transition to a low-carbon energy systems, will require closer collaboration of 
chemical engineering with other disciplines as chemistry, biology, economics and social science to 
ensure economic, competitive and scalable solutions. 

Sustainable engineering for environmental systems 
Chemical engineering should increase its contribution to solving environmental problems – 

especially with water, food and air quality. Due to its specific research opportunities, chemical 
engineering is able to support significantly development of membrane and other separation 
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methods at both - basic (fundamental) and application levels. Global problems concerning climate 
change and population growth require research on precision agriculture, non-animal-based and 
low-carbon-intensity food production as well as reduction or elimination of food waste. Chemical 
engineers have to continue and develop research on improvement of air quality, including reduction 
of CO2 emissions and other greenhouse gases as well as their removal from atmosphere and 
conversion into useful chemicals. In this topic a more intensive collaboration and interdisciplinary 
approach including chemistry, physics, meteorology and climatology is also required.    
 
Engineering approach to medicine 

A contribution of chemical engineering in the area of biomedical and biomolecular engineering 
ranges from molecular to manufacturing level and includes: - development of novel bio- and cell-
based processes, isolation of small molecules from biological systems, development of biologically 
derived products, designing of reactors and separation processes, drug formulation and 
manufacturing, vaccine design, cell engineering, production of bio-implants and scaffolds. 
Participation in modelling and designing of noninvasive methods for drug delivery as well as 
contribution to development of immunology – e.g. cancer immunotherapies and modelling of 
therapeutic treatments is also crucial.   
 
Flexible manufacturing and circular economy 

As chemical engineers play a critical role in manufacturing processes, they can significantly 
contribute to more sustainable production by increasing efficiency and applying improvements – 
e.g. process intensification. The implementation of sustainable development strategy requires a 
shift from linear to circular economy which reduces consumption of energy and raw materials as 
well as simultaneously limits waste generation. Therefore, the existing and novel production 
processes should be redesigned to be more efficient, environmentally friendly and cost-effective to 
reduce or eliminate pollution, utilize waste, improve products to be used longer and to be recyclable 
and also modify processes to use sustainable feedstocks.   
 
Novel and improved materials 
 Chemical engineering intensively contributes to the development of new materials and their 
production processes in the full range from molecular to macroscopic scale. Investigations and 
modelling on molecular level assisted by thermodynamics, mass and heat transfer phenomena, 
rheology, catalysis and chemical kinetics enable advances in production and help to invent new 
materials both for industry and medicine. Here, manufacturing nanomaterials for biomedicine is of 
particulate importance, as they are applied in regenerative engineering and organ-on-a-chip 
technology. Tools attributed to chemical engineering – such as modelling and design of reactors 
and separation processes - are also very useful for materials in electronics.      
 
It should be distinguished that although the indications listed above are defined as a vision for the 
future of chemical engineering, a lot of research is already carried out within indicated areas.  
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methods at both - basic (fundamental) and application levels. Global problems concerning climate
change and population growth require research on precision agriculture, non-animal-based and
low-carbon-intensity food production as well as reduction or elimination of food waste. Chemical
engineers have to continue and develop research on improvement of air quality, including reduction
of CO2 emissions and other greenhouse gases as well as their removal from atmosphere and
conversion into useful chemicals. In this topic a more intensive collaboration and interdisciplinary
approach including chemistry, physics, meteorology and climatology is also required.

Engineering approach to medicine
A contribution of chemical engineering in the area of biomedical and biomolecular engineering

ranges from molecular to manufacturing level and includes: - development of novel bio- and cell-
based processes, isolation of small molecules from biological systems, development of biologically
derived products, designing of reactors and separation processes, drug formulation and
manufacturing, vaccine design, cell engineering, production of bio-implants and scaffolds.
Participation in modelling and designing of noninvasive methods for drug delivery as well as
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contribute to more sustainable production by increasing efficiency and applying improvements –
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shift from linear to circular economy which reduces consumption of energy and raw materials as 
well as simultaneously limits waste generation. Therefore, the existing and novel production
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Chemical engineering intensively contributes to the development of new materials and their
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modelling on molecular level assisted by thermodynamics, mass and heat transfer phenomena,
rheology, catalysis and chemical kinetics enable advances in production and help to invent new
materials both for industry and medicine. Here, manufacturing nanomaterials for biomedicine is of
particulate importance, as they are applied in regenerative engineering and organ-on-a-chip 
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The paper will present a critical analysis of the current ammonia production technology from 
the so-called "gray hydrogen". This technology is based on reforming methane with water:         

CH4 + H2O ⟺ CO + 3H2 (1) 

and next 

CO + H2O ⟺ CO2 + H2 (2) 

which finally  emitted CO2. The total CO2 emission, including the energy needed to operate the 
compressors, is 1.6-2.5 tons of CO2/1 tonne of NH3. Therefore, the main problems of "gray 
ammonia" to be solved are: 1) Energy; 2) CO2 and 3) catalyst.           

The directions of development and changes of this technology will be indicated with the 
participation of the so-called "green hydrogen". These two reactions are decisive and critical to this 
new technology. The first is a 2-electron endothermic decomposition of water: 

H2O → H2 + O2          + 285.8 kJ/mol (3) 

and the second is a 3-electron exothermic reaction producing ammonia: 

 1 2� N2 + 3
2� H2 ⟺  −46.05 kJ/mol (4) 

Each of the production stages in the technological line will be discussed, starting from energy 
sources, water electrolysis, separation of nitrogen from the air, reactor and synthesis loop, storage 
and transport, as well as new applications, apart from the fertilizer industry.  

Comparative considerations of the properties of "green ammonia" and "green hydrogen" as 
hydrogen storage methods will be also carried out. Some examples of the application of electricity 
production will be shown. An analysis of the advantages of "green ammonia" over other fuels and 
the actual trends in their use will be  presented. 

Industrial solutions for the use of "green ammonia" for the propulsion of vehicles and sea 
vessels will be discussed [1]. Possibilities of building and locating small installations for the 
synthesis of "green ammonia" in industries other than chemical will be pointed out. New 
requirements and critical points for production installations of “green ammonia” will be specified.  

In addition, new solutions from the world literature regarding the production of "green 
ammonia" will be shown, including  artificial photosynthesis, photocatalytic, electrochemical, etc. 
[2–4].   
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Chemical engineering has the potential to tackle global challenges sustainably. Engaging in 
technical developments in various sectors requires collaborations with multiple disciplines. This 
opens perspectives and co-existing ways of thinking that may create a unique knowledge 
ecosystem benefitting Earth and humankind.  

Dr E. Nowak will discuss multiphase (gas/liquid/solid) systems, where processing may be still 
inefficient and use redundant resources across separation processes, food processing, 
pharmaceutical, oil and gas industry. Capturing appropriate physics and chemistry at the interfaces 
across a wide range of lengths and time scales remains a challenge. Some applications and 
processes (e.g. chemical reactors) target higher precision and performance at small time and 
length scales, where interfacial phenomena dominate the bulk behaviour. Advancing fundamental 
knowledge of multiphase flows enables the reduction of (semi-)empiricism in the optimization of 
the mass and energy transfer in complex systems such as the processing of natural materials. To 
progress understanding of the dynamics at the interfaces, insights from miscible and immiscible 
liquid interfaces will be presented. Numerical simulations on the binary coalescence in the 
presence of surfactant provide a deeper understanding of the problem of setting boundary 
conditions and deformable interfaces for liquid flows.  

Prof D. Kawiti will present revitalising lost knowledge on the complexities of Māori design and 
geometries, as genuinely inspired by nature, with modern technologies. These can offer approaches 
for optimisation beyond current science norms and for the preservation of ecosystem diversity 
towards more resilient communities. Selected aspects of the convergence of digital design 
technologies with indigenous customary knowledge and craft will be presented.  

Fig. 1. Te Ahi Tupua, the largest 3D printed sculpture in the world [1], simulation of drop coalescence [2] 
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Decarbonization of energy-intensive industries presents arguably the most important 
technological challenge in the years to come. Among those industries, the chemical sector 
(including refineries) is by far the biggest energy consumer - according to the U.S. Energy 
Information Administration [1], in 2021 manufacturers of coal, petroleum and chemical products 
used 59% of the entire energy consumed by the American industry. On the other hand, the chemical 
industry is one of the biggest greenhouse gas emitters - in the U.K. second only to the steel sector 
[2]. 

The aim of the present lecture is to examine the role that novel chemical engineering 
approaches already play or will play in achieving the decarbonization of chemical and related 
industries. The four basic pathways leading to that goal include: 

• energy-lean processing;

• renewable electricity-based processing;

• manufacturing of zero-carbon fuels, hydrogen and ammonia in particular;

• chemical valorization of the greenhouse gases, carbon dioxide and methane in particular.

Latest developments in each of the above areas are briefly discussed in the lecture and are 
illustrated with relevant examples from both the academia and the industry. 
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Decarbonization of energy-intensive industries presents arguably the most important
technological challenge in the years to come. Among those industries, the chemical sector
(including refineries) is by far the biggest energy consumer - according to the U.S. Energy
Information Administration [1], in 2021 manufacturers of coal, petroleum and chemical products
used 59% of the entire energy consumed by the American industry. On the other hand, the chemical
industry is one of the biggest greenhouse gas emitters - in the U.K. second only to the steel sector
[2].

The aim of the present lecture is to examine the role that novel chemical engineering
approaches already play or will play in achieving the decarbonization of chemical and related
industries. The four basic pathways leading to that goal include:

• energy-lean processing;

• renewable electricity-based processing;

• manufacturing of zero-carbon fuels, hydrogen and ammonia in particular;

• chemical valorization of the greenhouse gases, carbon dioxide and methane in particular.

Latest developments in each of the above areas are briefly discussed in the lecture and are
illustrated with relevant examples from both the academia and the industry.
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One of the primary challenges that societies will face during 21st century is improvement of 
water and air quality by reducing pollution according to the European Green Deal and 2050 climate-
neutrality goal in synergy with clean and circular economy using the fundamentals of green 
chemistry and green engineering processes. Current and future environmental challenges related 
to increased body burdens of various micropollutants, their bioaccumulation, and biomagnification 
require understanding the nature of the problems and their relationships to other phenomena.  

The occurrence of some pharmaceuticals in aqueous environments worldwide results from an 
increase in their consumption in the last few decades and no susceptibility to degradation by 
conventional wastewater treatment processes. For example, carbamazepine is found at one of the 
highest levels in wastewater influents and effluents (after treatment) due to its low sorption 
properties on activated sludge microorganisms (less than 10%) and, as a consequence, low 
removal efficiency from municipal wastewater treatment plants (WWTPs). Furthermore, 
undegraded carbamazepine in aquatic systems can form more toxic by-products, mostly acridine 
and acridone, when exposed to sunlight during photolysis. Therefore, carbamazepine has been 
identified as an anthropogenic chemical marker of water contamination. Besides carbamazepine, 
ibuprofen, diclofenac and acetaminophen are examples of poorly degraded drugs by WWTPs being 
detected in surface waters, groundwater, and occasionally in drinking water in Europe, America, 
and Asia.  

Considering the contamination of water with pharmaceutical residues, there is a need for the 
development of advanced treatment technologies to efficiently remove these pollutants from 
wastewater before their discharge into the receiving environment. In this regard, improving water 
treatment technologies is a proactive approach of high importance to increase water quality and 
ensure the sustainability of water cycle management.  

Advanced oxidation processes (AOP), based on the in-situ generation of the strongest oxidants 
- hydroxyl radicals and sulfate radicals - have been recognized as a promising approach for 
wastewater treatment from residues of recalcitrant and emerging organic contaminants. In recent 
years, ozonation, Fenton process and UV irradiation have already been established and started at 
a technological scale for the treatment of drinking water and water reuse facilities. Nevertheless, 
ozonation is restricted by the high cost of ozone and low mineralization efficiency, while the Fenton 
reaction usually operates under a limited pH range (3-4) and generates Fe(OH)3 precipitation. 
Therefore, among the various AOP processes, photocatalysis utilizing sunlight is a promising 
method for environmental remediation.

Although great progress has been  achieved in the field of solar-driven photocatalytic 
degradation of persistent organic pollutants, there are still some challenges concerning (i) 
photocatalyst design for the particular application, (ii) separation of semiconductor particles from 
post-treatment suspension, (iii) low quantum efficiency associated with charge transfer, and (iv) 
reactor design enabling efficient light penetration and exposure of the photocatalyst to the light.  

The mechanism of photocatalysis is dependent on the electrical structure of a semiconductor. 
Our recent studies on the relationships between crystal and surface structure, surface chemistry, 
and photocatalytic properties have advanced our understanding of the behavior of photocatalytic 
materials, thereby enabling improvements in their performance [1-4]. The results showed that for 
the non-modified photocatalyst exposing the majority of only one facet, the {1 0 1} crystal planes 
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exhibited the highest degradation rate and mineralization when compared to the {1 0 0} and {0 0 
1} ones. It proved that the efficiency of such a process depended on the density of the surface 
trapping sites of the photocatalyst, which should be high for this facet rather than its surface energy 
[3]. Therefore, controlling the structure of synthesized materials enables designing the 
photocatalyst for desired environmental applications. 

In this regard, the twofold strategy to optimize photocatalyst structure toward the degradation 
of selected pharmaceuticals not susceptible to biodegradation was proposed within our study, as 
presented in Figure 1. Firstly, the modification of surface chemistry and controlled growth of 
semiconductor nanocrystals with a higher proportion of oxidative or reductive facets result in 
improved charge separation of photogenerated carriers. The electron-donor cocatalyst loading on 
crystal facets with the preference of hole accumulation and electron-acceptor for reductive facets 
was proposed to improve charge carrier separation. Furthermore, the hybridization of 
semiconductor with graphene-related material and combining photocatalytic reaction with 
transition metal-based PMS acceleration properties allowed efficient degradation and 
mineralization of pharmaceutically active compounds in 5−30 min of photodegradation process 
under simulated solar light. 

 
Fig. 1. Schematic illustration of different strategies to enhance activity and selectivity  

of the proposed photocatalytic materials in photooxidation(degradation of pharmaceuticals) and 
photoreduction (CO2 conversion) reactions under solar light irradiation  
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semiconductor with graphene-related material and combining photocatalytic reaction with 
transition metal-based PMS acceleration properties allowed efficient degradation and 
mineralization of pharmaceutically active compounds in 5−30 min of photodegradation process 
under simulated solar light. 

 
Fig. 1. Schematic illustration of different strategies to enhance activity and selectivity  

of the proposed photocatalytic materials in photooxidation(degradation of pharmaceuticals) and 
photoreduction (CO2 conversion) reactions under solar light irradiation  
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Rotating Packed Bed (RPB) is an innovative device designed for intensified mass transfer. It 
was first patented in 1981 by Ramshaw and Mallison [1]. RPB is an alternative to traditional, 
stationary bed processes, where it substitutes the gravitational force with centrifugal force. In the 
counter-current operation, the denser phase (liquid) is introduced in the eye of a rotor, flows 
through the annular packing, where it is subjected to high centrifugal force, and then leaves the 
packing in the form of fine spray that splashes onto the outer casing wall to be eventually collected 
at the bottom of the device. The lighter phase (gas or vapor) is introduced at the outer cavity zone 
and flows inward due to pressure gradient and is eventually collected in the eye of the rotor. Fine 
dispersion of the liquid phase and intensive micro-mixing of the phases lead to volumetric mass 
transfer coefficients up to three orders of magnitude higher than of analogous stationary packed 
bed processes [2]. 

In the last decades, RPBs have gained a lot of interest in academia and industry, due to their 
compact design, high responsivity, good mass transfer efficiency, as well as portability [3]. Although 
most research regarding the technology has been limited mostly to China and India, in the last 
years, several universities in Europe have taken interest in RPBs, including the ones in Dortmund, 
Berlin, Brno, Newcastle and Toulouse. 

One of the pioneers of the rotating packed bed in Europe is the RPB team of Lodz university of 
Technology, who have been researching the technology for almost a decade. 

Fig. 1. a) Schematic representation of an RPB apparatus: internal (1), rotor plates (2), rotating shaft (3), 
stationary casing (4), gas inlet (5), gas outlet (6), liquid inlet (7), liquid distributor (8), liquid outlet (9); 

b) The RPB device owned by the RPB team

The RPB team is a part of the Chair of Environmental Engineering, Department of Process and 
Environmental Engineering, Lodz University of Technology. The team formed in 2016, as it 
implemented and delivered the INVITES project. Currently, the RPB owned by the team remains one 
of the most technologically advanced RPB research units in Europe.  
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counter-current operation, the denser phase (liquid) is introduced in the eye of a rotor, flows
through the annular packing, where it is subjected to high centrifugal force, and then leaves the
packing in the form of fine spray that splashes onto the outer casing wall to be eventually collected
at the bottom of the device. The lighter phase (gas or vapor) is introduced at the outer cavity zone
and flows inward due to pressure gradient and is eventually collected in the eye of the rotor. Fine
dispersion of the liquid phase and intensive micro-mixing of the phases lead to volumetric mass
transfer coefficients up to three orders of magnitude higher than of analogous stationary packed
bed processes [2].

In the last decades, RPBs have gained a lot of interest in academia and industry, due to their
compact design, high responsivity, good mass transfer efficiency, as well as portability [3]. Although
most research regarding the technology has been limited mostly to China and India, in the last
years, several universities in Europe have taken interest in RPBs, including the ones in Dortmund,
Berlin, Brno, Newcastle and Toulouse.

One of the pioneers of the rotating packed bed in Europe is the RPB team of Lodz university of
Technology, who have been researching the technology for almost a decade.

Fig. 1. a) Schematic representation of an RPB apparatus: internal (1), rotor plates (2), rotating shaft (3),
stationary casing (4), gas inlet (5), gas outlet (6), liquid inlet (7), liquid distributor (8), liquid outlet (9);

b) The RPB device owned by the RPB team.

The RPB team is a part of the Chair of Environmental Engineering, Department of Process and
Environmental Engineering, Lodz University of Technology. The team formed in 2016, as it
implemented and delivered the INVITES project. Currently, the RPB owned by the team remains one
of the most technologically advanced RPB research units in Europe. 

The team has been awarded three research grants for the development of RPB technology: 
1. Innovative Equipment for Intensified Recovery of CO2 from Flue Gases (INVTES), financed

by the National Centre for Research and Development, and completed within the Polish-
German cooperation for sustainable development STAIR, along with the industrial
companies ENVIMAC and OMNIKON. The purpose of the project was development of RPB
apparatus and thorough comparison of carbon capture processes in rotating and
stationary beds. The project was carried out in 2016−2019.

2. Innovative Method for Computer-Aided Process Design of Internals for Rotating Packed
Beds, financed by the National Science Centre within the OPUS 17 program. The project
was based on a complex research system, which combined experimental studies,
computational fluid dynamics simulations and rapid prototyping with the use of additive
manufacturing. The goal of the project was to develop efficient structured internals for
rotating packed bed equipment. The project was carried out in 2020−2023

3. Holistic approach to rotating packed bed absorption process with the use of three-
dimensional computational fluid dynamics, visual studies, and mass transfer
experiments, financed by the National Science Centre within the OPUS LAP 20 program,
and conducted in cooperation with Brno University of Technology. The goal of the project
is to develop a universal mass transfer model of the whole RPB apparatus, taking into
account the rotor eye zone, packing zone, and outer cavity zone. Mass transfer
experiments and kinetic modeling are intertwined with liquid structure visual studies and
computational fluid dynamics.

Currently, the team is applying for another RPB-related project within the OPUS LAP WEAVE 
program by the National Science Centre. 

The bulk of RPB research done by the team has been focused on development of innovative 
internals for RPB devices, regarding reduction of pressure drop and increasing effective mass 
transfer area. Additionally, the team has been researching absorption processes with the use of 
RPB, mostly using enzyme-enhanced tertiary amine solutions. Recently, the focus of the group has 
been shifted toward modeling of overall absorption process in an RPB device, taking into account 
mass transfer in the rotor eye zone, packing zone, and outer cavity zone. 
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Electric arc furnace dust (EAFD) is a by-product in steelmaking from scrap and direct reduced 
iron in an electric arc furnace (EAF). The reported range of EAFD per ton of liquid steel is 10−30 kg 
[1]. EAFD consists mainly of Fe but other metals volatile at steelmaking conditions can also be 
found in EAFD. Zn is found in EAFD at higher concentrations because of its wide-spread use for 
galvanizing steel components for corrosion protection [2]. Zn enters the EAF with the scrap. 
Because of high temperature and reducing conditions all Zn is volatized in the furnace and leaves 
it with the off-gas. During cooling of the off-gas Zn is mostly deposited on dust particles. Zn 
concentration values in EAFD are in the range of 2−43% [1]. EAFD is classified as hazardous as it 
contains heavy metals and other hazardous components [3]. Although some part of EAFD is still 
sent to landfill, increasing shares of EAFD are utilized to recover Zn [4]. For Zn recovery several 
hydrometallurgical and pyrometallurgical process routes are available [4, 5]. Independent of the 
recycling route, a high Zn content makes recycling of EAFD more economical. Therefore, recycling 
of EAFD back into the EAF can be used to increase the Zn content of the discharged EAFD [6]. Since 
Zn is enriched in the finest size fractions of the EAFD, air classification can be applied to optimize 
dust recycling [7]. In the EAFD Zn is mainly present as zinc oxide (ZnO, zincite) and zinc ferrite 
(ZnFe2O4, franklinite) [6]. Especially for hydrometallurgical processes it is essential in which 
compound Zn is present since zinc oxide is much more accessible [8].  

 EAFD from four different steel mills was air classified into five size fractions. Details of such 
an air classification procedure and a description of the analytical methods can be found elsewhere 
[9]. The Zn concentration of EAFD A was 8.0%, for EAFD B it was 16.3%, for EAFD C it was 14.5% 
and for EAFD D it was 2.6%. Figure 1 shows the size dependence of Zn concentration in various 
EAFDs.  

 
Fig. 1. Zn concentration in EAFD as a function of particle size 
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Fig. 1. Zn concentration in EAFD as a function of particle size 

As expected, the Zn concentration was significantly higher in the fine size fractions and lower 
in the coarser size fractions. Power functions can be used to approximate the Zn concentration as 
a function of the particle size. However, the exponents vary from -0.29 to -0.78. There is no 
correlation between the exponent and the Zn concentration of the EAFD. Further investigations 
including the off-gas conditions at the EAF are needed to identify the reason for the considerable 
variation of the exponent. 

To distinguish between zinc oxide and zinc ferrite in various size-fractionated EAFDs the 
samples were leached for 3h in 1 M sodium acetate in acetic acid at pH 5. After leaching, the 
samples were centrifuged and diluted prior to analysis with ICP-OES. Leaching of pure zinc oxide 
(from Fluka) and zinc ferrite (from Alfa Aesar) under the same conditions showed that 72% of the 
zinc oxide was dissolved while zinc ferrite was not dissolved under these conditions. Thus, the 
fraction of Zn leached can be used as an indication for the fraction of Zn present as zinc oxide. 
Figure 2 shows the fraction of Zn leached for various size fractions. A significant difference was 
found for the different EAFDs. Generally, the fraction of leached Zn was somewhat higher in the 
coarse size fractions compared to the fine size fractions.  

To find the reason for the differences in the fractions of Zn in zinc oxide and zinc ferrite further 
investigations should include the operation conditions at the EAF. 

 
Fig. 2. Zn concentration in EAFD as a function of particle size 
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The paper discussed the possibility of applying ceramic foam in thermal combustion of a lean 
methane-air mixture. The mixture is produced by the mining industry, wherever coal is extracted 
from methane mines. For many years the mixture, known as VAM (Ventilation Air Methane), was 
treated as a production waste. Nowadays, it is pollution unfriendly to the environment which should 
be destroyed. The issue of VAM utilization became physically tangible because of  
the announced inclusion of methane in the EU ETS system. However, it is difficult to use VAM as  
a fuel in industrial practice because of a very low methane concentration (often below 0.4 vol.%), a 
huge flow rate, massive pollution in the form of dust, high humidity and other gases that might 
contain sulfur. The most advanced utilization technology dedicated to mitigation VAM is combustion 
in thermal flow reversal reactors. Those reactors are filled with ceramic honeycomb monoliths. Due 
to a large number of parallel channels, monoliths are characterized by low flow resistance, which 
is essential, especially when the reactor is in the final sections of the technological line, where the 
pressures are not too high. The biggest disadvantage of the monolith structure is that it is not 
possible to mix reactants in the reactor cross-section, which in the case of an industrial scale 
reactor may contribute to uneven spreading of the stream in the bed [1]. In a high-temperature 
process, the phenomenon directly affects distribution of temperature in the cross-section, forming 
some space without reaction, and without generating heat. In such a space the accumulation of 
heat is also limited. The goal of the work was to show the impact of the implementation of ceramic 
foam in the reactor on the thermal combustion process. Open solid foams are widely discussed in 
the literature. They are usually used in catalytic processes as a support of the catalyst [2]. The foam 
structure (Fig. 1) ensures good reactant mixing with enhanced radial heat and mass transfer which 
is significant in highly endo- and exothermic reactions.  

 

 
Fig. 1. Ceramic foam 

The experiments of thermal combustion of lean methane-air mixtures were done using the 
experimental setup described elsewhere [3]. The difference is that another bed was previously 
studied, a monolith honeycomb, in place of the foam currently being investigated. A tubular reactor 
filled with foam samples was symmetrically placed in a three-zone laboratory furnace with separate 
temperature control for each zone. Due to the high temperatures in the reaction environment, a 
foam made of Al2O3 was used. The decision about choosing the right size of foams was made based 
on the size of the surface area of tested samples. It was assumed that this value in the case of 
ceramic foams should be similar to the monolith B (870 m2 · m-3), tested in [3].  
The pore density of investigated foam sample was 10 PPI, with a specific surface of 860 m2 · m-3. 
The experiments were carried out with stable flow of the gas mixture of 800 dm3 · h-1 through the 



49 Table of contents

24th Polish Conference of Chemical and Process Engineering 
13–16 June 2023, Szczecin, Poland 

EXPERIMENTAL INVESTIGATIONS OF THE INFLUENCE OF RADIAL GAS MIXING 
IN AN INERT BED IN THERMAL COMBUSTION OF LEAN METHANE-AIR 

MIXTURES  

Anna Pawlaczyk-Kurek*, Aleksandra Janusz-Cygan 

Institute of Chemical Engineering Polish Academy of Sciences, Baltycka 5, 44-100 Gliwice, Poland 
*corresponding author: ania.pawlaczyk@iich.gliwice.pl 

The paper discussed the possibility of applying ceramic foam in thermal combustion of a lean 
methane-air mixture. The mixture is produced by the mining industry, wherever coal is extracted 
from methane mines. For many years the mixture, known as VAM (Ventilation Air Methane), was 
treated as a production waste. Nowadays, it is pollution unfriendly to the environment which should 
be destroyed. The issue of VAM utilization became physically tangible because of  
the announced inclusion of methane in the EU ETS system. However, it is difficult to use VAM as  
a fuel in industrial practice because of a very low methane concentration (often below 0.4 vol.%), a 
huge flow rate, massive pollution in the form of dust, high humidity and other gases that might 
contain sulfur. The most advanced utilization technology dedicated to mitigation VAM is combustion 
in thermal flow reversal reactors. Those reactors are filled with ceramic honeycomb monoliths. Due 
to a large number of parallel channels, monoliths are characterized by low flow resistance, which 
is essential, especially when the reactor is in the final sections of the technological line, where the 
pressures are not too high. The biggest disadvantage of the monolith structure is that it is not 
possible to mix reactants in the reactor cross-section, which in the case of an industrial scale 
reactor may contribute to uneven spreading of the stream in the bed [1]. In a high-temperature 
process, the phenomenon directly affects distribution of temperature in the cross-section, forming 
some space without reaction, and without generating heat. In such a space the accumulation of 
heat is also limited. The goal of the work was to show the impact of the implementation of ceramic 
foam in the reactor on the thermal combustion process. Open solid foams are widely discussed in 
the literature. They are usually used in catalytic processes as a support of the catalyst [2]. The foam 
structure (Fig. 1) ensures good reactant mixing with enhanced radial heat and mass transfer which 
is significant in highly endo- and exothermic reactions.  
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The experiments of thermal combustion of lean methane-air mixtures were done using the 
experimental setup described elsewhere [3]. The difference is that another bed was previously 
studied, a monolith honeycomb, in place of the foam currently being investigated. A tubular reactor 
filled with foam samples was symmetrically placed in a three-zone laboratory furnace with separate 
temperature control for each zone. Due to the high temperatures in the reaction environment, a 
foam made of Al2O3 was used. The decision about choosing the right size of foams was made based 
on the size of the surface area of tested samples. It was assumed that this value in the case of 
ceramic foams should be similar to the monolith B (870 m2 · m-3), tested in [3].  
The pore density of investigated foam sample was 10 PPI, with a specific surface of 860 m2 · m-3. 
The experiments were carried out with stable flow of the gas mixture of 800 dm3 · h-1 through the 

foam bed. The methane concentrations were within a range of 0.51-0.76 vol.%. The change in 
methane conversion was obtained by changing the temperature set. The temperature in the 
combustion zone was measured with thermocouples, enabling the appointment of a temperature 
profile along the bed. The composition of the gas mixture at the inlet and outlet of the reactor was 
measured with precision gas analyzers (IR). 

The results showed a dependence of the composition of the post-reaction mixture on  
the temperature in the reaction zone. Similar to studies in [3], the presence of CH4, CO, and CO2 
was observed in the stream flowing out of the reactor. The experimentally determined ignition 
temperature of diluted methane in the air was close to the value obtained in the case of  
the monolith. It was noticed that in certain temperature ranges, methane conversion and  
the shape of measured temperature profile was dependent on the concentration of  
the combustible component, which was not observed in the case of monolith tests. Moreover,  
a favorable effect of foam geometry on methane conversion was found, as shown in Fig. 2, which 
shows the dependence of methane conversion on the average temperature value in  
the combustion zone for the foam bed and monolith (MB). The difference in total conversion is 
around 15 pp for 720°C and increases even to 60 pp for 760°C. 

 
Fig. 2. Dependence of methane conversion (total - green color, to CO - red color, to CO2 - navy blue color) 
on the average temperature in the combustion zone for monolithic filling (MB) and foam 10 PPI and inlet 

CH4 concentration 0.55% vol. - P10 (0.55%) and 0.75% vol. - P10 (0.75%) 

It was also observed that the length of the combustion zone was longer for the same 
temperature set point than in the case test of MB. Comparing data for the practically identical 
average temperature in the combustion zones for the foam and the monolith shows the length of 
the combustion zone is shorter in the case of foam and the total conversion of methane determined 
in the combustion zone is much higher.  

The investigations confirmed that the structure characteristic of the foam provides  
the conditions for good mixing of mixture components, which influence the temperatures measured 
in the bed axis, and these in turn the average temperatures in the reaction zone and  
the length of the combustion zone. Higher temperatures in the foam filling with the same set 
parameters as for the monolithic filling confirm that the use of foam fillings may be advantageous 
and improve the uniformity of temperature distribution in the cross-section of the reactor. 
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Nanobubbles are referred to in this work as gas structures in a liquid whose diameter is less 
than 1 μm, which is the most commonly used definition [1-3] due to the fact that around this limit, 
the rising velocity of gas bubbles becomes less than the Brownian motion velocity. Due to surface 
tension forces, nanobubbles do not deform and assume a spherical shape when they are in a free 
state deep within the liquid. One of the most surprising facts about nanobubbles is their long 
residence time in a liquid unchanged in size. This can exceed even a month in distilled water, 
without the addition of any surfactants in a static system. Dispersions of gas nanobubbles and 
nanobubbles themselves have many properties that are not observed for bubbles at larger scales. 
This allows them to be used in processes where larger gas objects are not applicable, or to intensify 
those where a reduction in bubble size results in improved efficiency. This work concerns the 
subjects connected to the design of nanobubble generation and their stability models using tools 
commonly applied in chemical engineering research. 

The usual methods for nanobubble dispersion generation are hydrodynamic methods, 
especially membrane methods with tangential shear forces. In such methods, a gas is pressurized 
through a membrane and it is cut off from its surface by induction of shear forces. The need to 
generate nanobubbles in small volumes pushed us to design a method of nanobubble generation 
incorporating high shear impellers which are able to induce shear stress locally near the membrane 
surface. Additionally, generation in smaller volumes allowed us to carry out the investigation of 
minimal shear stress needed to generate stable gas nanodispersion in liquids. 

Two different gases (carbon dioxide, nitrogen) and two liquids (water and ethanol 98%) were 
used. These fluids were chosen to check how gas solubility and presence of liquids of different 
physicochemical properties affect nanobubble generation. It was assumed that there was a 
minimum shear stress limit in the system that would shear nanobubbles from the membrane. Thus, 
experiments were performed for different stirrer speeds for both liquids, followed by DLS 
measurements for obtaining the Sauter diameter. After finding the minimum rotational speed at 
which nanobubbles are generated reproducibly, the shear stress (𝜏𝜏𝜏𝜏) and three criterion numbers 
were calculated: the Reynolds number (𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅), the capillary number (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) and the Weber number (𝑊𝑊𝑊𝑊𝑅𝑅𝑅𝑅). 
The characteristic velocity in the system was set as the linear velocity of the edge of the stirrer. We 
observed that lower shear stresses were needed for ethanol solutions than for water, similarly when 
comparing the generation of nitrogen and carbon dioxide bubbles. 

However, we could not find a single criterial number which would allow to predict the minimum 
value of velocity at the stirrer edge for different gas-liquid pairs. It is connected to the fact that 
neither of the chosen criterial numbers takes into account the properties of gas phase, especially 
its solubility in liquid phase. For that reason, one must include gas solubility in liquid in such an 
approach in addition to the combination of criterial numbers. 

Other interesting phenomena are the reasons for nanobubble stability in liquids. Literature 
presents multiple theories of the reasons for such prolonged existence of nanobubbles in liquids 
[4], including: skin model [5], armored bubble model [6], charged surface models [1, 3] and 
dynamic equilibrium model [7]. In our studies, we have used the equation proposed by Lord 
Rayleigh (Equation 1), which describes the change of surface tension between droplet and 
surrounding air, when the surface is charged. We have proposed that a similar effect would be 
encountered for a nanobubble with charged surface surrounded by the aqueous phase.  
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Nanobubbles are referred to in this work as gas structures in a liquid whose diameter is less 
than 1 μm, which is the most commonly used definition [1-3] due to the fact that around this limit, 
the rising velocity of gas bubbles becomes less than the Brownian motion velocity. Due to surface 
tension forces, nanobubbles do not deform and assume a spherical shape when they are in a free 
state deep within the liquid. One of the most surprising facts about nanobubbles is their long 
residence time in a liquid unchanged in size. This can exceed even a month in distilled water, 
without the addition of any surfactants in a static system. Dispersions of gas nanobubbles and 
nanobubbles themselves have many properties that are not observed for bubbles at larger scales. 
This allows them to be used in processes where larger gas objects are not applicable, or to intensify 
those where a reduction in bubble size results in improved efficiency. This work concerns the 
subjects connected to the design of nanobubble generation and their stability models using tools 
commonly applied in chemical engineering research. 

The usual methods for nanobubble dispersion generation are hydrodynamic methods, 
especially membrane methods with tangential shear forces. In such methods, a gas is pressurized 
through a membrane and it is cut off from its surface by induction of shear forces. The need to 
generate nanobubbles in small volumes pushed us to design a method of nanobubble generation 
incorporating high shear impellers which are able to induce shear stress locally near the membrane 
surface. Additionally, generation in smaller volumes allowed us to carry out the investigation of 
minimal shear stress needed to generate stable gas nanodispersion in liquids. 

Two different gases (carbon dioxide, nitrogen) and two liquids (water and ethanol 98%) were 
used. These fluids were chosen to check how gas solubility and presence of liquids of different 
physicochemical properties affect nanobubble generation. It was assumed that there was a 
minimum shear stress limit in the system that would shear nanobubbles from the membrane. Thus, 
experiments were performed for different stirrer speeds for both liquids, followed by DLS 
measurements for obtaining the Sauter diameter. After finding the minimum rotational speed at 
which nanobubbles are generated reproducibly, the shear stress (𝜏𝜏𝜏𝜏) and three criterion numbers 
were calculated: the Reynolds number (𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅), the capillary number (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) and the Weber number (𝑊𝑊𝑊𝑊𝑅𝑅𝑅𝑅). 
The characteristic velocity in the system was set as the linear velocity of the edge of the stirrer. We 
observed that lower shear stresses were needed for ethanol solutions than for water, similarly when 
comparing the generation of nitrogen and carbon dioxide bubbles. 

However, we could not find a single criterial number which would allow to predict the minimum 
value of velocity at the stirrer edge for different gas-liquid pairs. It is connected to the fact that 
neither of the chosen criterial numbers takes into account the properties of gas phase, especially 
its solubility in liquid phase. For that reason, one must include gas solubility in liquid in such an 
approach in addition to the combination of criterial numbers. 

Other interesting phenomena are the reasons for nanobubble stability in liquids. Literature 
presents multiple theories of the reasons for such prolonged existence of nanobubbles in liquids 
[4], including: skin model [5], armored bubble model [6], charged surface models [1, 3] and 
dynamic equilibrium model [7]. In our studies, we have used the equation proposed by Lord 
Rayleigh (Equation 1), which describes the change of surface tension between droplet and 
surrounding air, when the surface is charged. We have proposed that a similar effect would be 
encountered for a nanobubble with charged surface surrounded by the aqueous phase.  

 σ = σ0 −
� 𝑞𝑞𝑞𝑞8𝜋𝜋𝜋𝜋�

2

𝜀𝜀𝜀𝜀�𝑑𝑑𝑑𝑑322 �
3 (1) 

We assumed that the pressure inside the nanobubble cannot exceed the operational pressure 
used during nanobubble generation. Based on the analysis of the charge required for appropriate 
surface tension reduction, we proved that the number of ions from the auto dissociation of water 
is sufficient with an appropriate margin. Therefore, it shows that nanobubbles can be stable even 
in pure water. 
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The class of nitrous gases (NOx) can also be assigned to common air pollutants, which are 
produced, for example, in incineration plants and various industrial processes. The term NOx 
describes a gas mixture, which mainly consists of nitrogen monoxide (NO), nitrogen dioxide (NO2) 
and higher oxides like nitrous oxide (N2O3) and nitrous tetroxide (N2O4). While the transport sector 
is one of the main emitters of NOx, industry is nevertheless a relevant one. 

In this work, the absorption process for the removal of nitrogen oxides using aqueous solutions 
from industrial gas streams is examined in detail. The description of such an absorption process is 
difficult because of the complex chemical reaction system, which consists of various instantaneous 
and kinetically controlled gas- and liquid phase reactions. Mass transfer performance is highly 
affected by the chemical reaction system. The analysis of literature data reveals an inconsistent 
presentation of the reaction mechanism, which can lead to great inaccuracies in column design. 
Separation capacities are underestimated or overestimated by factors depending on the model 
used. 

Thus, there is a need to take a deep look into the reaction system. The focus of this work is 
therefore the development of a rigorous simulation model taking into account the gas and liquid 
phase reactions as well as the reaction kinetics and the heat and mass transfer. 

Our own extensive experimental investigations of industrial processes in DN300 
packed column and aqueous solutions adding e.g. NaOH, H2O2 as well as a detailed analysis of 
literature data lead to new findings regarding the reaction and mass transfer mechanism of NOx 
absorption in aqueous solutions. This, finally, enables the safe design of separation processes 
over a very wide concentration range of NOx. 

In this work, a rate-based model has been developed which accounts for chemical reactions 
in the gas- and liquid phase. It has been shown that kinetics as well as the considered reaction 
route can play a decisive role for the description of the NOx absorption process and that the correct 
route depends on the composition and the concentration of nitrous gases. The model has been 
validated with literature data and with a large number of our own experiments, performed in an 
industrial scale pilot plant. 
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In recent years, due to political and economic events in the world that have largely hit European 
countries, interest in technologies based on renewable energy sources (RES) has increased 
significantly. Residential installations with photovoltaic (PV) panels and heat pumps (HP) of various 
types are the most dynamically developing sectors. Currently, the interest in increasing self-
consumption (SC) of electrical energy produced by PV array in grid-connected installation is growing 
among owners of such systems. Improved SC can increase the profit associated with the operation 
of PV systems [1]. It also brings other positive aspects, which include the reduction of energy losses 
in the network, or the smaller need to modernize the electrical infrastructure resulting from 
distributed generation of energy from RES in the power systems [2]. 

SC of electrical energy can be defined as the share of the directly consumed energy Ec in total 
energy generated Egen in the PV system which is represented by Equation (1): 

 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐
𝐸𝐸𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

 (1) 

The value of SC is calculated over an assumed period of time, usually during a given day, month 
or year. SC can be a value between 0% and 100%, where 100% means that all Egen is consumed by 
the loads. According to the research presented elsewhere [3] PV system in grid-connected 
installation without a storage system or special energy management systems can obtain SC from 
around 15% to 40% in one-year period. Similar values are confirmed by my own research on a 3.3 
kW PV on-grid installation in a residential building located near Brzesko in the Lesser Poland 
operating under real conditions. In the installation with 9 monocrystalline panels (each with a 
capacity of 365 kWp, inclination of 35°, facing south) in 2022 the SC value of 25% was obtained 
with the annual electricity consumption of 3,800 kWh. 

An increase in the SC value can be achieved by skillfully combining PV installations with 
electrical devices using RES to produce heat and/or cold in hybrid installations. The idea behind 
the operation of hybrid energy installations is based on the mutual compensation of the advantages 
and disadvantages of using individual energy sources. This allows reduction in the overall electrical 
energy drawn from the grid for the operation of devices, which contributes to cheaper operational 
costs of the installation. 

This short paper presents the results of one year-round analysis of a PV array grid-connected 
in hybrid installations with air-source HP in a residential building in Cracow. Operational simulations 
of various installation configurations were carried out in the Transient System Simulation Tool 
(TRNSYS). The results obtained from the simulation of only one of several considered installations 
are briefly presented below. 

The most important elements of the installation shown in Fig. 1 are: component type103b 
simulating the operation of a 6.84 kWp PV installation (18 monocrystalline 380 Wp PV panels with, 
inclination of 35°, facing south); component type917 simulating an air-to-water HP with rated 
heating capacity 2 kW and power 0.49 kW; weather data processor (type15-6) processing annual 
weather data for Cracow (such as dry bulb temperature, beam and diffuse radiation, air humidity 
ratio) taken from the Meteonorm database for other TRNSYS components; type156 being a 300l 
cylindrical storage tank with immersed coiled-tube heat exchanger. The efficiency of the inverter 
was set to 90%. It was assumed in the calculations that electricity consumption in the building is 
equal to 4,380 kWh per year, i.e. 12 kWh/day and the corresponding hourly consumption profile, 



55 Table of contents

24th Polish Conference of Chemical and Process Engineering
13–16 June 2023, Szczecin, Poland

INCREASING SELF-CONSUMPTION OF ENERGY IN HYBRID RES INSTALLATIONS
WITH PV PANELS

Sebastian Pater*
Cracow University of Technology, Faculty of Chemical Engineering and Technology, 

Warszawska 24, 31-155 Cracow, Poland
*corresponding author: sebastian.pater@pk.edu.pl

In recent years, due to political and economic events in the world that have largely hit European
countries, interest in technologies based on renewable energy sources (RES) has increased
significantly. Residential installations with photovoltaic (PV) panels and heat pumps (HP) of various
types are the most dynamically developing sectors. Currently, the interest in increasing self-
consumption (SC) of electrical energy produced by PV array in grid-connected installation is growing
among owners of such systems. Improved SC can increase the profit associated with the operation
of PV systems [1]. It also brings other positive aspects, which include the reduction of energy losses
in the network, or the smaller need to modernize the electrical infrastructure resulting from
distributed generation of energy from RES in the power systems [2].

SC of electrical energy can be defined as the share of the directly consumed energy Ec in total
energy generated Egen in the PV system which is represented by Equation (1):

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐
𝐸𝐸𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

(1)

The value of SC is calculated over an assumed period of time, usually during a given day, month
or year. SC can be a value between 0% and 100%, where 100% means that all Egen is consumed by
the loads. According to the research presented elsewhere [3] PV system in grid-connected
installation without a storage system or special energy management systems can obtain SC from
around 15% to 40% in one-year period. Similar values are confirmed by my own research on a 3.3
kW PV on-grid installation in a residential building located near Brzesko in the Lesser Poland
operating under real conditions. In the installation with 9 monocrystalline panels (each with a
capacity of 365 kWp, inclination of 35°, facing south) in 2022 the SC value of 25% was obtained
with the annual electricity consumption of 3,800 kWh.

An increase in the SC value can be achieved by skillfully combining PV installations with
electrical devices using RES to produce heat and/or cold in hybrid installations. The idea behind
the operation of hybrid energy installations is based on the mutual compensation of the advantages
and disadvantages of using individual energy sources. This allows reduction in the overall electrical
energy drawn from the grid for the operation of devices, which contributes to cheaper operational
costs of the installation.

This short paper presents the results of one year-round analysis of a PV array grid-connected
in hybrid installations with air-source HP in a residential building in Cracow. Operational simulations
of various installation configurations were carried out in the Transient System Simulation Tool
(TRNSYS). The results obtained from the simulation of only one of several considered installations
are briefly presented below.

The most important elements of the installation shown in Fig. 1 are: component type103b
simulating the operation of a 6.84 kWp PV installation (18 monocrystalline 380 Wp PV panels with,
inclination of 35°, facing south); component type917 simulating an air-to-water HP with rated
heating capacity 2 kW and power 0.49 kW; weather data processor (type15-6) processing annual
weather data for Cracow (such as dry bulb temperature, beam and diffuse radiation, air humidity
ratio) taken from the Meteonorm database for other TRNSYS components; type156 being a 300l
cylindrical storage tank with immersed coiled-tube heat exchanger. The efficiency of the inverter
was set to 90%. It was assumed in the calculations that electricity consumption in the building is
equal to 4,380 kWh per year, i.e. 12 kWh/day and the corresponding hourly consumption profile,

which is identical on each day of the year. The daily consumption of domestic hot water was set at 
250l. HP operation is controlled by a differential controller type165 processing input signals from 
the type156 tank and time dependent forcing function type 14h. 

Fig. 1. One of the TRNSYS models of analyzed HYBRID systems with PV panels and air-source HP 

Fig. 2 presents the results of the installation operation simulation during the year regarding 
the daily values of the SC coefficient for PV installations with and without HP, as well as solar 
insulation and PV energy generation. In the case of PV panels cooperating with HP, a 13.3% 
increase in the annual value of SC was obtained to the level of 56%. During the year, the PV 
installation generated 6,585 kWh of electricity, achieving a solar radiation conversion efficiency of 
18.3%.  

Fig. 2. The daily values of the SC coefficient for PV installations with and without HP, solar insulation and PV 
energy generation 
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A growing proportion of the organic fraction of municipal solid waste (OFMSW) poses serious 
environmental and economic problems. One method of using OFMSW to produce useful energy and 
materials is through a partial methane fermentation process called dark fermentation (DF). The 
process produces H2 + CO2 and volatile fatty acids (VFAs): acetic, propionic and butyric. The amount 
and composition of the resulting products are strictly dependent on the conditions of the process, 
as well as the type of inoculum (bacterial consortium). The process can be carried out using either 
pure culture or mixed culture (MC). The use of MC as inoculum has a primary advantage because 
the bioreactor can operate under non-sterile conditions. MC contains methanogenic bacteria, which 
can be inhibited by heat pretreatment, but too high temperature and treatment time can also 
destroy the bacteria. The aim of the study was to investigate the effect of thermal pretreatment of 
inoculum on H2 and VFAs production in the DF process.  

Kitchen waste from households in the city of Lodz (Poland) was selected as the substrate for 
the DF process. The inoculum for the process was taken from an anaerobic digestion plant at a 
group wastewater treatment plant in Lodz. The study was carried out in four batch bioreactors with 
volume of 1 dm3 each, without pH adjustment during the process. The volume ratio of inoculum to 
organic waste was 7:3. To each bioreactor, 13 g volatile solid (VS) of KW was added. In the 1st 
bioreactor, water was used instead of inoculum to check the biodegradation of KW. In bioreactor 
2, inoculum was placed without thermal treatment. Meanwhile, in bioreactors 3 and 4, the 
inoculum was heated at 70°C for 15 and 30 minutes, respectively. Volume of gas formed by DF 
process was measured with a water displacement method. The composition of produced gas (CO2, 
CH4 and O2) was determined with 8610C gas chromatography (SRI Instruments). The quality and 
quantity of produced volatile fatty acids (VFAs) were measured with a VARIAN CP4800 gas 
chromatograph. 

At the beginning of the process pH was in the range from 7.30 to 7.63. After 4 days of dark 
fermentation process a decrease of pH was observed in all bioreactors, which was due to the 
production of VFA (Fig. 1). The highest decrease of pH was noticed in bioreactor no. 1, which was 
caused by lack of inoculum. In addition to the bacterial consortium, the inoculum contains 
ammonium nitrogen, which buffers the system, so the pH does not change much. The observed 
slight decrease of pH in bioreactor no. 2, was caused by the VFAs produced, which were partially 
used by methanogenic bacteria to produce CH4. Thermal pretreatment of inoculum did not have 
any significant impact on the final value of pH.  
 The lowest production of VFAs was observed in bioreactors 1 and 2 (Fig. 2). Increasing the 
thermal treatment time of inoculum in the bioreactor resulted in a 15% increase in VFA production. 
The main dominant acids produced were acetic, propionic and butyric acids. The production of 
acetic and butyric acid was linked to the production of H2 in biochemical pathways of dark 
fermentation process.  
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A growing proportion of the organic fraction of municipal solid waste (OFMSW) poses serious
environmental and economic problems. One method of using OFMSW to produce useful energy and
materials is through a partial methane fermentation process called dark fermentation (DF). The
process produces H2 + CO2 and volatile fatty acids (VFAs): acetic, propionic and butyric. The amount
and composition of the resulting products are strictly dependent on the conditions of the process,
as well as the type of inoculum (bacterial consortium). The process can be carried out using either
pure culture or mixed culture (MC). The use of MC as inoculum has a primary advantage because
the bioreactor can operate under non-sterile conditions. MC contains methanogenic bacteria, which 
can be inhibited by heat pretreatment, but too high temperature and treatment time can also
destroy the bacteria. The aim of the study was to investigate the effect of thermal pretreatment of
inoculum on H2 and VFAs production in the DF process. 

Kitchen waste from households in the city of Lodz (Poland) was selected as the substrate for
the DF process. The inoculum for the process was taken from an anaerobic digestion plant at a
group wastewater treatment plant in Lodz. The study was carried out in four batch bioreactors with
volume of 1 dm3 each, without pH adjustment during the process. The volume ratio of inoculum to
organic waste was 7:3. To each bioreactor, 13 g volatile solid (VS) of KW was added. In the 1st

bioreactor, water was used instead of inoculum to check the biodegradation of KW. In bioreactor
2, inoculum was placed without thermal treatment. Meanwhile, in bioreactors 3 and 4, the
inoculum was heated at 70°C for 15 and 30 minutes, respectively. Volume of gas formed by DF 
process was measured with a water displacement method. The composition of produced gas (CO2, 
CH4 and O2) was determined with 8610C gas chromatography (SRI Instruments). The quality and
quantity of produced volatile fatty acids (VFAs) were measured with a VARIAN CP4800 gas
chromatograph.

At the beginning of the process pH was in the range from 7.30 to 7.63. After 4 days of dark
fermentation process a decrease of pH was observed in all bioreactors, which was due to the
production of VFA (Fig. 1). The highest decrease of pH was noticed in bioreactor no. 1, which was
caused by lack of inoculum. In addition to the bacterial consortium, the inoculum contains
ammonium nitrogen, which buffers the system, so the pH does not change much. The observed
slight decrease of pH in bioreactor no. 2, was caused by the VFAs produced, which were partially
used by methanogenic bacteria to produce CH4. Thermal pretreatment of inoculum did not have
any significant impact on the final value of pH.

The lowest production of VFAs was observed in bioreactors 1 and 2 (Fig. 2). Increasing the
thermal treatment time of inoculum in the bioreactor resulted in a 15% increase in VFA production.
The main dominant acids produced were acetic, propionic and butyric acids. The production of
acetic and butyric acid was linked to the production of H2 in biochemical pathways of dark 
fermentation process.
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Fig. 1. Changes of pH at the beginning and the 
end of process 

Fig. 2. Production of VFA 

 During 4 days of the process the lowest CO2 production yield was observed in bioreactor no. 1 
without inoculum. In bioreactor no. 2, which contained inoculum without thermal pretreatment, the 
highest CO2 production was observed. CH4 production was also recorded in this bioreactor (Fig. 3). 
The time of thermal pretreatment of the inoculum (bioreactors 3 and 4) had no significant effect 
on CO2 and H2 production yields. 

The highest yield and rate of H2 production were observed in bioreactors 3 and 4 in which 
inoculum was thermally pretreated (Fig. 4). The lowest production of H2 was observed in bioreactor 
2 without thermal pretreatment. A delay in H2 production was evident in bioreactor 1. H2 production 
in this bioreactor confirmed that the bacterial consortia contained in KW can carry out dark 
fermentation process. 
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Recently, 3D-printed periodic cellular structures have become popular due to the ease and 
speed of their design and manufacturing. Triply periodic minimal surface (TPMS) structures, called 
also porous scaffolds, are periodic three-dimensional cellular lattices with mathematically defined 
topology: solid or sheet [1-3]. Depending on the mathematical formulas, unit cell shapes can be 
generated, for instance, primitive (P), gyroid (G), diamond (D), i-graph and wrapped package (IWP) 
[1, 2, 4-6]. TPMS architectures provide low weight, high strength and surface area, optimal thermal 
and electrical conductivities, energy absorption, heat and sound insulation, and optimized fluid 
permeability [1, 5]. Therefore, they are applied in many engineering disciplines, such as tissue 
engineering, heat exchange, and noise control [1, 4]. 

In order to use TPMS structures in catalytic processes, e.g. catalytic oxidation of volatile organic 
compounds (VOCs) or selective catalytic reduction of nitrogen oxides, the knowledge of heat/mass 
transfer and fluid flow characteristics is crucial. The morphological parameters, such as specific 
surface area, void volume, unit cell size and wall thickness, affect transport and hydraulic 
characteristics. The larger the porosity of the solid-G structure, the more intense mass transfer and 
the lower pressure drop [7]. The impact of wall thickness and unit cell size was considered only for 
sheet-based TPMS structures [7]. Therefore, the aim of this work was to study the impact of unit 
cell size of skeletal-gyroid structures on their fluid flow and heat transfer in relation to their potential 
application as catalyst support. 

 Five solid-G architectures differing in unit cell size (2, 2.5, 3, 3.5 and 4 mm) were 
mathematically modeled with constant porosity of 81%. The modelling area was a cuboid with 
dimensions 35 x 45 x 10 mm (Fig. 1). The ANSYS Fluent software package was applied to 
numerically evaluate the hydraulic and transport properties of the designed 3D models. Two 
samples, with the smallest and the highest unit cells, were manufactured using the selective laser 
melting (SLM) technique from 316 stainless steel. These samples were tested experimentally in 
order to verify the results of computational simulations.  

 
Fig. 1. Geometry of solid-G with 4 mm unit cell size 
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The results show that the effect of unit cell size on heat transfer is insignificant (Fig. 2). 
However, the pressure drop increased with a smaller unit cell size due to the lower wall thickness. 
Solid-G structures ensure enhanced heat transfer in comparison with monolith of 100 cpsi 
(channels per square inch) and 0.2 m long. Unfortunately, their flow resistance also increased but 
was lower than that of the packed bed of 3 mm grains. 

 

 
Fig. 2. Comparison of heat transfer for different reactor internals 
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The use of cold plasma in the development and production of new materials with unique 
properties that cannot be obtained by other methods favors its wider application in green catalysis 
[1, 2]. Among existing plasma technologies, the plasma deposition method known as PECVD 
(plasma enhanced chemical vapor deposition) from organometallic volatile precursors deserves 
special attention. It allows the bottom-up fabrication of a new material in the form of a thin film 
(<<1 µm) with a specific nanostructure that exhibits catalytic properties. A thin-film catalyst 
deposited on a metallic structured packing, for example on a fine mesh, while maintaining its 
original geometry, opens up new possibilities in the design of heterogeneous structured reactors. 
In turn, compared to typical packed beds of particle catalysts, such catalytic structured packings 
allow a lower pressure drop, better mass and heat transfer and a vast array of possibilities for 
customizing their design to a specific application [3]. These features, coupled with a tailored 
nanostructure of the active phase, are key points for achieving remarkable process intensification 
in numerous applications, such as chemical technology and solving environmental issues [4]. 

 

 

Fig. 1. Cold plasma approach for the preparation of catalytic thin films on structured packings 

 
Here, we present and discuss our findings on the development of the cold plasma deposition 

method for preparation of thin films based on transition metal oxides of the desired chemical 
composition and nanostructure and linking them to catalytic activity. The thin film catalysts were 
characterized using different techniques such as XPS, XRD, SEM/EDX and Raman spectroscopy. 
Given the example of the fabrication process of CoOx-based films deposited on a metallic fine mesh, 
the influence of plasma operation parameters and the calcination step on the resulting 
nanostructure was discussed. It has been shown that for a given discharge power, increasing the 
flow rate of precursor vapor allows to create larger Co3O4 nanocrystallites while keeping the same 
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concentration of the active phase (Co3O4) [5]. The effect of the Co3O4 nanocrystallite size on 
catalytic activity was demonstrated using the oxidation of n-nonane as an illustration. 

We also include recent advancements in producing nanohybrid structures composed of 
nanoparticles of different oxides. Using the plasma co-deposition process, a series of 
nanocomposites based on iron and cobalt oxides (FeOx/CoO) was fabricated with varied 
composition [6]. In the process of CO2 hydrogenation, these nanocomposites favored the 
production of CO and revealed much higher activity towards CO than that obtained for pure FeOx 
and CoO-based structures. It was tentatively explained by changes in the electronic structure of the 
mixed catalyst resulting from the formation of p-n heterojunctions between nanoparticles of cobalt 
and iron oxides. This finding provides better understanding of the fundamental concept in terms of 
‘structure sensitivity’ of heterogeneous catalysts [7] and offers practical opportunities of preparing 
sophisticated catalytic nanostructures tailored for purpose under full control.   

This research has confirmed that cold plasma technology is a powerful and versatile tool for 
preparing highly active thin films with a rationally designed nanostructure, which is difficult with the 
conventional approaches of catalyst preparation. Additionally, these nano-engineered thin film 
coatings possess the desirable performance characteristics, such as excellent durability and 
adhesion to metallic packings, making them highly suitable for further use in new designs of 
heterogeneous structured reactors. Furthermore, the cold plasma deposition requires fewer 
chemicals, less energy and time-consuming steps than conventional wet coating methods. 
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Dimethyl ether (DME) is the simplest compound from the group of ethers, recognized as a 
multi-source, environmentally friendly medium for storing and distributing energy with a wide range 
of applications. Although it is currently used primarily as a propellant in aerosols, thanks to its 
properties it can also be used as a fuel for diesel engines, an intermediate product in the synthesis 
of many chemical compounds, including other synthetic fuels, as well as a source of energy in fuel 
cells. 

Nowadays when environmental protection is becoming more and more important, and the 
problem of smog is becoming common, more stringent requirements are placed on energy 
resources. New transport fuels are therefore necessary to reduce harmful emissions in terms of 
both particulate matter and gaseous pollutants. In this regard, DME looks very promising. In 
addition to the excellent physical and chemical properties of DME (cetane number, liquefaction 
properties similar to LPG), its combustion in a diesel engine does not generate particulate matter. 
Adding to this a much higher combustion efficiency than in the case of diesel (despite almost twice 
lower combustion energy, engines burn up to 5% more DME), we can talk about a real substitute, 
not just a potential one. In addition to a number of experimental studies available in the scientific 
literature, Ford Company presented in 2019 a Ford Mondeo car model fully powered by DME, 
capable of being implemented in mass production, proving that scientific concepts are fully 
validated in practice. Therefore, DME is considered to be one of the most promising substitutes for 
diesel fuel. It is also a great fuel for powering marine engines, especially due to the amendment to 
the Act on the prevention of marine pollution by ships in force since January 1, 2015, regarding the 
introduction of Directive 2012/33/EU of the European Parliament and of the Council of November 
21, 2012 regarding the reduction of emission limits sulfur in exhaust gases, Dz.U 2014 item 1554 
- DME is a sulfur-free fuel. 

In addition, dimethyl ether is a promising potential chemical hydrogen carrier. Steam reforming 
of dimethyl ether enables the production of hydrogen at a much lower temperature (approx. 350˚C) 
than from methane/natural gas (800˚C and more). This combination puts DME in the perfect 
position as a single fuel and hydrogen carrier to enable a smooth transition in the automotive 
industry – from moving away from conventional fuel cars to hydrogen and electric cars using 
hydrogen fuel cells. 

The presentation will discuss the possibility of a wide use of DME on the Polish and EU markets, 
as well as present the results of research on the modification of the method of obtaining DME on 
a laboratory and model scale. Possibilities of catalyst modification, problems of scaling up and the 
most important problems of commercialization of the solution will be presented. In addition, the 
advantage of a slurry reactor over a plug flow reactor for the investigated process will be analyzed. 
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The investigation demonstrates the deposition and immobilization of photocatalyst 
nanoparticles (NPs) on polymeric porous non-woven. To commercialize photocatalytic hydrogen 
production, the issue of durable deposition of particles on a spatial framework seems to be of great 
importance due to the possibility of using such hybrid materials in flow systems, which, unlike batch 
solutions, can be scaled [1, 2]. Moreover, the easy recovery of polymer framework with NPs from 
the reactor chamber greatly facilitates their reuse and brings significant economic and 
environmental consequences. 

In NP immobilization design, several important aspects should be considered. First, the 
selection of appropriate framework material, which should be chemically inert and stable under 
reaction conditions, but at the same time, should not limit the efficiency of the photocatalyst. The 
melt-blown technique can be used to design and manufacture polymeric non-wovens [3]. The great 
advantage of this method is the ability to produce non-woven materials with micro- and nanosize 
fiber diameters and high porosity. Thus, obtaining a framework with a highly developed surface is 
possible. Second, the uniform distribution of nanoparticles on the surface of the support material 
(fibers) and the strong adhesion of NPs to the polymer. NP deposition onto non-woven fibers can 
be obtained with various methods, e.g. spray-coating (e.g. with the methodology developed by our 
group [4]), dip-coating, and spin-coating methods. Herein, we combined the dip-coating and spin-
coating techniques. The scheme of the developed non-woven covering procedure is shown in Fig. 1. 

The process of particle deposition on fibers can be designed to increase the dispersion and 
adhesion of NPs to the polypropylene (PP) non-woven by electrostatic attraction between the fibers 
and NPs, due to induction of static charges with opposite signs. The induction of static charges on 
the surface can be controlled by zeta potential, which depends on the pH of the solution in which 
non-wovens and nanoparticles are immersed [5]. 
 

 
Fig. 1. Scheme of the developed method used to cover the non-wovens 

Titanium dioxide (TiO2) nanoparticles were used as a model catalyst. A few drops of isopropanol 
were added to NP powder to improve the wetting of TiO2 and facilitate its dispersion in water. The 
prepared suspension was sonicated for 5 minutes to achieve the appropriate dispersion of 
particles. Next, the PP non-woven, which also was previously immersed in alcohol, was placed in 
the TiO2/H2O suspension and sonicated for 30 s. After this time, the PP-TiO2 material was placed 
in a spin-coater with a special holder adapted to the sample. To prevent the formation of liquid 
bridges, which can transform into large particle agglomerates, excess water and particles that were 
not deposited directly on the fiber surface were removed by applying centrifugal force.  
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Fig. 2. The SEM images of TiO2 nanoparticles deposited on PP fibers from suspensions  

of different pH: 3.3, 4.4, 9.7 

The scanning electron microscopy (SEM) analysis shows that for pH ~3.2 and pH ~9.7 (where 
the zeta potential was 12 mV and -30 mV, respectively) TiO2 nanoparticles had a strong tendency 
to form large agglomerates on the fiber surface. Results indicate that the most favorable particle 
dispersion of NPs on the polypropylene non-woven was obtained in an acidic environment with a 
pH of ~4.4, where the zeta potential value for TiO2 was close to zero. 

 

References  

[1] Alalm M.G., Djellabi R., Meroni D., Pirola C., Bianchi C.L., Boffito D.C., Toward scaling‐up photocatalytic 
process for multiphase environmental applications, Catalysts, 2021, 11, 1–23. 

[2] Rehm T.H., Reactor Technology Concepts for Flow Photochemistry, ChemPhotoChem, 2019, 235–254. 
[3] Jackiewicz A., Werner L., Separation of nanoparticles from air using melt-blown filtering media, Aerosol 

Air Qual. Res., 2015, 15, 2422-2435.  
[4] Czelej K., Ćwieka K., Jabłczyńska K., Werner Ł., Gradoń L., Colmenares J.C., Pat. 241804, Method of 

producing hybrid systems of non-woven fabric - composite nanoparticles, 2022.,     
https://ewyszukiwarka.pue.uprp.gov.pl/search/pwp-details/P.432594   

[5] Xu R., Progress in nanoparticles characterization: Sizing and zeta potential measurement, Particuology, 
2008, 6, 112–115.  



66 Table of contents

24th Polish Conference of Chemical and Process Engineering 
13–16 June 2023, Szczecin, Poland 

CONTROLLED PRODUCTION OF HYDROXYAPATITE NANOPARTICLES IN 
A SPHERE, PLATE, OR ROD SHAPE - THEIR MODIFICATION AND APPLICATIONS 

Michał Wojasiński1,*, Joanna Latocha1, Jolanta Czerska-Duszak1, Rafał Podgórski1, 
Kornel Prystupiuk1, Stanisław Gierlotka2, Tomasz Ciach1, Paweł Sobieszuk1 

1Warsaw University of Technology, Faculty of Chemical and Process Engineering,  
Waryńskiego 1, 00-645 Warsaw, Poland 

2Institute of High Pressure Physics, Polish Academy of Sciences, Laboratory of Nanostructures, 
Sokołowska 29/37, 01-142 Warsaw, Poland 

*corresponding author: michal.wojasinski@pw.edu.pl 

Synthetic hydroxyapatite nanoparticles (nHAp), the most popular form amongst synthetic 
calcium orthophosphates, find applications in the area of catalysis, as fertilizers and in medical 
applications as dental filling material, composite reinforcement for bone tissue regeneration or as 
a drug delivery system. Every application requires specific morphology of nHAp, from spherical to 
fiber-like whiskers, or specific surface modification. This study aimed to produce spherical, plate-
like, and rod-like nHAp, their subsequent modification, and description of two specific applications: 
1) a drug delivery system with increased cellular uptake, 2) polycaprolactone/nHAp 3D printed 
composites for bone tissue engineering with appropriate mechanical properties. 

This work presents two methods of nHAp formation. First, the wet precipitation in a flow 
microreactor of nHAp from calcium and phosphate salts with the addition of lecithin (LE) for sphere-
shaped nHAp-LE production [1, 2]. This process was used to produce drug-carrying particles for 
osteoporosis treatment. Second, the batch precipitation/remodeling of nHAp in pH- and 
temperature-controlled environment for the plate and rod-shaped particles [3]. The plate and rod-
shaped nHAp was subsequently surface modified with sodium stearate (ss). The product quality 
was determined with spectroscopy (FTIR) and x-ray diffraction (XRD) analysis; the morphology of 
crystallites and particles was studied with XRD and scanning electron microscopy (SEM). The 
tendency of nanoparticles to agglomerate was also found and confirmed by zeta potential 
measurements. The drug release capabilities from spherical nHAp-LE were determined in 
controlled release experiments, and increased cellular uptake was tested in human cell culture 
in vitro. The applicability of nHAp-ss as a reinforcement of composite polymer/nHAp filaments [4] 
for 3D printing was determined by producing them and using them to 3D print a designed 
scaffolding material. 

It was found that continuous precipitation always results in spherical particles, regardless of 
the amount of lecithin used. Such spherical particles find applications as a drug delivery system. 
When precipitated with alendronate – the osteoporosis treatment drug – nHAp-LE-AL becomes 
amorphous, releases the drug over about 30 days, and shows increased cellular uptake in vitro in 
human osteoblastic cells. However, in a controlled precipitation/remodeling batch process, the 
precipitation temperature affects the shape of the obtained nanoparticles. At 40 °C and 80 °C, the 
proposed precipitation/remodeling yields plate-shaped and rod-shaped nanoparticles, 
respectively. At the same time, the rate of pH change determines the size of precipitated particles. 
SEM images prove that all particles retain their shape upon surface modification with sodium 
stearate. Regardless of the morphology, nHAp-ss mixed well with polycaprolactone solutions in 
dichloromethane, yielding a properly mixed substrate for pressure-extrusion of filaments for 
commercial 3D printing. Printability results show that plate and rod-shaped nHAp-ss can be added 
to the polymer with a concentration reaching 50% by mass. 

The originally proposed methods to control the morphology and the size during the 
precipitation and precipitation/remodeling of nHAp, with subsequent surface modification, allow 
not only the drug delivery system design and production but also the preparation of polymer/nHAp 
composites with properties. 
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was determined with spectroscopy (FTIR) and x-ray diffraction (XRD) analysis; the morphology of 
crystallites and particles was studied with XRD and scanning electron microscopy (SEM). The 
tendency of nanoparticles to agglomerate was also found and confirmed by zeta potential 
measurements. The drug release capabilities from spherical nHAp-LE were determined in 
controlled release experiments, and increased cellular uptake was tested in human cell culture 
in vitro. The applicability of nHAp-ss as a reinforcement of composite polymer/nHAp filaments [4] 
for 3D printing was determined by producing them and using them to 3D print a designed 
scaffolding material. 

It was found that continuous precipitation always results in spherical particles, regardless of 
the amount of lecithin used. Such spherical particles find applications as a drug delivery system. 
When precipitated with alendronate – the osteoporosis treatment drug – nHAp-LE-AL becomes 
amorphous, releases the drug over about 30 days, and shows increased cellular uptake in vitro in 
human osteoblastic cells. However, in a controlled precipitation/remodeling batch process, the 
precipitation temperature affects the shape of the obtained nanoparticles. At 40 °C and 80 °C, the 
proposed precipitation/remodeling yields plate-shaped and rod-shaped nanoparticles, 
respectively. At the same time, the rate of pH change determines the size of precipitated particles. 
SEM images prove that all particles retain their shape upon surface modification with sodium 
stearate. Regardless of the morphology, nHAp-ss mixed well with polycaprolactone solutions in 
dichloromethane, yielding a properly mixed substrate for pressure-extrusion of filaments for 
commercial 3D printing. Printability results show that plate and rod-shaped nHAp-ss can be added 
to the polymer with a concentration reaching 50% by mass. 

The originally proposed methods to control the morphology and the size during the 
precipitation and precipitation/remodeling of nHAp, with subsequent surface modification, allow 
not only the drug delivery system design and production but also the preparation of polymer/nHAp 
composites with properties. 
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Synthetic gas (syngas) is one of the most important substrates in the chemical industry. It is 
used in many processes such as methanol, dimethyl ether and formaldehyde synthesis. The 
method of production, and therefore, the composition of the obtained syngas, depends on its final 
use. For example, for the production of methanol, the preferred H2/CO ratio is two, whereas for the 
single-stage synthesis of dimethyl ether, H2/CO is equal to one. The required composition of the 
synthesis gas can be achieved by selecting appropriate process conditions and catalysts.   

In recent years, special attention has been paid to processes involving the dry reforming  
of hydrocarbons (DRH). It may be a pro-environmental alternative to steam reforming owing to the 
use of carbon dioxide as a substrate. Among them, dry reforming of methane (DRM) allows the 
production of syngas with an H2/CO ratio in the outlet stream close to unity. The application of dry 
methane reforming may be suitable as the first step in synthetic fuel production. The industrial use 
of DRM is limited mainly by the lack of a suitable catalyst characterized by high stability and activity 
under DRM conditions. Currently used catalysts based on nickel and metal oxide supports are 
rapidly deactivated owing to sintering and coking. Therefore, global research in this field is directed 
towards the development of DRM catalysts that are not susceptible to fast deactivation.  

In this view, this presentation will analyze the properties of catalysts and process parameters 
in terms of the use of hydrocarbons in dry reforming for syngas generation with a H2/CO ratio close 
to unity.  The discussion will be based on the literature findings and our own research.  Special 
attention will be paid to the differences in the properties of traditional nickel and nickel-carbide 
catalysts as well as differences in the influence of the source of hydrocarbons on the final 
decomposition of the process products. 
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In the field of chemical and process engineering, two-phase processes, that is, processes in 
which two different states of matter (gas and liquid) are present simultaneously, are vital. For 
example, two-phase flow is often used in the drilling, energy, chemical and food industries to 
transfer media such as oil, gas, steam, ground solid fuels or food. One of the key challenges in 
these processes is controlling the flow, that is, maintaining the proper velocity and uniformity of 
two-phase fluids through pipelines and inside equipment. A special case of a two-phase process is 
fluidization, in which solid particles (such as powder) are driven into motion by a burst of gas, 
creating a behavior similar to that of a fluid. In industrial processes, fluidization is often used for 
mixing, drying, separation and chemical reactions in the chemical, food and energy industries. 
Control of the fluidization process is key to achieving the desired process parameters, such as 
uniform mixing, maintaining a stable fluid bed and minimizing pressure losses. 

Videogrammetry is a field that deals with the use of video recordings to take measurements 
and gather information about objects and environments captured in the recordings, using dynamic 
image analysis, among other techniques. The technique is often used in engineering to accurately 
measure various physical properties of objects. The use of videogrammetry in the automation of 
two-phase process control involves using video recordings to gather data and information about a 
specific process, and then utilizing this information to control and regulate the process. This allows 
the process to be monitored and controlled in real time, helping to ensure that the process runs 
smoothly and efficiently, and that potential problems are quickly detected and resolved. Using 
videogrammetry in this way can lead to improved process control, increased accuracy and 
uniformity, and reduced downtime and maintenance costs. By automating the control of two-phase 
processes using videogrammetry, the entire process can be structured, making it more efficient 
and effective. 

This article discusses the most important issues related to two-phase flow process control, 
paying particular attention to the latest research and technology. It also presents various 
measurement and control methods that are currently used in the industry to ensure effective and 
safe control of the two-phase flow process. In particular, phenomena such as pressure loss and 
flow regimes that affect the stability and performance of two-phase processes are discussed. The 
paper also presents a literature review on controlling two-phase flow to ensure that the information 
presented is complete and up-to-date. 

The main objective of the conducted research was to develop a system for automatic 
regulation of two-phase gas-solid flow. The regulation process is based on the principle of feedback 
derived from the result of dynamic image gray level measurement. Dynamic image analysis is a 
process that uses digital technologies and computational algorithms to analyze images and 
visualize data in real time. In the context of two-phase flow process control, dynamic image analysis 
can be used to monitor gas flow parameters such as flow velocity, temperature, pressure, etc. In 
the context of gas flow process control, dynamic image analysis can be used to visualize images 
from cameras or image sensors mounted on pipelines or two-phase mixture devices. The system 
can analyze images to detect patterns of mixture movement, such as turbulence, bubbles, plugs or 
laminar flow, and detect possible problems in the flow process. 

In the present study, a PLC (Programmable Logic Controller) was used to control the gas flow 
process and dynamic image analysis was used to measure the gray level of the image and monitor 
the process in real time by providing feedback to the electropneumatic gas flow valve control 
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The main objective of the conducted research was to develop a system for automatic 
regulation of two-phase gas-solid flow. The regulation process is based on the principle of feedback 
derived from the result of dynamic image gray level measurement. Dynamic image analysis is a 
process that uses digital technologies and computational algorithms to analyze images and 
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system. If problems are detected (unstable or incorrect flow regime), the system can automatically 
take appropriate action, such as changing the flow rate to restore the assumed regime, sending 
notifications to personnel or stopping the process. The measurement system is shown in Figure 1. 

 
Fig. 1. The idea of automatic two-phase flow control system based on dynamic image analysis with outline 

of the decision-making system 

The developed videogrammetry system with dynamic image analysis is a tool that makes it 
possible to monitor and control the gas flow process in real time, allowing quick response to 
problems and increasing the efficiency of the process. 
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The systematic and structured planning of experiments (the Design of Experiments, DoE) helps 
one to comprehend the cause-and-effect relationship in processes, making it the most effective 
approach to solution development. The DoE approach enables the chemical engineer to efficiently 
acquire information and use it to create innovation and high-quality products through careful 
planning and decision-making (Fig. 1). It is ideal for developing effective formulations for various 
chemicals or determining the optimal conditions for manufacturing professional products [1-4]. 

Fig. 1. Principal stages in the design of experiments (DoE) and optimization approach 

Such a strategy is closely related to QbD (Quality by Design). The primary responsibility of 
manufacturers of novel formulations in the sectors of building chemicals, cosmetics, or fine 
chemicals (e.g., specialty surfactants, nanocarriers for drug delivery systems, bioactive compounds, 
etc.) is to supply customers with high-quality products. According to the QbD principle, this work 
must be completed by comprehending all elements and phases of the intended product's 
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The systematic and structured planning of experiments (the Design of Experiments, DoE) helps
one to comprehend the cause-and-effect relationship in processes, making it the most effective
approach to solution development. The DoE approach enables the chemical engineer to efficiently
acquire information and use it to create innovation and high-quality products through careful
planning and decision-making (Fig. 1). It is ideal for developing effective formulations for various
chemicals or determining the optimal conditions for manufacturing professional products [1-4].

Fig. 1. Principal stages in the design of experiments (DoE) and optimization approach.

Such a strategy is closely related to QbD (Quality by Design). The primary responsibility of
manufacturers of novel formulations in the sectors of building chemicals, cosmetics, or fine
chemicals (e.g., specialty surfactants, nanocarriers for drug delivery systems, bioactive compounds,
etc.) is to supply customers with high-quality products. According to the QbD principle, this work
must be completed by comprehending all elements and phases of the intended product's

manufacturing. In other words, the basis of this concept is that quality should be included in all 
stages of the process rather than simply at the end (quality control) to assure consistent quality of 
the final product. Statistical data analysis, as well as planning and design of experiments’ (DoE) 
approaches, provide appropriate tools for implementing this idea in practice [1-4]. 

In the current contribution, a comparison of the various possibilities of DoE utilization was 
presented in order to express all attitudes required for Fine Chemicals manufacturing. Mainly, 
different operation units, processes of production, and professional product formulations were 
optimized [1-7]. First, the optimization of the solid-liquid extraction process of plant-derived 
bioactive food fiber, assisted by physical factors, was performed. The alkaline extraction of 
polyphenolic-polysaccharide conjugates from Erigeron canadensis L. under variable conditions of 
time, temperature, and power of utilized ultrasounds or microwaves was optimized by means of 
response surface methodology (RSM). The main goal of optimization was to maintain the yield, 
chemical character, and bioactivity at a similar or higher level than in conventional hot-alkaline 
extraction with noticeably reduced process time [5-6]. The second example of DoE implementation 
was the optimization of the production process of graffiti paint eco-removers. The concentration of 
different classes of sugar or amino-acid-based surfactants, high-pressure homogenization 
conditions, and biosolvent types were all considered independent variables in this case. The 
influence of the input variables on the quality and efficiency of graffiti removers was studied [2, 4, 
7]. Finally, the last example of DoE was optimization of cementitious composite formulations. This 
study analyzed the influence of various forms of titanium dioxide additives on the performance of 
the resulting cement composites, with enhanced photocatalytic and antibacterial functions, for 
professional use in construction engineering. The optimization through RSM consisted of studying 
the influence of the type of TiO2 and its concentration on the final characteristics of the 
cementitious samples [1]. 

References 

[1] Jędrzeczjak P., Parus A., Balicki S., Kornaus K., Janczarek M., Wilk K.A., Jesionowski T., Ślosarczyk, A.,
Klapiszewski Ł., The influence of various forms of titanium dioxide on the performance of resultant
cement composites with photocatalytic and antibacterial functions, Mater. Res. Bull., 2023, 160,
112139.

[2] Bartman M., Balicki S., Wilk K.A., Formulation of Environmentally Safe Graffiti Remover Containing
Esterified Plant Oils and Sugar Surfactant, Molecules, 2021, 26(15), 4706.

[3] Balicki S., Unit process optimization in the organic technology, Przem. Chem., 2021, 100(5), 490−497.
[4] Bartman M., Balicki S., Hołysz L., Wilk K.A., Graffiti coating eco-remover developed for sensitive surfaces

by using an optimized high-pressure homogenization process, Colloid Surf. A-Physicochem. Eng. Asp.,
2023, 659, 130792.

[5] Balicki S., doctoral thesis: Preparation of the plant-derived polyphenolic-polysaccharide conjugates with
the pro-health potential assisted by selected physical factors, 2019, Wrocław University of Science and
Technology.

[6] Balicki S., Pawlaczyk-Graja I., Gancarz R., Capek P., Wilk K.A., Optimization of Ultrasound-Assisted
Extraction of Functional Food Fiber from Canadian Horseweed (Erigeron canadensis L.), ACS Omega,
2020, 5(33), 20854−20862.

[7] Bartman, M., Balicki S., Hołysz L., Wilk K.A., Surface Properties of Graffiti Coatings on Sensitive Surfaces
Concerning Their Removal with Formulations Based on the Amino-Acid-Type Surfactants, Molecules,
2023, 28(4), 1986.



74 Table of contents

24th Polish Conference of Chemical and Process Engineering 
13–16 June 2023, Szczecin, Poland 

BULK POLYMERIZATION USING AN EXTRUDER 

Czech Zbigniew1,*, Kowalczyk Agnieszka2,  
1Faculty of Chemical Technology and Engineering, Department of Chemical Organic Technology 

and Polymerics Materials, 70-322 Szczecin, Poland 
2Faculty of Chemical Technology and Engineering, Department of Chemical Organic Technology 

and Polymerics Materials, 70-322 Szczecin, Poland 
*corresponding author: psa_czech@wp.pl 

The present publication describes a problem to develop solvent-free acrylic pressure- 
sensitive adhesives (PSA). Solvent-free PSAs are established materials for the manufacturing  
of various self-adhesive products. Only by means of these acrylic PSA was it possible to  
succeed in drafting the present surprisingly efficient generation of double-sided pressure- 
sensitive adhesive tapes, medical products, protective masking films, films for the graphics  
market, and various specialty products [1]. 

The desire to use PSA without having to deal with an organic solvent has existed since self-
adhesive products started to be mass produced [2]. Solvent-free PSAs achieved real practical 
significance in the 1970s with the appearance of thermoplastic rubber, the styrene-butadiene 
(SBS) and styrene-isoprene (SIS) block copolymers. These PSA based on synthesis rubbers show 
unacceptable temperature resistance, unacceptable temperature resistance or poor resistance to 
plasticizers.  

The first development work on using an extruder as the chemical reactor for polymerization  
was done about 50 years ago. A patent publication [4] EP 0 160 394 from 3M describes a 
continuous process for the polymerization of acrylate monomers in a single or double screw 
extruder (Fig. 1). 

 

 
Fig. 1. Twin-screw extruder Model LSM34GL from Leistritz Inc. (Germany) 
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of various self-adhesive products. Only by means of these acrylic PSA was it possible to  
succeed in drafting the present surprisingly efficient generation of double-sided pressure- 
sensitive adhesive tapes, medical products, protective masking films, films for the graphics  
market, and various specialty products [1]. 

The desire to use PSA without having to deal with an organic solvent has existed since self-
adhesive products started to be mass produced [2]. Solvent-free PSAs achieved real practical 
significance in the 1970s with the appearance of thermoplastic rubber, the styrene-butadiene 
(SBS) and styrene-isoprene (SIS) block copolymers. These PSA based on synthesis rubbers show 
unacceptable temperature resistance, unacceptable temperature resistance or poor resistance to 
plasticizers.  

The first development work on using an extruder as the chemical reactor for polymerization  
was done about 50 years ago. A patent publication [4] EP 0 160 394 from 3M describes a 
continuous process for the polymerization of acrylate monomers in a single or double screw 
extruder (Fig. 1). 

 

 
Fig. 1. Twin-screw extruder Model LSM34GL from Leistritz Inc. (Germany) 

 
The following experiments were conducted in order to study the diverse parameters such as 

acrylic acid content, radical starter concentration and screw speed during the polymerization in the 
extruder, viscosity, molecular mass, tack, peel adhesion, shear strength and other important 
properties of the polymerization process such as polymer yield and polymerization conversion.  
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In recent years, the use of semiconducting nanoparticles has been widely investigated for 
various technological applications, including sensors, catalysts, solar cells, and electronic devices. 
Among the various types of nanoparticles, tin dioxide (SnO2) nanoparticles have gained 
considerable attention due to their unique electrical, optical, and magnetic properties, which can 
be tailored by doping with various transition metal and rare-earth elements.  

Flame spray pyrolysis (FSP) is one of methods that allows the embedding of noble metals into 
the semiconducting matrix. This method is widely used for the synthesis of nanomaterials due to 
its ability to produce particles with high purity, narrow size distribution, and unique morphologies. 
In FSP, a liquid precursor is atomized into fine droplets and injected into a flame, where it 
undergoes rapid pyrolysis and oxidation to form solid particles. By introducing a noble metal 
precursor into the flame, it is possible to incorporate the metal into the nucleating particle, resulting 
in a nanocomposite material with enhanced properties. 

The high-temperature flame generated in FSP allows the incorporation of metal dopant atoms 
into the SnO2 lattice, leading to the formation of solid solutions. In addition, the support particles 
used in FSP can be decorated with metal clusters, which can act as catalytic sites for various 
chemical reactions. But the distinctive feature of FSP lies in the ability to embed a fraction of metal 
clusters within the semiconducting matrix of nanoparticles, creating a composite structure that 
distributes dopants on both the atomic and cluster levels. Figure 1 shows (a) micrographs of 
palladium (Pd) containing SnO2 nanoparticles produced with FSP and (b) their elemental mapping 
exhibiting Pd-rich spots. 

Fig. 1. 3% Pd/SnO2 nanoparticles produced with FSP imaged with a) Scanning Transmission Electron 
Microscopy (STEM) and b) Energy Dispersive X-Ray Analysis (EDXS) 

The inclusion of noble metal atoms or clusters exerts a substantial influence on the catalytic 
and electronic characteristics of nanoparticles, which hold significant relevance in various fields, 
e.g., gas sensing applications. A recent study demonstrated that the sensing capabilities of carbon

a b 
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distributes dopants on both the atomic and cluster levels. Figure 1 shows (a) micrographs of 
palladium (Pd) containing SnO2 nanoparticles produced with FSP and (b) their elemental mapping 
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Fig. 1. 3% Pd/SnO2 nanoparticles produced with FSP imaged with a) Scanning Transmission Electron 

Microscopy (STEM) and b) Energy Dispersive X-Ray Analysis (EDXS). 

The inclusion of noble metal atoms or clusters exerts a substantial influence on the catalytic 
and electronic characteristics of nanoparticles, which hold significant relevance in various fields, 
e.g., gas sensing applications. A recent study demonstrated that the sensing capabilities of carbon 
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monoxide (CO), acetone and ethanol can be significantly improved by embedding Pd into SnO2 
instead of depositing it onto the surface [1].  

The primary aim of this study was to investigate the impact of changing FSP process conditions 
on the SnO2 crystal size, the partitioning of Pd between the surface and interior of the particle and 
the resulting particle characteristics. To demonstrate the significant differences in particle 
properties resulting from these modifications, the study conducted gas sensing experiments. 
Specifically, the sensors' response to CO and acetone was evaluated, and the results were 
compared to those obtained using particles with Pd deposited solely on the surface or particles 
with both surface and embedded Pd.  

SnO2 particles embedded with Pd or PdO were synthesized using FSP. The embedded fraction 
of Pd was varied by changing the FSP precursor solution concentration (PSC), Pd content and the 
ratio of precursor solution to dispersion oxygen flow rates (P/D). Synthesis was followed by 
annealing and nitric acid leaching to remove Pd from the particle surface. The Inductively Coupled 
Plasma – Optical Emission Spectrometry (ICP-OES) analysis of leaching solutions was performed to 
evaluate the amount of surface Pd. The sensors' response to 1 ppm of acetone and CO was tested, 
and the results were compared for Pd-containing and pure SnO2 sensors. 

The SnO2 crystal size increased with increasing PSC and P/D ratio, while it decreased slightly 
with increasing palladium dopant content. Embedded Pd fraction decreased with increasing PSC, 
P/D and Pd content. As a result, the crystal size of SnO2 particles ranged from 11 to 24 nm, and 
the fraction of Pd embedded within them varied from 30 to 80% of the initial Pd content. The FSP 
allowed simultaneous control on the embedded palladium fraction and the size of tin dioxide 
crystals by adjustment of all three process parameters. 

The sensing measurements demonstrated that the sensors made with particles in which Pd 
was embedded solely within the SnO2 matrix exhibited up to two orders of magnitude higher 
sensitivity to CO and acetone in comparison to other particles. This illustrates the significant impact 
of both FSP process conditions and particle post-treatment on the distribution of Pd within SnO2 
matrix and the sensor's overall performance. 
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Biohydrogen is currently considered to be one of the most favorable alternatives to fossil fuels. 
The production of biohydrogen mainly involves processing of lignocellulosic biomass, which, as the 
first step, must be subjected to hydrolysis to convert the complex structures of hemicellulose and 
lignin into simple fermentable sugars. However, this process also produces other substances called 
fermentation inhibitors such as carboxylic and dicarboxylic acids, furans, phenols, and polyphenols. 
These substances inhibit cell growth, induce DNA damage, and inhibit several enzymes involved in 
glycolysis, thereby reducing the efficiency and production of biohydrogen. However, these are 
extremely valuable substances that can be extracted and used in other processes. Therefore, the 
use of a detoxification method before fermentation is crucial for the process efficiency [1]. 

Currently, adsorption, membrane extraction, membrane filtration, solvent extraction, and ion 
exchange are the main methods used for the detoxification of hydrolysates. However, most of these 
methods are relatively expensive, complicated, and result in the loss of large amounts of sugars [2-
6]. Among the aforementioned methods, liquid-liquid extraction is very attractive due to its simple 
implementation, low-cost procedure, and the possibility of high removal of fermentation inhibitors 
without loss of sugars. In addition, a properly selected nontoxic solvent allows the selective capture 
of a targeted group of inhibitors, followed by their simple separation [7]. 

This paper presents a novel in situ liquid–liquid extraction approach, that involves the addition 
of a substance capable of forming specific non-covalent bonds with fermentation inhibitors, that is, 
hydrogen bonds, electrostatic, and van der Waals interactions. In this way, deep eutectic solvents 
(DES) are formed directly in an aqueous solution, which, in the next stage, can be easily separated 
and used for the purification of biohydrogen streams, for example, in the process of absorption. 
Examination of the hydrolysate composition enabled the identification of four major fermentation 
inhibitors: furfural, 4-hydroxymethylfurfural, vanillin, and 4-hydroxybenzoic acid. Among the 
identified fermentation inhibitors, furfural was found to be present at the highest concentration. 
Subsequently, the second component of DES, including 1-hexanol, 1-heptanol, 1-nonanol, 1-
decanol, menthol, thymol, carvone, camphor, eugenol, eucalyptol, and α-terpineol, was added to 
the broth. As a result, the second DES phase occurred in selected samples. These were subjected 
to further analysis. To ensure the highest extraction efficiency for fermentation inhibitors, an 
optimization procedure was performed using the Box-Behnken design. In addition, structural 
studies using spectroscopic methods, including FT-IR and NMR, were performed for the formed 
DES, as well as studies of basic physicochemical properties, including melting point, density, 
viscosity, and surface tension.  

These results indicate that it is possible to form deep eutectic solvents composed of furfural 
and monoterpenes, that is, eugenol, carvone, menthol, and thymol. Therefore, further studies were 
performed on the removal of furfural from a model aqueous solution (1 mg/mL). These results 
indicate that thymol forms the strongest non-covalent bonds with furfural bonds (Figure 1). Thymol 
contains an -OH active group in its structure that can act as a hydrogen bond donor. In contrast, 
furfural contains two hydrogen bond acceptor groups: =O and -O-. When combined, the active sites 
form strong hydrogen bonds between the molecules. As a result, a stable DES molecule is created. 
The furfural removal efficiency from aqueous solutions was equal to 82.5% with respect to its initial 
concentration. However, excess thymol must be used to achieve this high efficiency because of the 
competitiveness of the hydrogen bonds formed between water and furfural. Detoxification studies 
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exchange are the main methods used for the detoxification of hydrolysates. However, most of these 
methods are relatively expensive, complicated, and result in the loss of large amounts of sugars [2-
6]. Among the aforementioned methods, liquid-liquid extraction is very attractive due to its simple 
implementation, low-cost procedure, and the possibility of high removal of fermentation inhibitors 
without loss of sugars. In addition, a properly selected nontoxic solvent allows the selective capture 
of a targeted group of inhibitors, followed by their simple separation [7]. 

This paper presents a novel in situ liquid–liquid extraction approach, that involves the addition 
of a substance capable of forming specific non-covalent bonds with fermentation inhibitors, that is, 
hydrogen bonds, electrostatic, and van der Waals interactions. In this way, deep eutectic solvents 
(DES) are formed directly in an aqueous solution, which, in the next stage, can be easily separated 
and used for the purification of biohydrogen streams, for example, in the process of absorption. 
Examination of the hydrolysate composition enabled the identification of four major fermentation 
inhibitors: furfural, 4-hydroxymethylfurfural, vanillin, and 4-hydroxybenzoic acid. Among the 
identified fermentation inhibitors, furfural was found to be present at the highest concentration. 
Subsequently, the second component of DES, including 1-hexanol, 1-heptanol, 1-nonanol, 1-
decanol, menthol, thymol, carvone, camphor, eugenol, eucalyptol, and α-terpineol, was added to 
the broth. As a result, the second DES phase occurred in selected samples. These were subjected 
to further analysis. To ensure the highest extraction efficiency for fermentation inhibitors, an 
optimization procedure was performed using the Box-Behnken design. In addition, structural 
studies using spectroscopic methods, including FT-IR and NMR, were performed for the formed 
DES, as well as studies of basic physicochemical properties, including melting point, density, 
viscosity, and surface tension.  

These results indicate that it is possible to form deep eutectic solvents composed of furfural 
and monoterpenes, that is, eugenol, carvone, menthol, and thymol. Therefore, further studies were 
performed on the removal of furfural from a model aqueous solution (1 mg/mL). These results 
indicate that thymol forms the strongest non-covalent bonds with furfural bonds (Figure 1). Thymol 
contains an -OH active group in its structure that can act as a hydrogen bond donor. In contrast, 
furfural contains two hydrogen bond acceptor groups: =O and -O-. When combined, the active sites 
form strong hydrogen bonds between the molecules. As a result, a stable DES molecule is created. 
The furfural removal efficiency from aqueous solutions was equal to 82.5% with respect to its initial 
concentration. However, excess thymol must be used to achieve this high efficiency because of the 
competitiveness of the hydrogen bonds formed between water and furfural. Detoxification studies 

of real hydrolysates showed only a slight reduction in furfural removal efficiency. This slight change 
is due to the attachment of other fermentation inhibitors to the active sites of thymol. 
 
 

 
Fig. 1. Removal of furfural via in situ deep eutectic solvent formation method 
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Oil-in-water emulsions can be found in a range of food and beverage products, including 

creams, desserts, dressings, soft drinks, and others [1]. However, they are not only attractive to the 
food industry. Applications of emulsion as transport agents for vitamins, supplements, and other 
nutraceuticals [2] have attracted many researchers. Emulsions are widely present in our daily life, 
e.g. in personal and home care products [3]. Emulsions and microemulsions have been applied to 
environmental technologies such as subsurface remediation and biofuel production [4]. They 
facilitate transportation of heavy oil, storage of milk, synthesis of chemicals or materials but they 
can also lead to serious upgrading or environmental issues (e.g., pipeline plugging, corrosion to 
equipment, water pollution, soil pollution). However, the presence of emulsions in many cases is 
undesired and can cause serious problems. 

Emulsions can be formed using either high-energy or low-energy methods [5]. High-energy 
approaches rely on specialized equipment to disrupt and intermingle the oil and water phases, 
thereby forming small droplets. In contrast, low-energy approaches require no specialized 
equipment and utilize the physicochemical properties of the surfactant, oil and water system to 
spontaneously generate emulsion droplets by simple mixing procedures or by changing 
environmental conditions such as temperature. High-energy methods are currently the most 
commonly used in the food industry because they are already well-established and capable of large 
production, while low-energy methods are of growing interest due to their low cost and ease of 
implementation [5]. 

The two-phase emulsions are generally formed by mixing two naturally immiscible fluids. 
Emulsifiers are added to enhance product stability to obtain a satisfactory shelf-life. The result of 
an emulsion of oil and water mix varies depending on the volume fraction of both phases and the 
kind of emulsifier utilized. Therefore, the impact of the type and concentration of emulsifier used 
on the emulsion stability and emulsifying properties of 5% by volume of liquid paraffin oil-in-water 
emulsion were discussed in this study. The emulsions were prepared by using a jacket stirred vessel 
fitted with the Rushton turbine at constant temperature. The complexes of Tween 40 (HLB = 15.6) 
and Tween 80 (HLB = 4) were selected as emulsifiers. Both surfactants are known as nonionic with 
the critical micelle concertation (CMC) estimated at T=298 K equals CMCTween40 = 0.033 mM and 
CMCTween80 = 0.015 mM [6], respectively. The concentration of emulsifiers used in the experiment 
corresponds to the following values: 0.01665 mM, 0.025 mM, 0.033 mM and 0.042 mM for Tween 
80 and 0.0075 mM, 0.011m M, 0.015 mM, 0.019 mM for Tween 80. The emulsions were formed 
for four different impeller speeds at the above concentrations of surfactants. The density, interfacial 
tension and drop size and distribution of 5% of liquid paraffin oil-in-water emulsion were 
investigated and compared. The drop size distributions (DSD) were measured with a Mastersizer 
3000 (Malvern Instruments, Malvern, UK) to obtain the mean Sauter diameter, d32, skewness, 
width and homogeneity of DSD. The structure of emulsions was observed under the microscope 
and examples of captured images are shown in Figure 1.  
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Oil-in-water emulsions can be found in a range of food and beverage products, including
creams, desserts, dressings, soft drinks, and others [1]. However, they are not only attractive to the
food industry. Applications of emulsion as transport agents for vitamins, supplements, and other
nutraceuticals [2] have attracted many researchers. Emulsions are widely present in our daily life, 
e.g. in personal and home care products [3]. Emulsions and microemulsions have been applied to
environmental technologies such as subsurface remediation and biofuel production [4]. They 
facilitate transportation of heavy oil, storage of milk, synthesis of chemicals or materials but they
can also lead to serious upgrading or environmental issues (e.g., pipeline plugging, corrosion to
equipment, water pollution, soil pollution). However, the presence of emulsions in many cases is
undesired and can cause serious problems.

Emulsions can be formed using either high-energy or low-energy methods [5]. High-energy 
approaches rely on specialized equipment to disrupt and intermingle the oil and water phases,
thereby forming small droplets. In contrast, low-energy approaches require no specialized
equipment and utilize the physicochemical properties of the surfactant, oil and water system to
spontaneously generate emulsion droplets by simple mixing procedures or by changing
environmental conditions such as temperature. High-energy methods are currently the most
commonly used in the food industry because they are already well-established and capable of large
production, while low-energy methods are of growing interest due to their low cost and ease of
implementation [5].

The two-phase emulsions are generally formed by mixing two naturally immiscible fluids.
Emulsifiers are added to enhance product stability to obtain a satisfactory shelf-life. The result of
an emulsion of oil and water mix varies depending on the volume fraction of both phases and the
kind of emulsifier utilized. Therefore, the impact of the type and concentration of emulsifier used
on the emulsion stability and emulsifying properties of 5% by volume of liquid paraffin oil-in-water
emulsion were discussed in this study. The emulsions were prepared by using a jacket stirred vessel
fitted with the Rushton turbine at constant temperature. The complexes of Tween 40 (HLB = 15.6)
and Tween 80 (HLB = 4) were selected as emulsifiers. Both surfactants are known as nonionic with
the critical micelle concertation (CMC) estimated at T=298 K equals CMCTween40 = 0.033 mM and
CMCTween80 = 0.015 mM [6], respectively. The concentration of emulsifiers used in the experiment
corresponds to the following values: 0.01665 mM, 0.025 mM, 0.033 mM and 0.042 mM for Tween
80 and 0.0075 mM, 0.011m M, 0.015 mM, 0.019 mM for Tween 80. The emulsions were formed
for four different impeller speeds at the above concentrations of surfactants. The density, interfacial
tension and drop size and distribution of 5% of liquid paraffin oil-in-water emulsion were
investigated and compared. The drop size distributions (DSD) were measured with a Mastersizer
3000 (Malvern Instruments, Malvern, UK) to obtain the mean Sauter diameter, d32, skewness,
width and homogeneity of DSD. The structure of emulsions was observed under the microscope
and examples of captured images are shown in Figure 1.

a)  b)
Fig. 1. Example of the system of paraffin and water supplemented with a) 0.033 mM of Tween 40 and b) 

0.015 mM of Tween 80 

The experimental results showed that DSDs were narrowed, which is typical for the system 
with an emulsifier when compared to those for a non-surfactant system. The mean Sauter diameter 
values were decreased as the concertation of emulsifier was increased. A similar trend was 
observed when the impeller speeds were increased. It was found that increasing concentration of 
Tween 40 and 80 effectively reduced the surface tension up to the CMC concentration. Above the 
CMC, the surface tension of the solution was constant because the interfacial surfactant 
concentration did not change any more. The observation of the stability of emulsions based on 
values of d32 revealed that they remained stable during 30 days of storage. Qualitatively similar 
values of mean Sauter diameter were found between fresh and aged emulsion. However, the 
following question should be addressed: how do the hydrodynamic conditions during emulsification 
at high emulsifier concentration influence the mean drop diameter? 

In conclusion, this study helped to understand the effect of nonionic concentrations of 
emulsifiers on drop size distribution and mean Sauter diameter. Obtained experimental results of 
value of the interfacial area are important to control transport processes. Results and conclusions 
achieved in this work are beneficial for aforementioned industries as they may allow optimization 
of heat or mass transfer processes.  
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Nanobubbles proved to be a viable agent in multiple biomedical processes [1], where they are 
used as drug carriers [2], ultrasonographic contrasts [3], or in treatments of chronic wounds. In this 
last application, diabetic foot ulcers are treated in Japanese hospitals using carbon dioxide 
nanobubble dispersions, directly on site [4, 5]. However, it would be helpful for the patients if they 
were able to carry out the treatment at home. For that to happen, one has to determine whether it 
is possible to obtain stable nanodispersions of carbon dioxide in water and whether such stability 
is influenced by the presence of surfactants. 

This work focuses on the answering of question whether it is possible to obtain stable gas 
nanobubbles in aqueous dispersions of biocompatible surfactants from the Pluronic group, namely 
Pluronic L121, Pluronic P123 and Pluronic F127. These three surfactants are biocompatible 
polymers which share the same monomers, being block-co-polymers of poly(ethylene glycol) and 
poly(propylene glycol). All polymers were dissolved in water to obtain solutions with concentrations 
corresponding to 0.2, 0.5, or 0.8 of critical micellar concentration (CMC). Then we generated 
nanobubbles in such aqueous solutions and in pure (deionized) water. The nanobubble membrane-
stirrer generation setup (designed by us) consisted of a high-shear mechanical stirrer (diameter 20 
mm) embedded in a polycarbonate cylinder (internal diameter 24 mm, capacity 50 mL) and placed 
directly above the flat silicon carbide ceramic membrane (pore size 0.2 µm) enclosed securely in 
the setup. Here, the shear stress is induced by the rotation of the stirrer. Gas is pressurized through 
the membrane and is cut off from the membrane surface in the form of nanobubbles. The rotation 
rate and gas flow rate are controlled and set at a constant value by the internal driver of the stirrer 
motor and mass flow controllers (Brooks, USA). All of the investigations were carried out for the flow 
rate of carbon dioxide of 10 mL/min. 

After each generation, the liquid was transferred to the freshly cleaned glass vial with a glass 
cap to ensure minimalization of mass transfer with the environment. Samples from the liquid were 
analyzed using the DLS technique directly after generation and then after 7, 14, and 21 days after 
generation to check the stability of average size and density of number distribution in time of 
storage. Based on the densities of size distributions, we found the Sauter diameter describing each 
distribution. 

We stated two research questions: 
1) Does the duration of CO2 bubble generation in our generation setup affect the stability of 

nanobubbles in the presence of different concentrations of P123 surfactant for the constant 
rotation rate of the impeller? 

2) How does the change in the rotation rate of the impeller affect the stability of CO2 
nanobubbles for constant generation time for all three surfactants? 

For finding the answer to the first question, we generated bubbles in our setup for a rotation 
rate of 900 rpm and a duration of generation of 15, 30, 45, 60, 90, and 120 minutes for each of 
the concentrations of P123 surfactant. Figure 1 presents the results obtained for this part of the 
study. One can see that the generation duration clearly affects the stability of nanobubble 
dispersions, as we observe the change in Sauter diameter of bubbles as function of generation 
duration. What is interesting is when the concentration of surfactant changes, we observe different 
responses of Sauter diameter to the change of generation duration. In most cases we see the 
monotonous change of initial diameter of nanobubbles (blue points in Figure 1) for the first 30-60 
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analyzed using the DLS technique directly after generation and then after 7, 14, and 21 days after 
generation to check the stability of average size and density of number distribution in time of 
storage. Based on the densities of size distributions, we found the Sauter diameter describing each 
distribution. 

We stated two research questions: 
1) Does the duration of CO2 bubble generation in our generation setup affect the stability of 

nanobubbles in the presence of different concentrations of P123 surfactant for the constant 
rotation rate of the impeller? 

2) How does the change in the rotation rate of the impeller affect the stability of CO2 
nanobubbles for constant generation time for all three surfactants? 

For finding the answer to the first question, we generated bubbles in our setup for a rotation 
rate of 900 rpm and a duration of generation of 15, 30, 45, 60, 90, and 120 minutes for each of 
the concentrations of P123 surfactant. Figure 1 presents the results obtained for this part of the 
study. One can see that the generation duration clearly affects the stability of nanobubble 
dispersions, as we observe the change in Sauter diameter of bubbles as function of generation 
duration. What is interesting is when the concentration of surfactant changes, we observe different 
responses of Sauter diameter to the change of generation duration. In most cases we see the 
monotonous change of initial diameter of nanobubbles (blue points in Figure 1) for the first 30-60 

minutes which is followed by a drastic decrease of diameter. We suspect that after the first 60 
minutes, during which bubbles mostly grow in size, the maximum concentration of bubbles is 
achieved and existing bubbles quickly coalesce to microbubbles which rise to the surface, causing 
new bubble origins to form and grow. Due to the fact that after initial bubble coalescence the liquid 
is still saturated, the following increase in size is more rapid, as there is less mass outflux from the 
bubble to the liquid. 

 
 

Fig. 1. The Sauter diameter of CO2 nanobubbles generated (900 rpm) in dispersions with different 
concentrations of Pluronic P123 surfactant during storage. The concentration of surfactant differs between 

plots: (A) 0.0 CMC of surfactant (pure water), (B) 0.2 CMC, (C) 0.5 CMC, (D) 0.8 CMC 

To answer the second question, we generated nanobubbles for all three surfactants in all three 
concentrations with the rotation rate of the impeller set to 600, 900, or 1200 rpm. Pluronic P123 
produced the maximum Sauter diameter in the function of the rotation rate of impeller and 
surfactant concentration in the investigated range of parameters, while for Pluronic L121 the 
minimum is visible. The heaviest of surfactants, Pluronic F127, was least affected by the change 
of rotation rate of the stirrer and fraction of CMC. 

To sum up, this study has shown that all three biomedical surfactants can be used as 
stabilizers of nanobubble dispersion of carbon dioxide and therefore bubble dispersions can 
potentially be used as the medium for home applications for treatment. However, this requires 
further study, especially in cooperation with medical institutions. 
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Paravalvular leaks (PVLs) are common pathologies which can occur after surgical valve 
replacement. Approximately 17% of patients with prosthetic aortic valves and 22% of patients with 
prosthetic mitral valves are affected at the time of discharge after surgery [1]. Moreover, the 
majority of PVLs develop during the first year after surgery [2]. Among other complications, PVLs 
can cause hemolysis, that is destruction of red blood cells. Hemolysis in patients with PVLs can 
have various levels of severity—at worst repeated blood transfusions and interventional treatment 
are required. Hemolysis is a quite common pathology in this setting—current data place hemolysis 
as the main indication for PVL closure in up to 20% of cases. 

It appears that many factors correspond to pathogenesis of hemolysis, whereas shear stress 
seems to be one of the more important ones (suspected factors include also turbulent pattern of 
blood flow, interactions of erythrocytes with prosthetic material and others) [3, 4]. Shear stress and 
also other important flow parameters in the PVL channel can currently be relatively accurately 
predicted using specialized computer software and principles of computational fluid dynamics 
(CFD). Nowadays, CFD and other numerical techniques are being more and more often used in 
interdisciplinary science fields such as biomedical engineering [5-8]. Thanks to more modern 
medical equipment and a better understanding of the dynamics of human cardiovascular and 
respiratory systems and also the rheology of bodily fluids, it is becoming possible to run simulations 
of phenomena occurring in real patients. This is, of course, partly due to the fact that CFD (supplied 
with e.g. CT-scan models) allows non-invasive research into the nature of pathological conditions 
in e.g. blood flows in the cardiovascular system. 

To study the hemodynamics inside the left heart affected by a mitral paravalvular leak, 
simulations were performed using computational fluid dynamics software. Simulations were 
focused on parameters characterizing the risk of hemolysis, which can occur due to high shear 
stress values. It was assumed that hemolysis occurs in areas with stresses above 300 Pa [3]. In 
this study, we tested the validity of the simplified approach to left heart modeling. In this case, a 
left heart affected by mitral paravalvular leak derived from computed tomography (CT) scan was 
investigated. 

We compared two approaches to left ventricle contraction. First, using left ventricular motion, 
that is dynamic mesh, and real shape of the left heart. Second, using static mesh, where the mesh 
motion was ignored, and universal, simple shape of the left ventricle and atrium. The geometry of 
the PVL was not simplified in any way in both cases. Simulations were performed for the unsteady 
phase of cardiac contraction using a non-Newtonian viscosity model (Carreau-Yasuda). The main 
aim of this work was to investigate whether it is necessary to include full per-patient geometry data 
to accurately predict hemodynamics inside mitral paravalvular leaks. 
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Paravalvular leaks (PVLs) are common pathologies which can occur after surgical valve
replacement. Approximately 17% of patients with prosthetic aortic valves and 22% of patients with
prosthetic mitral valves are affected at the time of discharge after surgery [1]. Moreover, the 
majority of PVLs develop during the first year after surgery [2]. Among other complications, PVLs
can cause hemolysis, that is destruction of red blood cells. Hemolysis in patients with PVLs can
have various levels of severity—at worst repeated blood transfusions and interventional treatment
are required. Hemolysis is a quite common pathology in this setting—current data place hemolysis
as the main indication for PVL closure in up to 20% of cases.

It appears that many factors correspond to pathogenesis of hemolysis, whereas shear stress
seems to be one of the more important ones (suspected factors include also turbulent pattern of
blood flow, interactions of erythrocytes with prosthetic material and others) [3, 4]. Shear stress and
also other important flow parameters in the PVL channel can currently be relatively accurately
predicted using specialized computer software and principles of computational fluid dynamics
(CFD). Nowadays, CFD and other numerical techniques are being more and more often used in
interdisciplinary science fields such as biomedical engineering [5-8]. Thanks to more modern
medical equipment and a better understanding of the dynamics of human cardiovascular and
respiratory systems and also the rheology of bodily fluids, it is becoming possible to run simulations
of phenomena occurring in real patients. This is, of course, partly due to the fact that CFD (supplied
with e.g. CT-scan models) allows non-invasive research into the nature of pathological conditions
in e.g. blood flows in the cardiovascular system.

To study the hemodynamics inside the left heart affected by a mitral paravalvular leak,
simulations were performed using computational fluid dynamics software. Simulations were
focused on parameters characterizing the risk of hemolysis, which can occur due to high shear
stress values. It was assumed that hemolysis occurs in areas with stresses above 300 Pa [3]. In 
this study, we tested the validity of the simplified approach to left heart modeling. In this case, a
left heart affected by mitral paravalvular leak derived from computed tomography (CT) scan was
investigated.

We compared two approaches to left ventricle contraction. First, using left ventricular motion,
that is dynamic mesh, and real shape of the left heart. Second, using static mesh, where the mesh
motion was ignored, and universal, simple shape of the left ventricle and atrium. The geometry of
the PVL was not simplified in any way in both cases. Simulations were performed for the unsteady
phase of cardiac contraction using a non-Newtonian viscosity model (Carreau-Yasuda). The main
aim of this work was to investigate whether it is necessary to include full per-patient geometry data
to accurately predict hemodynamics inside mitral paravalvular leaks.

Fig. 1. Left heart geometries 

The study showed that the differences between “simple” and “complex” approach are not 
significant, and the use of simple model and static mesh can be considered justified in the PVL 
setting. This means that simplification of left heart geometry can be used in further research and 
has potential in the future to be applied by clinicians in day-to-day medical diagnostics. Especially 
since it seems rather difficult (and very expensive) to model the whole patient's heart in a feasible 
time frame. Regarding the PVL, the area of high shear stress values occurs only near the walls of 
the PVL-ventricle junction. The shape of this connection (PVL entry) is considered to have a 
significant effect on the risk of hemolysis. 
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Multiple records suggested that the to-date knowledge gathered on bulk Fe-N materials and 
technology of iron nitriding process is not directly applicable to nanometric systems [1–3]. It was 
proved, for example, that homogeneity ranges of crystalline phases differ between coarse materials 
and their nano-counterparts [4]. It was also observed that values of thermodynamic parameters of 
phase transformations between α-Fe, γ’-Fe4N and ε-Fe3-2N deviate between bulk- and 
nanomaterials [5]. It was proposed that the size of crystallites is another degree of freedom that 
should be considered and that it allows the coexistence of two phases in this system in a wider 
range of nitriding potentials and temperatures [6]. Nanocrystalline iron nitrides, which owe their 
popularity to impressive magnetic properties, are expected to become especially useful for the 
production of sensors and markers for medicinal use [7]. Thus, further studies on the fine details 
of the nitriding process are necessary.  

Fine powder iron samples, different in terms of morphology and crystallite size, were subjected 
to gaseous nitriding at 400 °C. In situ analyses performed in an Anton Paar XRK 900 reaction 
chamber attached to a PANalytical X’pert Pro MPD powder diffractometer were compared with 
results from thermogravimetric studies (Linseis STA PT1600). During reactions, the values of 
nitriding potential were stepwise increased after reaching quasi-stationary state in previous step. 
Additional electron microscopy studies (FEI Tecnai G2 F-20 S TWIN) were conducted to support the 
findings. 

 
Fig. 1. The results of in situ a) XRPD and b) TG analyses of fine powder iron nitriding 

The mean crystallite size, crystalline phase fraction, lattice parameter and nitriding level 
changes during α-Fe to γ’-Fe4N phase transformation were determined (Figure 1). The dependence 
of the thermodynamics of the process on the crystallite size was experimentally proved. An 
explanation of different mechanisms of nitriding in bulk and nanometric systems is proposed in 
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analogy to the research done in a metal-hydrogen system [8]. Differences between elastic and 
plastic accommodation of transformation-related stress were pointed out. Experimental results and 
calculations allowed to estimate the critical value of the crystallite size, at which the material stops 
behaving like a bulk and shows phenomena observed for nanostructures. 
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ABSTRACT 

The study of biomedical fluid dynamics in complex geometries with mechanical inaccessibility 
using non-intrusive visualizing methods on a micro-scale has become possible using a proper 
3D printing process. The computed tomography scan of a patient with atherosclerosis was 
processed, and a 3D-printed artery with an inlet diameter of 4.2 mm was developed and measured 
using three different constant flow rates. In this work, the flow of glycerin and water solution was 
studied. Sodium iodide (NaI) was used to adjust the refractive index (RI) of the solution to that of 
the 3D printed object for reduction of optical distortions, and xanthan gum (XG) was added to the 
fluids to give them non-Newtonian properties. Results of Particle Image Velocimetry (PIV) are 
comparable with computational fluid dynamics (CFD) with the same conditions. This work presents 
the results of PIV as multi-stitched, color-coded vector maps from the axis cross-section along the 
whole 3D-printed biomedical model. Furthermore, the results of the stitched 16 base images of the 
artery and the 3D-printed model were included. The results of this study show that 3D prints allow 
the creation of any desired geometry. 

1. Introduction 

Particle Image Velocimetry is a well-known measurement technique that allows to obtain 
instantaneous velocity vector maps in a cross-section of the flow in a non-intrusive way. Studies of 
flows within the human body, especially those within the circulatory system, have attracted 
significant interest in recent years. New knowledge obtained from this research field may improve 
the prevention, detection, or even treatment of dangerous pathologies occurring in the human 
body. The main challenges of the use of PIV results for CFD validation in complex models are 
difficulties to fabricate transparent models, that are possible to be described numerically. One of 
the methods might be the silicone model [1], but 3D printing seems to be a more available 
technique [2]. Another challenge is to find a compromise between a right refractive index matched 
of a transparent resin and the transparent fluid with the required parameters [3]. The experimental 
results might be compared with CFD simulations for the same conditions. 

2. Methodology 

Geometries of printed models were obtained via Computer Tomography of a patient with 
atherosclerosis. The geometry was modified by adding a necking to simulate atherosclerosis. The 
considered geometry is that of one artery with a diameter of about 4 mm. The model was printed 
on a 3D-printer from FormLabs using transparent resin. After printing, the model was cleaned of 
residual resin using isopropanol and distilled water, dried, UV radiation cured, and polished on the 
outer walls. The refractive index of the prepared object was measured with a refractometer. A 
solution of distilled water and glycerin allows to obtain proper viscosity which substituted blood, 
adding sodium iodide allows to maintain appropriate refractive index as 3D-printed object, xanthan 
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gum makes the solution with non-Newtonian properties. In addition, the solution containing sodium 
iodide underwent oxidation which led to a yellowing of the solution. To prevent or undo this process 
sodium thiosulfate can be used. A fluorescent rhodamine-B-labeled poly(methyl methacrylate) 
particles with a mean diameter of 10 µm were used as seedling particles. Measurements with the 
solution were performed as a closed loop using a syringe pump with constant flow rate.  

PIV experiments were conducted using a PIV system based on a double-pulsed 532 nm laser 
with a <10 ns pulse duration and a double-frame camera was used with a resolution of 2048 × 
2048 pixels, a 7.4 µm pixel size, and a 12-bit pixel depth. For camera optics, a microscope with a 
view of 4.85 x 4.85 mm2 with a long-pass filter that blocked <550 nm light was used. Everything 
was managed using DynamicStudio v7 fluid measurement software and the synchronization unit. 
The 3D-printed object was placed horizontally on an XYZ translation stage with a micrometer screw 
that allowed the object to be accurately positioned in relation to a field-of-view (FOV) camera. 

3. Results and conclusions

The results of 2D PIV measurements are presented in Fig. 1. Measurements were conducted 
for 3 Reynolds (Re) numbers on the inlet. The results show color-coded velocity vector maps of the 
entire 3D-printed vessel. The connections between consecutive images were seamless and 
consistent. We observed that the velocity values increased proportionally, while the structure 
changed typically and as expected. No boundary defects were noticed. Everything can be compared 
with CFD results. 

Fig. 1. Vector statistics and velocity magnitudes (m/s) along the whole blood vessel for Re = 72 

This study aimed to find the best solution when using 3D printing technology to measure the 
geometry data of numerically indescribable objects. The methodology indicates the great potential 
of 3D printing technology and material for printing difficult geometries. The ability to obtain 
comparable refractive indices of the material and fluid is extremely important. 

One of the disadvantages of using a resin material for 3D printing is the relatively high refractive 
index (which is approximately 1.5 and is impossible to obtain with only a glycerin and water 
solution). Sodium iodide or other similar additives are required to maintain the RI of 3D-printings. 
In addition, the calibration tool has to be custom-designed and, even better, certified. 

Further work should aim to measure longer flow periods and flows for larger Re numbers for 
some geometries. We plan to apply our findings in future studies that will include measurements 
of paravalvular leaks in the human heart. Hence, future work with time-resolved PIV is planned to 
understand the true nature of the flow in natural heart pulse conditions and a stereoscopic 
microscope for Stereo µPIV analysis since 2D measurement cannot explain the behavior of 3D 
flows. 
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gum makes the solution with non-Newtonian properties. In addition, the solution containing sodium
iodide underwent oxidation which led to a yellowing of the solution. To prevent or undo this process
sodium thiosulfate can be used. A fluorescent rhodamine-B-labeled poly(methyl methacrylate)
particles with a mean diameter of 10 µm were used as seedling particles. Measurements with the
solution were performed as a closed loop using a syringe pump with constant flow rate.

PIV experiments were conducted using a PIV system based on a double-pulsed 532 nm laser
with a <10 ns pulse duration and a double-frame camera was used with a resolution of 2048 ×
2048 pixels, a 7.4 µm pixel size, and a 12-bit pixel depth. For camera optics, a microscope with a
view of 4.85 x 4.85 mm2 with a long-pass filter that blocked <550 nm light was used. Everything
was managed using DynamicStudio v7 fluid measurement software and the synchronization unit.
The 3D-printed object was placed horizontally on an XYZ translation stage with a micrometer screw
that allowed the object to be accurately positioned in relation to a field-of-view (FOV) camera.

3. Results and conclusions

The results of 2D PIV measurements are presented in Fig. 1. Measurements were conducted
for 3 Reynolds (Re) numbers on the inlet. The results show color-coded velocity vector maps of the
entire 3D-printed vessel. The connections between consecutive images were seamless and
consistent. We observed that the velocity values increased proportionally, while the structure
changed typically and as expected. No boundary defects were noticed. Everything can be compared
with CFD results.

Fig. 1. Vector statistics and velocity magnitudes (m/s) along the whole blood vessel for Re = 72.

This study aimed to find the best solution when using 3D printing technology to measure the
geometry data of numerically indescribable objects. The methodology indicates the great potential
of 3D printing technology and material for printing difficult geometries. The ability to obtain
comparable refractive indices of the material and fluid is extremely important.

One of the disadvantages of using a resin material for 3D printing is the relatively high refractive
index (which is approximately 1.5 and is impossible to obtain with only a glycerin and water
solution). Sodium iodide or other similar additives are required to maintain the RI of 3D-printings.
In addition, the calibration tool has to be custom-designed and, even better, certified.

Further work should aim to measure longer flow periods and flows for larger Re numbers for
some geometries. We plan to apply our findings in future studies that will include measurements
of paravalvular leaks in the human heart. Hence, future work with time-resolved PIV is planned to
understand the true nature of the flow in natural heart pulse conditions and a stereoscopic
microscope for Stereo µPIV analysis since 2D measurement cannot explain the behavior of 3D
flows.
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Due to the changing climatic conditions that directly and indirectly affect human life, European 
Union (UE) has started the fight against greenhouse gas emissions. UE has an ambitious plan to 
achieve climate neutrality by 2050, along with an interim emission reduction target of 55% by 
2030. For this purpose, investments in renewable energy, energy efficiency, or other clean, low-
carbon technologies are made. Among renewable energy technologies, hydrogen has been 
distinguished as the fuel of the future. In the political and business environment, clean hydrogen 
is gaining unprecedented momentum. Nowadays, hydrogen is mainly produced from natural gas, 
obtaining grey and blue types. The new paradigm is to obtain hydrogen using renewable energy 
sources (RES), a green attempt. Accompanying water splitting with RES is a promising way to obtain 
a sustainable and balanced energy economy.  

However, the high cost and/or insufficient efficiency of the aforementioned technologies limit 
the usability of green hydrogen. Meeting the market requirements, novel, low-cost, and accessible 
catalysts for hydrogen production are sought. Herein, molybdenum disulfide (MoS2) can be 
distinguished as a promising option. MoS2 is an exciting example of a two-dimensional material due 
to its low toxicity, relatively low cost, and electrochemical activity. In addition, MoS2 nanoparticles 
(NPs) have been considered a noteworthy alternative for widely used but expensive platinum. The 
use of MoS2-based catalyst for hydrogen evolution reaction (HER) in water splitting may be a way 
to lower the cost of green hydrogen production.  

The transition period between the common usage of green hydrogen and the present time, 
which according to the EU, is approximately 20–30 years, requires focusing on current 
transportation issues, one of which is to limit engine exhaust emissions. Nowadays, specialists 
propose the use of electric and hybrid vehicles. Yet, their prices prevent their fast exchange with 
combustion engine cars. The solution for the above problem may be fuel and oil additives that 
extend engine lifetime and mitigate the negative effects on the environment. MoS2 has also found 
its application for these purposes. Owing to its layered structure, MoS2 is considered an excellent 
lubricant. The addition of MoS2 to engine oil significantly enhanced its tribological and rheological 
properties, thus improving engine combustion conditions and reducing emissions. 

Certainly, MoS2 is a material with unique properties, with the potential to be used in many 
fields, not only for hydrogen production and lubricant additives. However, the obstacle to overcome 
is that MoS2 changes its properties with the particle size. In both applications, better results are 
obtained for NPs. There are many methods to reduce the size of MoS2. An interesting approach is 
adding carbon nanomaterials (CNMs) while synthesizing molybdenum disulfide forming hybrid 
nanostructures – MoS2/CNMs. Adding carbon nanomaterials during MoS2 precipitation results in 
decreased particle size and expanded surface area. 

There are many methods to produce hybrid nanostructures. Nevertheless, most of them are 
not scalable and/or associated with high technological costs, which causes problems with the 
widespread use of these materials. Designing a scalable and low-cost production method would 
allow further development of these materials and their applications. Moreover, due to the variety 
of uses of these materials, which require different characteristics, their production method should 
make it possible to control the properties of the obtained particles. Therefore, one method would 
allow the preparation of hybrid nanostructures for advanced applications such as catalysis and 
more vast fields, such as lubricants. 
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In this study, wet chemical synthesis was used for preparing hybrid nanostructures based on 
MoS2 and CNMs, such as graphene oxide, reduced graphene oxide, and carbon nanotubes. The 
foreign substance present in the supersaturated solution reduces the nucleation energy, so 
heterogeneous nucleation occurs earlier than homogeneous. In this way, the surface of CNMs is 
covered with MoS2 NPs. Wet chemical synthesis can be carried out in commonly used tank reactors, 
but also in impinging jet reactors. The latter, in particular, are suitable for the controlled production 
of such particles. High mixing intensity is related to the formation of an area with a high energy 
dissipation rate in the contact zone of the inlet streams. This allows to obtain materials with the 
desired and repeatable properties in an inexpensive, continuous, and easy to scale way. The direct 
product of the synthesis is an amorphous MoS2 deposited on the CNMs surface [1]. To remove by-
products, further purification and annealing need to be performed. Two temperatures of annealing 
were applied [2]. The lower temperature maintains the amorphous form, and the second 
temperature gives MoS2 crystals (Fig. 1). A comprehensive physicochemical analysis of the 
obtained materials was conducted, using various analytical techniques: particle size distribution, 
thermogravimetric analysis, X-ray diffraction, and scanning electron microscopy. 

 
Fig. 1. Preparation of MoS2/CNMs using the impinging jet reactor 

Due to the potential application of materials based on MoS2 in the HER catalysis and energy 
storage, linear sweep voltammetry and cyclic voltammetry of the synthesized materials were 
performed using a three-electrode system. The maximum current density obtained at a potential of 
0.2 V vs. RHE for the best hybrid sample was 16 times higher than in the case of pure MoS2 [3]. 
Furthermore, MoS2 is commonly used as a lubricant. Therefore, it was checked how hybrid 
nanostructures affected the lubricating properties of engine oil [4]. Studies of the size distribution 
of particulate matter in the engine exhaust gas showed that the use of oil with the addition of 
MoS2/CNMs allowed to reduce the total volume of particulate matter in the exhaust gas by 91% 
and 49% under idling conditions and with load compared to work with the base oil.  
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In this study, wet chemical synthesis was used for preparing hybrid nanostructures based on
MoS2 and CNMs, such as graphene oxide, reduced graphene oxide, and carbon nanotubes. The
foreign substance present in the supersaturated solution reduces the nucleation energy, so
heterogeneous nucleation occurs earlier than homogeneous. In this way, the surface of CNMs is
covered with MoS2 NPs. Wet chemical synthesis can be carried out in commonly used tank reactors,
but also in impinging jet reactors. The latter, in particular, are suitable for the controlled production
of such particles. High mixing intensity is related to the formation of an area with a high energy
dissipation rate in the contact zone of the inlet streams. This allows to obtain materials with the
desired and repeatable properties in an inexpensive, continuous, and easy to scale way. The direct
product of the synthesis is an amorphous MoS2 deposited on the CNMs surface [1]. To remove by-
products, further purification and annealing need to be performed. Two temperatures of annealing
were applied [2]. The lower temperature maintains the amorphous form, and the second
temperature gives MoS2 crystals (Fig. 1). A comprehensive physicochemical analysis of the
obtained materials was conducted, using various analytical techniques: particle size distribution,
thermogravimetric analysis, X-ray diffraction, and scanning electron microscopy.

Fig. 1. Preparation of MoS2/CNMs using the impinging jet reactor

Due to the potential application of materials based on MoS2 in the HER catalysis and energy
storage, linear sweep voltammetry and cyclic voltammetry of the synthesized materials were
performed using a three-electrode system. The maximum current density obtained at a potential of
0.2 V vs. RHE for the best hybrid sample was 16 times higher than in the case of pure MoS2 [3]. 
Furthermore, MoS2 is commonly used as a lubricant. Therefore, it was checked how hybrid
nanostructures affected the lubricating properties of engine oil [4]. Studies of the size distribution
of particulate matter in the engine exhaust gas showed that the use of oil with the addition of
MoS2/CNMs allowed to reduce the total volume of particulate matter in the exhaust gas by 91%
and 49% under idling conditions and with load compared to work with the base oil.
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In recent years, the development of novel materials for construction of fuel cells has gained 
much interest due to rapidly evolving energy policies. One of the key challenges is to find a suitable 
support for oxygen reduction reaction (ORR) catalysts, which can be present in the form of metallic 
nanoparticles. The support should meet several specific requirements, such as high purity, specific 
surface area, electrical conductivity and hydrophobicity. For example, hydrophobicity promotes the 
removal of water, produced during fuel cell operation, from the surface of ORR catalysts, resulting 
in lower mass transfer resistance and increased electrode performance. One group of promising 
ORR catalyst support materials are carbon nanomaterials, e.g. reduced graphene oxide (rGO), 
which is obtained by oxidation of graphite – forming graphene oxide (GO) – and subsequent thermal 
or chemical reduction of GO to rGO. However, the performance of standard rGO as ORR catalyst 
support is lower than in the case of carbon nanotubes (CNTs). On the other hand, it  has been  
demonstrated that treatment with supercritical fluids (SCFs), especially supercritical carbon dioxide 
(scCO2), can modify the properties of various carbon nanomaterials. Therefore, the aim of this study 
was to investigate the effect of applying treatment with scCO2 during preparation of rGO suitable as 
a material for ORR catalyst supports. 

In the work, two rGO preparation methods were investigated: preparation of standard rGO 
through graphite oxidation and subsequent reduction of GO to rGO at ambient pressure, followed 
by treatment of rGO with scCO2 (method I) or integration of the GO reduction step with the scCO2 
treatment (method II). For both methods, GO was synthetized using the  modified Hummers’  
method. Thermal or chemical  reduction (hydrazine or ascorbic acid in method I and ethanol  or  
ascorbic acid in method II)  of GO to rGO was considered. Different sets of scCO2 treatment pressure, 
temperature and duration were tested using a lab-scale high pressure system. The resulting 
materials were investigated using various analytical procedures, including FTIR, TGA and elemental 
analysis. Standard, untreated rGO was used as the reference material. 

The level of reduction of GO was tested in all applied methods. The most reduced material for 
method I was the hydrazine treated sample, and the ascorbic acid treated sample for method II. 
The value of pressure used in experiments visibly influenced the properties of obtained materials, 
including an increase in the specific surface area, while the effect of temperature and process time 
was significantly weaker. The samples which had undergone scCO2 treatment showed transition 
from hydrophilic to hydrophobic. Another positive effect observed in the experiment was further 
purification of GO from residues of reduction agents (or even reagents from GO production), when 
exposed to scCO2. The results obtained using method II confirmed that GO reduction to rGO and 
treatment with scCO2 can be performed in one step, in an integrated manner. 

The study proved that scCO2 treatment of standard rGO (method I) or simultaneous GO 
reduction to rGO with scCO2 treatment (method II) are effective processes for improving properties 
of rGO for its application as ORR catalyst support, especially in terms of development of the specific 
surface area, removal of impurities and increase in hydrophobicity. The scCO2 treatment process 
can be fine-tuned for optimization of the properties of the resultant material. The obtained 
materials will undergo further examination by testing them as ORR catalyst supports. 
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Biocatalysis is considered an integral part of modern technological processes related to green 
chemistry. Current scientific trends are focused on multi-enzymatic cascades. One-pot systems are 
attractive due to the possibility of using multiple enzymes in a single reactor [1]. Nowadays, enzyme 
co-immobilization is still essential in industrial applications because of the high cost of enzymes 
and the possibility of improving enzyme stability under process conditions. Enzyme co-
encapsulation, similar to individual encapsulation, can be subject to enzyme leakage from the 
hydrogel matrix [2]. To prevent enzyme leakage, strategies of post-immobilization treatments are 
proposed. One is related to chemical cross-linking, which leads to additional linkages between 
enzyme molecules and support, resulting from the increased strength of enzyme binding within the 
hydrogel matrix [3].          

Glucose oxidase (GOX) and catalase (CAT) are popular enzymes utilized in food processes. The 
cooperation between glucose oxidase and catalase is classified as a two-enzymatic cascade. In this 
case, catalase decomposes hydrogen peroxide, which acts as an inhibitor relative to glucose 
oxidase. On the other hand, oxygen generated by catalase is consumed by glucose oxidase and 
used as a substrate during glucose oxidation, Equations (1) and (2).      

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑂𝑂𝑂𝑂2
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
�⎯� 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎 + 𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂2  (1) 

𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂2
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
�⎯�𝑂𝑂𝑂𝑂2 + 𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂  (2) 

The presented work refers to co-encapsulating glucose oxidase and catalase into the alginate 
matrix with additional cross-linking with glutaraldehyde (GA) or carbodiimide (EDC). The proposed 
preparation was characterized under low-temperature biocatalysis (12 °C), which corresponded to 
milk storage and transport temperature. It can be used to reduce the excessive sweetness of 
lactose-free milk.  

The individual encapsulation of enzymes preceded the co-encapsulation of GOX and CAT. 
Encapsulation of glucose oxidase in alginate was running out with enzyme leakage, in contrast to 
catalase encapsulation, which was characterized by high efficiency [4]. These observations 
emphasize the importance of post-immobilization treatment during GOX-CAT co-encapsulation.  

Comparing two cross-linking strategies, with glutaraldehyde (GA) and carbodiimide (EDC), 
indicates better results for carbodiimide modification, which was related to improved enzyme 
retention, Table 1. The subsequent experiments were performed based on EDC cross-linking. 

Table 1. The enzyme leakage expressed as the enzymatic activity of the reaction mixture obtained after the 
incubation of capsules 

Type of capsules Alginate Alginate + GA Alginate + EDC 

Time [hours]    Glucose conversion [%] 
0 0 0 0 

5.3 63.84 32.35 16.13 
22 98.6 77.31 35.89 
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Biocatalysis is considered an integral part of modern technological processes related to green
chemistry. Current scientific trends are focused on multi-enzymatic cascades. One-pot systems are
attractive due to the possibility of using multiple enzymes in a single reactor [1]. Nowadays, enzyme
co-immobilization is still essential in industrial applications because of the high cost of enzymes
and the possibility of improving enzyme stability under process conditions. Enzyme co-
encapsulation, similar to individual encapsulation, can be subject to enzyme leakage from the 
hydrogel matrix [2]. To prevent enzyme leakage, strategies of post-immobilization treatments are
proposed. One is related to chemical cross-linking, which leads to additional linkages between
enzyme molecules and support, resulting from the increased strength of enzyme binding within the
hydrogel matrix [3].          

Glucose oxidase (GOX) and catalase (CAT) are popular enzymes utilized in food processes. The
cooperation between glucose oxidase and catalase is classified as a two-enzymatic cascade. In this
case, catalase decomposes hydrogen peroxide, which acts as an inhibitor relative to glucose
oxidase. On the other hand, oxygen generated by catalase is consumed by glucose oxidase and
used as a substrate during glucose oxidation, Equations (1) and (2).

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑂𝑂𝑂𝑂2
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
�⎯� 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎 + 𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂2 (1)

𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂2
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
�⎯�𝑂𝑂𝑂𝑂2 + 𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 (2)

The presented work refers to co-encapsulating glucose oxidase and catalase into the alginate
matrix with additional cross-linking with glutaraldehyde (GA) or carbodiimide (EDC). The proposed
preparation was characterized under low-temperature biocatalysis (12 °C), which corresponded to
milk storage and transport temperature. It can be used to reduce the excessive sweetness of
lactose-free milk.

The individual encapsulation of enzymes preceded the co-encapsulation of GOX and CAT.
Encapsulation of glucose oxidase in alginate was running out with enzyme leakage, in contrast to
catalase encapsulation, which was characterized by high efficiency [4]. These observations
emphasize the importance of post-immobilization treatment during GOX-CAT co-encapsulation.

Comparing two cross-linking strategies, with glutaraldehyde (GA) and carbodiimide (EDC),
indicates better results for carbodiimide modification, which was related to improved enzyme
retention, Table 1. The subsequent experiments were performed based on EDC cross-linking.

Table 1. The enzyme leakage expressed as the enzymatic activity of the reaction mixture obtained after the
incubation of capsules.

Type of capsules Alginate Alginate + GA Alginate + EDC

Time [hours] Glucose conversion [%]
0 0 0 0

5.3 63.84 32.35 16.13
22 98.6 77.31 35.89

To confirm good enzymes retention in co-encapsulated preparations with EDC cross-linking, 
the operational stability was determined. The half-life time was calculated at 12 days. Almost 
complete glucose decomposition (>90%) took place in 5–7 hours. To determine the reuse of 
enzymes, the batch process was conducted. Co-encapsulated glucose oxidase and catalase can be 
used in 9 cycles preserving approximately 40% of the initial activity, Fig. 1. 

Fig. 1. The re-use of co-encapsulated glucose oxidase and catalase 

Glucose decomposition catalyzed by co-encapsulated glucose oxidase and catalase at 12 °C 
runs according to first-order kinetics, Fig. 2 for a wide range of substrate concentrations.  

Fig. 2. The kinetics of co-immobilized glucose oxidase and catalase 

The presented results show that co-encapsulated glucose oxidase and catalase in an alginate 
matrix with cross-linking with EDC can be considered a valuable tool in dairy biocatalysis, e.g., to 
produce lactose-free milk with the standard sweetness level. 
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Photocatalytic processes present a promising but still challenging solution for water treatment 
from persistent organic micropollutants, such as pharmaceuticals. The main focus of the present 
study was the design of a suitable photocatalyst with improved degradation efficiency under solar 
light irradiation. Recent studies have shown that significant differences in photocatalytic activity 
can be achieved by alternating exposition of the specific crystal planes of TiO2, which directly affect 
the behavior of photogenerated charge carriers at the surface [1–3]. Therefore, an increase in 
process efficiency might be achieved by controlling the morphology and nanostructure of the 
photocatalyst. Simultaneously, the post-separation of semiconductor nanoparticles after water 
treatment remains still challenging. As a possible solution, the development of magnetic 
photocatalysts, usually in the form of ferromagnet-photocatalyst composites, has been proposed 
in recent years. However, such composite materials present a rather complex case of possible 
electronic and magnetic interactions between both phases, which could be additionally affected by 
the anisotropic character of their properties. As the preparation of different nanostructured 
materials is progressing fast, it seems important to verify if the approach can be used to optimize 
ferromagnet-photocatalyst composites and to track down the source of possible effects. 

In this regard, in the present study, faceted TiO2 photocatalyst, exposing the majority of either 
{0 0 1}, {1 0 0} or {1 0 1} facets, combined with a suitable ferromagnetic phase, was designed and 
applied for degradation of organic pollutants. As the magnetic part of the composite, barium 
hexaferrite (BaFe12O19) was selected due to high remanent magnetization, uniaxial magnetic 
anisotropy, platelet character of the prepared microcrystals, and Curie temperature of approx. 
450 °C [4]. This composition allowed us to achieve a relatively well-defined orientation between 
TiO2 and BaFe12O19 structures and allowed easy changes between a magnetized and demagnetized 
state of the ferrite, with a minimal effect on crystal structure and morphology. Preparation of pure 
compounds was performed hydrothermally, and all materials were subject to a set of detailed 
structural and spectroscopic analyses. In particular, a detailed description of the magnetic and 
electronic properties of the BaFe12O19 sample was made before combining with TiO2. Furthermore, 
3 types of composites were prepared, depending on the TiO2 facet exposition, by physically mixing 
suspensions of both materials in a solution. Combined powders were calcined at 500 °C to 
strengthen the connection between the phases and demagnetize BaFe12O19 particles by crossing 
the Curie point. Prepared composites were analyzed concerning their crystal structure and 
morphology, with exemplary scanning electron microscope (SEM) images shown in Figure 1, 
together with a scheme of idealized orientation between BaFe12O19 and faceted TiO2. Furthermore, 
control samples were made by modifying the BaFe12O19 surface with an additional layer of SiO2 in 
order to hinder electron transfer between the ferrite and TiO2. The SiO2 layer was obtained using 
tetraethyl orthosilicate as Si source, and the SiO2 presence was confirmed with the combination of 
energy-dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS) and Fourier 
transform infrared spectroscopy (FTIR) analyses. 
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Photocatalytic processes present a promising but still challenging solution for water treatment
from persistent organic micropollutants, such as pharmaceuticals. The main focus of the present
study was the design of a suitable photocatalyst with improved degradation efficiency under solar
light irradiation. Recent studies have shown that significant differences in photocatalytic activity
can be achieved by alternating exposition of the specific crystal planes of TiO2, which directly affect
the behavior of photogenerated charge carriers at the surface [1–3]. Therefore, an increase in
process efficiency might be achieved by controlling the morphology and nanostructure of the
photocatalyst. Simultaneously, the post-separation of semiconductor nanoparticles after water
treatment remains still challenging. As a possible solution, the development of magnetic
photocatalysts, usually in the form of ferromagnet-photocatalyst composites, has been proposed
in recent years. However, such composite materials present a rather complex case of possible
electronic and magnetic interactions between both phases, which could be additionally affected by
the anisotropic character of their properties. As the preparation of different nanostructured
materials is progressing fast, it seems important to verify if the approach can be used to optimize
ferromagnet-photocatalyst composites and to track down the source of possible effects.

In this regard, in the present study, faceted TiO2 photocatalyst, exposing the majority of either
{0 0 1}, {1 0 0} or {1 0 1} facets, combined with a suitable ferromagnetic phase, was designed and
applied for degradation of organic pollutants. As the magnetic part of the composite, barium
hexaferrite (BaFe12O19) was selected due to high remanent magnetization, uniaxial magnetic
anisotropy, platelet character of the prepared microcrystals, and Curie temperature of approx.
450 °C [4]. This composition allowed us to achieve a relatively well-defined orientation between
TiO2 and BaFe12O19 structures and allowed easy changes between a magnetized and demagnetized
state of the ferrite, with a minimal effect on crystal structure and morphology. Preparation of pure
compounds was performed hydrothermally, and all materials were subject to a set of detailed 
structural and spectroscopic analyses. In particular, a detailed description of the magnetic and
electronic properties of the BaFe12O19 sample was made before combining with TiO2. Furthermore,
3 types of composites were prepared, depending on the TiO2 facet exposition, by physically mixing
suspensions of both materials in a solution. Combined powders were calcined at 500 °C to
strengthen the connection between the phases and demagnetize BaFe12O19 particles by crossing
the Curie point. Prepared composites were analyzed concerning their crystal structure and
morphology, with exemplary scanning electron microscope (SEM) images shown in Figure 1,
together with a scheme of idealized orientation between BaFe12O19 and faceted TiO2. Furthermore,
control samples were made by modifying the BaFe12O19 surface with an additional layer of SiO2 in
order to hinder electron transfer between the ferrite and TiO2. The SiO2 layer was obtained using 
tetraethyl orthosilicate as Si source, and the SiO2 presence was confirmed with the combination of
energy-dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS) and Fourier
transform infrared spectroscopy (FTIR) analyses.

Fig. 1. (a) SEM images of the prepared BaFe12O19 composites TiO2 nanocrystals exposing majority of 
different crystal facets and (b) scheme of their idealized relative orientation (TiO2 in red) 

The set of prepared composites was used for photocatalytic water treatment, using phenol as 
the model pollutant. All of the prepared materials showed the ability to remove phenol, together 
with the possible separation in the magnetic field, without significant changes in their crystalline 
structure. Moreover, a comparison of the results obtained using composite with magnetized 
BaFe12O19, demagnetized BaFe12O19, as well as BaFe12O19 covered with SiO2 layer allowed us to 
separate the effect of the electronic and magnetic interactions between both phases. Remarkably, 
electron transfer between BaFe12O19 and TiO2 was found to highly decrease the performance of the 
{1 0 1} exposing TiO2, while the internal magnetic field of the ferrite highly promoted the activity of 
the {1 0 0} exposing nanostructures. Ultimately, both effects of electronic and magnetic interactions 
were found to depend on the exact BaFe12O19-TiO2 combination. The overall highest activity was 
observed for the combination of BaFe12O19 with the {1 0 1} exposing TiO2, when SiO2 was introduced 
to prevent electron transfer. 
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1. Introduction
In order to obtain elution data suitable for determining the operational window of the process

and optimizing the operating variables for large-scale chromatographic purification, very small 
volume chromatographic columns are used in the development stage of protein chromatography. 
However, this technique has a downside, as the effect of extra-column volumes (ECV) enhances as 
the column size is reduced. It affects the shape and retention of eluted compounds and may lead 
to misinterpretation of retention data. This can be a cause of failure in scaling up the process from 
laboratory scale, in which the contribution of ECV is significant, to industrial scale, in which that 
contribution is negligible.  

To quantify the ECV effect, both theoretical and experimental approaches were used [1]. As 
evidenced in previous studies, a simplified model that accounts for laminar flow distribution in a 
straight tube cannot reproduce correctly band shapes, particularly at higher mobile phase velocity 
and for elution of viscous solution. Therefore, the CFD method was used for this purpose, in which 
various models of the geometry of chromatographic systems were implemented; from the simplest 
2D geometries to a 3D model that accounted for the curvatures of the flow paths.  

2. Methods
Three model compounds were used in the experimental studies: bovine serum albumin, a

monoclonal antibody as a representative of a macromolecular compound and acetone, i.e. a 
representative of low-molecular compounds. Phosphate buffer pH = 7 was used as the mobile 
phase and its flow rate was varied in the range of 0.0679-0.679 ms-1.  

Experiments were carried out using the Äkta chromatographic system, which consisted of a 
dosing loop, capillaries of various lengths connecting the UV detector and TRICORN column packed 
with POROS XS bed. The ANSYS software was used for formulating and discretizing the models of 
the system geometry. Different approximations of the ECV system were implemented, in which the 
geometry complexity subsequently increased as shown in Fig. 1. The number of mesh elements in 
the radial and axial directions was appropriately selected to control the numerical error. A non-
stationary model was used for the laminar flow of multicomponent systems with typical boundary 
conditions such as: inlet, outlet and wall. 

Fig. 1. An illustration of the increasing complexity of geometric systems (1, 2, 3, 4a and 4b) 

3. Equations used in CFD model
The Ansys Fluent software transforms the general scalar transport equation into a numerically
solvable algebraic equation using the control volume. To determine the flow behaviour of solutions
in ECV, a mathematical model of the species transport, which accounted for laminar flow profile in
the capillary system was used. By default,  Ansys Fluent uses the dilute approximation (Fick's law)
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1. Introduction
In order to obtain elution data suitable for determining the operational window of the process

and optimizing the operating variables for large-scale chromatographic purification, very small
volume chromatographic columns are used in the development stage of protein chromatography.
However, this technique has a downside, as the effect of extra-column volumes (ECV) enhances as
the column size is reduced. It affects the shape and retention of eluted compounds and may lead
to misinterpretation of retention data. This can be a cause of failure in scaling up the process from
laboratory scale, in which the contribution of ECV is significant, to industrial scale, in which that
contribution is negligible.

To quantify the ECV effect, both theoretical and experimental approaches were used [1]. As
evidenced in previous studies, a simplified model that accounts for laminar flow distribution in a
straight tube cannot reproduce correctly band shapes, particularly at higher mobile phase velocity
and for elution of viscous solution. Therefore, the CFD method was used for this purpose, in which
various models of the geometry of chromatographic systems were implemented; from the simplest
2D geometries to a 3D model that accounted for the curvatures of the flow paths.

2. Methods
Three model compounds were used in the experimental studies: bovine serum albumin, a 

monoclonal antibody as a representative of a macromolecular compound and acetone, i.e. a
representative of low-molecular compounds. Phosphate buffer pH = 7 was used as the mobile
phase and its flow rate was varied in the range of 0.0679-0.679 ms-1. 

Experiments were carried out using the Äkta chromatographic system, which consisted of a
dosing loop, capillaries of various lengths connecting the UV detector and TRICORN column packed
with POROS XS bed. The ANSYS software was used for formulating and discretizing the models of 
the system geometry. Different approximations of the ECV system were implemented, in which the
geometry complexity subsequently increased as shown in Fig. 1. The number of mesh elements in
the radial and axial directions was appropriately selected to control the numerical error. A non-
stationary model was used for the laminar flow of multicomponent systems with typical boundary
conditions such as: inlet, outlet and wall.

Fig.1. An illustration of the increasing complexity of geometric systems (1, 2, 3, 4a and 4b).

3. Equations used in CFD model
The Ansys Fluent software transforms the general scalar transport equation into a numerically
solvable algebraic equation using the control volume. To determine the flow behaviour of solutions
in ECV, a mathematical model of the species transport, which accounted for laminar flow profile in
the capillary system was used. By default, Ansys Fluent uses the dilute approximation (Fick's law)

to model mass diffusion due to concentration gradients. (1) The viscosity, density and diffusion 
coefficient of the protein solution were dependent on the mass fraction of the sample by means of 
UDFs. 

𝐽𝐽𝐽𝐽𝑖𝑖𝑖𝑖 = −𝜌𝜌𝜌𝜌𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚∇𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖 (1) 

where:  Di,m is the mass diffusion coefficient for species i,Yi is its mass fraction. 

4. Results and discussion
4.1 Flow behaviour in ECV

2D and 3D numerical models were used to simulate band profiles of micro- and macromolecules 
in ECV. Typical results obtained for acetone and BSA are depicted in Figs. 2A and 2B. 

Fig. 2. Concentration profiles of acetone and BSA in ECV (A,B); flow through arc geometry (C) 

The concentration profiles of the eluting compounds simulated indicate that the correct 
structure of the geometry of the system is of key importance for correct prediction of the retention 
and shape of the concentration profiles. The mass fraction contour clearly shows in curved parts of 
the ECV system characteristic fluid structures called as Dean vortices are formed at higher flow 
velocities, as shown in Fig. 2C. Those structures are induced by the secondary flows that are 
perpendicular to the main direction of movement of the fluid, and influence of the shape of band 
profiles.  

 4.2 Flow behaviour of viscous protein solution in the chromatographic system  
Fig. 3 shows the simulations of the migration of a viscous protein solution in a chromatographic 
column packed with a porous bed. The viscosity of the solution is several times higher than the 
mobile phase, which causes the formation of finger-shaped structures. Those characteristic 
patterns arise in porous zones known as the Saffman-Taylor instabilities. They occur when the more 
viscous fluid is replaced with the less viscous one. The CFD model developed in this study allowed 
to reproduce the resulting band profiles of the model compounds. 

Fig. 3. Mass fraction band profiles and contours of viscous solution flowing through the column 
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Carbon dioxide capture and storage (CCS) using solid sorbents [1] is today not only a powerful 
measure to minimize anthropogenic CO2 emissions, but can also be integrated with the concept of 
Power-to-Gas (PtG). Following the PtG idea, CO2 can be converted to CH4 by reaction with renewable 
H2 derived from electrolysis [2]. One possibility is to conduct both processes, i.e. CO2 capture and 
methanation, in a single, layered, apparatus, also referred to as a hybrid, fixed-bed reactor. 

This study reports on the impact of bed structure and process thermal effects on the 
performance of adsorption stage. Analysis was conducted using a 1D model of a bed consisting of 
alternating layers of adsorbent and catalyst (Fig. 1). The main simplifying model assumptions were: 
negligible pressure drop, constant gas velocity, and gas-phase obeying the ideal gas law. Given 
these assumptions, the mass balance of component i in the gas phase is:  

 �𝜀𝜀𝜀𝜀𝑡𝑡𝑡𝑡,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝜀𝜀𝜀𝜀𝑡𝑡𝑡𝑡,𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡�
𝜕𝜕𝜕𝜕𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡

= 𝜀𝜀𝜀𝜀𝑏𝑏𝑏𝑏𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝜕𝜕𝜕𝜕2𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕𝑎𝑎𝑎𝑎2

− 𝑢𝑢𝑢𝑢 𝜕𝜕𝜕𝜕𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕𝑎𝑎𝑎𝑎
−𝜌𝜌𝜌𝜌𝑏𝑏𝑏𝑏,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝜕𝜕𝜕𝜕𝑞𝑞𝑞𝑞𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕𝑡𝑡𝑡𝑡

 (1) 

with the mass transfer in the solid phase described by the linear driving force (LDF) model: 
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and the equilibrium concentration 𝑞𝑞𝑞𝑞𝑖𝑖𝑖𝑖∗ in the solid phase given by the Toth model for zeolite 13X [3]: 
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 (3) 

The energy balance for the gas and solid phases inside the column is expressed by the equation: 
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 (4) 

For the sake of simplicity, constant average values of ρg and cg were adopted. The same applies to 
the adsorbed phase heat capacity cads and the heat of adsorption –ΔHads, with the latter determined 
using the Clausius-Clapeyron equation. The axial dispersion Dax coefficient was calculated based 
on the expression proposed in Ref. [4], while the effective thermal conductivity Kax was determined 
from the formula accounting both for solid, stagnant (film) and flowing gas contributions [5]. 

  
Fig. 1. Conceptual illustration of the hybrid fixed-bed with two layers (a) and distributions of adsorbent 

fractions (M denotes the total number of adsorbent and catalyst layers) used in simulations (b) 
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Carbon dioxide capture and storage (CCS) using solid sorbents [1] is today not only a powerful 
measure to minimize anthropogenic CO2 emissions, but can also be integrated with the concept of 
Power-to-Gas (PtG). Following the PtG idea, CO2 can be converted to CH4 by reaction with renewable 
H2 derived from electrolysis [2]. One possibility is to conduct both processes, i.e. CO2 capture and 
methanation, in a single, layered, apparatus, also referred to as a hybrid, fixed-bed reactor. 

This study reports on the impact of bed structure and process thermal effects on the 
performance of adsorption stage. Analysis was conducted using a 1D model of a bed consisting of 
alternating layers of adsorbent and catalyst (Fig. 1). The main simplifying model assumptions were: 
negligible pressure drop, constant gas velocity, and gas-phase obeying the ideal gas law. Given 
these assumptions, the mass balance of component i in the gas phase is:  
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 (1) 

with the mass transfer in the solid phase described by the linear driving force (LDF) model: 
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and the equilibrium concentration 𝑞𝑞𝑞𝑞𝑖𝑖𝑖𝑖∗ in the solid phase given by the Toth model for zeolite 13X [3]: 
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The energy balance for the gas and solid phases inside the column is expressed by the equation: 
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 (4) 

For the sake of simplicity, constant average values of ρg and cg were adopted. The same applies to 
the adsorbed phase heat capacity cads and the heat of adsorption –ΔHads, with the latter determined 
using the Clausius-Clapeyron equation. The axial dispersion Dax coefficient was calculated based 
on the expression proposed in Ref. [4], while the effective thermal conductivity Kax was determined 
from the formula accounting both for solid, stagnant (film) and flowing gas contributions [5]. 

  
Fig. 1. Conceptual illustration of the hybrid fixed-bed with two layers (a) and distributions of adsorbent 

fractions (M denotes the total number of adsorbent and catalyst layers) used in simulations (b) 

The model equations (1)–(4) were discretized using the method of lines and solved in MATLAB 
using the ode23tb solver. Simulations were conducted until the bed breakthrough time tb defined 
as the instant at which yCO2,out/yCO2,in = 0.01. The main parameter values employed in the 
simulations are given in Table 1. Moreover, it was assumed that the volume ratio of adsorbent to 
catalyst particles was 2:1, and calculations were made for three bed configurations characterized 
by such a ratio and consisting, respectively, of M = 2, 4 and 6 total layers (Fig. 1b). 

Table 1. Values of key parameters used in the simulations 

Parameter Value Parameter Value Parameter Value 

Lr 1 m dp 10-3 m a0 6.509·10-3 mol/(kg·kPa) 

u 0.2 m/s ρp,ads 1085 kg/m3 b0 4.884·10-4 1/kPa 

yCO2,in 0.05 ρp,cat 2355 kg/m3 c 3.805·10 K 

Tin 300 K –ΔHads,CO2 3.898·10-4 J/mol τ 7.487·10-2 

 
Fig. 2 shows results of numerical studies obtained for the bed consisting of two layers of the 

adsorbent and two layers of catalyst (treated as inert during the adsorption step) and corresponding 
values of adsorbed CO2 (Fig. 2b). The catalyst sandwiched between the adsorbent (Fig.  2a) acts as 
a heat sink and is the source of the formation of characteristic temperature waves that have a 
beneficial effect on the process performance. This is confirmed by the global values of adsorbed 
CO2 for different configurations and corresponding values of the breakthrough time: QCO2 = 1.014 
mol/kg and tb = 1486 s for M = 6, QCO2 = 0.916 mol/kg and tb = 1341 s for M = 4, and 
QCO2 = 0.772 mol/kg and tb = 1129 s for M = 2. The results show that proper tailoring of the bed 
can be an excellent tool for controlling temperature profiles and, consequently, the performance of 
the apparatus and thus its optimization. It is expected that a similar synergistic effect resulting from 
an appropriate bed structure will also allow to control temperature profiles along the bed, and thus 
CO2 desorption, at the following methanation stage. Such a tailor-made structure is particularly 
important from the viewpoint of running the flexible-load process.  

  
Fig. 2. Temperature profiles along the hybrid fixed-bed (a) and the adsorbed amount of CO2 (b) for M = 4  
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Fuel cells are electrochemical devices that allow more efficient energy generation (with a  
40–60% efficiency) while reducing harmful gas emissions. Direct liquid fuel cells are the subtype 
of polymer membrane fuel cells (PEMFCs) fed by liquid fuels, characterised by lower cost of storage 
and transportation than hydrogen. In this group of fuels, formic acid appears to be an 
environmentally friendly, non-toxic chemical of 26.4% higher volume energy density than hydrogen 
compressed to 700 bars [1]. Formic acid exhibits lower crossover through the nafion membrane 
[2] and oxidises effectively at 30 °C [3], leading to higher power densities and lower operational 
costs. However, mass transfer towards the reaction surface, placed at the bottom of the porous 
electrode structure, has to be intensified to take full advantage of the benefits of this liquid fuel. 
The flow regime encountered in fuel cells is laminar, characterised by a slow diffusion mechanism 
in the mass transport process, limiting the maximum power of the fuel cell. Increasing the 
contribution of a convection mechanism is crucial for increasing the reagent concentration at the 
reaction surface, consequently widening the range of attainable power densities. Mass transport 
intensification in fuel cells can be achieved by changing the geometry of the single flow channel or 
by modification of the whole channel arrangement of the distribution system, which is milled in 
graphite plates used as current collectors in fuel cells. 

The following research combines these two strategies, aiming to i) enhance mass transport by 
the implementation of baffles to the flow channel structure and ii) propose a new flow pattern 
providing more uniform flow distribution across the system as well as better mixing conditions. 
Numerical modelling using computational fluid dynamics (CFD) was applied to prototype and 
predict the influence of geometrical modifications of the system on the mass transfer conditions. 

In the first approach, right-angled trapezoidal baffles were introduced at the anode side of the 
DFAFC. Formic acid concentration distribution at the reaction surface was compared with that 
attained for the standard serpentine system without any baffles. Simulations revealed a significant 
improvement in the fuel supply to the reaction zone. Experimentally determined current-voltage 
characteristics for the DFAFC (Fig. 1) showed that the baffle implementation led to an even 8-fold 
increase of maximum power density compared to the standard serpentine system [4]. 

In further research, the serpentine flow pattern was replaced by a mesh of intermixing 
channels with a distinguished distributor and collector zone to provide uniform flow distribution. 
The proposed flow field is characterised by the greater contact area of the flow with the porous 
electrode, increasing the utilisation of the catalyst layer in the system. The most promising flow 
fields were selected for further experimental testing based on the CFD simulations predictions and 
residence time distribution analysis to evaluate the mixing conditions in the system. 

The following study presents a complex approach to designing a reagent distribution system 
in DFAFC, considering baffle implementation in the channel and flow field assessment by 3D CFD 
simulations of the flow and reaction at the anode side, together with residence time distribution 
analysis and experiments performed on DFAFC. 
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Fuel cells are electrochemical devices that allow more efficient energy generation (with a  
40–60% efficiency) while reducing harmful gas emissions. Direct liquid fuel cells are the subtype 
of polymer membrane fuel cells (PEMFCs) fed by liquid fuels, characterised by lower cost of storage 
and transportation than hydrogen. In this group of fuels, formic acid appears to be an 
environmentally friendly, non-toxic chemical of 26.4% higher volume energy density than hydrogen 
compressed to 700 bars [1]. Formic acid exhibits lower crossover through the nafion membrane 
[2] and oxidises effectively at 30 °C [3], leading to higher power densities and lower operational 
costs. However, mass transfer towards the reaction surface, placed at the bottom of the porous 
electrode structure, has to be intensified to take full advantage of the benefits of this liquid fuel. 
The flow regime encountered in fuel cells is laminar, characterised by a slow diffusion mechanism 
in the mass transport process, limiting the maximum power of the fuel cell. Increasing the 
contribution of a convection mechanism is crucial for increasing the reagent concentration at the 
reaction surface, consequently widening the range of attainable power densities. Mass transport 
intensification in fuel cells can be achieved by changing the geometry of the single flow channel or 
by modification of the whole channel arrangement of the distribution system, which is milled in 
graphite plates used as current collectors in fuel cells. 

The following research combines these two strategies, aiming to i) enhance mass transport by 
the implementation of baffles to the flow channel structure and ii) propose a new flow pattern 
providing more uniform flow distribution across the system as well as better mixing conditions. 
Numerical modelling using computational fluid dynamics (CFD) was applied to prototype and 
predict the influence of geometrical modifications of the system on the mass transfer conditions. 

In the first approach, right-angled trapezoidal baffles were introduced at the anode side of the 
DFAFC. Formic acid concentration distribution at the reaction surface was compared with that 
attained for the standard serpentine system without any baffles. Simulations revealed a significant 
improvement in the fuel supply to the reaction zone. Experimentally determined current-voltage 
characteristics for the DFAFC (Fig. 1) showed that the baffle implementation led to an even 8-fold 
increase of maximum power density compared to the standard serpentine system [4]. 

In further research, the serpentine flow pattern was replaced by a mesh of intermixing 
channels with a distinguished distributor and collector zone to provide uniform flow distribution. 
The proposed flow field is characterised by the greater contact area of the flow with the porous 
electrode, increasing the utilisation of the catalyst layer in the system. The most promising flow 
fields were selected for further experimental testing based on the CFD simulations predictions and 
residence time distribution analysis to evaluate the mixing conditions in the system. 

The following study presents a complex approach to designing a reagent distribution system 
in DFAFC, considering baffle implementation in the channel and flow field assessment by 3D CFD 
simulations of the flow and reaction at the anode side, together with residence time distribution 
analysis and experiments performed on DFAFC. 

 

Fig. 1. Current-voltage characteristics for the standard system without baffles (sd) and with baffles (nd) [4] 
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Introduction 
Cardiovascular diseases, including atherosclerosis, are among the most common causes of 

death in 21st century [1]. One of the most common causes of atherosclerosis is an unhealthy diet 
and lack of physical activity [2]. As a consequence, cholesterol is deposited in the area of blood 
vessels [3], reducing the cross-sectional area of the vessel available for blood flow, increasing local 
blood velocity, and shear stresses to which red blood cells are exposed. An increase in shear stress 
increases the risk of hemolysis due to the disruption of the erythrocyte wall [4]. Determination of 
shear stresses to which erythrocytes are exposed requires adopting an appropriate blood 
rheological model [5], [6]. Blood consists mostly of water, which is the main component of plasma 
and red blood cells. Other minerals and cells make up the small remnant of the blood. Due to the 
complex composition of blood and the agglomeration and deagglomeration of red blood cells, the 
determination of viscosity and shear stress is complicated. There are many models of blood 
rheology in the literature that describe viscosity as a function of shear rate [5], [7]–[11]. Another 
approach is to reconstruct the physiological phenomena associated with agglomeration and 
deagglomeration of red blood cells based on population balance [6], [12]–[16].  
 
Methodology 

Hemolysis modelling was performed in the ANSYS Fluent software environment enriched with 
the user's own functions. As part of the simulation, a blood rheology model was used based on a 
population balance [6], which was compared with the Carreau-Yasuda model [5]. Geometric models 
of narrowed blood vessels were developed based on models provided by the Medical University of 
Silesia. CFD simulations were performed for blood flow in the range of 0.62 to 6.25 ml/s. As part 
of the study, blood hemolysis was modelled for stenosis diameters up to 30% to 60% of the 
diameter before the stenosis.  
 
Results and conclusions 

Results of the CFD simulation provided information about the maximum shear stresses. 
Hence, a correlation was developed linking the shape of the constriction and the speed before the 
constriction with the maximum shear stresses, which are key factors in assessing the risk of 
hemolysis. Based on that correlation, in the future, it may be possible to quickly analyze the risk of 
hemolysis in cardiac diagnostics without the need for complex numerical software. 
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Both outdoors and in buildings, people are exposed to emissions of volatile organic 
compounds. This group of compounds includes, for example, aliphatic hydrocarbons, aromatic 
hydrocarbons, aldehydes, alcohols, and ketones. VOC emissions can come from various 
antecedent sources such as agriculture, combustion vehicles, industrial processes, or daily life. 
They can also be produced by plants under stressful conditions.  Due to the harmfulness of VOCs, 
it is necessary to explore methods that enable air streams to be cleaned of these compounds  
[1–3].  

In this work, we investigated the adsorption of a mixture of four VOCs from the air: acetone, 
ethyl acetate, toluene, and n-butyl acetate. WG-12 activated carbon (Grand Activated Sp. z o.o) was 
used as the adsorbent.  

It was concluded that competitive adsorption takes place in the studied system. Moreover, the 
volatility of the adsorbate is a key factor influencing the adsorption affinity [3]. It was studied how 
the height of the adsorption bed influences the bed breakthrough time and gas purification 
efficiency.  The study showed that the breakthrough time of the adsorption bed increased linearly 
with increasing bed height.   
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Fig. 1. Bed breakthrough curve showing the adsorption process of the gaseous mixture acetone, ethyl 

acetate, toluene, n-butyl acetate [3] 
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Engineers cannot do without numerical simulations. Computer tools lower the costs of 
designing prototypes at each research stage. A properly created geometric model and appropriate 
computational methods eliminate the stages of interim prototypes, enabling the creation of the 
final prototype.  

A jet pump mixer has a jet pump inside its tank in which stirring is done. Neither jet pumps nor 
jet pump mixers have moving parts. This feature alone should facilitate the use of CFD 
(Computational Fluid Dynamics) to simulate the fluid behaviour. Strangely, there are very few 
papers on this topic. This is a surprise because jet pump mixers are among the best in creating 
emulsions through multiphase mixing.  

Dziak [1] carried out a study on crude oil desalination using a hybrid system consisting of a jet 
pump mixer and a microfilter. The results of the kinetics of this process and the destruction of water 
emulsions led to designing the desalination plant on a large scale.  

Ludwig and Sawinski [2] published a study on CFD modelling for the jet pump mixer. The jet 
pump mixer was made by modifying a laboratory water pump. The suction chamber was drilled with 
holes, allowing the liquid to flow into the pump. The presented CFD model made it possible to 
determine the hydrodynamic factors in the jet pump mixer such as velocity and pressure fields.  

The main goal of this study was to apply the CFD methods to model jet pump mixer 
hydrodynamics. During research one of the most important parameters – ejection coefficient – was 
calculated.  

 The laboratory apparatus was constructed for desalination of crude oil. It contained a thick-
walled glass mixing tank and a round bottom with an outlet. The axis of the tank was fitted with a 
jet pump. The working principle of this mixer is as follows. First, it is filled up with water to 80% of 
its volume. Second, water is introduced under pressure through a jet pump nozzle into the jet pump 
mixing chamber. Water creates a pressure difference between the jet pump body and the inside of 
the tank, which is responsible for creating suction into the jet pump mixing chamber through the 
four inlets. The main mixing takes place in the zone located axially above the outlet of the mixing 
tank.  

During research, the following parameters were tested taking into account the ejection 
coefficient: velocity of the liquid in the jet pump nozzle (1.33, 1.99, 2.65, 3.32, 3.98 m/s), the jet 
pump nozzle diameter (2,3,4,5,6 mm), distance between the nozzle outlet and the mixing chamber 
inlet (1.74,2.74,3.74,5.74 mm). The jet pump was located at the center as far and as close as 
possible to the outlet. 
Ansys Fluent was chosen as the numerical solver with settings presented below: 

• solver type - pressure-based, 
• velocity formulation - absolute, 
• time - steady, 
• viscous model - sst-k-omega, low-re corrections, curvature correction.  

The flowing liquid was water with constant physical properties: density: 998.2 [kg/m3], viscosity 
0.001003 [kg/(m*s)]. 
The applied boundary conditions were: 
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Ludwig and Sawinski [2] published a study on CFD modelling for the jet pump mixer. The jet 
pump mixer was made by modifying a laboratory water pump. The suction chamber was drilled with 
holes, allowing the liquid to flow into the pump. The presented CFD model made it possible to 
determine the hydrodynamic factors in the jet pump mixer such as velocity and pressure fields.  

The main goal of this study was to apply the CFD methods to model jet pump mixer 
hydrodynamics. During research one of the most important parameters – ejection coefficient – was 
calculated.  

 The laboratory apparatus was constructed for desalination of crude oil. It contained a thick-
walled glass mixing tank and a round bottom with an outlet. The axis of the tank was fitted with a 
jet pump. The working principle of this mixer is as follows. First, it is filled up with water to 80% of 
its volume. Second, water is introduced under pressure through a jet pump nozzle into the jet pump 
mixing chamber. Water creates a pressure difference between the jet pump body and the inside of 
the tank, which is responsible for creating suction into the jet pump mixing chamber through the 
four inlets. The main mixing takes place in the zone located axially above the outlet of the mixing 
tank.  

During research, the following parameters were tested taking into account the ejection 
coefficient: velocity of the liquid in the jet pump nozzle (1.33, 1.99, 2.65, 3.32, 3.98 m/s), the jet 
pump nozzle diameter (2,3,4,5,6 mm), distance between the nozzle outlet and the mixing chamber 
inlet (1.74,2.74,3.74,5.74 mm). The jet pump was located at the center as far and as close as 
possible to the outlet. 
Ansys Fluent was chosen as the numerical solver with settings presented below: 

• solver type - pressure-based, 
• velocity formulation - absolute, 
• time - steady, 
• viscous model - sst-k-omega, low-re corrections, curvature correction.  

The flowing liquid was water with constant physical properties: density: 998.2 [kg/m3], viscosity 
0.001003 [kg/(m*s)]. 
The applied boundary conditions were: 

• main nozzle inlet - velocity inlet, turbulent intensity 5%, hydraulic diameter set 
according to the nozzle diameter, 

• all 4 inlets to the jet pump -interior, 
• mixing chamber outlet -interior, 
• mixing tank outlet - pressure outlet, turbulent intensity 5%, hydraulic diameter 

0.0065m. 
To experimentally validate the CFD model, jet velocities values were compared with those obtained 
by PIF (Particle Image Velocimetry). The expansion of the jet cone was studied at 20, 50, 80, 110, 
140 and 170 mm distances from the tank outlet. When the lines covered each other within a +/- 
5–10% error margin, the simulated expansion profile was treated as validated (Fig. 1.). The impact 
of the nozzle velocity on the ejection coefficient for different distances between the nozzle and 
mixing chamber is presented in Fig. 2. 

 

The research results lead to the following conclusions: 

• The ejection coefficient does not depend on the location of the jet pump in the mixing 
tank. 

• The increase in the nozzle velocity augments the ejection coefficient. 
• When the nozzle diameter increases, the ejection coefficient diminishes (at constant 

liquid velocity in the nozzle). 
• The increase in the distance between the nozzle and the mixing chamber decreases the 

ejection coefficient. 
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Fig. 2. Impact of the nozzle velocity on ejection 
coefficient for different distances between the 

nozzle and mixing chamber (nozzle diameter  2 mm, 
jet pump located centrally in the mixing tank) 

Fig. 1. Comparison between the simulation and 
experimental data of the jet velocity (nozzle diameter 

4 mm, nozzle velocity 2.65 m/s, distance between nozzle 
and mixing chamber 3.74mm, jet pump located centrally 

in the mixing tank, distance from tank outlet 110 mm) 
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Titanium dioxide powders used in the industry can vary between different manufacturers. The 
properties of the final product depend not only on the composition of the substance but also on its 
structure. The particle size affects the maximum light scattering. The largest value of refraction 
index for titanium dioxide is for a particle size of 200 nm [1]. Particle size distribution and particle 
porosity affect the suspension's rheological behavior. The differences between powders can affect 
the product properties and further processing.  

The industry uses two methods of producing titanium dioxide powders: sulfite and chloride. In 
the sulfite method, primary particles of TiO2 are precipitated in a water solution. Due to 
supersaturation, particles can stick to one other and form structures named aggregates. Primary 
particles are connected via solid bridges. This type of connection is rigid and difficult to break. 
Aggregates in specific conditions can form larger structures via weak van der Waals forces. Those 
structures are named agglomerates and can be easily broken by hydrodynamic stresses. To 
disintegrate aggregates more energy is needed. Similar structures are formed in the chloride 
process, but the reaction occurs in the gas phase.  

Breakage of particles is conducted in many types of devices, such as ball mills, ultrasonic 
homogenizers or high-shear mixers. Prediction of particle size changes in time, using a specific type 
of device, can be achieved by applying a computational fluid dynamic method (CFD) combined with 
population balance, as shown in [2, 3]. To use this method, the properties of the powder are 
required. Those methods need to specify the particle fractal dimension to connect the particle size 
with its mass. This parameter is used to describe the fragment size distribution of particles obtained 
via breakage. Also, this parameter is used to specify the tensile strength of agglomerates. Tensile 
strength is a crucial parameter in the breakage process. It describes whether the agglomerate 
breakage occurs under a specific load. To model also the tensile strength, the interacting forces 
between particles are required to be specified. Also, the presence of a different substance can 
affect the particle size change over time.  

In this work, six types of titanium dioxide powders were examined to find the parameters 
needed in population balance modelling and to characterize the tensile strength of the 
agglomerates using Tang model [4]. In this model, the tensile strength can be calculated using the 
equation: 

 𝜎𝜎𝜎𝜎𝑇𝑇𝑇𝑇 = 9
8

(1−𝜀𝜀𝜀𝜀)
𝜀𝜀𝜀𝜀

𝐹𝐹𝐹𝐹
𝐿𝐿𝐿𝐿𝑎𝑎𝑎𝑎2

 (1) 

where 𝐹𝐹𝐹𝐹 is an interacting force between particles, 𝐿𝐿𝐿𝐿𝑎𝑎𝑎𝑎 is an aggregate size, and 𝜀𝜀𝜀𝜀 is an aggregate 
porosity.  
 The porosity of particles was calculated using the fractal dimension. To determine the fractal 
dimension of a particles, a small angle light scattering technique was used. An assumption was 
made that the intensity of scattering from two populations of particles: aggregates and 
agglomerates, is a sum of the scattering intensity from each population. This phenomenon is 
illustrated in Figure 1. 
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Titanium dioxide powders used in the industry can vary between different manufacturers. The
properties of the final product depend not only on the composition of the substance but also on its
structure. The particle size affects the maximum light scattering. The largest value of refraction
index for titanium dioxide is for a particle size of 200 nm [1]. Particle size distribution and particle
porosity affect the suspension's rheological behavior. The differences between powders can affect
the product properties and further processing. 

The industry uses two methods of producing titanium dioxide powders: sulfite and chloride. In 
the sulfite method, primary particles of TiO2 are precipitated in a water solution. Due to
supersaturation, particles can stick to one other and form structures named aggregates. Primary
particles are connected via solid bridges. This type of connection is rigid and difficult to break.
Aggregates in specific conditions can form larger structures via weak van der Waals forces. Those
structures are named agglomerates and can be easily broken by hydrodynamic stresses. To
disintegrate aggregates more energy is needed. Similar structures are formed in the chloride
process, but the reaction occurs in the gas phase.

Breakage of particles is conducted in many types of devices, such as ball mills, ultrasonic
homogenizers or high-shear mixers. Prediction of particle size changes in time, using a specific type
of device, can be achieved by applying a computational fluid dynamic method (CFD) combined with
population balance, as shown in [2, 3]. To use this method, the properties of the powder are
required. Those methods need to specify the particle fractal dimension to connect the particle size 
with its mass. This parameter is used to describe the fragment size distribution of particles obtained
via breakage. Also, this parameter is used to specify the tensile strength of agglomerates. Tensile
strength is a crucial parameter in the breakage process. It describes whether the agglomerate
breakage occurs under a specific load. To model also the tensile strength, the interacting forces
between particles are required to be specified. Also, the presence of a different substance can 
affect the particle size change over time.

In this work, six types of titanium dioxide powders were examined to find the parameters
needed in population balance modelling and to characterize the tensile strength of the
agglomerates using Tang model [4]. In this model, the tensile strength can be calculated using the
equation:

𝜎𝜎𝜎𝜎𝑇𝑇𝑇𝑇 = 9
8

(1−𝜀𝜀𝜀𝜀)
𝜀𝜀𝜀𝜀

𝐹𝐹𝐹𝐹
𝐿𝐿𝐿𝐿𝑎𝑎𝑎𝑎2

(1)

where 𝐹𝐹𝐹𝐹 is an interacting force between particles, 𝐿𝐿𝐿𝐿𝑎𝑎𝑎𝑎 is an aggregate size, and 𝜀𝜀𝜀𝜀 is an aggregate
porosity.

The porosity of particles was calculated using the fractal dimension. To determine the fractal
dimension of a particles, a small angle light scattering technique was used. An assumption was
made that the intensity of scattering from two populations of particles: aggregates and
agglomerates, is a sum of the scattering intensity from each population. This phenomenon is
illustrated in Figure 1.

Fig. 1. Scattering intensity from two populations of particles 

XRF and FTIR techniques were used to determine the composition of the powders. Based on 
that, the impurities in two types of powder were identified. Also, the composition of a coating layer 
of particles was confirmed.  

The repulsive electrostatic and Born and attractive van der Waals potentials were calculated 
to determine the interacting forces. Based on that, the separation distance was found, and force 
was calculated. Zeta potential measurement was used to determine the electrostatic potential. 
Attractive van der Waals and repulsive Born potentials were calculated by integration of the 
Lennard-Jones potential over a volume of two interacting particles. This calculation needed particle 
size distribution and primary particle size distribution. Particle size distribution was obtained using 
a Beckmann&Coluter particle size analyzer. Primary particle size distribution was obtained by 
manually counting the particles from scanning electron microscope images.  

The results of this analysis gave us a complete set of parameters required in population 
balance calculation. Based on this, in further work, we will construct the population balance model 
of particle breakage in high-energy devices and predict the process of particle breaking in time.  
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A two-phase liquid-gas flow is of great importance in various branches of modern industry, 
including chemical, biochemical and petrochemical industries [1]. With the proper share of gas not 
exceeding a certain critical value, the flow of gas through a liquid layer occurs in the form 
of gas bubbles. Such flow has many advantages, e.g. good liquid mixing and aeration, and highly 
developed liquid-gas interface translating into intense mass and heat interfacial transfer.  

To enable the use of these advantages, it is key to know the hydrodynamic properties of gas 
bubbles, mainly their number per volume unit, size and velocity. Investigation of these parameters 
is possible thanks to multidimensional measurement techniques, among which an important group 
of methods are optical shadowgraphy techniques [2]. The parameter that significantly affects the 
size of the interfacial liquid-gas area is bubble size, which can be expressed by its equivalent 
diameter. Although shadowgraphy methods are used often to investigate bubble properties and 
numerous models to predict them have been developed using these methods, there are few reports 
in the scientific literature as to the legitimacy of using individual procedures. 

In this work, various procedures to determine bubble equivalent diameter were investigated. 
Based on the research, one procedure was selected and is recommended. Not only does it give 
results close to real, but also it is quite universal and convenient to use. 

        

   

Fig. 1. The experimental setup: 1 – camera, 2 – compressor, 3 – valve, 4 – nozzle, 5 – funnel, 6 – bubble 
column, 7 – LED backlight (top left); experimental bubble equivalent diameters vs calculated bubble 

equivalent diameters for selected procedures of its determination (top right); selected stages of bubble 
image processing (bottom): unprocessed image (left), rims detected (middle), bubble detected (right) 
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equivalent diameters for selected procedures of its determination (top right); selected stages of bubble 
image processing (bottom): unprocessed image (left), rims detected (middle), bubble detected (right) 

The experimental setup is shown in Fig. 1. The main device of the stand was a bubble column 
of rectangular cross-section. It was almost fully filled with a stagnant liquid (water). The gas phase 
(air) was injected through a brass nozzle located at the bottom of the column. The gas flow was 
ensured by a compressor and was regulated using a valve. Gas flow rate was set to be low enough 
to allow the bubbles to flow one at a time. Then bubble formation was close to static. In one part of 
the studies, bubble diameters were measured experimentally – then the bubble entered the 
capillary of the funnel installed at the top of the column. On the basis of the volume of air between 
the liquid layers in the capillary, the volume of the bubble was measured, and then its equivalent 
diameter was determined. The videos of flowing bubbles were recorded using two fast cameras 
(CMOS IDS UI-3130CP-C-HQ Rev.2 and AOS Promon U1000). LED backlight was installed behind 
the column to provide good illumination of the recorded videos. Gas bubbles 
of diameters in the range of circa 2.5–5.5 mm were considered, which corresponds to the 
diameters commonly used in industrial practice. 

Different procedures for determination of the bubble equivalent diameter as well as the 
influence of the experimental setting on the accuracy of determined results using optical 
shadowgraphy method were investigated and compared [3]. First, three edge detectors were 
compared, i.e. Otsu’s binarization method [4], Laplacian of Gaussian filter [5] and Canny algorithm 
[6] (Fig. 1). Second, each bubble was approximated diversely – using maximum and minimum axes 
of the fitted ellipse or Feret diameters of the detected shape. Finally, bubble superficial and 
volumetric diameters were calculated and compared. In the next stage, the utility of multiple 
parameters of experimental setting was investigated and compared, including: the distance 
between the bubble rising surface and camera lens, optical zoom used (associated with bubble 
image resolution on the recorded images), image distortion and the use of its digital correction, the 
number of analyzed video frames showing each bubble during its flow [7]. 

Based on the research and calculations carried out, it has been proven that the most accurate 
results of bubble equivalent diameters with respect to experimental results are obtained if Canny 
algorithm is used for edge detection and Feret diameters are used to calculate volumetric bubble 
equivalent diameter. The results of the calculated bubble equivalent diameters vs experimental 
ones for the several procedures analyzed are shown in Fig. 1. Furthermore, for the studied setup, 
it has been proven that better accuracy is obtained if the distance between the bubble rising 
surface and camera is large enough and there is no optical zoom – even though the resolution of 
the bubble increases in the image with the increase of optical zoom and with the decrease of 
camera distance, the benefit from analysis of a larger number of frames concerning each bubble 
is the most significant and exceeds the profits derived in the reverse case. 

The study sheds new light on the issue of determining the size of gas bubbles and may lead to 
the formulation of more accurate correlations to predict the size of bubbles flowing in industrial 
apparatuses in which two-phase liquid-gas bubble flows occur. 
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Carbon quantum dots (CQDs) are a relatively new class of nanomaterials, discovered in 2004, 
defined as zero-dimensional luminescent carbon nanostructures with crystalline core and 
amorphous surface, with an average size of less than 10 nm. CQDs are materials with a unique 
structure and size that enable customisation of chemical, physical and optical properties – these 
properties make them multifunctional materials with significant potential. The high potential of 
CQDs is related to their simplicity of preparation, low cost, ease of functionalisation, electric 
conductivity, low toxicity, environmental friendliness and biocompatibility. These abilities make 
them a material that outperforms classical semiconductor quantum dots by its functionality. The 
diversity and customisation possibilities make these nanomaterials applicable in many fields, both 
in medicine and medical analytics as bioimaging substances, drug carriers, bio-labelling, 
antibacterials, anticancer substances, as well as in optoelectronics or in strictly chemical 
applications related to, for example, photocatalysis, supercapacitors, semiconductors or optical 
detection [1–4]. 

In living organisms, 25% of the known reactions catalysed by enzymes involve oxidation 
reactions. Through normal aerobic metabolism, a variety of reactive oxygen species are produced, 
which are maintained at appropriate levels by specific enzymes that convert them to less harmful 
metabolites. When homeostasis is disturbed, ROS can temporarily or permanently damage 
proteins, lipids or nucleic acids, while a certain amount of them is necessary for the proper 
functioning of signalling pathways, redox processes or gene expression. Reactive oxygen species 
include free radicals such as singlet oxygen (1O2), hydroxyl radical (.OH) or superoxide anion radical 
(O2-.), as well as non-radical molecules with high reactivity, such as hydrogen peroxide (H2O2) or 
lipid peroxides [5–8]. 

The properties of carbon quantum dots can be easily modified - the size and surface 
composition of carbon quantum dots significantly affect properties such as photoluminescence and 
band gap diversity. Furthermore, by modifying the composition of carbon quantum dots, it is 
possible to obtain carbon dots capable of inactivating reactive oxygen species (ROS) and having an 
antioxidant effect, as well as carbon dots with the opposite properties, related to radical generation, 
e.g. under the influence of radiation [1], [9–11]. In the presentation, the ability of the obtained 
carbon quantum dots to act as free radical scavengers or generators will be presented. 
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Knowledge of nanoparticle synthesis allows designing of the obtained materials; their shape, 

size or surface modifications, which affect the final chemical and physical properties [1]. The 
creation of a nanomaterial with the desired characteristics, compatible with other particles of the 
catalytic system, is the basis of modern nanotechnology research. Microwave processes play an 
important role in the controlled synthesis of nanomaterials. Conducting or assisting the preparation 
of nanometric materials through the use of microwaves is an important modification of the 
preparation process. Thus, it is possible to control the shape and size of the nanoparticles obtained 
[2].  

Currently, nanomaterials with enzyme catalytic characteristics (nanozymes) are rapidly 
developing as multifunctional nanostructured platforms, as they can be used to mimic physiological 
activities due to their unique physicochemical characteristics and specific structural composition 
[3]. Nanozymes are widely used in the biomedical, clinical, environmental and food sectors [4]. 
Compared to natural enzymes, nanozymes are more stable and cost-effective, and their catalytic 
properties can be regulated.  

Natural enzymes are susceptible to environmental changes due to their limited thermostability 
and small operating pH range. Going beyond the typical parameters of temperature and reaction 
causes their denaturation and significantly weakens or hinders their enzymatic activity [5, 6]. 
Currently, nanozymes of the nature of enzymes from oxidoreductase groups such as superoxide 
dismutase (SOD), catalase (CAT), peroxidase (POD) or glutathione peroxidase (GPX) are 
distinguished [7]. 

The aim of the present study was to obtain and analyze the activity of ZnO-MnO-CuO and MnO-
CuO multioxide nanomaterials. The materials were characterized with SEM, XRD and ATR to 
determine the composition and nature of the substances. Proteolytic tests with casein degradation 
were performed to investigate their activity, where the activity of the materials was 0.0422U/mg 
for ZnO-MnO-CuO and 0.0941U/mg for MnO-CuO.  In addition, the materials were characterized in 
glucose decomposition reactions with simultaneous reduction of H2O2 and in the sorption and 
decomposition reaction of thymol blue (a phenolic dye). Antimicrobial tests (E.Coli) were also carried 
out to verify activity against microorganisms. 
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Knowledge of nanoparticle synthesis allows designing of the obtained materials; their shape, 

size or surface modifications, which affect the final chemical and physical properties [1]. The 
creation of a nanomaterial with the desired characteristics, compatible with other particles of the 
catalytic system, is the basis of modern nanotechnology research. Microwave processes play an 
important role in the controlled synthesis of nanomaterials. Conducting or assisting the preparation 
of nanometric materials through the use of microwaves is an important modification of the 
preparation process. Thus, it is possible to control the shape and size of the nanoparticles obtained 
[2].  

Currently, nanomaterials with enzyme catalytic characteristics (nanozymes) are rapidly 
developing as multifunctional nanostructured platforms, as they can be used to mimic physiological 
activities due to their unique physicochemical characteristics and specific structural composition 
[3]. Nanozymes are widely used in the biomedical, clinical, environmental and food sectors [4]. 
Compared to natural enzymes, nanozymes are more stable and cost-effective, and their catalytic 
properties can be regulated.  

Natural enzymes are susceptible to environmental changes due to their limited thermostability 
and small operating pH range. Going beyond the typical parameters of temperature and reaction 
causes their denaturation and significantly weakens or hinders their enzymatic activity [5, 6]. 
Currently, nanozymes of the nature of enzymes from oxidoreductase groups such as superoxide 
dismutase (SOD), catalase (CAT), peroxidase (POD) or glutathione peroxidase (GPX) are 
distinguished [7]. 

The aim of the present study was to obtain and analyze the activity of ZnO-MnO-CuO and MnO-
CuO multioxide nanomaterials. The materials were characterized with SEM, XRD and ATR to 
determine the composition and nature of the substances. Proteolytic tests with casein degradation 
were performed to investigate their activity, where the activity of the materials was 0.0422U/mg 
for ZnO-MnO-CuO and 0.0941U/mg for MnO-CuO.  In addition, the materials were characterized in 
glucose decomposition reactions with simultaneous reduction of H2O2 and in the sorption and 
decomposition reaction of thymol blue (a phenolic dye). Antimicrobial tests (E.Coli) were also carried 
out to verify activity against microorganisms. 
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Fluidized-bed spray granulation (FBSG), also referred to as wet fluidization or wet granulation, 
is a technology that enables solutions, suspensions, or melts to be converted into coarse-grained, 
dust-free, and easy-to-handle granules. Generally, in spray granulation carried out in a fluidized 
bed, the liquid is sprayed onto a bed made of particles, fluidized by a stream of hot drying gas, 
which induces particle (tablets, granules) enlargement [1]. Nowadays, FBSG is widely implemented 
in such areas as pharmaceutical, food, agricultural and chemical industries [1-3]. Its popularity is 
due to the fact that through fluidized-bed granulation, critical particle or product characteristics can 
be achieved, such as porosity, particle size distribution, bulk density, dust content and solubility. 
Despite the undoubtedly huge potential of FBSG and many practical applications already 
implemented, the huge number of factors conditioning the entire process, and thus the quality of 
granules obtained, is up to now still a major problem. The most important of these include (Fig. 1) 
the design of the apparatus itself, the materials used, the process conditions adopted, as well as 
the measurement and computational procedures supporting the control of the actual process. 

 
Fig. 1. Diagram indicating selected parameters and factors that may affect the properties of granules 

This study provides a comprehensive overview of the influence of selected factors on the 
characteristics of granulated chelates. Considering that one of the factors significantly affecting the 
drying process and granulation itself are various additives, the effect of the addition of 
polyglucoside surfactants and betaines to the fertilizer solution sprayed into the fluidized bed 
during the production of D, L-aspartic acid, N-(1,2-dicarboxyethyl) Zn disodium salt by PPC ADOB 
was analyzed. In particular, the effect of surfactant addition on the evolution of the granule size 
distribution during the start-up of the apparatus [3] and during its continuous operation was 
studied. Given that, in addition to the broadly defined experimental conditions (e.g., “Materials” 
used, “Process conditions” or “FBSG design” in Fig. 1), different granule analysis techniques (i.e. 
“Methods” in Fig. 1) affect the final characteristics of the granules, e.g. their d50, particle size 
distribution was determined using various techniques, i.e. sieve analysis, laser diffraction particle 
size analysis (Malvern Mastersizer® 2000) and automated image analysis (Malvern Morphologi® 
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G3). The latter tool also allows assessment of granule morphology, which turns out to be different 
for samples collected from the bed during tests conducted with and without surfactant. It turned 
out that the circularity of the final granules (i.e. fraction with diameters in the range of 0.2-0.9 mm) 
obtained with the surfactant was lower than those manufactured without it (0.81 versus 0.85). The 
more irregular character of granules produced with tenside is strictly related to distinctive 
phenomena occurring during its drying and granulation process. 

Figure 2a shows how mass density distribution of granules evolves during the fluidized bed 
start-up in the production process of D, L-aspartic acid, N-(1,2-dicarboxyethyl) Zn disodium salt with 
surfactant addition. The results denoted by LD and S respectively refer to distributions determined 
by laser diffraction and sieve analysis. Both methods yielded similar values of diameter d50, which 
gradually increase as the process proceeds. However, it should be emphasized that the method 
based on laser diffraction is indispensable for the analysis of fine fractions. Information about the 
fine fraction, including nuclei which can be generated internally through overspray (Fig. 2b) or the 
attrition process, is essential in modeling the process and predicting further evolution of the granule 
size distribution as well as, for controlling a stable continuous granulation process. 

Fig. 2. Representative mass density distributions q3 (a) for the batch process run with surfactant addition 
determined using laser diffraction (LD) and sieve (S) analysis, and nucleus produced internally due to 

overspray (b) 

In addition to the influence of the properties of the fertilizer solution fed to the bed, the effect 
of the flow rate of selective air, which determines the withdrawal of granules from the apparatus, 
was analyzed on the values of d50. For the production of granules of a fertilizer containing D, L-
Aspartic acid, N-(1,2 dicarboxyethyl) micronutrient disodium salt, these variables were shown to be 
highly correlated. The obtained results indicate a directly proportional dependence of the selective 
air velocity on the grain size in the fluidized bed. Both during the start-up of the fluidized bed spray 
granulation process and after its stabilization, it is necessary to control this parameter in order to 
control the particle size distribution which is essential for the process. 
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G3). The latter tool also allows assessment of granule morphology, which turns out to be different
for samples collected from the bed during tests conducted with and without surfactant. It turned
out that the circularity of the final granules (i.e. fraction with diameters in the range of 0.2-0.9 mm) 
obtained with the surfactant was lower than those manufactured without it (0.81 versus 0.85). The
more irregular character of granules produced with tenside is strictly related to distinctive
phenomena occurring during its drying and granulation process.

Figure 2a shows how mass density distribution of granules evolves during the fluidized bed
start-up in the production process of D, L-aspartic acid, N-(1,2-dicarboxyethyl) Zn disodium salt with
surfactant addition. The results denoted by LD and S respectively refer to distributions determined
by laser diffraction and sieve analysis. Both methods yielded similar values of diameter d50, which
gradually increase as the process proceeds. However, it should be emphasized that the method
based on laser diffraction is indispensable for the analysis of fine fractions. Information about the
fine fraction, including nuclei which can be generated internally through overspray (Fig. 2b) or the
attrition process, is essential in modeling the process and predicting further evolution of the granule
size distribution as well as, for controlling a stable continuous granulation process.

Fig. 2. Representative mass density distributions q3 (a) for the batch process run with surfactant addition
determined using laser diffraction (LD) and sieve (S) analysis, and nucleus produced internally due to

overspray (b).

In addition to the influence of the properties of the fertilizer solution fed to the bed, the effect
of the flow rate of selective air, which determines the withdrawal of granules from the apparatus,
was analyzed on the values of d50. For the production of granules of a fertilizer containing D, L-
Aspartic acid, N-(1,2 dicarboxyethyl) micronutrient disodium salt, these variables were shown to be
highly correlated. The obtained results indicate a directly proportional dependence of the selective
air velocity on the grain size in the fluidized bed. Both during the start-up of the fluidized bed spray
granulation process and after its stabilization, it is necessary to control this parameter in order to
control the particle size distribution which is essential for the process.
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In this work, novel acrylate-based photosensitive resins designed for Digital light 
processing (DLP) were prepared to fabricate a 3D-printed monolithic structure with poly 
(ethylene glycol) diacrylate (PEGDA), plant-based resin that was prepared with addition of 
2 different comonomers, 1,4-butanediol diacrylate (BDDA) and 1,6-hexanediol diacrylate 
(HDDA). The influence of comonomer concentration on the mechanical and thermal 
properties was systematically investigated. The 3D-printed monolithic structure was further 
grafted with silane coupling agent to enhance moisture absorption and hydrophobicity 
behavior to be applied in water environment. The result showed that PEGDA with 3wt.% of 
HDDA had the greatest Young’s modulus, ultimate tensile strength and elongation at break. 
Surface grafting with a single silane agent on the 3D-printed monolithic structure was 
clarified to have a more balanced effect than hybrid silane coupling agent for the lowering 
of moisture absorption and increase of hydrophobicity without causing any cracking in the 
inner truss. The synergistic effect of 3D-printed monolith with the silane coupling agent was 
identified to be stable chemically and mechanically for practical application in water.  

Keywords: biopolymer; 3D printing; silane coupling agent; mechanical properties; moisture 
absorption; water technology 
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Ethylene occurs in the natural environment as a gas and is a plant hormone produced by fruit 
and vegetables.  Both positive and negative effects of ethylene have been observed in agriculture. 
As a positive effect, ethylene can accelerate the maturation of plants, but on the other hand it is 
responsible for deterioration of their physical parameters and faster spoilage [1].  The harmful 
effects of ethylene occur after harvesting, during transport and/or storage. There are some 
classical methods used to reduce the concentration of ethylene in a storage atmosphere, such as 
ventilation, adsorption, potassium permanganate oxidation, catalytic oxidation or exposure to 
ozone. More recently, photocatalytic methods are being investigated to remove ethylene from the 
atmosphere [2]. 

 

Fig. 1. Photocatalytic system for ethylene removal: 1) ethylene gas bottle, 2) flow meter, 3) fluidized 
bed photoreactor, 4) H2 generator, 5) gas chromatograph, 6) PC 

A photocatalytic system for the removal of ethylene gas was designed (Fig. 1), consisting of a 
tubular quartz reactor, filled with a photocatalytic bed and surrounded by UV lamps. Ethylene gas 
(50 or 200 ppm) in synthetic air flowed continuously through the reactor at different flows: from 80 
to 240 ml/min. Expanded polystyrene (EPS) microspheres (>1 mm) were used as the bed filling. 
The EPS spheres were coated with a TiO2 photoactive layer (Fig. 2). 

 

 
Fig. 2. PS- TiO2 optical microscope image 
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Ethylene occurs in the natural environment as a gas and is a plant hormone produced by fruit 
and vegetables.  Both positive and negative effects of ethylene have been observed in agriculture. 
As a positive effect, ethylene can accelerate the maturation of plants, but on the other hand it is 
responsible for deterioration of their physical parameters and faster spoilage [1].  The harmful 
effects of ethylene occur after harvesting, during transport and/or storage. There are some 
classical methods used to reduce the concentration of ethylene in a storage atmosphere, such as 
ventilation, adsorption, potassium permanganate oxidation, catalytic oxidation or exposure to 
ozone. More recently, photocatalytic methods are being investigated to remove ethylene from the 
atmosphere [2]. 

 

Fig. 1. Photocatalytic system for ethylene removal: 1) ethylene gas bottle, 2) flow meter, 3) fluidized 
bed photoreactor, 4) H2 generator, 5) gas chromatograph, 6) PC 

A photocatalytic system for the removal of ethylene gas was designed (Fig. 1), consisting of a 
tubular quartz reactor, filled with a photocatalytic bed and surrounded by UV lamps. Ethylene gas 
(50 or 200 ppm) in synthetic air flowed continuously through the reactor at different flows: from 80 
to 240 ml/min. Expanded polystyrene (EPS) microspheres (>1 mm) were used as the bed filling. 
The EPS spheres were coated with a TiO2 photoactive layer (Fig. 2). 

 

 
Fig. 2. PS- TiO2 optical microscope image 

Commercial tubular UV lamps (72 W) were used as UV light source, as well as a self-built UV-
LED system consisting of 3 panels with 16 UV LEDs mounted on each panel (total power was 115 
W). Various parameters of the photocatalytic reactor were considered, such as reactor diameter, 
bed height, gas flow rate and type of UV light source. The smaller diameter of the quartz reactor 
resulted in a lower minimum fluidization speed of the gas stream. The minimum fluidization flow 
was calculated, using the following relationship: 

 �̇�𝑉𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜀𝜀𝜀𝜀3

1−𝜀𝜀𝜀𝜀
∙ 𝑔𝑔𝑔𝑔� ∙ 𝜋𝜋𝜋𝜋 ∙ 𝐷𝐷𝐷𝐷𝑅𝑅𝑅𝑅2 ∙ (𝜌𝜌𝜌𝜌𝑃𝑃𝑃𝑃−𝜌𝜌𝜌𝜌𝐿𝐿𝐿𝐿) ∙ 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝2

600 ∙ 𝜂𝜂𝜂𝜂𝐿𝐿𝐿𝐿
 (1) 

  
Fig. 3. Photocatalytic ethylene decomposition with 

the use of fluidized bed reactor and set of three 
UV-LED modules 

Fig. 4. Photocatalytic ethylene decomposition with 
the use of fluidized bed reactor and set of two  

UV-compact lamps 

The minimum fluidization flow was independent of the height of the bed, but different gas flow 
velocities had to be used to achieve the same fluidization degree at different bed fill rates. It was 
shown that an increase in gas flow through the photocatalytic bed caused a decrease in removal 
efficiency. The optimal parameters for the photocatalytic reactors were determined: quartz tube 
diameter of 10 mm, bed height of 80 mm and ethylene gas flow rate of 160 ml/min when the 
fluidized bed was extended to 150 mm. The self-constructed UV-LED panels led to high ethylene 
decomposition efficiency. The ethylene removal efficiency of the UV-LED lamps (Fig. 3) was 27 
µg/min under dry air conditions, while that of commercial UV lamps (Fig. 4) was only 2 µg/min. The 
power of the UV-LED lamps was 1.6 times higher than that of the commercial lamps, but the 
ethylene removal efficiency was 13.5 times higher. 
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In order to study the CO2 photoreduction process carried out in an aqueous phase, different 
forms of titanium dioxide (TiO2) (consisting of anatase, rutile, and brookite) [1] were synthesized 
using various methods and then compared with commercially available photocatalyst P25. T-TiO2 
samples were obtained using a sol-gel method with titanium tetra-isopropoxide (TTIP) as a 
precursor [2]: 20 mL of TTIP were mixed with 5 mL of absolute ethanol on a magnetic stirrer. 
Subsequently, 50 mL of deionized water was added dropwise until total precipitation of white 
titania. The obtained suspension was stirred for the next 24h, then aged for 24h and dried resulting 
in white powder (T-TiO2-NR-NF).  

B-TiO2 and N-TiO2 were obtained via solvothermal reaction in an autoclave from titanium(IV)
fluoride and titanium(III) chloride [3], where the molar ratio of those salts was 40:1 (B-TiO2) and 
1:40 (N-TiO2). The phase composition of the obtained materials was studied using the X-ray 
diffraction method and the diffraction patterns are presented in Figure 1. 

Fig. 1. XRD patterns of the selected samples 
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In order to study the CO2 photoreduction process carried out in an aqueous phase, different
forms of titanium dioxide (TiO2) (consisting of anatase, rutile, and brookite) [1] were synthesized
using various methods and then compared with commercially available photocatalyst P25. T-TiO2

samples were obtained using a sol-gel method with titanium tetra-isopropoxide (TTIP) as a
precursor [2]: 20 mL of TTIP were mixed with 5 mL of absolute ethanol on a magnetic stirrer. 
Subsequently, 50 mL of deionized water was added dropwise until total precipitation of white
titania. The obtained suspension was stirred for the next 24h, then aged for 24h and dried resulting
in white powder (T-TiO2-NR-NF).

B-TiO2 and N-TiO2 were obtained via solvothermal reaction in an autoclave from titanium(IV)
fluoride and titanium(III) chloride [3], where the molar ratio of those salts was 40:1 (B-TiO2) and
1:40 (N-TiO2). The phase composition of the obtained materials was studied using the X-ray 
diffraction method and the diffraction patterns are presented in Figure 1.

Fig. 1. XRD patterns of the selected samples.

It has been found that the method of synthesis greatly affects the phase structure of the 
samples. Sol-gel method of synthesizing titanium oxide leads mostly to the formation of the anatase 
phase [2] (Fig. 1.). All T samples contained low content of brookite and no significant amount of 
rutile phase. B-type samples contained mostly anatase with a slight content of rutile. Alternatively, 
N-type samples consisted mostly of the rutile phase. In both types of samples, no significant 
amount of brookite phase was indicated.

Post-hydrolysis treatments like boiling (T-TiO2-B-NR-F), the use of a microwave reactor (T-TiO2-R-
NF and T-TiO2-R-F), and heating in a furnace at 400 °C (T-TiO2-B-NR-F, T-TiO2-NR-F, and T-TiO2-R-F) 
did not change phase composition but affected the average size of crystallites.

Table 1. Adsorption parameters of post-hydrolysis modified T samples 

Sample BET Surface area [m2/g] Vmicropores [cc/g] Vmesopores [cc/g] TPV [cc/g] 

T-TiO2-NR-NF 281 0.04 0.19 0.23 

T-TiO2-NR-F 117 0.01 0.22 0.23 

T-TiO2-R-NF 220 0.02 0.32 0.34 

T-TiO2-R-F 131 0.01 0.26 0.27 

T-TiO2-B-NR-F 159 0.02 0.20 0.22 

P25 54 0.01 0.12 0.13 

Adsorption properties of T-TiO2 samples treated under different experimental conditions were 
also investigated and compared with P25. Surface properties were determined using N2 
adsorption/desorption isotherms performed on a QUADRASORB evoTM Gas Sorption automatic 
system (Quantachrome Instruments, Boynton Beach, FL, USA) at –196 °C [4]. Modifications in both 
the solvothermal reactor (R) and in the furnace (F) reduced the BET surface of the samples as 
compared to the non-modified sample T-TiO2-NR-NF (Table 1.). However, treatment in a 
solvothermal reactor raises the calculated volume of mesopores and subsequently total pore 
volume (TPV) of titanium oxide samples. 

A low amount of brookite (which introduces the band gap (Eg) lower than anatase to the system 
[5]) in T-type samples is a plausible reason why this type of obtained photocatalyst presented good 
photocatalytic activity in CO2 photoreduction reaction (better than commercial P25). 
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The work presents a two-step method of iron red synthesis based on waste iron(II) sulfate, 
sulfate from the production of titanium dioxide by the Sulfate Process in Grupa Azoty Zakłady 
Chemiczne “POLICE” S.A. which was deposited 1976-2012 in a landfill. 

A natural development of the existing technologies [1] is to use chemical waste and check 
whether the obtained products are different from those made from pure raw materials. Chemical 
waste that can be used for the synthesis of iron pigments in accordance with the concept of "waste 
to materials" is increasingly being sought. Waste iron(II) sulfate is a promising raw material for the 
synthesis of iron red pigments along with iron sands [2], coke from bituminous shale [3] and oily 
mill scale [4]. 

A microwave reactor was used in the work as a method of synthesis. The work investigated the 
influence of factors such as temperature, pressure, concentration of solutions and synthesis time 
on the physicochemical properties of pigments. The obtained pigments were tested with 
instrumental analytical methods, e.g. X-ray Diffraction, FT-IR, or BET surface area analysis. The 
pigments were analyzed for color as well as for oil number. Laboratory pigments were also 
compared with commercial pigments synthesized from pure ingredients. 

Based on previous studies [5-6], the use of a microwave reactor in the synthesis of iron red 
reduces the temperature of the goethite-hematite phase transition from 500°C to 170°C. The 
formation of agglomerates of synthesized materials is reduced when the temperature of synthesis 
is lowered (Fig. 1). What is more, such a significant reduction in the phase transition temperature 
is promising from the point of view of industrial synthesis. 

The results of the research showed a change in the physicochemical properties of the obtained 
pigments depending on the conditions of synthesis. Laboratory pigments have been found to be 
different from commercial pigments. The difference in properties speaks in favor of the synthesized 
materials. 
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The work presents a two-step method of iron red synthesis based on waste iron(II) sulfate,
sulfate from the production of titanium dioxide by the Sulfate Process in Grupa Azoty Zakłady
Chemiczne “POLICE” S.A. which was deposited 1976-2012 in a landfill.

A natural development of the existing technologies [1] is to use chemical waste and check
whether the obtained products are different from those made from pure raw materials. Chemical
waste that can be used for the synthesis of iron pigments in accordance with the concept of "waste
to materials" is increasingly being sought. Waste iron(II) sulfate is a promising raw material for the
synthesis of iron red pigments along with iron sands [2], coke from bituminous shale [3] and oily 
mill scale [4].

A microwave reactor was used in the work as a method of synthesis. The work investigated the
influence of factors such as temperature, pressure, concentration of solutions and synthesis time
on the physicochemical properties of pigments. The obtained pigments were tested with
instrumental analytical methods, e.g. X-ray Diffraction, FT-IR, or BET surface area analysis. The
pigments were analyzed for color as well as for oil number. Laboratory pigments were also
compared with commercial pigments synthesized from pure ingredients.

Based on previous studies [5-6], the use of a microwave reactor in the synthesis of iron red
reduces the temperature of the goethite-hematite phase transition from 500°C to 170°C. The
formation of agglomerates of synthesized materials is reduced when the temperature of synthesis
is lowered (Fig. 1). What is more, such a significant reduction in the phase transition temperature
is promising from the point of view of industrial synthesis.

The results of the research showed a change in the physicochemical properties of the obtained
pigments depending on the conditions of synthesis. Laboratory pigments have been found to be 
different from commercial pigments. The difference in properties speaks in favor of the synthesized
materials.

Fig 1. Microscope images of iron pigments. (a, b) laboratory material synthesized in 170°C, (c, d) 
commercial pigment calcinated in temperature >500°C 
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For electrochemical energy conversion and storage, ammonia is an appealing carbon free 
energy source. However, the sluggish kinetic rates of the ammonia electrooxidation reaction (AOR), 
as well as high cost and poisoning of Pt-based catalysts still remain obstacles [1]. To overcome 
these barriers, researchers have started to explore more earth-abundant metals. Nickel is a 
considerably more abundant metal on the planet, making it more economical to employ as an 
electrode material in electrochemical systems. Kapałka et al. reported that Ni(OH)2 generated 
through the electrooxidation of Ni foam electrode in alkaline conditions could be used for 
electrooxidation of ammonia [2]. Herein, we report direct production of α-Ni(OH)2 and β-Ni(OH)2 on 
Ni foam (NF) electrodes via facile one step solvothermal synthesis method for AOR. Moreover, α-
NiCu-LDH and β-NiCu-LDH/NF were prepared using the same procedure as for α-Ni(OH)2/NF and β-
Ni(OH)2/NF, respectively by introducing Cu precursor into reactant solutions. In addition, α and β 
phases of Ni(OH)2 were confirmed through X-ray diffraction (XRD) analysis.  
To confirm the AOR activity of prepared catalysts, cyclic voltammograms (CVs) were performed. The 
catalytic AOR activity of α-Ni(OH)2 can be observed in CVs presented in Fig. 1. Moreover, it was 
observed that α-NiCu-LDH and β-NiCu-LDH/NF achieved current density of 55.56 mA/cm2 and 
39.78 mA/cm2 at 1.55 V vs RHE, which was higher than bare α-Ni(OH)2 and β-Ni(OH)2, respectively. 
Furthermore, α-NiCu-LDH seems to be the most promising electrocatalyst for AOR with least onset 
potential among other prepared electrocatalysts. Additionally, to get clear insights into the 
properties of electrocatalysts, electrochemical active surface area (ECSA) and the double layer 
capacitance (Cdl) were calculated.  

In this work, the AOR activity of α-Ni(OH)2 and β-Ni(OH)2 was explained properly along with 
insights into the role played by doped Cu in both phases. Moreover, this study indicates a feasible 
and effective strategy to prepare highly efficient single metal and bimetallic electrocatalysts for 
AOR.
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For electrochemical energy conversion and storage, ammonia is an appealing carbon free
energy source. However, the sluggish kinetic rates of the ammonia electrooxidation reaction (AOR),
as well as high cost and poisoning of Pt-based catalysts still remain obstacles [1]. To overcome
these barriers, researchers have started to explore more earth-abundant metals. Nickel is a 
considerably more abundant metal on the planet, making it more economical to employ as an
electrode material in electrochemical systems. Kapałka et al. reported that Ni(OH)2 generated
through the electrooxidation of Ni foam electrode in alkaline conditions could be used for
electrooxidation of ammonia [2]. Herein, we report direct production of α-Ni(OH)2 and β-Ni(OH)2 on 
Ni foam (NF) electrodes via facile one step solvothermal synthesis method for AOR. Moreover, α-
NiCu-LDH and β-NiCu-LDH/NF were prepared using the same procedure as for α-Ni(OH)2/NF and β-
Ni(OH)2/NF, respectively by introducing Cu precursor into reactant solutions. In addition, α and β
phases of Ni(OH)2 were confirmed through X-ray diffraction (XRD) analysis.
To confirm the AOR activity of prepared catalysts, cyclic voltammograms (CVs) were performed. The
catalytic AOR activity of α-Ni(OH)2 can be observed in CVs presented in Fig. 1. Moreover, it was
observed that α-NiCu-LDH and β-NiCu-LDH/NF achieved current density of 55.56 mA/cm2 and
39.78 mA/cm2 at 1.55 V vs RHE, which was higher than bare α-Ni(OH)2 and β-Ni(OH)2, respectively.
Furthermore, α-NiCu-LDH seems to be the most promising electrocatalyst for AOR with least onset
potential among other prepared electrocatalysts. Additionally, to get clear insights into the
properties of electrocatalysts, electrochemical active surface area (ECSA) and the double layer
capacitance (Cdl) were calculated. 

In this work, the AOR activity of α-Ni(OH)2 and β-Ni(OH)2 was explained properly along with
insights into the role played by doped Cu in both phases. Moreover, this study indicates a feasible
and effective strategy to prepare highly efficient single metal and bimetallic electrocatalysts for
AOR.

Fig. 1. Cyclic voltammograms (CVs) in 1M KOH with and without 1M NH3 
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Humanity's most pressing challenges include the constantly increasing demand for food and 
the ongoing degradation of the habitats of many animal species. Because of that, an increase in 
food production efficiency without constant increases in agricultural land is mandatory. It makes 
fertilisers perhaps the most crucial branch of the chemical industry. One of the critical stages, 
ammonia oxidation is a complex and multistep process with a surface reaction on a solid catalyst: 
platinum-rhodium wire gauze. However, harsh operating conditions cause the degradation of 
catalytic meshes during the process, negatively affecting conversion efficiency and increasing 
running costs.  

This work concerns the influence of process and chemical properties on the efficiency of 
nitrogen oxide conversion and degradation of the catalyst wires using CFD analysis [1–2]. Two 
variants of catalyst gauze geometry were investigated in the present work. The first one was a 
typical construction used in the industry created based on the literature [3], while the latter was a 
novel version proposed by the authors. CFD methods were used to evaluate the influence of 
process parameters and geometry on the degradation of catalyst wire. The catalyst material was 
platinum and 5% rhodium alloy, and the diameter of wires forming a woven gauze was 0.06 mm, 
which was expected to give the highest nitrogen oxide conversion rate [4]. The concentration 
meshes in catalyst woven gauze were 1024 per cm2. In this work, the stoichiometric reaction of the 
ammonia oxidation was defined as the wall surface reaction on a volumetric basis. The Discrete 
Phase Model (DPM) with turbulent dispersion was utilised to predict entrained platinum’s 
movement and deposition using the Lagrangian frame of reference. 

Complete distributions of the velocity field (Figure 1), temperature and concentration of 
reagents on fragments of three-layer platinum wire gauze were obtained. 

 
Fig. 1. Contours of mass fraction of nitrogen oxide, contact time: 0.00025s 
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Humanity's most pressing challenges include the constantly increasing demand for food and
the ongoing degradation of the habitats of many animal species. Because of that, an increase in
food production efficiency without constant increases in agricultural land is mandatory. It makes
fertilisers perhaps the most crucial branch of the chemical industry. One of the critical stages,
ammonia oxidation is a complex and multistep process with a surface reaction on a solid catalyst:
platinum-rhodium wire gauze. However, harsh operating conditions cause the degradation of
catalytic meshes during the process, negatively affecting conversion efficiency and increasing
running costs.

This work concerns the influence of process and chemical properties on the efficiency of
nitrogen oxide conversion and degradation of the catalyst wires using CFD analysis [1–2]. Two
variants of catalyst gauze geometry were investigated in the present work. The first one was a 
typical construction used in the industry created based on the literature [3], while the latter was a 
novel version proposed by the authors. CFD methods were used to evaluate the influence of
process parameters and geometry on the degradation of catalyst wire. The catalyst material was
platinum and 5% rhodium alloy, and the diameter of wires forming a woven gauze was 0.06 mm,
which was expected to give the highest nitrogen oxide conversion rate [4]. The concentration 
meshes in catalyst woven gauze were 1024 per cm2. In this work, the stoichiometric reaction of the
ammonia oxidation was defined as the wall surface reaction on a volumetric basis. The Discrete
Phase Model (DPM) with turbulent dispersion was utilised to predict entrained platinum’s
movement and deposition using the Lagrangian frame of reference.

Complete distributions of the velocity field (Figure 1), temperature and concentration of
reagents on fragments of three-layer platinum wire gauze were obtained.

Fig. 1. Contours of mass fraction of nitrogen oxide, contact time: 0.00025s

In our calculations, we assumed that platinum particles were released from the area of the 
first layer of catalyst gauze with the highest surface temperature (Figure 2). For this purpose, it was 
decided to divide the surface of the wire into “hot” and “cold” zones. 

Fig. 2. Surface temperature gradient on the first layer of gauze 

From obtained results, it can be observed that essential regions of the considered process are 
the stagnation areas behind the wires and, in the case of wire gauze, also the shadowing of 
successive layers by previous ones, which leads to a change in the hydrodynamic conditions close 
to the catalyst affecting the rate of the surface chemical reaction and the temperature distribution 
(Figure 3). The geometry of the preceding layer has a crucial influence on the deposition of the 
entrained platinum, which can reduce the amount of platinum loss. 

Fig. 3. Stagnation zones behind catalyst gauze, contact time: 0,00025 s 
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Disposable bioreactors with wave‐induced agitation allow efficient aeration of the culture 
medium via oscillatory rocking movements of the polymer bag-like vessel. The rocking allows 
renovation of the interfacial area between the liquid and the gas phase and provides bubble-free 
surface aeration of the culture broth waving inside a bag-like vessel. Furthermore, the waves 
generated on the liquid phase surface provide homogeneity of the culture, and mixing the culture 
medium ingredients can be achieved. The main applications of wave-agitated disposable 
bioreactors are cultures of fragile plant or animal cells, aggregated cells, tissues, organs, and 
biomass-biomaterial structures [1]. In bioreactors with wave‐assisted agitation, desirable culture 
conditions can be achieved at lower values of the liquid flow turbulence characterized by the 
Reynolds number (ReL), in contrast to the relatively higher values of the ReL number noted for 
conventional stirred bioreactor systems [2].  

Computational Fluid Dynamics (CFD) is widely used to characterize both traditional and 
disposable bioreactors. Nevertheless, most CFD analyses describe conditions in the stirred tank 
bioreactors due to their similarity to chemical reactors. Nowadays, only a few papers consider the 
CFD application for wave-agitated bioreactor characterization, mainly to determine mixing and gas-
liquid mass transfer parameters [3-5].  

The aim of this study was to recognize the relationship between shear stresses and the 
proliferation of HL-60 cells under various wave-assisted agitation conditions (described by ReL) in 
a disposable bioreactor. The influence of mixing time (t95), maximum shear stress (τmax), and 
maximum liquid velocity (vmax) determined with CFD simulations in ANSYS Fluent software, on HL-
60 cells proliferation, i.e., cell density (X), cell viability (Z), the metabolic activity of cells (am) and 
lactate dehydrogenase activity (aLDH) was identified and discussed.  

The ReadyToProcess WAVETM 25 bioreactor system (WAVE 25) equipped with a disposable 
polymer-based 2 dm3 culture bag (CellbagTM 2L), both manufactured by Cytiva (USA), was used for 
bioprocessing of non-adherent HL-60 cells. The following conditions of wave-assisted agitation were 
investigated: ReL=5104 (α=6°, ω=20 min-1), ReL=10152 (α=12°, ω=20 min-1), ReL=10208 (α=6°, 
ω=40 min-1) and ReL=20305 (α=12°, ω=40 min-1). HL-60 cells were maintained in the culture 
medium consisting of 89% RPMI, 10% inactivated fetal bovine serum, and 1% commercial 
antibiotic/antimycotic mixture. The detailed methodologies applied for determining values of X, Z, 
am, and aLDH are available in the previously published reports, e.g. [2]. 

Values of t95, τmax, and vmax were determined based on the VOF method supported by the 
Eulerian multiphase model in Ansys Fluent software.  

Table 1. Values of t95, τmax, and vmax determined by CFD analysis for various values of ReL 

ReL t95 [s] τmax [s-1] vmax [m s-1] 

5104 25.0 2700 0.034 

10152 7.5 7500 0.075 

10208 4.0 24500 0.105 

20305 2.5 31200 0.130 
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Disposable bioreactors with wave‐induced agitation allow efficient aeration of the culture
medium via oscillatory rocking movements of the polymer bag-like vessel. The rocking allows
renovation of the interfacial area between the liquid and the gas phase and provides bubble-free
surface aeration of the culture broth waving inside a bag-like vessel. Furthermore, the waves 
generated on the liquid phase surface provide homogeneity of the culture, and mixing the culture
medium ingredients can be achieved. The main applications of wave-agitated disposable
bioreactors are cultures of fragile plant or animal cells, aggregated cells, tissues, organs, and
biomass-biomaterial structures [1]. In bioreactors with wave‐assisted agitation, desirable culture
conditions can be achieved at lower values of the liquid flow turbulence characterized by the
Reynolds number (ReL), in contrast to the relatively higher values of the ReL number noted for
conventional stirred bioreactor systems [2]. 

Computational Fluid Dynamics (CFD) is widely used to characterize both traditional and
disposable bioreactors. Nevertheless, most CFD analyses describe conditions in the stirred tank
bioreactors due to their similarity to chemical reactors. Nowadays, only a few papers consider the
CFD application for wave-agitated bioreactor characterization, mainly to determine mixing and gas-
liquid mass transfer parameters [3-5].

The aim of this study was to recognize the relationship between shear stresses and the
proliferation of HL-60 cells under various wave-assisted agitation conditions (described by ReL) in
a disposable bioreactor. The influence of mixing time (t95), maximum shear stress (τmax), and
maximum liquid velocity (vmax) determined with CFD simulations in ANSYS Fluent software, on HL-
60 cells proliferation, i.e., cell density (X), cell viability (Z), the metabolic activity of cells (am) and
lactate dehydrogenase activity (aLDH) was identified and discussed.

The ReadyToProcess WAVETM 25 bioreactor system (WAVE 25) equipped with a disposable
polymer-based 2 dm3 culture bag (CellbagTM 2L), both manufactured by Cytiva (USA), was used for
bioprocessing of non-adherent HL-60 cells. The following conditions of wave-assisted agitation were
investigated: ReL=5104 (α=6°, ω=20 min-1), ReL=10152 (α=12°, ω=20 min-1), ReL=10208 (α=6°, 
ω=40 min-1) and ReL=20305 (α=12°, ω=40 min-1). HL-60 cells were maintained in the culture
medium consisting of 89% RPMI, 10% inactivated fetal bovine serum, and 1% commercial
antibiotic/antimycotic mixture. The detailed methodologies applied for determining values of X, Z, 
am, and aLDH are available in the previously published reports, e.g. [2].

Values of t95, τmax, and vmax were determined based on the VOF method supported by the
Eulerian multiphase model in Ansys Fluent software.

Table 1. Values of t95, τmax, and vmax determined by CFD analysis for various values of ReL

ReL t95 [s] τmax [s-1] vmax [m s-1]

5104 25.0 2700 0.034

10152 7.5 7500 0.075

10208 4.0 24500 0.105

20305 2.5 31200 0.130

Values of X, Z, am, and aLDH determined experimentally for HL-60 cells cultured under various 
ReL values in the WAVE 25 bioreactor system are presented in Fig 1.  

Fig. 1. Values of X (A), Z (B), am (C), and aLDH per cell(D) determined in cultures of HL-60 cells maintained 
under various ReL values in WAVE 25 bioreactor system 

Based on data presented in Fig. 1, the most suitable conditions for maintaining HL-60 cells in 
WAVE 25 bioreactor were supported by ReL=10152, which was proved by the highest values of X 
and am the high value of Z, and low values of aLDH per cell. Such favorable conditions for HL-60 cell 
proliferation at ReL=10152 can be explained by supporting satisfactory mixing conditions 
(described by high values of t95) and by low hydrodynamic stress (rather low values of τmax and vmax) 
(please see Table 1.). On the other hand, for HL-60 cells maintained at ReL=20305, the values of 
X, Z, and am were very low, in contrast to high values of aLDH per cell. This could have been caused 
by the negative influence of hydrodynamic conditions (described by the high value of both τmax and 
vmax) (Table 1.).  

In conclusion, the experimentally estimated data identifying growth (i.e., X) and physiological 
(i.e., Z) and metabolic (i.e., am and aLDH) conditions of in vitro cultured animal non-adherent cells 
successfully verified the values of t95, τmax, and vmax determined numerically with CFD.  
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Process intensification is one of the most important topics in contemporary chemical 
engineering. It can be described as a set of methods and techniques leading to improvements in 
process performance in terms of production efficiency, energy consumption, waste formation, 
equipment size [1]. High gravity (HiGee) processes are the leading examples of PI. The main idea 
of HiGee is to substitute gravitational force with centrifugal force [1]. An example of HiGee 
technology is the Rotating Packed Bed (RPB), which is a device for intensified mass transfer, first 
patented by Ramshaw and Mallison in 1981 [2].  

RPB is a gas-liquid contact apparatus (see Figure 1), which can work both in co- and counter-
current configurations. In co-current variant, the gas flows from the eye of the rotor (14) through 
packing to casing (7) while in the counter-current the gas flows in the opposite direction. The liquid, 
regardless of configuration, is sprayed in the eye of the rotor (14) on the inner area (5) of the 
rotating packing (1). Centrifugal force, generated by the rotation, forces the liquid through the 
packing (1). The liquid is collected at the bottom of the case (11). The central part of the RPB is an 
annular packing (1) embedded between rotor plates, whose rotation axis may be either vertical or 
horizontal. The lower rotor plate (2) is directly mounted on a shaft (3), while the upper plate (4) is 
centered by positioning elements and bolts. The distance between the rotor plates is determined 
by an inner support ring (5) and spacers fitted to a packing height.  

Fig. 1. Schematic drawing of vertical axis single block RPB: 1. Packing 2. Lower rotor plate 3. 
Shaft 4. Upper rotor plate 5. Inner support ring 6. Perforated ring 7. Casing 8. Lower seal 9. Upper 
seal 10. Liquid distributor 11. Liquid outlet 12. Tangential gas outlet/inlet 13. Top gas outlet/inlet 

14. Eye of the rotor 15. Central gas inlet/outlet

In comparison to traditional apparatus, RPB provides increased liquid and gas throughput over 
10 times, increased mass transfer coefficient up to 10 times and reduction of volume apparatus 
up to 10 times [3].  Substituting gravitational force with centrifugal force, which can be up to 1000 
times greater, allows to use much more viscous liquid and dramatically decreases liquid residence 
time in apparatus. Due to its very short liquid residence time and high mass transfer coefficient, 
the RPB can be used as a machine for stripping thermally sensitive liquids. Over the past decades, 
there has been a growing interest in RPBs within academia and industry, owing to their portable 
nature (see Figure 2), high responsivity, good mass transfer efficiency, and compact design [3].   
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Process intensification is one of the most important topics in contemporary chemical
engineering. It can be described as a set of methods and techniques leading to improvements in
process performance in terms of production efficiency, energy consumption, waste formation,
equipment size [1]. High gravity (HiGee) processes are the leading examples of PI. The main idea
of HiGee is to substitute gravitational force with centrifugal force [1]. An example of HiGee
technology is the Rotating Packed Bed (RPB), which is a device for intensified mass transfer, first
patented by Ramshaw and Mallison in 1981 [2].

RPB is a gas-liquid contact apparatus (see Figure 1), which can work both in co- and counter-
current configurations. In co-current variant, the gas flows from the eye of the rotor (14) through
packing to casing (7) while in the counter-current the gas flows in the opposite direction. The liquid,
regardless of configuration, is sprayed in the eye of the rotor (14) on the inner area (5) of the
rotating packing (1). Centrifugal force, generated by the rotation, forces the liquid through the
packing (1). The liquid is collected at the bottom of the case (11). The central part of the RPB is an
annular packing (1) embedded between rotor plates, whose rotation axis may be either vertical or
horizontal. The lower rotor plate (2) is directly mounted on a shaft (3), while the upper plate (4) is
centered by positioning elements and bolts. The distance between the rotor plates is determined
by an inner support ring (5) and spacers fitted to a packing height. 

Fig. 1. Schematic drawing of vertical axis single block RPB: 1. Packing 2. Lower rotor plate 3. 
Shaft 4. Upper rotor plate 5. Inner support ring 6. Perforated ring 7. Casing 8. Lower seal 9. Upper
seal 10. Liquid distributor 11. Liquid outlet 12. Tangential gas outlet/inlet 13. Top gas outlet/inlet

14. Eye of the rotor 15. Central gas inlet/outlet

In comparison to traditional apparatus, RPB provides increased liquid and gas throughput over
10 times, increased mass transfer coefficient up to 10 times and reduction of volume apparatus
up to 10 times [3].  Substituting gravitational force with centrifugal force, which can be up to 1000 
times greater, allows to use much more viscous liquid and dramatically decreases liquid residence
time in apparatus. Due to its very short liquid residence time and high mass transfer coefficient,
the RPB can be used as a machine for stripping thermally sensitive liquids. Over the past decades, 
there has been a growing interest in RPBs within academia and industry, owing to their portable
nature (see Figure 2), high responsivity, good mass transfer efficiency, and compact design [3].

Fig. 2. Mobile plant delivered by Prospin as a part of the ACCSESS project 

Increasing awareness and familiarity with modern Rotating Packed Bed technology is the goal 
of Prospin. Not only for the absorption or distillation processes but also implementing RPBs in other 
gas-liquid processes.  

One of the potential applications of RPB is product purification by solvent evaporation in an 
inert gas environment. A feed mixture containing approximately 50% solvent, with a viscosity of 
2500 mPas at 25 °C, was concentrated in an RPB unit. Due to the high boiling point of the solvent 
and the thermal sensitivity of the product, the process was carried out at a pressure of 0.1 bar. The 
feed was introduced at elevated temperatures between 150-200 °C. In addition, the inert stripping 
gas was also heated.  The viscosity of the purified product was 22 000 mPas at 25 °C. This work 
will present the results of conducting such separation in an RPB, with focus on the product quality 
and separation efficiency. 
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Currently, there is a tendency for new forms of carrier-drug systems with prolonged and 
controlled release to be developed.  However, in order to design medical or pharmaceutical devices, 
which have to be characterized by high quality and the assumed parameters in real conditions, it 
is necessary to analyze this process based on in vitro release (IVR) testing methods. For this 
purpose, extracorporeal studies are carried out, which enables determination of the release profiles 
of active substances using a simulated tissue-like environment. According to the United States 
Pharmacopeia (USP), it stands out seven typically used equipment for releasing active substances, 
such as basket (USP1), paddle (USP2), cylindrical reciprocating (USP3), flow (USP4), Paddle-over-
Disk (USP5), cylindrical (USP6) as well as reciprocating (USP7) apparatus [1-3].  

Here, we focused on the release tests of poorly water-soluble compounds (salicylic acid and 
fluocinolone acetonide) from a dual drug delivery system using the flow-through cell method (USP4, 
Erweka GmbH, Langen, Germany). The apparatus contained seven in-line flow-through diffusion 
cells. The membrane was placed over the support with an orifice of 1.5 cm diameter (diffusional 
area, 1.766 cm2). The vertical cell was made of glass and was designed to have a volume into the 
donor compartment of 6.22 ml. The cells were placed in a cell warmer connected to the Erweka 
heater DH 2000i and the Erweka piston pump HKP 720. The piston pump transported the receptor 
fluid via seven channels to the flow-through cells and automatically adapted the flow rate setting. 
All the determinations were made in triplicate for each cell. The release studies of salicylic acid and 
fluocinolone acetonide were carried out using a regenerated cellulose membrane 
Spectra/Por®Dialysis Membrane MWCO 6-8,000 Carl Roth® Company. The assays were 
performed in 2% ethanol in PBS (pH = 7.40) at a temperature of 37°C. The released concentration 
of active components in the acceptor medium was analyzed using UV-Vis spectroscopy (Perkin 
Elmer Company). Additionally, we used two possibilities for conducting the research, such as 1) 
open system, in which the media are passed once only through the cell with the sample and 2) 
closed system, in which the media are continuously cycled past the cell with the sample.  

On the basis of results, we can conclude that the USP4 method may be suitable, especially for 
the release tests of poorly water-soluble components introduced into modern forms of drug 
administration, such as polymeric matrices, hydrogels, nano- and microcarriers as well as hybrid 
systems. 
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Currently, the eyes of the whole world are turned towards the dizzying degeneration of the 
natural environment, caused mainly by the rapidly ever-increasing rate of production and 
consumption of various commercial products. As a result of both the industrial manufacturing 
processes and the worldwide use of the goods received, countless amounts of waste and pollution 
are generated that pose a huge threat to the environment. In particular, the chemical, nutrition and 
medical sectors produce millions of tons of by-products, and waste effluents contributing to the 
high carbon footprint [1-3]. Therefore, effective minimization of these adverse effects is crucial for 
regaining balance in the coexistence of mankind and nature. One of the possibilities to tackle this 
challenge is to leverage the achievements of bioengineering in providing sustainable, eco-friendly 
solutions in the production of biocatalysts and biomaterials with improved applicability. 

In the current work, we present our contribution to the development of indicated bioprocess 
engineering approach by providing functional hydrogel-based materials dedicated to specified 
applications in industrial biocatalysis, modern nutrition and medicine. The following case studies 
are discussed: (i) enzyme immobilization using biodegradable hydrogel matrices [4, 5]; (ii) 
colorimetric assays based on functionalized hydrogels [6, 7]; (iii) novel plant-derived hydrogels 
formulations enriched with superfoods blends; and (iv) bio-based hydrogels for laparoscopic skills 
training.  

In each of them, maximum simplification of the applied manufacturing procedures was 
pursued, while maintaining the highest quality and functionality of the products obtained. We used 
compounds of natural origin such as sodium alginate, κ-carrageenan, and gelatin from porcine skin. 
Crosslinking reactions were carried out under mild ionotropic or enzymatic conditions to produce 
hydrogel matrices. In order to achieve the desired biofunctionality, most of the tested materials 
were enriched with: enzymes of microbial origin (β-galactosidase from Kluyveromyces lactis; 
invertase from Saccharomyces cerevisiae, laccase from Trametes versicolor, tyrosinase from 
Agaricus bisporus), reactive chemicals (o-nitrophenyl-β-galactoside, ONPG; 2,2′-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt, ABTS; L-3,4-dihydroxyphenylalanine, L-
DOPA), or  superfoods (matcha – Camellia sinensis (L.) Kuntze; maca – Lepidium meyenii, moringa 
– Moringa oleifera, acai – Euterpe oleracea, spirulina – Arthrospira platensis, chlorella – Chlorella 
vulgaris). In the course of detailed studies, the chemical composition of hydrogel materials (e.g. 
mono- or multi-components) and production conditions (e.g. reagents concentration, temperature 
and time of cross-linking) were carefully selected. Then, their physicochemical properties (e.g. 
mechanical resistance, swelling, hydrolytic degradation, susceptibility to microbial contamination) 
and functional potential for commercial use were determined. 

The research resulted in the development of (i) immobilized biocatalysts with improved 
operational properties characterized by enhanced thermal, process and storage stability, (ii) highly 
specific detection plate tests for screening purposes in enzymology and medical diagnostics; (iii) 
balanced vegan food supplements with proven health-promoting properties, as well as (iv) 
biodegradable hydrogel inserts for professional laparoscopic training. Selected examples of 
products obtained are depicted in Fig. 1. 

 
 
 



138 Table of contents

  

Fig. 1. Application of bio-based hydrogel platforms for development (a) colorimetric detection tests, (b) 
health-promoting food products, (c) biodegradable inserts for laparoscopic training 
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The brewery spent grain (BSG) is a lignocellulosic waste material produced in a considerable 
amount around the world. Strict environmental protection law requires its proper utilization. BSG 
can be transformed into easy-fermentable carbohydrates as a result of hydrolysis. This may be a 
low-cost raw material for biotechnological fermentation. However, chemical hydrolysis of 
lignocellulose creates also by-products which are potentially noxious to bacteria cells employed in 
fermentation. The influence of by-products (furfural, acetic, formic, gallic, and levulinic acid) on the 
lactic acid fermentation effectiveness was tested. These compounds were introduced into 
Lactobacillus cultures in various concentrations. The rate of cell growth, glucose consumption, and 
lactic acid production were calculated.  

Inhibitors added to the cultures have a significant though diverse impact on cell growth rate, 
glucose consumption, and LA production. Some of them are stronger than others and even a small 
amount of them slows down bacterial growth and metabolism. 

The most toxic effect was shown by formic acid. A limited amount of formic acid results in a 
significant drop in cell efficiency of LA formation and the concentration of it higher than 1.1 g/L 
reduces this parameter almost 27% and addition of 2.1 g/L of FA causes lack of LA formation 
ability.  

Gallic, levulinic and acetic acid also had a negative impact on the cells, but the concentrations 
which reduced fermentation yield were slightly higher (greater cell tolerance of them). The 
concentration of these by-products should not exceed (in [g/L]): 0.7, 2.3, 0.7, respectively, to 
maintain the highest LA production effectiveness. Furfural has the weakest influence on LA 
concentration in cultures and can be even negligible.  

On the other hand, furfural, acetic, levulinic and gallic acid inhibited mainly growth whereas 
the activity of cells remained almost unchanged. The lower cells efficiency (Fig. 1) was noticed in 
cultures with formic acid, where cells had a limited ability of LA formation. The LA concentrations 
in flasks after one day of propagation with the 2.1 g/L of appropriate inhibitor drop app. [%] 16 (F), 
22 (GA), 8 (LevA), 40 (AA), and 100 (FA) in comparison to the flask without any inhibitor. 

Fig. 1. The fermentation efficiency of cells in flasks with inhibitors (calculated for the 24 hours culture) 



140 Table of contents

The above results are important data for BSG hydrolysis design and the application of 
hydrolysates for LA fermentation. Hydrolysis can be carried out in many ways (chemical, enzymatic, 
mixed) and under very different conditions (concentration of reagents or raw material, its 
fragmentation, pressure, temperature, etc.). The obtained results show that the process conditions 
and its design must be chosen in a way which limits the concentration of formic acid in the final 
product. 
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Essential oils, due to their antimicrobial properties, have found wide application in the 
cosmetic, pharmaceutical and food industries. Due to their widespread availability, high 
antimicrobial effectiveness and safety, those active substances and containing them 
nanoemulsions can be a green alternative to commercial preparations containing nanosilver with 
antimicrobial properties applied to the skin [1, 2]. 

The aim of this study was to obtain stable thyme-oil loaded nanoemulsions and to confirm their 
antimicrobial and disinfecting properties. 

The first stage of the work was to develop nanoemulsion recipes using the statistical design of 
experiment method (DOE). For this purpose, the fractional plan 3 (K-p) was selected, where K - the 
number of variables (parameters that change), p - always takes the value 1. In all cases, the 
statistical significance level was assumed to be p <0.05. 

Thyme oil was used as the oil phase, ECO Tween ® 80 acted as the emulsifier, and the rest of 
the formulation was deionized water. Ultrasonification was chosen as the method of obtaining 
nanoemulsions. It was checked whether the input parameters (oil concentration, emulsifier 
concentration, amplitude, and sonication time) had a significant impact on the output parameters 
(nanoemulsion particle size, polydispersity index, viscosity and stability over time). The particle size 
of nanoemulsions was characterized with dynamic light scattering. The chemical composition of 
the thyme oil was analyzed with GC-MS method. For the formulations selected on the basis of the 
statistical data analysis, the values of minimum inhibitory concentrations (MIC) and minimum  
biocidal concentrations (MBC/MFC) were determined in relation to 10 bacterial strains (e.g. 
Bacillus subtilis ATCC 6633, Pseudomonas aeruginosa NCTC 6749, Moraxella catarhalis ATCC 
25238, Staphylococcus aureus NCTC 4163, Staphylococcus epidermidis ATCC 49134) and 4 
strains of yeast-like fungi of the genus Candida. The test was performed by serial dilutions in liquid 
medium [3, 4]. Thyme oil was used as a control, for which the MIC and MBC/MFC values were also 
determined. 

The results obtained from the statistical analysis showed that the concentration of the oil and 
emulsifier as well as sonication time had the greatest influence on the physicochemical properties 
of the nanoemulsion. On the basis of approximation profiles, it was concluded that the optimal 
concentration of the thyme oil in nanoemulsion should amount to 2%. Biological studies have 
shown that the nanoemulsions based on thyme oil were characterized by stronger activity against 
bacteria and yeast-like fungi than pure oil. The MIC values of the nanoemulsion for most of the test 
strains were 0.156-0.312 µg/µl, and MBC/MFC 0.312-0.625 µg/µl. For thyme oil, MIC values 
ranged from 1.25-2.5 µg/µl, and MBC/MFC 2.5-10 µg/µl. A weaker effect of thyme oil and 
nanoemulsion was found for strains of Pseudomonas aeruginosa and Enterococus fecalis, for 
which the MIC and MBC values were 10-> 10 µg/µl. 

In the further stages of the research, the basic disinfecting effect for the above-mentioned 
substances was also checked. It was shown that the nanoemulsion based on 2% thyme oil after 30 
minutes of contact time caused the required for disinfectants reduction of >5 log of bacterial strains 
(S. aureus, Ps. aeruginosa) and > 4 log of fungal strains (C. albicans). In the case of 2% of the oil, 
the required reduction was obtained only for Ps. aeruginosa (> 5 log) and C. albicans (> 4 log). The 
commercial preparation, containing Ag ions, used for comparison purposes, after 30 minutes also 
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caused the required reduction > 5 log test strains of bacteria (S. aureus, Ps. aeruginosa), but did 
not show the required fungicidal activity (> 4 log) against the strain of C. albicans. 

It was found that thyme oil - based nanoemulsion showed stronger antibacterial and antifungal 
activity compared to pure oil. Moreover, it was characterized by disinfecting properties. However, 
further research is needed to confirm the safety of the obtained formulations after skin application. 
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In recent decades, bioelectrochemical systems (BES) have undergone significant 
improvements and numerous exciting applications have emerged. This technology has great 
potential to contribute to solving multiple global issues such as environmental contamination. 
There are, however, some limitations in the efficiency of treating hydrophobic wastes such as 
petroleum contaminants or waste cooking oil. 

In our research, we aimed to couple the bioelectrochemical degradation of these substrates 
with in-situ production of biosurfactants in microbial fuel cells (MFCs) and potentiostatic – 
controlled BESs. Several approaches have been taken for the enrichment of microbial consortia 
capable of bioelectrochemical synthesis of surfactants. The microbial communities were derived 
from environments with various contact with hydrocarbons such as contaminated soil, municipal 
environments, river sediments, activated sludge, mud volcanoes, and glacier environments. In the 
following trials the enriched communities have undergone further, long-term adaptation in a 
custom-designed microbial fuel cell and potentiostatically-controlled bioelectrochemical systems. 
We have established a process where significant foaming, surface tension and emulsification 
activities were reported. Most notably, the amount of power generated by BES was highly correlated 
to the surface tension parameters when cooking oil and petroleum waste were degraded. 

In this novel process we are able to biosynthesize surfactants in energy net positive way and 
to further monitor biosynthesis directly by voltage monitoring. The established electrofermentation 
leads to the synthesis of biosurfactants and increased bioavailability of hydrophobic substrates for 
their further biodegradation but may become a new approach to acquire biosurfactants for their 
commercial applications. 
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Due to the increasing number of traffic accidents, the development of civilization and 
oncological diseases, recently there has been a growing demand for modern methods of treatment 
and regeneration that would shorten the convalescence time and simultaneously would be 
minimally invasive for the patient. One of the solutions proposed by researchers are polymer drug 
carriers obtained with thermoinduced sol-gel phase transition, during which polymer aggregates 
form a spatial scaffold inside which drugs are trapped. Potential applications of hydrogels include 
injectable cell scaffolds, shear-sensitive drug release systems, and matrices manufactured using 
3D printing techniques. When properly designed, such systems can be injected directly into the 
lesion, and the formation of the lattice occurs in vivo. Even though thermosensitive systems are 
often tested in many respects, their application potential in the form of minimally invasive injection 
is determined exclusively by the Lower Critical Solution Temperature. Simultaneously, no studies 
have determined the possibility of injection of these systems, as well as no studies discussed the 
influence of the flow through the injection needle or 3D printer nozzle on the gelation time. In 
addition, most researchers argue that the sole requirement to ensure injectability is to keep the 
system in a liquid-like sol phase. The available studies conducted with synthetic polymers, 
emulsions, and protein systems indicate that exposure to the shear field of colloidal systems may 
lead to reversible or irreversible structural changes. 

The aim of the work was to propose a new criterion for assessing the application potential of 
injectable biomedical scaffolds, taking into account their actual application and its impact on the 
ability of the tested systems to form a spatial polymer network. The indirect goal was to propose a 
research methodology that would enable qualitative and quantitative assessment of the possibility 
and kinetics of gelation after injection application and thus determine the usefulness of the 
prepared formulations in tissue engineering. 

As an experimental material, colloidal systems of chitosan (CS) with the addition of disodium 
β-glycerophosphate salt and water solutions of hydroxypropyl cellulose (HPC) undergoing a sol-gel 
phase transition under physiological conditions, i.e. temperature of 37°C and pH in the range of 
6.8-7.2, have been used. The formulations were prepared according to commonly used procedures. 
Instrumental injectability tests were carried out using a texture analyzer, recording the force 
necessary for injection using hypodermal needles in sizes 14G - 25G at the assumed syringe 
plunger speed of 1mm/s. The influence of the injection application on the gelation kinetics was 
determined based on the rheometric and turbidimetric tests preceded by shearing directly in the 
rheometer or injecting the sol through hypodermal needles. 

Based on the dynamic glide force (DGF) values determined during instrumental injectability 
tests, it was found that both tested systems (CS and HPC) can be used as injectable drug carriers, 
while the potential is lower when sol obtained from a cellulose derivative was used. This is due to 
the fact that the permissible DGF forces (determined during panel tests) were exceeded when trying 
to use needles smaller than 22G, the use of which is recommended by European and global 
medical agencies. The differences between the tested formulations result mainly from the stronger 
shear thinning character of chitosan sols (flow index n = 0.44) than is observed in the case of those 
obtained from cellulose derivative (n = 0.7). 
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Due to the increasing number of traffic accidents, the development of civilization and
oncological diseases, recently there has been a growing demand for modern methods of treatment
and regeneration that would shorten the convalescence time and simultaneously would be
minimally invasive for the patient. One of the solutions proposed by researchers are polymer drug
carriers obtained with thermoinduced sol-gel phase transition, during which polymer aggregates
form a spatial scaffold inside which drugs are trapped. Potential applications of hydrogels include
injectable cell scaffolds, shear-sensitive drug release systems, and matrices manufactured using
3D printing techniques. When properly designed, such systems can be injected directly into the
lesion, and the formation of the lattice occurs in vivo. Even though thermosensitive systems are
often tested in many respects, their application potential in the form of minimally invasive injection
is determined exclusively by the Lower Critical Solution Temperature. Simultaneously, no studies
have determined the possibility of injection of these systems, as well as no studies discussed the
influence of the flow through the injection needle or 3D printer nozzle on the gelation time. In 
addition, most researchers argue that the sole requirement to ensure injectability is to keep the
system in a liquid-like sol phase. The available studies conducted with synthetic polymers,
emulsions, and protein systems indicate that exposure to the shear field of colloidal systems may
lead to reversible or irreversible structural changes.

The aim of the work was to propose a new criterion for assessing the application potential of
injectable biomedical scaffolds, taking into account their actual application and its impact on the
ability of the tested systems to form a spatial polymer network. The indirect goal was to propose a
research methodology that would enable qualitative and quantitative assessment of the possibility
and kinetics of gelation after injection application and thus determine the usefulness of the
prepared formulations in tissue engineering.

As an experimental material, colloidal systems of chitosan (CS) with the addition of disodium
β-glycerophosphate salt and water solutions of hydroxypropyl cellulose (HPC) undergoing a sol-gel 
phase transition under physiological conditions, i.e. temperature of 37°C and pH in the range of
6.8-7.2, have been used. The formulations were prepared according to commonly used procedures.
Instrumental injectability tests were carried out using a texture analyzer, recording the force
necessary for injection using hypodermal needles in sizes 14G - 25G at the assumed syringe
plunger speed of 1mm/s. The influence of the injection application on the gelation kinetics was
determined based on the rheometric and turbidimetric tests preceded by shearing directly in the
rheometer or injecting the sol through hypodermal needles.

Based on the dynamic glide force (DGF) values determined during instrumental injectability
tests, it was found that both tested systems (CS and HPC) can be used as injectable drug carriers,
while the potential is lower when sol obtained from a cellulose derivative was used. This is due to
the fact that the permissible DGF forces (determined during panel tests) were exceeded when trying
to use needles smaller than 22G, the use of which is recommended by European and global
medical agencies. The differences between the tested formulations result mainly from the stronger
shear thinning character of chitosan sols (flow index n = 0.44) than is observed in the case of those
obtained from cellulose derivative (n = 0.7).
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Fig. 1. Effect of injection needle size on the DGF force value for tested formulations and schematic 
depiction of the shear effect on the polymer coils conformation and gelation time [1] 

The research on the impact of the injection application on the gelation kinetics showed that 
the application of low (in relation to injection) shear rates accelerated the phase transition of all 
investigated polymer systems due to the ordering of aggregates and easier access to the so-called 
junction zones. Due to the shear-thinning nature of the studied polymer systems, the observed 
decrease in their viscosity caused by a short-term but intense shear field caused a decrease in the 
mutual diffusion resistance of polymer clusters, and consequently facilitated their aggregation. 
With the increase of the shear rate, the phase transition time is prolonged, probably due to the 
progressive deformation of the aggregates in the shear field and the time needed to relax the 
resulting stresses. After exceeding the critical value of the shear rate (characteristic for each 
system), colloidal aggregates are fragmented, leading to an increase in their number with a 
simultaneous reduction in their size. Depending on the type of interactions between the 
aggregation nuclei, this phenomenon may accelerate (chitosan) or delay (HPC) the gelation 
process. The proposed author's methodology for determining the characteristic time of the phase 
transition, considering the kinetics of the polymer network formation, unequivocally confirmed the 
acceleration of aggregation caused by the velocity gradient (orthokinetic regime) compared to 
aggregation limited solely by stochastic Brownian motion (perikinetic regime).  

The proposed research methodology allows to determine the potential of polymer formulations 
as a minimally-invasive drug carrier or cellular scaffold, according to which an attempt to use a 
hydroxypropyl cellulose sol is associated with difficult or even impossible manual injection when 
using needles smaller than 19G. Additionally, it is associated with a significant extension of the 
gelation time compared to the control measurements. Consequently, this may lead to undesirable 
spillage of the sol before it has gelled in the body. Contrary to that, injection of chitosan sol was 
possible even using small diameter needles (23G - 25G), and additionally, the flow through the 
capillary caused a significant reduction of the sol-gel phase transition time. The discussed effect of 
the shear field can also be observed during the flow of thermosensitive formulations in the nozzles 
of the 3D printer. During printing, the speed of the printer head is not as strongly limited as in the 
case of manual injection, and this causes the experimental medium to flow at much higher shear 
rates (103 - 105 s-1). Thus, as a result of the flow through the nozzle of the 3D printer, similar effects 
of the influence of the shear field will be observed both on the structural changes of the tested 
systems as well as the gelation conditions. 

Finally, the conducted research clearly shows that providing the liquid form of the sol is not the 
sole condition for ensuring their injection, and the shear field occurring during the injection has a 
significant impact on the conditions of formation of the spatial polymer network. Consequently, 
both of these criteria must be taken into account when consciously designing thermosensitive drug 
carriers. 
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It is believed that drugs sprayed in an aerosol penetrate much better into the nasal cavity than 
liquid that is applied in the form of large drops. Unfortunately, this is not true, as liquid particles 
(droplets) sprayed using standard nasal pumps with the nozzle inserted into the narrow nasal 
passage (nostril) are unable to expand into aerosol cloud and immediately impact the wall of the 
front of the nasal cavity or nasal septum [1]. This is due to the highly complex geometry of the 
nasal airways, Fig. 1, whose main physiological role is to effectively humidify and heat (or cool) the 
inhaled air. Therefore, hydrodynamic transport of liquid already deposited on the nasal surface 
has been proposed as a reasonable explanation for the increased penetration of sprayed drugs 
along the nasal geometry. This flow is caused by the action of the inhaled air on the liquid layer 
formed by deposited drug and depends on its rheological properties [2].  

Drugs or vaccines can also be delivered to the nose using a different type of aerosol than that 
containing relatively large droplets (50-60 µm on average) generated from hand-held atomizers. A 
finer aerosol can better penetrate the nasal airways, but it can also flow down into the throat or 
bronchial tree, which is not desirable and can be responsible for side effects. Since no optimal 
method of intranasal aerosol drug delivery has been developed to date, this study focused on the 
use of pressure pulsations added to aerosol generated by medical nebulizers and assessing the 
influence of such pulsations on the intensification of drug mass transfer in narrow nasal air spaces.  

We studied pressure waves superimposed on the main aerosol stream generated by a 
pneumatic nebulizer (Monsun MP1, Medbryt, Poland) connected to Sidestream nebulizing vessel 
(Philips Respironics, USA). The particle size distribution of aerosol measured with Spraytec 
diffraction spectrometer (Malvern, UK) was log-normal with the median size Dv50 = 2.6 µm and 
geometric standard deviation GSD = 1.7. Pressure pulsations were produced by an additional 
device built into the nebulizer.  

First, we measured the effect of pressure fluctuations on the airflow produced by the nebulizing 
system using a thermal mass flow meter (model 3040, TSI Inc., USA; response time <4 

4 3 2 1 

Fig. 1. a) Nasal geometry; b) cross sections of the air spaces inside the nose (based on [3] and [4]) 
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It is believed that drugs sprayed in an aerosol penetrate much better into the nasal cavity than
liquid that is applied in the form of large drops. Unfortunately, this is not true, as liquid particles
(droplets) sprayed using standard nasal pumps with the nozzle inserted into the narrow nasal
passage (nostril) are unable to expand into aerosol cloud and immediately impact the wall of the
front of the nasal cavity or nasal septum [1]. This is due to the highly complex geometry of the nasal
airways, Fig.1, whose main physiological role is to effectively humidify and heat (or cool) the inhaled
air. Therefore, hydrodynamic transport of liquid already deposited on the nasal surface has been
proposed as a reasonable explanation for the increased penetration of sprayed drugs along the
nasal geometry. This flow is caused by the action of the inhaled air on the liquid layer formed by 
deposited drug and depends on its rheological properties [2].  

Fig. 1. a) Nasal geometry; b) cross sections of the air spaces inside the nose (based on [3] and [4]).

Drugs or vaccines can also be delivered to the nose using a different type of aerosol than that
containing relatively large droplets (50-60 µm on average) generated from hand-held atomizers. A 
finer aerosol can better penetrate the nasal airways, but it can also flow down into the throat or
bronchial tree, which is not desirable and can be responsible for side effects. Since no optimal
method of intranasal aerosol drug delivery has been developed to date, this study focused on the
use of pressure pulsations added to aerosol generated by medical nebulizers and assessing the
influence of such pulsations on the intensification of drug mass transfer in narrow nasal air spaces.  

We studied pressure waves superimposed on the main aerosol stream generated by a 
pneumatic nebulizer (Monsun MP1, Medbryt, Poland) connected to Sidestream nebulizing vessel
(Philips Respironics, USA). The particle size distribution of aerosol measured with Spraytec
diffraction spectrometer (Malvern, UK) was log-normal with the median size Dv50 = 2.6 µm and
geometric standard deviation GSD = 1.7. Pressure pulsations were produced by an additional
device built into the nebulizer.

First, we measured the effect of pressure fluctuations on the airflow produced by the nebulizing
system using a thermal mass flow meter (model 3040, TSI Inc., USA; response time <4 

1234
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milliseconds). The results in Fig. 2 illustrate the measured oscillations in air flow rate. The flow 
visualization presented in Fig. 3b shows that these oscillations destabilize the aerosol stream 
emitted from the nebulizing vessel. The droplets are deflected from the main flow, so they are 
transported in a direction perpendicular to the flow. 

Fig. 2. Airflow rate of aerosol emitted from nebulizer with and without pressure fluctuations 

Fig. 3. A recorded frame showing the geometry of aerosol stream emitted from the nebulizer:            
(a) without, and (b) with pressure fluctuations

Further experiments with an anatomical cast of the human nasal cavity confirmed that pulsations 
allow deeper penetration and deposition of the aerosol inside the complex structure of the nose 
(data not shown). Therefore, the presented concept of using the pulsations of a fine aerosol 
delivered to the nasal cavity can be proposed as a method to improve targeted delivery of drugs or 
vaccines to deeper regions of this anatomical structure. 
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The study aimed to assess how the coating of hydrogel carriers affected the mass release rate 
of the antibiotics tested. The tested carriers are to be used, among other applications, to treat 
dentistry inflammation.  

Hydrogel (alginate and hyaluronic acid) capsules were covered with polylactide (PLA) using 
Celeva Mini Coater Drier. PLA solution with a concentration of 2.5 w/v was prepared in methylene 
chloride. The process temperature was changed in the range 45-55oC. The solution was dosed at 
a speed of 4 RPM/min, air flow was 13 m/s, shaking 19 hZ, pressure at the nozzle 0.5 bar. Capsule 
coating was carried out for 20-50 minutes. The procedure is presented in Fig. 1.  

Fig. 1. The procedure of coated capsules creation 

a) b) 

Fig. 2. Carriers covered with PLA layer SEM surface (a) and SEM/Ga-FIB section image (b) 
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The study aimed to assess how the coating of hydrogel carriers affected the mass release rate
of the antibiotics tested. The tested carriers are to be used, among other applications, to treat
dentistry inflammation.

Hydrogel (alginate and hyaluronic acid) capsules were covered with polylactide (PLA) using
Celeva Mini Coater Drier. PLA solution with a concentration of 2.5 w/v was prepared in methylene
chloride. The process temperature was changed in the range 45-55oC. The solution was dosed at
a speed of 4 RPM/min, air flow was 13 m/s, shaking 19 hZ, pressure at the nozzle 0.5 bar. Capsule
coating was carried out for 20-50 minutes. The procedure is presented in Fig. 1.

Fig. 1. The procedure of coated capsules creation.

a) b)

Fig. 2. Carriers covered with PLA layer SEM surface (a) and SEM/Ga-FIB section image (b).

The tested strain was Porphyromonas gingivalis, and the released antibiotics were amoxycillin, 
metronidazole and doxycycline. Porphyromonas gingivalis belongs to the Bacteroidota and is a 
pathogenic bacterium. It causes periodontal disease as well as disease in the upper 
gastrointestinal tract, respiratory track, colon, track the colon and is present at bacterial vaginosis. 

Selected conditions for covering the capsules were established on 2.5% w/w polylactide, 45°C, 
50 minutes. Without PLA layer, the transport was observed (an equilibrium state was reached) 
for a few hours independent of physical or chemical gelation – Figs. 3a and b. The cross-linking 
bath contained 10% w/v CaCl2 and 0.05M EDC by chemical gelation and the given antibiotic 
with a concentration of 1g/L. The time of the mass release was much extended by PLA layer 
application (Fig. 3c). The mass transport can be well described by Korsmeyer-Peppas model [1]. 

a) b) 

c) 

Fig. 3. Mass transport release from capsules without PLA layer (a and b) and with PLA layer (c) 

Conclusion 

Thanks to the polylactide layer, drug transport was prolonged 10-fold, making it possible to 
prepare a long-term carrier with slowed, extended release.  
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Property owners and managers frequently face the issue of removing undesirable graffiti. 
However, they frequently do not know how to clean up the graffiti without damaging the surface 
beneath it. It should be emphasized that it is incredibly challenging to clean painted and coated 
surfaces using so-called “brush on, wipe off” detergents [1, 2], including painted walls, ceramic 
tiles, stainless steel, aluminum, vinyl fences, signs, transparent acrylic, plastics, windows, and 
many others. Additionally, many factors, including the substrate’s (chemical composition, texture, 
porosity, hardness, etc.), the paint's (and the substrate's) aging process, and the time between 
applications and removals make graffiti coating removal a difficult process [3–5].  

The development of a new generation of graffiti cleaning preparations that are both highly 
effective and non-toxic is a huge challenge for research teams. The application of a sustainable 
strategy to the eco-design of professional goods, with a special emphasis on the fundamentals of 
green chemistry, is the top priority as of right now. Therefore, the formulation of selection criteria 
should take into account the following: the necessity of using biodegradable raw materials, which 
are produced from renewable resources and are not subject to accumulation in the environment; 
high efficiency of cleaning the surface from graffiti while preserving all of its functional properties; 
as well as product safety [3]. In recent years, there has been significant progress in removing 
unwanted paint coatings from urban spaces or historical objects owing to the use of 
nanotechnological detergents [4–6]. Formulations of ecological surfactants based on saccharides 
or amino acids are novel nanodetergents for the removal of graffiti [4, 5], and constitute the most 
innovative technology in the area of colloid engineering.  

The aim of the research was to obtain novel eco-removers of graffiti coatings using 
nanodetergents of the "brush on, wipe off" type. High-pressure homogenization (HPH) was used to 
produce water-in-oil nanoemulsions [4, 5] that included non-toxic and eco-friendly components 
such as amino-acid type surfactants (AAS) or alkyl polyglucosides (APG), esterified vegetable oils, 
and ethyl lactate. Optimization by design of experiments (DoE) was used to find the most effective 
detergents. These detergents were then used to remove graffiti coatings from sensitive surfaces 
like glass, aluminum, natural stone, and marble. Furthermore, several experimental studies were 
conducted on surface topography, wettability, free energy of the surface, and the work of water 
adhesion to sensitive surfaces before and after they were covered with black graffiti paint, as well 
as after the paint layers were removed with the eco-remover. 

Using nanostructured fluids and knowledge of surface properties, one could develop efficient 
nanodetergents that would easily remove unwanted and stubborn contaminants from various 
surfaces in a fully controlled way. 
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In present times, the main priority axis of the energy production is focused on independence 
from fossil fuels and decarbonization due to the pursuit of a circular economy and sustainability. 
The sense of sustainability means searching for effective approaches involving ecological fuels, 
and processes with a less possible environmental concern especially when modern civilization is 
experiencing global warming effect and facing issues of the climate change. Utilization of solar 
energy as a renewable driving force, and biomass derived compounds as renewable feedstocks for 
hydrogen production, as the most promising energy carrier, is highly desired as the solutions for 
sustainable energy generation simultaneously with value added compound production or water 
recultivation. The need for development of a sustainable, benign, and efficient photocatalytic 
production of hydrogen has been growing rapidly year after year. Solar driven production of this 
“fuel of the future” via photoreforming poses major challenges in terms of nano-photocatalyst 
design (both morphology and chemical composition) as well as the design of entire photocatalytic 
reactor system for enabling maximization of yield.  

The literature examples reported to date demonstrate the superiority of plasmonic 
nano-photocatalysts over conventional ones in efficient hydrogen production that originates from 
the enhanced quantum efficiency in photon-to-hydrogen conversion. It is particularly governed by 
localized surface plasmon resonance phenomenon (LSPR), large electric field enhancement, and 
induced heating localized in nano-regions that can lower the activation barriers of the surface 
reactions. Recently, vast majority of scientific efforts are devoted to designing efficient 
heterogeneous systems using a single metal or dual co-catalyst loaded semiconductor (mainly TiO2) 
photocatalysts that enable bandgap reduction, tuning the photooxidation pathways, improving the 
selectivity, and making hydrogen production form aqueous organic solutions more efficient and 
feasible. [1, 2] 

In the presentation, we report a TiO2/Cu nanocomposite catalyst with high activity and 
selectivity of hydrogen production using photoreforming of methanol solution, proven by detection 
of hydrogen as the only gaseous product. Usually, this transformation releases significant amounts 
of CO2 and CO, so it cannot be deemed sustainable. Another undoubtful advantage of our 
photocatalyst is its excellent stability proven by the similar activity after 6 months. By means of 
extensive experimental characterization supported by theoretical calculations, we propose the 
reaction mechanism and the reasoning behind the behaviour of our photocatalyst in achieving zero 
carbon footprint hydrogen photogeneration from methanol. We link high hydrogen generation yield 
to a remarkable 10% apparent quantum efficiency. 
Another aspect is the design of continuous flow reactors by optimization of their geometry that 
enables efficient harnessing of illuminous (solar) flux to fully control plasmonic photochemistry and 
LSPR effect at long term operation. Maintaining the nanocatalysts in operando stability, achieving 
the maximum possible hydrogen production yield and selectivity now constitute the main 
challenges for further implementation of plasmon photocatalytic flow systems dedicated to 
solar-tohydrogen- conversion at industrial scale. Selected results from the recent works of our 
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research team are also presented as the original contribution to the topic following the concept 
schematically illustrated in Figure 1. 

Fig. 1. Schematic illustration of the green hydrogen generation during the photoreforming of methanol 
solution over plasmonic nanocatalysts 
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In response to climate change urgency, the Paris Agreement ratified by 196 countries in 2015 
has the aim to cap global warming to within 2 °C, with an effort to limit it below 1.5 °C above pre-
industrial levels. Despite this effort, no sign has been observed for the deceleration of greenhouse 
gas (GHG) emissions in the past few years. Extreme weather incidents are reported in various parts 
of the world on a regular basis, which is believed to be largely associated with GHG emissions. As 
the main element of GHG, the global carbon dioxide (CO2) concentration is reported to be close to 
420 ppm at the beginning of 2023 [1].  Note that it is actually 20% higher than the safe planetary 
boundary as proposed by Rockström et al., i.e. 350 ppm [2]. Hence, serious efforts are necessary 
to ensure the deceleration of GHG and CO2 emissions, in the hope that net zero emission can be 
reached by the middle of this century. 

The European Union Emission Trading System (EU ETS) remains the main mechanism for 
reducing CO2 emissions. By gradually reducing the number of emission allowances which causes 
an increase in their prices, the EU ETS enforces emission reduction by the large production and 
power plants. Note, however, that the EU ETS only covered sectors that are easiest in its 
modification, i.e. power and heat generation, as well as energy-intensive industrial plants. The long-
term goal is for the EU to achieve climate neutrality by 2050. To achieve this important goal, the 
European Commission pushed through the “Fit for 55” plan, which assumes an acceleration of 
emission reduction to 55% by 2030 compared to 1990 levels. The “Fit for 55” plan will cover 
sectors such as maritime transport, aviation, building emissions and road transport [3]. The EU 
policy on CO2 emissions is flexible and adapted to the current political and economic situation. The 
war in Eastern Europe made it necessary to change fuel sources to ensure energy security. For this 
reason, the “RePowerEu” plan was introduced, with the goal to end EU's dependence on Russian 
fossil fuels, and to tackle climate crisis. The RePowerEu plan focuses specifically on energy savings, 
diversification of energy supply and accelerated deployment of renewable energy. 

For better planning of CO2 emissions, various useful tools have been proposed. One among 
such techniques that have gained good attention is undoubtful carbon emission pinch analysis 
(CEPA). In the seminal work on CEPA by Tan & Foo [4], a graphical tool known as energy planning 
pinch diagram (EPPD) was introduced for the optimum allocation of energy sources to the demand, 
by taking CO2 emission limit as the main constraint. To overcome the inaccuracy problem of EPPD, 
Foo et al. [5] developed an algebraic technique as an alternative to supplement the graphical tool. 
In this work, the EPPD is used to study the performance of new measures and policies set by the 
Polish government. It provides key insights into the system bottlenecks that may hinder 
decarbonisation efforts. Moreover, CEPA can identify effective decarbonisation options for the 
Polish power generation sector. 
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As an example of the application of the EPPD, the Polish power generation data in 2021 (Table 
1) was used. Based on this data, the source composite curve was plotted (blue line in Figure 1 (a)). 
Next, the demand composite curve is plotted on the EPPD (red line in Figure 1 (a)), representing 
the actual energy demand and CO2 emissions in accordance with [6]. These lines intersect as seen 
in the enlarged view (Figure 1(b)). In order for 2021 CO2 emissions [6] to be met, it is necessary to 
shift the source composite curve to the right of the demand composite curve, by generating 
additional energy from renewable sources (ΔER = 1.1 TWh, see Figure 1(b)), or by replacing some 
high-emission energy sources (lignite, hard coal) with less-emission ones (e.g. natural gas). 

Table 1. Polish power generation data for 2021 

Energy sources Energy 
generation [TWh] 

CO2 emissions 
[Mt] 

Energy 
sources 

Energy generation 
[TWh] 

CO2 emissions 
[Mt] 

Biomass and 
biogas 

7.8 0.0 Factory 
power plants 

3 2.7 

Hydropower 2.3 0.0 Solar energy 3.8 0.0 

Wind energy 16.5 0.0 Hard coal 84 75.6 

Imported 
electricity 

0.9 0.0 Pumped 
storage 

power plants 

0.8 0.9 

Natural gas 15.3 6.9 Lignite 46 49.0 

 

 
 (a) (b) 

Fig. 1. EPPD for 2021 (a) infeasible EPPD (b) feasible EPPD (magnification of the end of the graph) 
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As an example of the application of the EPPD, the Polish power generation data in 2021 (Table
1) was used. Based on this data, the source composite curve was plotted (blue line in Figure 1 (a)). 
Next, the demand composite curve is plotted on the EPPD (red line in Figure 1 (a)), representing
the actual energy demand and CO2 emissions in accordance with [6]. These lines intersect as seen
in the enlarged view (Figure 1(b)). In order for 2021 CO2 emissions [6] to be met, it is necessary to
shift the source composite curve to the right of the demand composite curve, by generating
additional energy from renewable sources (ΔER = 1.1 TWh, see Figure 1(b)), or by replacing some
high-emission energy sources (lignite, hard coal) with less-emission ones (e.g. natural gas).
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Pollution of air with volatile organic compounds (VOCs) is a serious problem for both human 
health and the environment. VOCs may be effectively removed from air streams using biological 
methods, including biotrickling filtration. Compared to conventional biofilters, biotrickling filters 
offer more complex process control and regulation possibilities, allowing adjustment of liquid phase 
pH, composition or watering frequency as well as offer longer operation times due to application of 
inert packing materials [1]. Biofiltration techniques are regarded as sustainable and green 
technologies for air purification [2]. However, their beneficiary application can be expanded by the 
circular economy approach through valorization of the process final products i.e. treated gas and 
spent trickling liquid for culturing of plants. Selection of proper plant species may allow to obtain 
advantageous effects of energetic biomass production, further upgrading biofilter-treated air or 
enhanced soil phytoremediation. 

Fig. 1. Idea of enhancing biotrickling filtration of cyclohexane and coupling air biofiltration to circular 
economy 

In this work, the results of biotrickling filtration of cyclohexane co-treated in binary, ternary and 
quaternary VOCs mixtures are reported, i.e. cyclohexane – hexane, cyclohexane – toluene, 
cyclohexane – hexane – toluene and cyclohexane – hexane – toluene – ethanol. Investigations 
aimed at revealing effects of cyclohexane co-treatment with other VOCs. The possibility of 
enhancing the process performance by tuning the gas-phase composition was checked. To the 
authors’ best knowledge, up to date, the removal of cyclohexane from air in biofiltration 
processes has been rarely studied [3, 4]. The components of these mixtures differ in their 
affinity to water phase, represented e.g. by Henry’s law constants or octanol/water partitioning 
coefficient, and the biofiltration performance is highly dependent on the solubility of the gas pollutants 
in the liquid and biofilm phases. Moreover, spent trickling liquid is applied to the culture of 
grass mix with the perspective of enhancing the crop yield (Figure 1).  
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It is evident that the more hydrophilic compound, represented by low values of dimensionless 
Henry’s law coefficients, the higher its bioavailability and higher expected removal, compared to 
hydrophobic compounds. In order to enhance the removal of hydrophobic VOCs in biotrickling 
filters, various measures are possible, including addition of surfactants or non-aqueous liquid 
phase, pre-treatment operations (e.g. photooxidation), mixing hydrophobic and hydrophilic gas 
streams or inoculation with selected microbial species, specialized in the removal of hydrophobic 
VOCs [5, 6].  

In this work, investigations of liquid phase of a BTF are proposed. Surface tension 
measurements for various investigated systems are presented in order to reveal changes of 
interfacial tension. The lower the surface tension, the lower the barrier for hydrophobic VOCs to 
reach the biofilm i.e. the bioavailability of VOCs is increased. It is assumed that the changes in 
surface tension of the trickling liquid will be related with the VOCs treatment and primarily, with the 
specialized microbial species, constituting the biofilm and the presence of protein released to the 
medium during cell growth. It may be that due to secretion of metabolic products of some microbes, 
biosurfactants may be released, which are believed to promote the removal of hydrophobic VOCs 
in BTFs [7].  

The removal of cyclohexane from gas mixture depends on the physicochemical properties of 
the co-treated VOCs and the lower the hydrophobicity of the VOC, the higher the removal efficiency 
of cyclohexane. The performance of biotrickling filtration of cyclohexane is discussed in terms of 
changes of physicochemical parameters of the trickling liquid (pH, absorption of VOCs, surface 
tension). To the best knowledge of the authors, the evaluation of the surface tension of liquid phase 
for the assessment of enhanced biofiltration performance of hydrophobic VOCs is not reported in 
the literature. Additionally, a practical approach of utilizing a mixed natural/synthetic packing for a 
biotrickling filter, presenting promising performance and limited maintenance requirements is 
proposed. Maximum elimination capacity of 95 g m-3 h-1 for cyclohexane was reached 
corresponding to the total inlet loading of VOCs mixture equal to 450 g m-3 h-1. Utilization of a spent 
trickling liquid for grass culturing resulted in its enhanced growth in the first 3 weeks of 
experiments, while further addition of liquid did not affect the plant growth as compared to the 
reference, suggesting a need for further optimization of both the dosing pattern and liquid 
composition. 
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It is evident that the more hydrophilic compound, represented by low values of dimensionless
Henry’s law coefficients, the higher its bioavailability and higher expected removal, compared to
hydrophobic compounds. In order to enhance the removal of hydrophobic VOCs in biotrickling
filters, various measures are possible, including addition of surfactants or non-aqueous liquid
phase, pre-treatment operations (e.g. photooxidation), mixing hydrophobic and hydrophilic gas
streams or inoculation with selected microbial species, specialized in the removal of hydrophobic
VOCs [5, 6].

In this work, investigations of liquid phase of a BTF are proposed. Surface tension
measurements for various investigated systems are presented in order to reveal changes of
interfacial tension. The lower the surface tension, the lower the barrier for hydrophobic VOCs to
reach the biofilm i.e. the bioavailability of VOCs is increased. It is assumed that the changes in
surface tension of the trickling liquid will be related with the VOCs treatment and primarily, with the
specialized microbial species, constituting the biofilm and the presence of protein released to the
medium during cell growth. It may be that due to secretion of metabolic products of some microbes,
biosurfactants may be released, which are believed to promote the removal of hydrophobic VOCs
in BTFs [7]. 

The removal of cyclohexane from gas mixture depends on the physicochemical properties of
the co-treated VOCs and the lower the hydrophobicity of the VOC, the higher the removal efficiency
of cyclohexane. The performance of biotrickling filtration of cyclohexane is discussed in terms of
changes of physicochemical parameters of the trickling liquid (pH, absorption of VOCs, surface
tension). To the best knowledge of the authors, the evaluation of the surface tension of liquid phase
for the assessment of enhanced biofiltration performance of hydrophobic VOCs is not reported in
the literature. Additionally, a practical approach of utilizing a mixed natural/synthetic packing for a
biotrickling filter, presenting promising performance and limited maintenance requirements is
proposed. Maximum elimination capacity of 95 g m-3 h-1 for cyclohexane was reached
corresponding to the total inlet loading of VOCs mixture equal to 450 g m-3 h-1. Utilization of a spent
trickling liquid for grass culturing resulted in its enhanced growth in the first 3 weeks of
experiments, while further addition of liquid did not affect the plant growth as compared to the
reference, suggesting a need for further optimization of both the dosing pattern and liquid
composition.
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Limited resources of fossil fuels force transformation of the global energy supply system 
towards development of renewable energy resources [1]. One of the options is the application 
of highly concentrated photovoltaic panels (HCPV) which eliminates disadvantages of traditional 
solar power systems, e.g. low conversion efficiency. The concentrated photovoltaic 
systems offer relatively high conversion efficiency, reduction of the operation cost and 
elimination of toxic materials used in solar cell production. HIPERION (Hybrid Photovoltaics For 
Efficiency Record Using Integrated Optical Technology) HCPV module with planar optical micro-
tracking system, developed in the Horizon2020 project (http://www. hiperion-project.eu/) meets 
the challenge of improving the efficiency of silicon panels. A unique and highly efficient solar 
module, capable of providing a real-time record of energy generation per m2, between 50% and 
80% has been constructed. The goal was achieved through the design of a solar photovoltaic 
module, based on hybrid technology where planar optical micro-tracking system concentrates 
sunlight on multi-junction solar cells situated on top of a conventional silicon backplane. The 
technology is based on a combination of optics, space-grade solar cells, and micro-tracking [2].  

The paper presents Life Cycle Assessment (LCA) analysis of a new HCPV technology 
developed in the HIPERION project for constructional data. In the LCA calculations, the module 
was adopted as the functional unit. SimaPro version 9.00.49, the recent Ecoinvent database 
(3.8) and the IPCC 2021 GWP 100a environmental model were employed to determine the 
environmental load. Ecoinvent system methodology was: “allocation at point of 
substitution”. The cradle-to-grave approach was chosen. The inventory analysis where all the 
material and energy flows and all the waste discharged to the environment over the whole life 
cycle were identified and collected from the manufacturers (primary data) to ensure reliable 
results. Available databases, mass and energy balances, were also used (secondary data) to 
complete the inventory table. The impact of the transport of raw materials was also assessed. In 
the interpretation phase, a review of all LCA stages in order to check the consistency with 
assumptions and data quality in relation to the goal and scope of the study was performed. 

Examples of the LCA calculations are shown in Figs. 1 and 2 displaying simplified process 
tree for contribution in CO2 eq. emissions (in kg and %) of individual materials used to 
manufacture the module.  

Results of the calculations show that the biggest environmental load was produced with the 
PV cells; 99.9 kg CO2 eq., which corresponds to 41.7 % of the total environmental load due to the 
large number of solar cells used in the construction. An important load is also generated by PMMA 
(methyl methacrylate) 38.8 kg kg CO2 eq. (16.2%) and integrated circuits 30.8 kg CO2 eq. (12.9%). 
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Fig. 1. Reduced process tree showing contribution in kg CO2 eq. emission of individual materials used 
to manufacture the module (only elements with contribution higher than 0.5% are shown) 

Fig. 2. Reduced process tree showing the percentage of contribution of individual materials used to 
manufacture the module (only elements with contribution higher than 0.5% are shown)

High efficiency of energy conversion of HCPV Hiperion panel results in low carbon footprint per 
kWh produced by the module which is in the range of 17–29 g CO2-eq./kWh. The carbon footprint 
of the module can be reduced further with recycling and recovery of the materials which can 
improve the sustainability of the photovoltaic industry. 
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Drug release in biomedical systems is a multi-stage, complex process, whose analysis requires 
the interdisciplinarity approach, which allows to incorporate physical and biochemical phenomena 
into mathematical models and verify them based on experimental research. 

Coronary intervention (PCI) techniques use stents to cure and prevent atherosclerosis.  Stents 
are longitudinal, mesh-shaped elements, which simulate scaffolding in the vessel, preventing 
coronary artery stenosis. The second generation stents, so called drug-eluting stents (DES), are 
covered by a thin layer containing antiproliferative drug preventing restenosis, which was once 
frequent complication after surgery. The percentage of drug absorbed by the blood vessel wall to 
the amount of the active substance diluted in flowing blood is the object of interest of scientists.   

The completed experiments simulated systems where the active substance diffused from the 
DES stent to the artery vessel walls and simultaneously was drifted by the convection of the blood 
flow. The measurements were conducted in the original, custom designed experimental setup (Fig. 
1). The coaxial, thin, internal hydrogel collet, containing the active substance (New Coccine, NC) 
simulated the „stent”. The central aperture formed the cylindrical lumen with the flowing “blood” 
(simulated by water, flowing in a closed loop) while the external, cylindrical collet made of hydrogel 
(biological agar) simulated the “vessel wall”.  

(a)                                 (b) 
Fig. 1. (a) Scheme of the experimental system [1], and 

(b) numerical mesh of the system generated by Ansys Fluent [2]

Different experiments were performed to evaluate the rate of mass transfer as well as relative 
mass decay in the hydrogel including various flow rates, substance concentrations and diverse 
active substances. The rates of mass transfer calculated for these systems are in the range of 
N’A=1,9·10-9÷ 1,3·10-7 [mol/s] and are similar to the literature values. Below the exemplary 
percentages of New Coccine in the respective parts of the system are presented.  
Table 1. The relative mass amounts in percentages of New Coccine in the subsequent parts of the system. 

The experiment: “stent” containing initially 0,1% [wt.] of New Coccine , the “blood” flow 30 [cm3/min], 
diffusion coefficient DNC,H= 7,5·10-11 [m2/s], results after 210 minutes of measurements [1].  

Percentage of New Coccine in “blood” =  𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 /𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 [%] 42 
Percentage of New Coccine in “stent” =    𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑆𝑆𝑆𝑆 /𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 [%] 21 

Percentage of New Coccine in „vessel wall” =  𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐻𝐻𝐻𝐻 /𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 [%] 37 

The results show that a large amount of the substance is being carried away by convection by 
the flowing liquid, which means that this amount of drug is not working therapeutically in the 
required place.  
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the interdisciplinarity approach, which allows to incorporate physical and biochemical phenomena
into mathematical models and verify them based on experimental research.
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are longitudinal, mesh-shaped elements, which simulate scaffolding in the vessel, preventing
coronary artery stenosis. The second generation stents, so called drug-eluting stents (DES), are
covered by a thin layer containing antiproliferative drug preventing restenosis, which was once
frequent complication after surgery. The percentage of drug absorbed by the blood vessel wall to
the amount of the active substance diluted in flowing blood is the object of interest of scientists.

The completed experiments simulated systems where the active substance diffused from the 
DES stent to the artery vessel walls and simultaneously was drifted by the convection of the blood
flow. The measurements were conducted in the original, custom designed experimental setup (Fig.
1). The coaxial, thin, internal hydrogel collet, containing the active substance (New Coccine, NC)
simulated the „stent”. The central aperture formed the cylindrical lumen with the flowing “blood”
(simulated by water, flowing in a closed loop) while the external, cylindrical collet made of hydrogel
(biological agar) simulated the “vessel wall”.  

(a) (b)
Fig. 1. (a) Scheme of the experimental system [1], and 

(b) numerical mesh of the system generated by Ansys Fluent [2]

Different experiments were performed to evaluate the rate of mass transfer as well as relative
mass decay in the hydrogel including various flow rates, substance concentrations and diverse
active substances. The rates of mass transfer calculated for these systems are in the range of
N’A=1,9·10-9÷ 1,3·10-7 [mol/s] and are similar to the literature values. Below the exemplary 
percentages of New Coccine in the respective parts of the system are presented.  
Table 1. The relative mass amounts in percentages of New Coccine in the subsequent parts of the system. 

The experiment: “stent” containing initially 0,1% [wt.] of New Coccine , the “blood” flow 30 [cm3/min],
diffusion coefficient DNC,H= 7,5·10-11 [m2/s], results after 210 minutes of measurements [1].

Percentage of New Coccine in “blood” = 𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 /𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 [%] 42
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Percentage of New Coccine in „vessel wall” = 𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐻𝐻𝐻𝐻 /𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 [%] 37

The results show that a large amount of the substance is being carried away by convection by
the flowing liquid, which means that this amount of drug is not working therapeutically in the
required place.

In the examined system, the distribution of the active substance between three media is 
considered. However, the calculated mass transfer coefficients of New Coccine to the flowing water, 
evaluated on the adequate correlations, proved that in this system the rate-limiting process of this 
drug release is diffusion in hydrogel [1]. Therefore, mathematical modeling of this process is 
described by the second Fick’s law as the transient diffusion from thin polymer layer with adequate 
initial and boundary conditions, which is typical approach met in literature [3] ÷ [6]. The solution 
gives two analytical solutions of relative mass release from the hydrogel layer [3], [4]: 
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The above equations can be simplified, as the further modules of the sum take much smaller values 
and can be neglected: 
• For 𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) < 0.60   equation (1) is simplified to the form:
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The values of the relative weight loss of New Coccine determined by the experiments were 
compared with results of calculations obtained for mathematical model. The results achieved for 
the-in-vessel wall are quite close e.g.: 37% (experimental data) vs. 43% (calculated value). 
However, the percentages of New Coccine in “stent” and in “blood” differ drastically. Further work 
must be done to verify the experiments and the model.  

The rate of drug release can be also described as the first reaction kinetics. Following this 
assumption Etters [7] introduced the half-empirical model of relative mass release of a drug from 
a thin polymer layer (a, b and g are process parameters evaluated by experimental data):  
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       (4) 

Etters’ semi-empirical model showed a good fit to the experimental data, which is related 
to its empirical nature, as this model coefficients have no clear physical interpretation. 

Fig. 2. Experimental data and calculated models 

Further work will focus on providing complex experimental verification of diffusion models and the numerical 
modeling of such systems, which is already in progress (Fig. 1). These inquiries will allow to comprehensively 
analyze active substance release from drug eluting stents. 
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Carbon dioxide is the main greenhouse gas responsible for climate change. One of the 
possibilities to reduce carbon dioxide emissions is its capture and storage (CCS). Among the 
methods of capturing and retaining CO2 separation processes based on the adsorption of a gas 
stream on a fixed bed of a selected adsorbent are a common choice. Removal of carbon dioxide 
from the gas mixture using adsorption allows to increase air quality and reduces greenhouse gas 
emissions to the environment [1]. 

Pressure Swing Adsorption (PSA) is a cyclic column process with a fixed bed of adsorbent. The 
main advantages of PSA are: low investment and operating costs, short time of the cycle, long life 
of the adsorbent, high efficiency of the process and fixed operating costs. In order to guarantee the 
continuity of the separation process in adsorption plants, it is necessary to use at least two identical 
beds. A contaminated gas stream is introduced into the inlet of the adsorption column, in which 
the pressure increases, which is favorable for the adsorption of carbon dioxide from the gas mixture 
with nitrogen. The adsorbent bed regeneration process occurs as a result of lowering the pressure 
in the adsorber, which promotes the desorption of previously adsorbed carbon dioxide and its 
removal from the bed [1, 2]. The pressure swing adsorption process consists of the following 
stages: I – pressurization, II – adsorption, III – depressurization, IV – desorption [3, 4, 5], which 
require optimization of operating parameters, i.e. pressure, stream flows and length of time of 
individual stages. During the design of the adsorption installation and analysis of the effectiveness 
of capturing carbon dioxide from flue gases, it is necessary to develop an appropriate mathematical 
model. The model should include all the mechanisms of mass, heat and momentum transport 
relevant to the PSA process, and its postulates regarding the individual stages of the process should 
be consistent with an analysis of experimental data and prediction of the range of process 
conditions implemented in practice. 

 PSA process was used to remove carbon dioxide from a model gas mixture consisting of 
carbon dioxide, nitrogen and water vapor, as water molecules are present in real off-streams and 
easily adsorb on the 13X zeolite. The composition of the gas was similar to the composition of flue 
gas. The sources of carbon dioxide (99.995%) and nitrogen (99.999%) were pressurized gas 
cylinders (Messer), while the water came from the municipal water supply and was distilled before 
use. On the basis of previous equilibrium and kinetic studies, zeolite 13X (Hurtgral, Poland) was 
selected for separation of the CO2, N2, and H2O gas mixture, which showed a high adsorption 
capacity for CO2 (5,45 mol/kg at 2000 kPa) [2,3]. The basic physical properties of zeolite 13X are: 
shape - spheres, bulk density - 700 kg/m3, adsorbent grain diameter - 3 mm. The adsorbent was 
packed as a fixed bed in a cylindrical apparatus with an internal diameter of 26 mm to a height of 
500 mm. Experimental studies of the pressure swing adsorption process were carried out with the 
following process parameters: composition of the CO2/N2/H2O gas mixture: 15/84,98/0,02; 
10/89,99/0,01; 20/79,98/0,02; adsorption process pressure 3 and 5 bar; ambient temperature 
298 K; inlet gas flow rate 4.738 L/min; purge gas flow rate 180 mL/min. The composition of gas 
streams was measured with a mass spectrometer HPR-20 (Hiden Analytical, UK). The experimental 
results were presented in the form of breakthrough curves. 

The mathematical model was developed for one adsorbent layer consisting of zeolite 13X. The 
entire model consists of partial differential equations, which relate to mass and energy, along with 
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stream on a fixed bed of a selected adsorbent are a common choice. Removal of carbon dioxide 
from the gas mixture using adsorption allows to increase air quality and reduces greenhouse gas 
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main advantages of PSA are: low investment and operating costs, short time of the cycle, long life 
of the adsorbent, high efficiency of the process and fixed operating costs. In order to guarantee the 
continuity of the separation process in adsorption plants, it is necessary to use at least two identical 
beds. A contaminated gas stream is introduced into the inlet of the adsorption column, in which 
the pressure increases, which is favorable for the adsorption of carbon dioxide from the gas mixture 
with nitrogen. The adsorbent bed regeneration process occurs as a result of lowering the pressure 
in the adsorber, which promotes the desorption of previously adsorbed carbon dioxide and its 
removal from the bed [1, 2]. The pressure swing adsorption process consists of the following 
stages: I – pressurization, II – adsorption, III – depressurization, IV – desorption [3, 4, 5], which 
require optimization of operating parameters, i.e. pressure, stream flows and length of time of 
individual stages. During the design of the adsorption installation and analysis of the effectiveness 
of capturing carbon dioxide from flue gases, it is necessary to develop an appropriate mathematical 
model. The model should include all the mechanisms of mass, heat and momentum transport 
relevant to the PSA process, and its postulates regarding the individual stages of the process should 
be consistent with an analysis of experimental data and prediction of the range of process 
conditions implemented in practice. 

 PSA process was used to remove carbon dioxide from a model gas mixture consisting of 
carbon dioxide, nitrogen and water vapor, as water molecules are present in real off-streams and 
easily adsorb on the 13X zeolite. The composition of the gas was similar to the composition of flue 
gas. The sources of carbon dioxide (99.995%) and nitrogen (99.999%) were pressurized gas 
cylinders (Messer), while the water came from the municipal water supply and was distilled before 
use. On the basis of previous equilibrium and kinetic studies, zeolite 13X (Hurtgral, Poland) was 
selected for separation of the CO2, N2, and H2O gas mixture, which showed a high adsorption 
capacity for CO2 (5,45 mol/kg at 2000 kPa) [2,3]. The basic physical properties of zeolite 13X are: 
shape - spheres, bulk density - 700 kg/m3, adsorbent grain diameter - 3 mm. The adsorbent was 
packed as a fixed bed in a cylindrical apparatus with an internal diameter of 26 mm to a height of 
500 mm. Experimental studies of the pressure swing adsorption process were carried out with the 
following process parameters: composition of the CO2/N2/H2O gas mixture: 15/84,98/0,02; 
10/89,99/0,01; 20/79,98/0,02; adsorption process pressure 3 and 5 bar; ambient temperature 
298 K; inlet gas flow rate 4.738 L/min; purge gas flow rate 180 mL/min. The composition of gas 
streams was measured with a mass spectrometer HPR-20 (Hiden Analytical, UK). The experimental 
results were presented in the form of breakthrough curves. 

The mathematical model was developed for one adsorbent layer consisting of zeolite 13X. The 
entire model consists of partial differential equations, which relate to mass and energy, along with 

transport rate and adsorption equilibrium equations. The following simplifying assumptions were 
made in the modeling of a non-equilibrium, non-isothermal cyclic PSA process of carbon dioxide 
capture from a model gas mixture. The fluid flow through the bed is described by plug flow of the 
gas phase with axial dispersion of mass and heat, the adsorption isotherm is described by the 
extended Langmuir model, there is no thermal equilibrium between the gas phase and the grains 
of the solid. In the model, the physical properties of the adsorbed substances and the walls of the 
adsorption column are independent of temperature and pressure. Moreover, temperatures and 
concentrations of radial gradients are negligibly small and isosteric heat of adsorption has a 
constant value [5]. 

The mathematical model was solved with the numerical method of lines (NMOL) in Matlab 
R2021b using solver ODE23s. The basic idea of the NMOL is to replace the spatial (boundary-value) 
derivatives in the partial differential equations (PDE) with algebraic approximations. Once this is 
done, the spatial derivatives are no longer stated explicitly in terms of the spatial independent 
variables. Thus, in effect, only the initial-value variable, typically the time in a physical problem, 
remains. In other words, with only one remaining independent variable, we have a system of 
ordinary differential equations (ODEs) that approximate the original PDE [5].  

Mathematical modeling was based on our own measurements of equilibrium and kinetics 
performed on an IGA-002 apparatus (Hiden Isochema, UK) and findings from the bench-scale PSA 
column installation. During the adsorption stage of the PSA process, an increase in bed 
temperature from 293 to 314 K was observed, depending on the composition of the gas mixture. 
Therefore, it was reasonable to perform CO2, N2, H2O gas/vapor - zeolite 13X isotherms for 
adsorption systems in a wide temperature range and introduce them to the PSA process model in 
the form of multi-temperature isotherms [2, 3]. Calculated breakthrough curves and temperature 
profiles were obtained while simulating CO2 capture from a wet gas mixture on the fixed zeolite bed. 
The experimental data were used to verify the results of model calculations, obtaining their good 
agreement with real cases. Thus, the usefulness of the model for simulating the uptake of carbon 
dioxide from the CO2/N2/H20 mixture on zeolite 13X was confirmed. Detailed process modeling, 
simulations and optimization strategies can be a very reliable tool for both qualitative and 
quantitative assessment of potential adsorbents for CO2 capture. 
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Nanomaterials are known for their antimicrobial activity. Therefore, they are extensively 
studied on microbiological models for novel applications in biotechnology, environmental 
protection, and medicine [1]. However, most of the tests on microorganisms are end-point methods 
that may ignore specific or subtle physiological changes in the studied population. Furthermore, 
methods such as disk diffusion or minimal inhibitory concentration assays may not be enough to 
obtain conclusive results [2]. Mainly carbon nanomaterials are difficult to use with any of the classic 
spectrophotometric methods as they considerably change the optical properties of the 
nanomaterial suspension. The often-used solution to this problem is the plate count method. 
However, this technique does not inform on possible cell agglomeration or switching to the viable 
but non-culturable state (VBNC). It means that only cells able to be cultured and to form a colony 
on a microbiological medium can be taken into account.  

This study applied dynamic spectrophotometric and cytometric methods to evaluate the 
interaction between reference bacteria and selected nanomaterials. 

The material for the study consisted of a group of reference microorganisms (Escherichia coli 
ATCC 25922, Staphylococcus aureus ATCC 33591, and Pseudomonas aeruginosa ATCC 27853) 
and selected nanomaterials, including metal oxide nanoparticles (Fe3O4, TiO2, ZnO) and carbon 
nanomaterials (nanotubes and graphene oxide nanoplates). Various physiological multi-point 
measurements were recorded, including population growth kinetics, membrane potential, cell 
counts, viability, and respiration. 

The dynamic approach revealed physiological changes in selected microorganisms in greater 
detail than end-point values [3]. Even though the populations often reached a similar state at the 
end of the experiment, there were discrepancies in the shape of the curves leading to this point. 
This method could also visualize other phenomena, such as cell agglomeration, temporary growth 
inhibition, and growth stimulation [4]. Resazurin assay was proven useful, particularly with carbon-
based nanomaterials, where optical density could not be measured with high precision.  

Dynamic methods can shed light on new dimensions of nanomaterial-bacterial interactions 
and improve the understanding of these processes.  
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Nanomaterials are known for their antimicrobial activity. Therefore, they are extensively
studied on microbiological models for novel applications in biotechnology, environmental
protection, and medicine [1]. However, most of the tests on microorganisms are end-point methods
that may ignore specific or subtle physiological changes in the studied population. Furthermore,
methods such as disk diffusion or minimal inhibitory concentration assays may not be enough to
obtain conclusive results [2]. Mainly carbon nanomaterials are difficult to use with any of the classic
spectrophotometric methods as they considerably change the optical properties of the
nanomaterial suspension. The often-used solution to this problem is the plate count method. 
However, this technique does not inform on possible cell agglomeration or switching to the viable
but non-culturable state (VBNC). It means that only cells able to be cultured and to form a colony
on a microbiological medium can be taken into account.  

This study applied dynamic spectrophotometric and cytometric methods to evaluate the
interaction between reference bacteria and selected nanomaterials.

The material for the study consisted of a group of reference microorganisms (Escherichia coli
ATCC 25922, Staphylococcus aureus ATCC 33591, and Pseudomonas aeruginosa ATCC 27853)
and selected nanomaterials, including metal oxide nanoparticles (Fe3O4, TiO2, ZnO) and carbon
nanomaterials (nanotubes and graphene oxide nanoplates). Various physiological multi-point
measurements were recorded, including population growth kinetics, membrane potential, cell 
counts, viability, and respiration. 

The dynamic approach revealed physiological changes in selected microorganisms in greater
detail than end-point values [3]. Even though the populations often reached a similar state at the
end of the experiment, there were discrepancies in the shape of the curves leading to this point.
This method could also visualize other phenomena, such as cell agglomeration, temporary growth 
inhibition, and growth stimulation [4]. Resazurin assay was proven useful, particularly with carbon-
based nanomaterials, where optical density could not be measured with high precision.

Dynamic methods can shed light on new dimensions of nanomaterial-bacterial interactions 
and improve the understanding of these processes.  
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Industrial ecology deals with the implementation of strategies to reduce the environmental 
impact of industry by ensuring cleaner production, with the focus not only on the environment but 
also on people, it is primarily about symbiosis between them [1]. In addition to reducing the 
consumption of energy and raw materials, which have a negative impact on the environment, it is 
intended to ensure quality of life and maintain profitability for trades, industry, and commerce [2]. 
The growing ecological trend dictates the development of obtaining nanostructures in accordance 
with the principles of Green Chemistry. According to industrial ecology, such a process should first 
and foremost reduce the use of energy and materials, as well as minimise waste generation and 
the use of toxic reactants as much as possible [3]. 

Design for the Environment (DFE) implies, among other issues, reuse, recycling and utilisation. 
Zero emission is mainly understood in the context of energy extraction and utilisation. It is therefore 
clear that, as Green Chemistry postulates, processes should be carried out as often as possible at 
ambient temperature and pressure. Zero liquid discharge determine the complete recycling of 
water, the treatment of wastewater, the elimination of the discharge of toxic compounds. It is 
therefore expedient to maintain the principle of Atomic Economics, to incorporate the raw material 
atoms into the product as much as possible. It is also important to eliminate the use of compounds 
with environmentally and humanly harmful properties. But what if the product itself, despite its 
many valuable properties, exhibits toxic properties? 

The importance and many possible applications of silver nanoparticles have influenced the 
development of their manufacturing technology. The production of nanoparticles with specific size, 
stability and physicochemical properties has become significant. Growing concerns about the 
environmental issues of production have drawn scientific and economic attention to 
environmentally friendly processes that lead to reduced costs, energy and emissions. There is also 
a need for continuous modification of the processes used to obtain them, in order to better control 
properties or develop formulations that do not exhibit harmful properties towards living matter, or 
these properties are reduced while maintaining the functionality of the materials. 

A system is a set of elements related in an organised manner. The properties of a system result 
from the integration of its constituent elements. In the case of technological issues, integration 
should start with determining the influence of process parameters on product properties and/or 
the process of obtaining the product (productivity, efficiency) and modelling these dependencies to 
predict the effects of the system and its elements. 

The paper proposes the creation of a system constituting a technology for obtaining 
nanomaterials, using silver nanoparticles as an example, consisting of raw materially distinct but 
process-identical components. Each of the component processes leads to a final product in the 
form of silver nanoparticles, although, they are characterised by different product properties, 
various material and energy intensity and thus different cost intensity. 

Compounds commonly used in the production of nanoparticle silver are described in the 
literature, including sodium borohydride and polyvinylpyrrolidone, However, the production of 
nanosilver using the above-mentioned compounds is associated with their negative impact on the 
environment. Consequently, another element of the system is based on the use of raw materials 
that do not endanger human health or the environment. This is a method of obtaining stable 
nanosilver suspensions using two synthetic substances, the use of which guarantees the reduction 
of metal ions and stabilisation of the resulting nanometal suspension. The requirement is the 
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Industrial ecology deals with the implementation of strategies to reduce the environmental 
impact of industry by ensuring cleaner production, with the focus not only on the environment but
also on people, it is primarily about symbiosis between them [1]. In addition to reducing the
consumption of energy and raw materials, which have a negative impact on the environment, it is
intended to ensure quality of life and maintain profitability for trades, industry, and commerce [2]. 
The growing ecological trend dictates the development of obtaining nanostructures in accordance
with the principles of Green Chemistry. According to industrial ecology, such a process should first
and foremost reduce the use of energy and materials, as well as minimise waste generation and
the use of toxic reactants as much as possible [3]. 

Design for the Environment (DFE) implies, among other issues, reuse, recycling and utilisation.
Zero emission is mainly understood in the context of energy extraction and utilisation. It is therefore
clear that, as Green Chemistry postulates, processes should be carried out as often as possible at
ambient temperature and pressure. Zero liquid discharge determine the complete recycling of
water, the treatment of wastewater, the elimination of the discharge of toxic compounds. It is
therefore expedient to maintain the principle of Atomic Economics, to incorporate the raw material
atoms into the product as much as possible. It is also important to eliminate the use of compounds
with environmentally and humanly harmful properties. But what if the product itself, despite its
many valuable properties, exhibits toxic properties?

The importance and many possible applications of silver nanoparticles have influenced the
development of their manufacturing technology. The production of nanoparticles with specific size,
stability and physicochemical properties has become significant. Growing concerns about the
environmental issues of production have drawn scientific and economic attention to
environmentally friendly processes that lead to reduced costs, energy and emissions. There is also
a need for continuous modification of the processes used to obtain them, in order to better control
properties or develop formulations that do not exhibit harmful properties towards living matter, or
these properties are reduced while maintaining the functionality of the materials.

A system is a set of elements related in an organised manner. The properties of a system result
from the integration of its constituent elements. In the case of technological issues, integration
should start with determining the influence of process parameters on product properties and/or
the process of obtaining the product (productivity, efficiency) and modelling these dependencies to
predict the effects of the system and its elements.

The paper proposes the creation of a system constituting a technology for obtaining
nanomaterials, using silver nanoparticles as an example, consisting of raw materially distinct but
process-identical components. Each of the component processes leads to a final product in the
form of silver nanoparticles, although, they are characterised by different product properties,
various material and energy intensity and thus different cost intensity.

Compounds commonly used in the production of nanoparticle silver are described in the
literature, including sodium borohydride and polyvinylpyrrolidone, However, the production of
nanosilver using the above-mentioned compounds is associated with their negative impact on the
environment. Consequently, another element of the system is based on the use of raw materials
that do not endanger human health or the environment. This is a method of obtaining stable
nanosilver suspensions using two synthetic substances, the use of which guarantees the reduction
of metal ions and stabilisation of the resulting nanometal suspension. The requirement is the

specific physicochemical properties of the chemical compounds used, which allows the method to 
be treated as environmentally friendly. For this purpose, D(+)-glucose or L(+)-ascorbic acid were 
used as reductants, as well as gelatine, which acted as a dispersing agent. Gelatine is a natural 
substance whose dry matter is a mixture of proteins and peptides. Glucose is known as "biological 
fuel". It is the energy source of many living organisms, including bacteria and humans. Ascorbic 
acid has strong antioxidant properties and is an important factor in the functioning of the human 
body. Due to its antioxidant properties, the substance has found use as a food preservative 
additive. In the food industry, ascorbic acid is known by the symbol E300. However, the process 
does not demonstrate adequate efficiency due to the need for two additional reactants (in addition 
to the metal ion source) [4, 5]. 

Plant extracts in which compounds with stabilising-reducing properties are present can be 
used in processes to obtain metal nanoparticles. The study focused on the use of aqueous extracts 
of selected plants. The substances obtained by extraction made it possible to achieve both reducing 
and stabilising effects in the suspensions formed. The complexity of the composition of the plants 
makes it possible to state that they are a natural source of all of the above-mentioned compounds 
with reducing properties, i.e., ellagic, gallic, ascorbic acids and anthocyanins, as well as other 
compounds belonging to the groups of polyphenols, flavonoids, and tannins. The extracts obtained 
also contain other substances whose nature allows effective stabilisation of the resulting 
nanometal suspensions, and these include mucilaginous compounds, peptides and biopolymers. 
Aqueous extracts of dried raspberry fruit were used in this study [6]. 

The use of extracts enables a product with the expected properties to be achieved, but it is not 
advisable to use such high-quality materials in solutions that do not require this. 

Stable suspensions of nanoparticles can be obtained using synthetic chemical compounds, 
whose physicochemical properties allow them to be used to simultaneously reduce metal ions and 
stabilise forming suspensions. In addition to suitable physicochemical properties, an important 
criterion for the selection of these compounds is the fact that they occur in the natural environment. 
As a result of the natural origin of the compounds used, the method can be described as pro-
ecological. 

It was found possible to obtain silver nanoparticles with a chemical reduction using tannic acid. 
Tannic acid belongs to the group of polyphenols of natural origin. It is characterised by its high 
antioxidant activity. The macromolecular structure of this compound allows effective size 
stabilisation of the resulting nanoparticles. 

Industrial Ecology aims to close the product cycle. Following this approach, the final component 
of the system was made using an infusion of waste coffee. With such a set of methods for obtaining 
silver nanoparticles, the main question to be answered when embarking on their production 
concerns the type of final product in which the nanoparticles will be contained, in which industry or 
in which sphere of everyday life they will be used? Only then should the expected properties of the 
product be defined.  

The rational use of the established properties of nanoparticles may make it possible to control 
and reduce the environmental impact, which, as a consequence of time and the prevalence of 
uncontrolled use, may become a significant problem. The most favourable solution is to use silver 
nanoparticles in a sustainable manner, in situations, places and products, when and where they 
actually perform their function and are needed. Depending on the answer to the question posed 
and the expected properties of the nanomaterial, a choice should be made as to how to obtain NAg 
from the system, which in its entirety should be considered as a single technology - eco-innovative, 
energy-efficient, cleaner, compatible with the principles of Green Chemistry and an Industrial 
Ecology strategy with Sustainability as the ultimate goal. 

References 

[1] Bartolucci C., Antonacci A., Arduini F., Moscone D., Fraceto L., Campos E., Attaallah R., Amine A., Zanardi
C., Cubillana-Aguilera L.M., Santander J.M.P., Scognamiglio V., Green nanomaterials fostering agrifood
sustainability, TrAC Trends Anal. Chem., 2020, 125, 115840.
[2] Abdelbasir S.M., McCourt K.M., Lee C.M., Vanegas D.C., Waste-derived nanoparticles: Synthesis
approaches, environmental applications, and sustainability considerations, Front. Chem., 2020, 782.
[3] Rodrigues G., da Costa Sousa M.G., Rezende T.M.B., Franco O.L., Can metallic nanomaterials be green
and sustainable? Curr. Opin. Environ. Sci. Health, 2021, 24, 100292.



170 Table of contents

[4] Babbitt C.W., Moore E.A., Sustainable nanomaterials by design. Nature nanotechnology Nat.
Nanotechnol. 2018, 13(8), 621–623.
[5] Mohamed Fahmy H., Mahmoud Mosleh A., Abd Elghany A., Engy Shams-Eldin, Serea E.S.A., Ashour Ali
S., Esmail Shalan A., Coated silver nanoparticles: synthesis, cytotoxicity, and optical properties, RSC Adv.,
2019, 9, 20118–20136.
[6] de Souza T.A.J., Souza L.R.R., Franchi L.P., Silver nanoparticles: An integrated view of green synthesis
methods, transformation in the environment, and toxicity, Ecotoxicol. Environ. Saf., 2019, 171, 691–700.



171 Table of contents

[4] Babbitt C.W., Moore E.A., Sustainable nanomaterials by design. Nature nanotechnology Nat.
Nanotechnol. 2018, 13(8), 621–623.
[5] Mohamed Fahmy H., Mahmoud Mosleh A., Abd Elghany A., Engy Shams-Eldin, Serea E.S.A., Ashour Ali
S., Esmail Shalan A., Coated silver nanoparticles: synthesis, cytotoxicity, and optical properties, RSC Adv.,
2019, 9, 20118–20136.
[6] de Souza T.A.J., Souza L.R.R., Franchi L.P., Silver nanoparticles: An integrated view of green synthesis
methods, transformation in the environment, and toxicity, Ecotoxicol. Environ. Saf., 2019, 171, 691–700.

24th Polish Conference of Chemical and Process Engineering 
13–16 June 2023, Szczecin, Poland

PHOTOREACTIVE URETHANE (METH)ACRYLATE OLIGOMERS WITH BUILT-IN 
DIELS-ALDER REACTION ADDUCT – SYNTHESIS AND THERMALLY REVERSIBLE 

MECHANISM 

Paulina Bednarczyk*, Karolina Mozelewska, Joanna Klebeko, Joanna Rokicka, 
Małgorzata Nowak, Paula Ossowicz-Rupniewska  

West Pomeranian University of Technology in Szczecin, Faculty of Chemical Technology and 
Engineering, Piastów 17, 70-310 Szczecin, Poland 
*corresponding author: bednarczyk.pb@gmail.com

A series of UV-curable urethane (meth)acrylates was obtained by copolymerization of the Diels-
Alder adduct (HODA), isophorone diisocyanate, PEG1000, and various hydroxy (meth)acrylates. The 
aim of the presented work was to determine the influence of the chemical structure of the 
introduced (meth)acrylic groups, i.e., hydroxyethyl acrylate, hydroxypropyl acrylate, hydroxyethyl 
methacrylate, and hydroxypropyl methacrylate, on the UV-curing process and thermally reversible 
mechanism of cured polymers. The chemical structure of prepolymers was characterized by FTIR 
and NMR spectroscopy, whereas the UV-curing process was monitored in real time using FTIR and 
photo-DSC. In turn, the thermally reversible mechanism was tested using an FTIR spectroscope 
equipped with a heating attachment, DSC and TG apparatus, as well as an optical microscope 
equipped with a stage with programmable heating. The result of comprehensive research on the 
thermally reversible mechanism of urethane (meth)acrylate oligomers with built-in Diels-Alder 
reaction adduct in the context of the presence of various photoreactive groups allows one to control 
the self-healing process of cured polymers by reducing the effective heating temperature [1]. The 
presented research is part of the work supported by The National Centre for Research and 
Development (NCBR; grant no. LIDER/16/0102/L-10/18/NCBR/2019 
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The transport of dispersion systems, especially in small, micro or nanostructures, plays a 
fundamental role in many fields of science and industry such as medicine, pharmaceuticals and oil 
extraction [1]. One of the top challenges for scientists today is the non-invasive introduction of 
active substances into the human body. This will make it possible to stop using outdated injection 
methods, which are not only sometimes painful but can also cause cross-infection, which directly 
threatens human life. The development of nanotechnology and the ability to create increasingly 
complex drug carriers at the nanoscale offers increasingly realistic prospects for meeting this 
challenge. However, in the absence of sufficient knowledge of the mechanisms of transport of such 
systems through the human skin structure, a deeper consideration of these issues is necessary. 

Human skin consists of layers, which are characterized not only by different structures but also 
by varied lipophilicity. Due to the tight structure of keratinocytes and the laminar arrangement of 
lipids surrounding the cells, the most difficult layer to overcome is the outer layer of the skin - the 
stratum corneum. This layer in its structure consists of alternating lipid layers and aqueous layers 
(See Fig. 1).  

        Fig. 1. Intercellular and transcellular diffusion 

The farther into the skin its hydrophilicity increases. This changing wettability of the medium greatly 
complicates the ability to transport the introduced compounds. For this reason, active substances 
are often placed on or in so-called carriers and in this form are transported to selected layers of the 
skin [2]. The simplest carriers of active substances are nanoparticles, which provide a matrix for 
many types of compounds [3]. Rapid advances in nanotechnology in recent years have contributed 
to the possibility of creating nanoparticles with well-defined parameters adapted to medical 
purposes [4]. However, in order to take advantage of the potential of using nanoparticles as non-
invasive drug carriers, it is not enough just to be able to produce them, but it is also necessary to 
know the mechanisms of their transport through the skin structure. The movement of substances 
through this pathway is described in the literature as diffusive transport and is characterized by 
Fick's first law [5]. The proportionality factor between the mass flux and the concentration gradient 
along the path is the diffusion coefficient. For the diffusion process of nanoparticles in liquids, the 
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The transport of dispersion systems, especially in small, micro or nanostructures, plays a
fundamental role in many fields of science and industry such as medicine, pharmaceuticals and oil
extraction [1]. One of the top challenges for scientists today is the non-invasive introduction of
active substances into the human body. This will make it possible to stop using outdated injection
methods, which are not only sometimes painful but can also cause cross-infection, which directly
threatens human life. The development of nanotechnology and the ability to create increasingly
complex drug carriers at the nanoscale offers increasingly realistic prospects for meeting this
challenge. However, in the absence of sufficient knowledge of the mechanisms of transport of such
systems through the human skin structure, a deeper consideration of these issues is necessary. 

Human skin consists of layers, which are characterized not only by different structures but also
by varied lipophilicity. Due to the tight structure of keratinocytes and the laminar arrangement of
lipids surrounding the cells, the most difficult layer to overcome is the outer layer of the skin - the
stratum corneum. This layer in its structure consists of alternating lipid layers and aqueous layers
(See Fig.1).

Fig.1. Intercellular and transcellular diffusion

The farther into the skin its hydrophilicity increases. This changing wettability of the medium greatly
complicates the ability to transport the introduced compounds. For this reason, active substances
are often placed on or in so-called carriers and in this form are transported to selected layers of the
skin [2]. The simplest carriers of active substances are nanoparticles, which provide a matrix for
many types of compounds [3]. Rapid advances in nanotechnology in recent years have contributed
to the possibility of creating nanoparticles with well-defined parameters adapted to medical
purposes [4]. However, in order to take advantage of the potential of using nanoparticles as non-
invasive drug carriers, it is not enough just to be able to produce them, but it is also necessary to
know the mechanisms of their transport through the skin structure. The movement of substances
through this pathway is described in the literature as diffusive transport and is characterized by
Fick's first law [5]. The proportionality factor between the mass flux and the concentration gradient
along the path is the diffusion coefficient. For the diffusion process of nanoparticles in liquids, the

diffusion coefficient is described by the Stokes-Einstein relationship [6]. However, nanoparticles 
moving in the skin, encounter skin cells on their way, which translates into the fact that transport 
takes place through a certain porous structure. It is generally accepted that the transport of 
particles through porous structures depends on the ratio of the size of these particles to the size of 
the pores, or in this case, the intercellular spaces (cement) [7]. That is, the smaller the diameters 
of the paths through which a substance can be transported, the greater the resistance and the less 
intense the flow. This therefore suggests that in the case of the transport of nanoparticles through 
dermal structures, it is the size of the intercellular spaces that has a decisive influence on their 
migration. However, recent experimental works indicate that some of the particles are captured 
(adsorbed) by the structure during transport, resulting in a significant reduction in permeability [8]. 
The deposition of particles in the skin layers will also depend on their hydrophilicity. There is a lack 
of quantitative studies in the literature on how this property of the partition surface affects the 
diffusion process of nanoparticles. Therefore, experimental work was undertaken to track diffusion 
using Franz chambers for nanoparticle suspensions through partitions with modified surfaces. 
Hydrophilic and hydrophobic filters with adequate parameters were used. Studies of nanoparticle 
diffusion over time were carried out for both single layers of partitions and several - one on top of 
the other. Alternating systems of hydrophilic and hydrophobic partitions in various combinations 
were also used. This allowed us to determine changes in the concentration of nanoparticles in 
solution over time for the systems studied. Therefore, it was possible to estimate the influence of 
surface wettability on the nanoparticle diffusion process. The quantitative results of this study can 
provide a basis for modeling the transport of drug nanocarriers in human skins taking into account 
the varying wettability. 

Foundation 
This research was funded by the National Science Center (Poland), within a research grant NCN 
Sonata 2019/35/D/ST8/01033. 

References 

[1] Rahman H., Hossain M.R., Ferdous T., The recent advancement of low-dimensional nanostructured
materials for drug delivery and drug sensing application: A brief review, J. Molec. Liq., 2020, 320 A,
114427.

[2] Waghule T., Rapalli V.K., Gorantla S., Saha R.N., Dubey S.K., Puri A., Singhvi G., Nanostructured Lipid
Carriers as Potential Drug Delivery Systems for Skin Disorders, Curr. Pharm. Design, 2020, 26(36),
4569-4579.

[3] Prow T.W., Grice J.E., Lin L.L., Faye R., Butler M., Becker W., Wurm E.M.T., Yoong C., Robertson T.A.,
Soyer H.P., Roberts M.S., Nanoparticles and microparticles for skin drug delivery, Adv. Drug Deliv. Rev.,
2011, 63(6), 470-491.

[4] McNamara K., Tofail S.A.M., Nanoparticles in biomedical applications, Adv. Phys. X, 2017, 2(1), 54-88.
[5] Mitragotri S., Anissimov Y.G., Bunge A.L., Frasch H.F., Guy R.H., Hadgraft J., Kasting G.B., Lane M.E.,

Roberts M.S., Mathematical models of skin permeability: an overview, Int. J. Pharm., 2011, 418(1),
115-29.

[6] Lee B.J., Cheema Y., Bader S., Duncan G.A., Shaping nanoparticle diffusion through biological barriers
to drug delivery, JCIS Open, 2021, 4, 100025.

[7] Zeb A., Arif S.T., Malik M., Shah A., Ud Din F., Qureshi O.S., Lee E.S., Lee G.Y., Kim J.K., Potential of
nanoparticulate carriers for improved drug delivery via skin, J. Pharm. Invest., 2019, 49, 485–517.

[8] Błaszczyk M.M., Sęk, J.P., The New Attempt at Modeling of the Three-Dimensional Geometry of the
Epidermal Skin Layer and the Diffusion Processes of Nanomolecular Drug Carriers in Such
Structures, Molecules, 2023, 28, 205.



174 Table of contents

24th Polish Conference of Chemical and Process Engineering 
13–16 June 2023, Szczecin, Poland

NUMERICAL SIMULATIONS OF ADSORPTION OF NANODROPLETS DURING 
THEIR TRANSPORT IN NARROW CHANNELS 

Mariola M. Błaszczyk*, Jerzy P. Sęk, Aleksandra Budzyń 
Lodz University of Technology, Faculty of Process and Environmental Engineering, 

Wólczańska 213, 93-005 Lodz, Poland 
*corresponding author: mariola.blaszczyk@p.lodz.pl

Nanodroplets and nanoparticles are objects from a few to a dozen or so nanometers in size. 
They exist commonly in the natural environment from where they can enter living organisms. They 
can intrude during swallowing, breathing, or directly through the skin. This path is the most 
interesting from the point of view of the cosmetic and pharmaceutical industry as the route of 
noninvasive delivery of cosmetics and medicaments to the organism without damaging the skin 
surface [1, 2]. 

The skin is the biggest organ of most mammals' bodies. In the case of humans, it weighs about 
ten percent of the total body mass. This cover protects the organism's interior against external 
impacts. It generally consists of four layers of different structure as presented in Fig. 1. 

Fig. 1.  The cross-section of skin 

Fig. 2. Brick and mortar model of stratum corneum 

 The outermost of these layers is named stratum corneum. It has a thickness of about 10 to 
20 micrometers and it is permanently revived. Despite this, it is the main barrier protecting the 
body's interior against external infections. In scientific considerations, the stratum corneum is very 
often presented as the brick-and-mortar model shown in Fig. 2 [3]. 

The vertical slits as presented in Fig. 2 have a width of about dozens of nanometers. Therefore, 
their size is comparable with the dimensions of transported nanobodies. In such a layout, the 
transport of nanobodies can be very slow or even entirely stopped into the deeper layers of skin.  

This protecting effect occurs as the result of at least two processes. One is the limitation of the 
speed of diffusion. Nanobodies have usually dimensions comparable to the size of slits. It causes 
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Nanodroplets and nanoparticles are objects from a few to a dozen or so nanometers in size. 
They exist commonly in the natural environment from where they can enter living organisms. They 
can intrude during swallowing, breathing, or directly through the skin. This path is the most
interesting from the point of view of the cosmetic and pharmaceutical industry as the route of
noninvasive delivery of cosmetics and medicaments to the organism without damaging the skin
surface [1, 2]. 

The skin is the biggest organ of most mammals' bodies. In the case of humans, it weighs about 
ten percent of the total body mass. This cover protects the organism's interior against external
impacts. It generally consists of four layers of different structure as presented in Fig. 1. 

Fig. 1 The cross-section of skin 

Fig. 2 Brick and mortar model of stratum corneum

 The outermost of these layers is named stratum corneum. It has a thickness of about 10 to
20 micrometers and it is permanently revived. Despite this, it is the main barrier protecting the
body's interior against external infections. In scientific considerations, the stratum corneum is very
often presented as the brick-and-mortar model shown in Fig. 2 [3].

The vertical slits as presented in Fig. 2 have a width of about dozens of nanometers. Therefore,
their size is comparable with the dimensions of transported nanobodies. In such a layout, the
transport of nanobodies can be very slow or even entirely stopped into the deeper layers of skin. 

This protecting effect occurs as the result of at least two processes. One is the limitation of the
speed of diffusion. Nanobodies have usually dimensions comparable to the size of slits. It causes

the values of diffusion coefficients to be low, very often below 10-9 m2/s. The second mechanism 
is the adsorption of transported material on the walls of channels. Because of the micro-sizes of 
the considered domain and the nanosizes of migrating nanodroplets or nanoparticles, it does not 
seem that any experimental technique could say what is the proportion between the number of 
particles transported as the result of diffusion and those which are adsorbed on the walls of the 
channels. 

The only insight into these phenomena can be estimated on the basis of numerical simulation. 
Numerical simulations of the transition of particles through the slit as the result of diffusion 

and adsorption on walls in the narrow channel were performed using the COMSOL Multiphysics v.6 
program package. Calculations were conducted in the two-dimensional domain of the geometry 
presented in Fig. 3.  

Fig. 3. Geometry of the numerical domain 

The height of the vertical channel was equal to 1µm and its width was 50 nm. To the main 
transport zone two chambers were added as the elements of the horizontal lipid layers. Simulations 
were carried out assuming that the nanoelements were moving as the result of Brown forces 
including Stoke’s viscous drag resistance. It was assumed in the simulations that the density of the 
liquid in which the transport occured was equal to 1000 kg/m3 and viscosity was 0.001, 0.005, 
0,01, 0,02, and 0,05 Pa∙s. The density of the transported material was equal to 800 kg/m3. It 
corresponds to the density of the oil phase in most of the real emulsions. Diameters of the migrating 
particles were equal to 1, 5, 10, 15, and 20 nm.  

The results of this modeling work allowed to estimate how many nanodroplets will be 
transported along the vertical channels and how many will settle on walls as the result of 
adsorption. Such results allow for predicting how effective, in the sense of penetration, can a given 
drug, medicament, or cosmetic be when it is delivered noninvasively through the skin surface.  
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There are numerous types of isotherms in the literature that can be used to describe the 
adsorption equilibria for pure substances, including but not limited to simple Langmuir-type 
equilibria or S-type isotherms. However, for multicomponent mixtures, there exist only a few 
equations, such as the extended Langmuir isotherm or the Sips isotherm. Typically, IAS (Ideal 
Adsorption Solution) or RAS (Real Adsorption Solution) methods are used to determine 
multicomponent equilibria [1]. It is therefore justified to propose approximation formulas for such 
equilibria characterized by a sufficiently small number of parameters. The aim of this study was to 
propose equations approximating adsorption isotherms for a mixture of two strongly adsorbing 
compounds. 

The mixture of carbon tetrachloride and n-hexane, which adsorb on Ajax activated carbon at 
303 K was analyzed in this study. In Table 1, the Thoth isotherm parameters for the analyzed 
adsorption system are shown. The pure substance isotherms have a typical Langmuir-type shape. 

 Table 1. Parameters of Toth equation for CCl4 and n-hexane on Ajax activated carbon (T = 303 K) [2] 

CCl4 n-hexane

𝑞𝑞𝑞𝑞1∗, mol/kg 7.194 5.265 

𝑏𝑏𝑏𝑏0𝑖𝑖𝑖𝑖  , Pa−1 0.8447 0.7801 

𝑡𝑡𝑡𝑡 0.3653 0.4092 

Fig. 1. (a) Linear relationship between difference q1-q2 and loading q1 and (b) approximation of the isotherm 
in binary mixture {CCl4-n-Heskane} on Ajax activated carbon (T = 303 K) 

The IAS method was used to calculate sorption isotherms for this binary mixture. Due to the 
high values of adsorption affinity (b0i), S-type isotherms were obtained [3]. In order to approximate 
the results with the appropriate equation, the S-shaped isotherm was divided into two parts, where 
the abscissa of its inflection point was the separation point. In addition, it was shown that there is 
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There are numerous types of isotherms in the literature that can be used to describe the
adsorption equilibria for pure substances, including but not limited to simple Langmuir-type
equilibria or S-type isotherms. However, for multicomponent mixtures, there exist only a few 
equations, such as the extended Langmuir isotherm or the Sips isotherm. Typically, IAS (Ideal
Adsorption Solution) or RAS (Real Adsorption Solution) methods are used to determine
multicomponent equilibria [1]. It is therefore justified to propose approximation formulas for such
equilibria characterized by a sufficiently small number of parameters. The aim of this study was to
propose equations approximating adsorption isotherms for a mixture of two strongly adsorbing
compounds.

The mixture of carbon tetrachloride and n-hexane, which adsorb on Ajax activated carbon at
303 K was analyzed in this study. In Table 1, the Thoth isotherm parameters for the analyzed
adsorption system are shown. The pure substance isotherms have a typical Langmuir-type shape.

Table 1. Parameters of Toth equation for CCl4 and n-hexane on Ajax activated carbon (T=303 K) [2]

CCl4 n-hexane

𝑞𝑞𝑞𝑞1∗, mol/kg 7.194 5.265

𝑏𝑏𝑏𝑏0𝑖𝑖𝑖𝑖 , Pa−1 0.8447 0.7801

𝑡𝑡𝑡𝑡 0.3653 0.4092

Fig. 1. (a) Linear relationship between difference q1-q2 and loading q1 and (b) approximation of the isotherm
in binary mixture {CCl4-n-Heskane} on Ajax activated carbon (T=303 K)

The IAS method was used to calculate sorption isotherms for this binary mixture. Due to the
high values of adsorption affinity (b0i), S-type isotherms were obtained [3]. In order to approximate
the results with the appropriate equation, the S-shaped isotherm was divided into two parts, where
the abscissa of its inflection point was the separation point. In addition, it was shown that there is

a linear relationship between the difference in the concentrations of the mixture components in the 
solid and the concentration of one of them. Thus, the following linear relationship can be written:    

𝑞𝑞𝑞𝑞1 − 𝑞𝑞𝑞𝑞2 = 𝑎𝑎𝑎𝑎0 + 𝑎𝑎𝑎𝑎1𝑞𝑞𝑞𝑞1 (1) 

In Equation (1), the values of a0 and a1 can be determined using linear regression. This makes it 
possible to determine the concentration of the second adsorbed component from a known value 
for the first component. Figure 1a shows the results of using linear regression for the CCl4–n-hexane 
mixture.    

The following isotherm equation was proposed for n-hexane (A2) in the first interval, i.e. for 
values of partial pressures lower than the abscissa of the inflection point: 

𝜃𝜃𝜃𝜃2 = 𝑏𝑏𝑏𝑏2∙�𝑝𝑝𝑝𝑝2−𝑝𝑝𝑝𝑝2𝑓𝑓𝑓𝑓�
1+𝑏𝑏𝑏𝑏1∙𝑝𝑝𝑝𝑝1+𝑏𝑏𝑏𝑏2�𝑝𝑝𝑝𝑝2−𝑝𝑝𝑝𝑝2𝑓𝑓𝑓𝑓�

+ 𝑏𝑏𝑏𝑏3 (2) 

There are only three parameters in this equation. For the second interval (p1>p1f), the following 
equation for carbon tetrachloride (A1) was proposed: 

𝜃𝜃𝜃𝜃1 = 𝑏𝑏𝑏𝑏1∙�𝑝𝑝𝑝𝑝1−𝑝𝑝𝑝𝑝1𝑓𝑓𝑓𝑓�
1+𝑏𝑏𝑏𝑏1∙�𝑝𝑝𝑝𝑝1−𝑝𝑝𝑝𝑝1𝑓𝑓𝑓𝑓�+𝑏𝑏𝑏𝑏2𝑝𝑝𝑝𝑝2

+ 𝑏𝑏𝑏𝑏3 (3) 

The parameters of Equations (2) and (3) were obtained separately for each interval using non-
linear regression. Their values are reported in Table 2. The concentration of, respectively, CCl4 in 
the first interval and n-hexane in the second one, were determined with linear regression (Equation 
(1)). 

Table 2. Parameters of isotherm equation for mixture CCl4 - n-hexane (T=303 K) 

p1 < p1f p1 > p1f 

𝑏𝑏𝑏𝑏1 , Pa−1 -1.562· 10-4 4.181 ·10-5 

𝑏𝑏𝑏𝑏2 , Pa−1 6.904 ·10-5 -9.884 ·10-5

𝑏𝑏𝑏𝑏3 , mol/kg 0.5576 0.5167 

The results of this procedure are illustrated in Figure 1b. The point symbols are derived from 
the application of the IAS method, while the solid lines are the values obtained on the basis of 
equilibrium approximation using Equations (2) and (3).  

As can be seen in Figure 1b, the proposed method of approximating the adsorption equilibria 
for a mixture of two strongly adsorbing substances is sufficiently accurate. Thus, it may be used for 
simple engineering calculations. This procedure can be employed to determine equilibrium 
adsorption equations in various binary mixtures of strongly adsorbing species. 

It was also shown that the S-shape of the isotherms for a binary mixture of strongly adsorbing 
compounds persists even when a significant amount of inert gas is added to the system. 

References 

[1] Do D.D., Adsorption analysis. Equilibria and kinetics., London, Imperial College Press 1998.
[2] Bae J.S., Do D.D., Surface diffusion of strongly adsorbing vapors in activated carbon by a differential 

permeation method. Chem. Eng. Sci., 2003, 58, 4403-4415.
[3] Bizon K., Boroń D., Tabiś B., Practical issues concerning two-component equilibria of strongly adsorbing 

species in porous solids. Chem. Eng. Res. Des., 2022, 187, 290-298.



178 Table of contents

24th Polish Conference of Chemical and Process Engineering 
13–16 June 2023, Szczecin, Poland

MONOLITHIC SILICA MICROREACTORS FOR SEQUENTIAL 
HYDROLYSIS-CONDENSATION REACTIONS   

Agnieszka Ciemięga*, Katarzyna Maresz, Julita Mrowiec-Białoń 
Polish Academy of Sciences, Institute of Chemical Engineering,  

Bałtycka 5, 44-100 Gliwice, Poland 
*corresponding author: ciemiega@iich.gliwice.pl

Continuous flow microreactors are attractive tools employed in modern technologies, designed 
for new molecule production in a greener and more sustainable manner. They proved to be an 
efficient, eco-friendly, lower-cost alternative for periodically conducted processes. In contrast to 
typical batch reactors, they provide efficient mixing¸ safety handling and facilitated control of 
process parameters. In the presented studies, benefits of flow microreactors were combined with 
the advantages of comprehensive synthesis of chemical compounds based on tandem catalysis 
assumptions. A tandem reaction is a complete multistep chemical synthesis of desired products 
from commercially available precursors. New pathways in cascade strategies require the 
development of tailored bifunctional heterogeneous catalysts with different catalytic functions.  

Herein, the cores of microreactors were formed by a highly porous skeleton with an extended 
surface area modified with zirconia and propylamine active sites. Processes involving 
deacetalization and Knoevenagel condensation were merged to create a complex system for the 
synthesis of ethyl α-cyanocinnamate. The processes were performed in two variations of 
microreactor set-up: i) microreactor with silica core modified with mixed centres and ii) two 
microreactors of different catalytic features connected in series. 

Fig. 1. Performance of bifunctional microreactor (left) and microreactors connected in series (right) 

The results showed the beneficial effect of the dual modification with both acid and base sites 
over the single functionalization of two separated cores (Fig. 1). Microreactors of 4 cm and 1 cm 
were employed to probe the influence of the residence time on catalytic performance. The highest 
product yield was achieved in the 4cm-long microreactor (for the longest residence time) while an 
inverse relationship was observed for selectivity. 

The application of a bifunctional microreactor in cascade synthesis is a new, perspective 
strategy in the area of process miniaturization. 

Acknowledgements: Financial support from the Polish National Science Centre (project no. 
2021/43/D/ST8/01727) is gratefully acknowledged. 
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Continuous flow microreactors are attractive tools employed in modern technologies, designed
for new molecule production in a greener and more sustainable manner. They proved to be an 
efficient, eco-friendly, lower-cost alternative for periodically conducted processes. In contrast to
typical batch reactors, they provide efficient mixing¸ safety handling and facilitated control of
process parameters. In the presented studies, benefits of flow microreactors were combined with
the advantages of comprehensive synthesis of chemical compounds based on tandem catalysis
assumptions. A tandem reaction is a complete multistep chemical synthesis of desired products
from commercially available precursors. New pathways in cascade strategies require the
development of tailored bifunctional heterogeneous catalysts with different catalytic functions.  

Herein, the cores of microreactors were formed by a highly porous skeleton with an extended
surface area modified with zirconia and propylamine active sites. Processes involving
deacetalization and Knoevenagel condensation were merged to create a complex system for the
synthesis of ethyl α-cyanocinnamate. The processes were performed in two variations of
microreactor set-up: i) microreactor with silica core modified with mixed centres and ii) two
microreactors of different catalytic features connected in series.

Fig. 1. Performance of bifunctional microreactor (left) and microreactors connected in series (right) 

The results showed the beneficial effect of the dual modification with both acid and base sites
over the single functionalization of two separated cores (Fig. 1). Microreactors of 4 cm and 1 cm
were employed to probe the influence of the residence time on catalytic performance. The highest
product yield was achieved in the 4cm-long microreactor (for the longest residence time) while an
inverse relationship was observed for selectivity.

The application of a bifunctional microreactor in cascade synthesis is a new, perspective
strategy in the area of process miniaturization. 

Acknowledgements: Financial support from the Polish National Science Centre (project no. 
2021/43/D/ST8/01727) is gratefully acknowledged.

24th Polish Conference of Chemical and Process Engineering 
13–16 June 2023, Szczecin, Poland

HYDRODYNAMICS OF TWO- AND THREE-PHASE SYSTEMS IN AN AGITATED 
VESSEL WITH TWO IMPELLERS 

Magdalena Cudak 
West Pomeranian University of Technology, Szczecin, Faculty of Chemical Technology and 

Engineering, Piastów Ave. 42, 71-065 Szczecin 
*corresponding author: cudak@zut.edu.pl

The manufacture of multiphase systems is an activity aimed at obtaining a homogeneous 
system and maintaining it for the time required for a particular process. One of the basic criteria 
for maintaining the proper hydrodynamic state in the agitated vessel is the appropriate selection of 
the configuration of the impellers on one shaft [1, 2, 3]. The study presented in this paper is aimed 
at determining the influence of the impeller configuration and, additionally, the impeller speed, the 
superficial gas velocity, the sucrose concentration in aqueous solution, and the yeast suspension 
concentration on the hydrodynamics of two- or three-phase systems in an agitated vessel with two 
impellers. 

The gas hold-up and the average residence time of the bubbles were measured in an agitated 
vessel with a liquid height of H = 2D and the internal diameters of D = 0.288 m. Four standard B = 
0.1T baffles were placed in the agitated vessel. The distance of the impellers from the bottom of 
the vessel was hL = 0.167H (for the lower impeller) and hU = 0.67H (for the upper impeller). Gas 
was introduced into liquid through a sparger of diameter dd = 0.7D. The sparger was located at a 
distance of e = 0.5h from the bottom of the agitated vessel. Different impeller configurations lower 
(L) – upper (U) high-speed impellers of diameter d = 0.33D were used in the measurements.

The study was carried out for gas-liquid and biophase-gas-liquid systems, where the gas phase
was air, the liquid phase were distilled water or an aqueous solution of sucrose (c = 2.5% mass., 
5% mass.), and the biophase was a suspension of Saccharomyces cerevisiae yeast (ys = 1% mass.).  
The measurements were conducted for the ranges of superficial gas velocity wog ∈ <3.413⋅10-3 
m/s; 8.53 x 10-3 m/s>. The properties of the liquid were changed in the following ranges: density ρ 
[kg/m3] ∈ <1000; 1019>, surface tension σ [N/m] ∈ <0.072; 0.086>; dynamic viscosity coefficient 
of the liquid phase ηl [Pas] ∈ <1 x 10-3; 1.16 x 10-3>; dynamic viscosity coefficient for the biophase-
liquid system was calculated from the following equation:  

𝜂𝜂𝜂𝜂𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐾𝐾𝐾𝐾 𝐾 𝐾𝐾𝐾𝐾𝑚𝑚𝑚𝑚𝑏𝑚 (1) 

The research results were analyzed taking into account the influence of the type of the upper 
or lower impeller,  impeller speed,  superficial gas velocity and type of liquid in the system on the 
gas hold-up and the average residence time of the bubbles. The experimental results were 
mathematically described. 
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Due to the need to implement sustainable development policies, efficient methods of 
producing valuable products from 2nd generation raw materials (i.e. lignocellulosic plant biomass) 
are being sought. Examples of such biomass are wastes from agricultural production, including 
corn straw. They are a source of 5- and 6-carbon monosaccharides, which microbiological methods 
in biorefineries can process into biofuels, biodegradable polymers, and medicines. Biomass 
conversion into biofuels has recently been implemented in developed countries to gradually 
become less dependent on fossil sources. Bioethanol is particularly important to the global 
economy, which is growing in demand, mainly in the transportation sector. The profitability of 
bioethanol production can be increased by integrated production of valuable chemicals, such as 
xylitol, by fermentation of pentoses released from the hemicellulosic fraction of biomass [1]. Xylitol 
has applications in food, pharmaceutical, and material engineering and is currently produced 
chemically by hydrogenating xylose using Ni/Al2O3 as the catalyst [2]. However, the cost of the 
chemical process is high, mainly due to the formation of by-products and low yields.  

The best natural producers of xylitol are yeast strains e.g. Candida tropicalis [3]. In addition, 
they ferment glucose to ethanol, which makes them particularly useful when using lignocellulosic 
waste as a raw material. The efficiency of xylitol production is affected by many factors, such as 
monosaccharide concentration in the medium, nitrogen source, oxygen availability, and culture 
conditions. Many solutions have been proposed to increase xylitol release [2], but they have not 
led to the development of cost-effective technology as an alternative to chemical methods. 

The present work aimed to investigate the efficiency of integrated biotechnological production 
of ethanol and xylitol by hydrolysis and then fermentation of corn straw using Candida tropicalis 
depending on the process parameters such as nitrogen source and temperature. Unlike the studies 
reported, the raw material before hydrolysis was pretreated using 2% NaOH. The advantage of this 
method is the high degree of delignification and the recovery of cellulose and hemicelluloses. Most 
often in the processes of producing xylitol from lignocellulosic biomass, the first step is the acid 
hydrolysis of hemicellulose to xylose, accompanied by the formation of inhibitors of enzymatic 
hydrolysis and fermentation. Therefore, additional steps of purification of the obtained acid 
hydrolysates are necessary, which increases the cost of the technology and prevents its application 
on an industrial scale [4]. The proposed pretreatment method has no such disadvantages and 
makes biomass highly susceptible to enzymatic hydrolysis. Hydrolysis was conducted using Cellic 
CTec2 enzymatic mixture as the catalyst according to the method previously reported [5]. Obtained 
hydrolysates, containing glucose (32.4 g/dm3) and xylose (12.25 g/dm3), were subjected to 
fermentation using yeast extract, aminobak or ammonium sulfate as nitrogen source at 3 different 
temperatures (30, 35 and 40ºC) at 150 rpm. Each experiment was performed in triplicate.  

The results showed that the studied process conditions influenced both glucose and xylose 
consumption rates and amounts of ethanol and xylitol produced by yeast. The lowest fermentation 
efficiency was observed using ammonium sulfate. Yeast extract and aminobak led to a similar 
maximum ethanol concentration in the fermentation broths (ca. 12 g/L). However, the amount of 
produced xylitol was the highest using aminobak. The time courses of ethanol and xylitol are 
presented in Fig.1. It can be observed that the production of ethanol was much faster than xylose 
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Due to the need to implement sustainable development policies, efficient methods of
producing valuable products from 2nd generation raw materials (i.e. lignocellulosic plant biomass)
are being sought. Examples of such biomass are wastes from agricultural production, including
corn straw. They are a source of 5- and 6-carbon monosaccharides, which microbiological methods
in biorefineries can process into biofuels, biodegradable polymers, and medicines. Biomass
conversion into biofuels has recently been implemented in developed countries to gradually 
become less dependent on fossil sources. Bioethanol is particularly important to the global
economy, which is growing in demand, mainly in the transportation sector. The profitability of
bioethanol production can be increased by integrated production of valuable chemicals, such as
xylitol, by fermentation of pentoses released from the hemicellulosic fraction of biomass [1]. Xylitol
has applications in food, pharmaceutical, and material engineering and is currently produced
chemically by hydrogenating xylose using Ni/Al2O3 as the catalyst [2]. However, the cost of the
chemical process is high, mainly due to the formation of by-products and low yields.

The best natural producers of xylitol are yeast strains e.g. Candida tropicalis [3]. In addition,
they ferment glucose to ethanol, which makes them particularly useful when using lignocellulosic
waste as a raw material. The efficiency of xylitol production is affected by many factors, such as
monosaccharide concentration in the medium, nitrogen source, oxygen availability, and culture
conditions. Many solutions have been proposed to increase xylitol release [2], but they have not
led to the development of cost-effective technology as an alternative to chemical methods.

The present work aimed to investigate the efficiency of integrated biotechnological production
of ethanol and xylitol by hydrolysis and then fermentation of corn straw using Candida tropicalis
depending on the process parameters such as nitrogen source and temperature. Unlike the studies
reported, the raw material before hydrolysis was pretreated using 2% NaOH. The advantage of this
method is the high degree of delignification and the recovery of cellulose and hemicelluloses. Most
often in the processes of producing xylitol from lignocellulosic biomass, the first step is the acid
hydrolysis of hemicellulose to xylose, accompanied by the formation of inhibitors of enzymatic
hydrolysis and fermentation. Therefore, additional steps of purification of the obtained acid
hydrolysates are necessary, which increases the cost of the technology and prevents its application
on an industrial scale [4]. The proposed pretreatment method has no such disadvantages and
makes biomass highly susceptible to enzymatic hydrolysis. Hydrolysis was conducted using Cellic
CTec2 enzymatic mixture as the catalyst according to the method previously reported [5]. Obtained
hydrolysates, containing glucose (32.4 g/dm3) and xylose (12.25 g/dm3), were subjected to
fermentation using yeast extract, aminobak or ammonium sulfate as nitrogen source at 3 different
temperatures (30, 35 and 40ºC) at 150 rpm. Each experiment was performed in triplicate.

The results showed that the studied process conditions influenced both glucose and xylose
consumption rates and amounts of ethanol and xylitol produced by yeast. The lowest fermentation
efficiency was observed using ammonium sulfate. Yeast extract and aminobak led to a similar
maximum ethanol concentration in the fermentation broths (ca. 12 g/L). However, the amount of
produced xylitol was the highest using aminobak. The time courses of ethanol and xylitol are
presented in Fig.1. It can be observed that the production of ethanol was much faster than xylose

regardless of studied process parameters. The rate of ethanol release was similar in each case 
although the concentration of this product decreased after ca. 10 h of fermentation. Additionally, 
the higher the temperature, the faster the decline. It was probably due to the utilization of ethanol 
by the yeast as a carbon and energy source when they thoroughly consumed glucose. Regarding 
xylose, its concentration in the broth was also impacted by temperature. Nevertheless, the highest 
productivity was obtained at 40ºC for broth that showed nitrogen sources.  

Fig. 1. Ethanol and xylitol concentrations vs fermentation time at different temperatures using yeast extract 
(A and C) and aminobak (B and D) as a nitrogen source 

Although the efficiency of xylitol release was the highest at 40ºC, at this temperature, the rate 
of ethanol consumption increased. Therefore, it seems to be desirable to remove ethanol from the 
broth after 10 h of fermentation. 

The research was funded by (POB Beyond) of Warsaw University of Technology within the 
Excellence Initiative: Research University (IDUB) programme.  
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Lubricants such as oils and greases play a key role in many industries, including in particular 
the automotive, transportation, chemical and food industries. The factor driving the growth of the 
market for these products in the world is the dynamic technological development. Lubricant 
manufacturers must keep up with increasingly advanced vehicles as well as innovative equipment 
where precision and efficient operation are crucial for their effective and profitable operation. 
During mechanical processes, as a result of strong friction between the surfaces, the elements of 
the friction node wear out and heat is generated, which reduces the work efficiency and shortens 
the useful life of the device. It is estimated that as much as about 23% (119 EJ) of the world's 
energy consumption is caused by anti-friction and regeneration of friction elements [1]. The 
reduction of friction contributes not only to the reduction of energy consumption, but also to fuel 
savings and the related financial and environmental benefits, in particular the reduction of CO2 
emissions. Enriching additives are added to oils and greases to improve their anti-wear (AW) and 
anti-seize (extreme pressure EP) properties. Conventional additives are mainly based on sulfur, 
chlorine or phosphorus compounds, which are not environmentally friendly [2, 3]. Therefore, it is 
necessary to undertake new research initiatives promoting activities for the development and 
implementation of technologies of innovative additives with improved tribological properties and 
reduced negative impact on the natural environment, compared to conventional agents. 
Nanotechnology is currently a new and intensively developed area of research in the production of 
lubricant additives. One of such nanoadditives may be flake graphene and its derivatives (graphene 
oxide, reduced graphene oxide). Graphene is a 2D material with a thickness of one carbon atom. 
Its application is currently the subject of many scientific studies in various areas (e.g. composites, 
coatings, electronics, energy storage, or medicine). One of the intensively developed and promising 
areas of flake graphene applications is tribology. It was found that the introduction of flake 
graphene as an additive to the lubricant improves its lubricating properties, reducing the coefficient 
of friction and surface wear. This is due to the unique properties of this material, such as the layered 
structure, small flake size, large specific surface area, high mechanical strength, high thermal 
conductivity and good lubrication.  

This work proposes an innovative approach to the implementation of reduced graphene oxide 
(RGO) as a nanoadditive with anti-wear properties to grease. In order to obtain the best knowledge 
about the influence of graphene based additive on the anti-wear properties of the grease, the tests 
were carried out for a wide range of concentrations of RGO in the grease, amounting to 0.25-
5.00 wt.%. The tests of the lubricating properties of the obtained greases with the addition of flake 
graphene were determined by measuring the average diameter of the wear scar. The tests were 
performed with the use of a four ball tester (Stanhope-SETA) at a load of 60 kgf for 60 minutes. 

Figure 1 shows the results of the research on the effect of the concentration of the RGO (0.25-
5.00 wt.%) on the lubricating properties of grease. It has been found that the addition of graphene 
flakes improves the anti-wear properties of the lubricant. The obtained data show that the 
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Lubricants such as oils and greases play a key role in many industries, including in particular
the automotive, transportation, chemical and food industries. The factor driving the growth of the
market for these products in the world is the dynamic technological development. Lubricant
manufacturers must keep up with increasingly advanced vehicles as well as innovative equipment
where precision and efficient operation are crucial for their effective and profitable operation.
During mechanical processes, as a result of strong friction between the surfaces, the elements of
the friction node wear out and heat is generated, which reduces the work efficiency and shortens
the useful life of the device. It is estimated that as much as about 23% (119 EJ) of the world's
energy consumption is caused by anti-friction and regeneration of friction elements [1]. The
reduction of friction contributes not only to the reduction of energy consumption, but also to fuel
savings and the related financial and environmental benefits, in particular the reduction of CO2

emissions. Enriching additives are added to oils and greases to improve their anti-wear (AW) and 
anti-seize (extreme pressure EP) properties. Conventional additives are mainly based on sulfur,
chlorine or phosphorus compounds, which are not environmentally friendly [2, 3]. Therefore, it is
necessary to undertake new research initiatives promoting activities for the development and
implementation of technologies of innovative additives with improved tribological properties and
reduced negative impact on the natural environment, compared to conventional agents.
Nanotechnology is currently a new and intensively developed area of research in the production of
lubricant additives. One of such nanoadditives may be flake graphene and its derivatives (graphene
oxide, reduced graphene oxide). Graphene is a 2D material with a thickness of one carbon atom. 
Its application is currently the subject of many scientific studies in various areas (e.g. composites,
coatings, electronics, energy storage, or medicine). One of the intensively developed and promising
areas of flake graphene applications is tribology. It was found that the introduction of flake
graphene as an additive to the lubricant improves its lubricating properties, reducing the coefficient
of friction and surface wear. This is due to the unique properties of this material, such as the layered
structure, small flake size, large specific surface area, high mechanical strength, high thermal
conductivity and good lubrication.

This work proposes an innovative approach to the implementation of reduced graphene oxide
(RGO) as a nanoadditive with anti-wear properties to grease. In order to obtain the best knowledge
about the influence of graphene based additive on the anti-wear properties of the grease, the tests
were carried out for a wide range of concentrations of RGO in the grease, amounting to 0.25-
5.00 wt.%. The tests of the lubricating properties of the obtained greases with the addition of flake
graphene were determined by measuring the average diameter of the wear scar. The tests were
performed with the use of a four ball tester (Stanhope-SETA) at a load of 60 kgf for 60 minutes.

Figure 1 shows the results of the research on the effect of the concentration of the RGO (0.25-
5.00 wt.%) on the lubricating properties of grease. It has been found that the addition of graphene
flakes improves the anti-wear properties of the lubricant. The obtained data show that the

introduction of RGO to the lubricant in a small concentration of 0.25 wt.%, increases the wear of 
the test pieces by 24% (4.03 ± 0.27 mm) compared to the grease without additive (3.26 ± 0.28 mm). 

Fig. 1. Influence of RGO additive concentration on the tribological properties of a grease 

However, the introduction of an RGO additive in the concentration 1.00 - 4.00 wt.% resulted in a 
significant improvement in lubricating properties and reduction of wear. The lowest wear was 
observed at 4.00 wt.% RGO concentration. Increase in RGO concentration in the lubricant from 
1.00 to 4.00 wt.% reduced the average diameter of the wear scar from 2.51 ± 0.23 mm (23%) to 
1.01 ± 0.05 mm (69%), respectively. Further increase of the additive content to 5.00 wt.% may 
increase the wear of the balls. It can be concluded that the RGO concentration 4.00 wt.% in the 
grease is the limit concentration, exceeding which the anti-wear properties of the grease may 
deteriorate. In the case of high concentrations of graphene, agglomerates form in the lubricant, 
which negatively affect the friction surface protection. In addition, surface activity of RGO may 
cause a violation of the internal structure of the lubricant and may cause reduced wear protection 
at low additive contents, which results in a larger wear scar diameter for concentrations in the range 
of 0.25-0.50 wt.% compared to pure base grease. The concentration of graphene in the lubricant 
is probably too low to compensate for the breakdown of the lubricant's internal network. Only higher 
concentrations of graphene flakes are able to cover enough of the friction surface to protect the 
node elements.  

It has been found that the RGO tested in operation can be successfully used as a material 
improving the tribological properties of lubricants. The use of flake graphene in lubricants is not a 
thoroughly researched and explained issue. In order to further develop the application of graphene 
flakes as a lubricant additive, it is necessary to continue research, including in the direction of 
chemical modification of the flake surface, as well as explaining the mechanisms of graphene 
operation during friction. 
This research was funded by Łukasiewicz Research Network – Institute of Microelectronics and Photonics 
and Łukasiewicz Research Network – Automotive Industry Institute (Statutory Research). This research was 
funded by National Science Centre, Poland – grant “Identification of mechanisms and investigations of flake 
graphene production by direct exfoliation using supercritical carbon dioxide”, project number 
2019/35/D/ST8/02977.  
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Radon-222 is the most common radon isotope found in nature. Its short-lived decay products 
account for almost half of the dose of ionizing radiation received by the inhabitants of Poland from 
natural sources. In 2021, exposure from natural sources in Poland accounted for 64% of the total 
effective dose and amounted to approx. 2.68 mSv/year, with a statistical inhabitant of Poland 
receiving a dose from radon and its decay products of approx. 1.20 mSv/ year [1]. 

Rn-222 is a colorless and odorless noble gas that occurs naturally as a decay product of the 
long-lived Ra-226. It has a half-life of about 3.8 days. Radon does not directly affect our body. 
However, short-lived derivatives of radon decay combine with aerosols in the air and enter the 
respiratory system during breathing, where they can cause cancer [2]. 

Radon in atmospheric air comes mainly from the earth's crust. As a noble gas, it easily 
migrates, e.g. through the soil environment, getting into the atmosphere. The average 
concentration of radon in the ground-level air layer in Poland depends on weather and the season 
and ranges from 5 to 20 Bqm-3 [3]. Found in the soil air of the foundation of a building, Rn-222 
penetrates into the interior of the building relatively quickly, depending on its construction, and can 
reach high activities > 100 Bqm-3. Radon enters with air sucked in from the ground through cracks 
in foundations, building walls, sewage manholes, leaks around sewage pipes, from building 
materials, etc. Due to the fact that Rn-222 relatively easily penetrates into the air at the ground 
surface, estimating the radon hazard associated with this phenomenon is an important part of 
assessing the safety of the human environment. 

Forecasting the Rn-222 concentration using various mathematical models enables 
determination of the degree radiological risk level for future residents, and thus the use of 
appropriate security techniques, already at the building design stage. 

The purpose of this work was to develop and verify a CFD model that can be used to analyse 
Rn-222 penetration from the ground and building materials into the interior of buildings. At this 
stage of research, this model does not yet take into account all the most important factors 
influencing this process. 

To determine the concentrations of natural gamma radioactive isotopes (radium Ra-226, 
thorium Th-232 and potassium K-40) in building materials, enabling the calculation of the 
radioactive concentration index Rn-222, a Gamma spectrometer with a germanium detector, 
GC4018-F-RDC-6 -CP-5-Plus; MIRION Technologies (CANBERRA) was used. Determination of Rn-
222 concentration in the soil air and in the air in the building was carried out using an AlphaGUARD 
DF2000 apparatus (Bertin Technologies SAS, France). 

The phenomenon of radon transport and its exhalation are complex and depend on many 
factors. It is assumed that radon is transported from the depth of soil to the contact surface with 
the building. The process of radon entering the building is controlled by driving forces 
(concentration gradient for diffusion, pressure difference for convection and advection) and the 
type of material used as the foundation and insulation layer. The source of indoor radon is also the 
air supplied to the house through ventilation. All these factors have been taken into account in the 
proposed CFD model. The porosity model was used to calculate the soil air flow, and the component 
mass balance was used to calculate Rn-222 concentration. 

Comparison of Rn-222 concentrations in the soil air and in the building room, calculated and 
obtained experimentally, indicates that the CFD model developed in this work can be used to model 
the penetration of Rn-222 into the interior of closed rooms. A good agreement between observed 
and calculated values was obtained. Despite the fact that modelling of this type of processes is 
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long-lived Ra-226. It has a half-life of about 3.8 days. Radon does not directly affect our body. 
However, short-lived derivatives of radon decay combine with aerosols in the air and enter the 
respiratory system during breathing, where they can cause cancer [2]. 

Radon in atmospheric air comes mainly from the earth's crust. As a noble gas, it easily 
migrates, e.g. through the soil environment, getting into the atmosphere. The average 
concentration of radon in the ground-level air layer in Poland depends on weather and the season 
and ranges from 5 to 20 Bqm-3 [3]. Found in the soil air of the foundation of a building, Rn-222 
penetrates into the interior of the building relatively quickly, depending on its construction, and can 
reach high activities > 100 Bqm-3. Radon enters with air sucked in from the ground through cracks 
in foundations, building walls, sewage manholes, leaks around sewage pipes, from building 
materials, etc. Due to the fact that Rn-222 relatively easily penetrates into the air at the ground 
surface, estimating the radon hazard associated with this phenomenon is an important part of 
assessing the safety of the human environment. 

Forecasting the Rn-222 concentration using various mathematical models enables 
determination of the degree radiological risk level for future residents, and thus the use of 
appropriate security techniques, already at the building design stage. 

The purpose of this work was to develop and verify a CFD model that can be used to analyse 
Rn-222 penetration from the ground and building materials into the interior of buildings. At this 
stage of research, this model does not yet take into account all the most important factors 
influencing this process. 

To determine the concentrations of natural gamma radioactive isotopes (radium Ra-226, 
thorium Th-232 and potassium K-40) in building materials, enabling the calculation of the 
radioactive concentration index Rn-222, a Gamma spectrometer with a germanium detector, 
GC4018-F-RDC-6 -CP-5-Plus; MIRION Technologies (CANBERRA) was used. Determination of Rn-
222 concentration in the soil air and in the air in the building was carried out using an AlphaGUARD 
DF2000 apparatus (Bertin Technologies SAS, France). 

The phenomenon of radon transport and its exhalation are complex and depend on many 
factors. It is assumed that radon is transported from the depth of soil to the contact surface with 
the building. The process of radon entering the building is controlled by driving forces 
(concentration gradient for diffusion, pressure difference for convection and advection) and the 
type of material used as the foundation and insulation layer. The source of indoor radon is also the 
air supplied to the house through ventilation. All these factors have been taken into account in the 
proposed CFD model. The porosity model was used to calculate the soil air flow, and the component 
mass balance was used to calculate Rn-222 concentration. 

Comparison of Rn-222 concentrations in the soil air and in the building room, calculated and 
obtained experimentally, indicates that the CFD model developed in this work can be used to model 
the penetration of Rn-222 into the interior of closed rooms. A good agreement between observed 
and calculated values was obtained. Despite the fact that modelling of this type of processes is 

difficult due to many factors affecting each other, the differences between the obtained results did 
not exceed 30%. At the present stage, work is underway to improve the model so that it predicts 
results with greater accuracy. 
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Aerosols are used as convenient carriers for targeted drug delivery to the lower respiratory 
tract [1]. The process of aerosol generation can proceed in different ways depending on the 
properties of the precursor. Powders are dispersed by aerodynamic forces, typically generated by 
the flow of inhaled air in so-called passive dry powder inhalers (DPIs) [2], whereas liquid solutions 
or suspensions are dispersed by atomization done with various methods, with pneumatic or 
ultrasonic nebulization (including vibrating mesh nebulization) being the most common. In any 
aerosol generation system, the mass output and size distribution of dispersed particles or droplets 
are influenced by the aerodynamic conditions of airflow through the inhaler [3]. By affecting the 
aerosol size distribution, these conditions determine the penetration and deposition of the drug 
inside the respiratory system, and thus - the effectiveness of inhalation therapies. Regardless of 
the type of inhaler, the actual behavior of the aerosol particles in the surrounding airflow field in 
the respiratory tree depends on the way of the inhalation maneuver. 

This communication presents several variants of experimental research demonstrating the 
influence of airflow dynamics on the generation and transport of aerosol particles inside and 
outside various inhalers. This direction of research helps to improve in vitro – in vivo correlation 
(IVIVC) and bioequivalence when linking the information gained from inhaler testing to clinically 
assessed lung deposition [4, 5].  

The experiments were done using a programmable simulator of inhalation flows (ASL 5000XL, 
Ingmar Medical, USA) and aerosol diffraction spectrometer (Spraytec, Malvern, UK). For powder 
inhalers (capsule RS01, Plastiape, Italy, and Turbospin, Ph&T, Italy) additional studies with the Next 
Generation Impactor NGI equipped with the mixing inlet (Copley Scientific, UK) were done.  

For DPIs inhalation pattern through an inhaler is directly linked to time-dependent size 
distribution of aerosol particles, Fig. 1. It is seen that aerosol is released from the inhaler only during 
the initial phase of inhalation, when the airflow rate (and hence the energy that can be used to 
aerosolize the powder) is smaller than the maximum flow value during inhalation, i.e., PIFR (peak 
expiratory flow rate). Most powder is dispersed efficiently during the first second of the inspiratory 
flow, and the aerosol generated after that time contains mostly larger particles. The results show 
that the standard (compendial) method of the assessment of aerodynamic particle size under PIFR 
through an inhaler is not realistic and probably overestimates the amount of small aerosol particles 
released during the actual use of a DPI. 

(a) (b) 
Fig. 1. (a) Dynamics of aerosol generation in RS01 DPI; (b) the evolution of particle size 

distribution in the aerosol emitted from the DPI
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properties of the precursor. Powders are dispersed by aerodynamic forces, typically generated by
the flow of inhaled air in so-called passive dry powder inhalers (DPIs) [2], whereas liquid solutions
or suspensions are dispersed by atomization done with various methods, with pneumatic or
ultrasonic nebulization (including vibrating mesh nebulization) being the most common. In any 
aerosol generation system, the mass output and size distribution of dispersed particles or droplets
are influenced by the aerodynamic conditions of airflow through the inhaler [3]. By affecting the
aerosol size distribution, these conditions determine the penetration and deposition of the drug
inside the respiratory system, and thus - the effectiveness of inhalation therapies. Regardless of
the type of inhaler, the actual behavior of the aerosol particles in the surrounding airflow field in
the respiratory tree depends on the way of the inhalation maneuver.

This communication presents several variants of experimental research demonstrating the
influence of airflow dynamics on the generation and transport of aerosol particles inside and
outside various inhalers. This direction of research helps to improve in vitro – in vivo correlation
(IVIVC) and bioequivalence when linking the information gained from inhaler testing to clinically
assessed lung deposition [4, 5].  

The experiments were done using a programmable simulator of inhalation flows (ASL 5000XL,
Ingmar Medical, USA) and aerosol diffraction spectrometer (Spraytec, Malvern, UK). For powder
inhalers (capsule RS01, Plastiape, Italy, and Turbospin, Ph&T, Italy) additional studies with the Next
Generation Impactor NGI equipped with the mixing inlet (Copley Scientific, UK) were done.

For DPIs inhalation pattern through an inhaler is directly linked to time-dependent size
distribution of aerosol particles, Fig. 1. It is seen that aerosol is released from the inhaler only during
the initial phase of inhalation, when the airflow rate (and hence the energy that can be used to
aerosolize the powder) is smaller than the maximum flow value during inhalation, i.e., PIFR (peak 
expiratory flow rate). Most powder is dispersed efficiently during the first second of the inspiratory
flow, and the aerosol generated after that time contains mostly larger particles. The results show
that the standard (compendial) method of the assessment of aerodynamic particle size under PIFR
through an inhaler is not realistic and probably overestimates the amount of small aerosol particles
released during the actual use of a DPI.

(a) (b) 
Fig. 1. (a) Dynamics of aerosol generation in RS01 DPI; (b) the evolution of particle 

size distribution in the aerosol emitted from the DPI. 

Aerosol generation in nebulizers takes place under completely different conditions. These are 
"active" devices, since the energy needed to atomize the liquid drug is supplied from external 
sources, i.e., compressed air or ultrasonic vibrations. The aerosol is generated continuously and is 
drawn without the need for special inhalation maneuvers. The dynamics of inhalation, however, 
varies from patient to patient and affects the speed at which the droplet flows through the external 
components of the nebulizer (mouthpiece, mask, tubings, etc.) [6, 7]. Instantaneous flow rate 
affects the size-dependent droplet separation in these parts of the nebulizing system. Droplets 
larger than 5 µm are removed from the aerosol by inertial forces, which dominate when the flow is 
fast (close to PIFR). On the other hand, periods characterized by low velocity allow these droplets 
to be carried into the respiratory tract, where they cannot reach the target region of lower airways 
due to complex geometric structure and obturations of the diseased lungs [8]. As the aerosol flows 
through the mouthpiece of the nebulizer, not only are large droplets separated, but also droplets 
can evaporate in contact with additional air drawn in from the environment. Both effects lead to a 
reduction in the size of the aerosol droplet leaving the nebulizer mouthpiece, which is usually 
completely ignored in the analysis of medical nebulizations. Based on both CFD calculations and 
experimental analysis, we have demonstrated a reduction in average droplet size caused by the 
above processes for a vibrating mesh nebulizer (Intec Twister Mesh, Kraków, Poland), Fig. 2.  

The research presented here demonstrates the usefulness of the scientific tools offered by 
chemical and process engineering for solving problems related to improving drug delivery and the 
evaluation methods for nebulizers and other inhalers. The results of such studies also should 
improve the IVICV allowing to establish the more reliable relationships between inhaler testing data 
and the actual pulmonary deposition of inhaled medicines. 

 
 
 

Fig. 2. (a) Calculated diameter of water droplet (initial diameter = 7 µm) at the outlet of nebulizer 
mouthpiece upon dilution with additional inhaled air; (b) experimental change in droplet median diameter 

Dv50 upon dilution of polydisperse aerosol with additional inhaled air (RH=15%) 
for various flow rate (in liters per minute: LPM) 
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One of the environmental problems is the release of volatile organic compounds (VOCs), which 
are substances that have a high vapor pressure. VOCs are commonly used in both industrial 
applications and household chemicals as solvents and ingredients in products such as antiseptics. 
Activated carbon (AC) fixed-bed adsorption can be used to capture VOC vapors from waste gases 
[1]. However, the process may be problematic in the presence of water vapor, which also adsorbs 
on the adsorbent, reducing its VOC capture capacity [2, 3]. The strength of the adsorbate/adsorbent 
interaction depends on the properties of the adsorbate, the heterogeneity degree of the AC surface, 
temperature and the presence of competing adsorbates. Adsorption equilibrium data for individual 
adsorbate/adsorbent systems are necessary to characterize the adsorbability of air pollutants and 
to select the appropriate adsorbent for adsorption fixed bed processes. 

The main objective of this study was to compare the adsorption behavior of water and polar 
VOCs, such as methyl ethyl ketone (MEK), isopropyl alcohol (IPA), n-propyl alcohol (NPA) and isobutyl 
alcohol (IBA) on Sorbonorit B4 (SB4) activated carbon. The adsorbent is heterogeneous [4, 5], 
which determines its adsorption affinity for polar adsorbate molecules that are capable of 
adsorbing either in the porous AC structure or on surface functional groups. The adsorption 
isotherm measurements were conducted using an IGA-002 intelligent gravimetric analyser (Hiden 
Isochema Ltd., U.K.). Figure 1 presents experimental adsorption isotherms at 293 K. The water 
vapor adsorption isotherm on SB4 is Type V in the IUPAC scheme, while the others are Type I. 
As can be seen, the adsorbent capacity for water at relative humidity RH > 40% is greater than 
that of VOC vapours. This effect is negligible when RH < 10%. In the range of higher RH, 
competitive adsorption between water and VOC molecules on activated carbon can be expected. 

Fig. 1. Experimental isotherms for MEK, IPA, NPA, IBA and water vapor on Sorbonorit B4 at 20 ºC 

The adsorption equilibrium of VOCs and water vapor on activated carbon was analysed using 
Langmuir, Freundlich, Toth, Redlich-Peterson, Dubinin-Astakhov and Dubinin-Radushkevich 
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isotherms [6]. Table 1 presents values of the maximum adsorption capacity qm and the 
characteristic energy E. As can be seen, SB4 shows the highest maximum adsorption capacity qm 
for water vapor, while for VOC it is much lower and decreases as follows: NPA>IPA>MEK>IBA, which 
corresponds to the critical size of adsorbate molecules. The characteristic energy of the adsorbate-
adsorbent interaction is the lowest for the system with water and increases for VOC in the order 
IBA<NPA<IPA<MEK, respectively. This may be caused by different adsorbate-adsorbent 
interactions. The isosteric heat of the adsorption (Qst) was used to characterize the strength of 
these interactions. It was calculated based on the multi-temperature adsorption isotherms using 
Clausius-Clapeyron equation. The calculation revealed that the Qst value depends on the amount 
of adsorbate which indicated that the process occurs on various types of adsorption sites with 
different binding energies. The Qst  values were lower than 80 kJ/mol, which is characteristic for 
physisorption [7]. 

Table 1. Selected parameters of VOCs and water vapor adsorption model isotherms on SB4 at 20 ◦C 

parameter MEK NPA IPA IBA water vapor 

qm, mol/kg 5.243 5.501 5.258 4.120 21.708 

E, kJ/mol 20.198 12.359 15.696 10.565 1.745 

IPA was selected as the adsorbate for the column studies. The tests were carried out in a glass 
adsorption column (internal diameter 0.055 m) with an SB4 fixed bed with the mass of 0.26 kg 
and height of 0.27 m. During the adsorption step, tests of breakthrough curves (BTCs) at ambient 
temperature were conducted. In the tests, a IPA-laden air stream with specific concentrations 
ranging from 5 to 15 g/m3 was passed through the adsorption column until the SB4 bed was 
completely saturated. The experimental data analysis shows that the increase in the inlet 
concentration of adsorbate shortens the breakthrough and saturation times. The values of the 
equilibrium capacity of the adsorbent were higher than those determined from the BTCs. This 
suggests that equilibrium was not reached in the fixed bed process. 

In BTC tests, the temperature inside the bed was measured. The obtained time-temperature 
profiles showed that the adsorption process was exothermic and the heat released during the 
adsorption process increased the temperature inside the bed. The maximum temperature increase 
was estimated based on the isosteric heat of adsorption, specific heat capacity of the adsorbent 
and the gas mixture and operating parameters [3]. The calculated values of the maximum 
temperature rise in the fixed bed were consistent with the relevant experimental data. At high 
concentrations of adsorbate in the air, the increase in bed temperature may be so large that the 
process cannot be treated as isothermal, which should be taken into account when designing a 
fixed-bed adsorber. 
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The growing demand for nanomaterials is prompting the search for new production methods. 
While processes based on batch operations are relatively well understood, a lack of sufficient data 
is observed for continuous processes. The relatively small number of papers on the fabrication of 
silver nanowires (AgNWs) in a continuous flow process [1-4] provided the rationale for this research. 
This paper presents a simplified mathematical model to determine the changes in basic process 
parameters along the flow path through a convection-heated tubular reactor and its experimental 
verification due to the final conversion rate of the nanomaterial precursor. The so-called polyol 
synthesis, in which ethylene glycol (EG) was the reductant of the nanomaterial precursor and the 
solvent, was used to produce AgNWs. Obtaining a product with a high aspect ratio was possible in 
this process by using polyvinylpyrrolidone (PVP) and CuCl2 as a stabiliser and mediating agents, 
respectively. A system of equations including heat balance (1-4) and reaction kinetics (5) was used 
to model the AgNWs production process in a tubular reactor: 
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where: G mass flow rate, cp heat capacity, tin, ti, tw, twz, tp inlet, local, internal wall, external wall and 
surrounding temperature, respectively, αp, αge heat transfer coefficient to the outer wall of the 
reactor (αp=25 W/m2K) and inside reactor, respectively, li location relative to the inlet, d, dz 
I.D.=0.003 m and O.D.=0.009 m, respectively, λt heat conductivity coefficient of reactor material,
assumed to be equal λt=1 W/mK, CA0 initial concentration of AgNWs precursor (AgNO3), u linear
velocity, the k reaction rate constant, k0=4600 1/s, pre-exponential factor in Arrhenius equation,
EA=54 kJ/mol the activation energy of nanoparticle formation [5], R universal gas constant.

The heat transfer coefficient, αge of the reaction side, was calculated as for a coil. Equation (5) 
describes the change in concentration of the silver nanowire precursor during flow through the 
tubular reactor, assuming a pseudo-first-order reaction model (rA=kCA), which is justified by the 
significant excess of EG over the nanomaterial precursor used. For the same reason, the heat effect 
of the reaction was neglected in the heat considerations, and the physical parameters of the 
reaction mixture were assumed as for pure EG. The effect of temperature on the reaction rate was 
considered using the Arrhenius equation. For given values of li, a system of equations (1)-(5) was 
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The heat transfer coefficient, αge of the reaction side, was calculated as for a coil. Equation (5) 
describes the change in concentration of the silver nanowire precursor during flow through the 
tubular reactor, assuming a pseudo-first-order reaction model (rA=kCA), which is justified by the 
significant excess of EG over the nanomaterial precursor used. For the same reason, the heat effect 
of the reaction was neglected in the heat considerations, and the physical parameters of the 
reaction mixture were assumed as for pure EG. The effect of temperature on the reaction rate was 
considered using the Arrhenius equation. For given values of li, a system of equations (1)-(5) was 

solved against the unknowns Q, ti, tw, twz and CA using the MathCAD™15. Calculations were carried 
out for the residence times of 10, 20 and 30 min., tin=27-38°C and tp=172-183°C  corresponding 
to the experimental conditions. Values of physical parameters were calculated at mean 
temperature using equations implemented in ChemCAD™. Figures 1a, 1b and 1c show examples 
of the calculation results, which portray the course of temperature and conversion changes during 
flow through the reactor. 

a) b) c) 

Fig. 1. Example results of calculations carried out using model (1) - (5) 

Experimental verification of the model was carried out using the system shown in Fig. 2a. 
The reaction mixture was supplied by a syringe pump (1) to a tubular reactor (3) located inside 
a laboratory dryer (2) and made of a 2.310 m long silicon tube wound around a 0.054 m diameter 
glass tube. The reaction mixture was collected in a vessel (4), cooled, and then purified and 
separated by centrifugation and washing with DI water. The syntheses were carried out for CA0=16.8 
mM, reaction mixture composition [Ag+]:[Cl-]=76.5, [PVP]:[Ag+]=3, the residence times and 
temperatures given above. Silver nanowire precursor’s conversion was determined by measuring 
the concentration of Ag+ ions with an ion-selective electrode in the post-reaction mixture. 
The experiments resulted in a product with average diameters of 98-160 nm and lengths of 25-45 
µm. A comparison of the calculated and experimentally determined conversions shows that despite 
the simplified nature of the model, in most cases, the relative error does not exceed 15% (Fig. 2b). 

a) b) 

Fig. 2. Scheme of the laboratory setup (a), comparison of calculated and experimental conversion values (b) 
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Solid foams with open cell structure represent structured catalyst support. They offer great 
possibilities of combining high porosity ensuring low flow resistance with the satisfactory size of the 
specific surface area available for depositing a layer of catalyst. Moreover, they provide sufficiently 
high mass transfer coefficients. All these properties make solid foams attractive especially for fast 
catalytic processes, like for example catalytic combustion of methane [1]. 

The research focused on three Fecralloy foams (Goodfellow Cambridge Ltd., England) with a 
pore density of 4, 8 and 16 PPC (pore per centimeter). An image of an exemplary foam is shown in 
Fig. 1.  

 
Fig. 1. Fecralloy 4 PPC foam  

The transport properties of the foams have been tested and compared with packed bed and 
the monolith (Fig. 2). In the measuring range, the tested foams are characterized by a more intense 
heat transport than the monolith. As the fluid velocity increases, the values obtained for foams 
approach the characteristics of the packed bed.  

 
Fig. 2. Transport properties of Fecralloy foams in comparison to packed bed and monolith  
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The reactor packed with Fecralloy 16 PPC foam was tested in the process of catalytic methane 
combustion using palladium (Pd/Al2O3) as the catalyst (Fig. 3). As can be seen, methane conversion 
increases with decreasing gas velocity, and for the same gas velocity, it is higher for lower methane 
concentration. 

 
Fig. 3. Methane conversion vs. methane concentration and gas flow velocity (blue – 1000 ml/min,  

green – 500 ml/min, red – 200 ml/min)  

 

Acknowledgements 

This work was supported by the Polish National Science Centre (Projects No. Dec-
2016/23/B/ST8/02024) 

 

References 

[1] Gancarczyk A., Sindera K., Iwaniszyn M., Piatek M., Macek W., Jodlowski P.J., Wronski S., Sitarz M., 
Lojewska J., Kolodziej A., Metal Foams as Novel Catalyst Support in Environmental Processes, Catalysts, 
2019, 9(7). 

[2] Rutkowska I., Marchewka J., Jelen P., Odziomek M., Korpys M., Paczkowska J., Sitarz M., Chemical and 
Structural Characterization of Amorphous and Crystalline Alumina Obtained by Alternative Sol-Gel 
Preparation Routes, Materials, 2021 14(7). 



194 Table of contents

24th Polish Conference of Chemical and Process Engineering 
13–16 June 2023, Szczecin, Poland

A SIMPLIFIED METHOD FOR DETERMINATION OF OPTIMAL FEED 
TEMPERATURE FOR HYDROGEN PEROXIDE DECOMPOSITION PROCESS 

OCCURRING IN IMMOBILIZED ENZYME FIXED-BED REACTOR 

Ireneusz Grubecki*, Wirginia Tomczak 
Bydgoszcz University of Science and Technology, 3 Seminaryjna, 85-326 Bydgoszcz, Poland 

*corresponding author:  ireneusz.grubecki@pbs.edu.pl

It is well known that fixed-bed reactors (FXBR) are important workhorses in biochemical 
industry because of their efficiency, low cost, and numerous construction, operation, maintenance 
advantages, and – from automation viewpoint − a better process control. This type of reactors is 
widely employed when the use of immobilized enzymes is required [1]. However, when working with 
immobilized enzymes convective and dispersive mass transport as well as convective and 
conductive energy transport in the bulk phase, mass and heat transport between the solid and fluid 
phase, heat transfer between the reaction mixture and the cooling (heating) agent, dispersive mass 
and conductive energy transport and biocatalytic conversion in the solid phase including enzyme 
deactivation should be taken into consideration. Thus, design and optimization of a fixed-bed 
reactor are not an easy task and often involve a trade-off between different conflicting objectives 
[2].  

In order to find such a trade-off under phenomena mentioned above the use of partial 
differential equations models has gained an increasing importance over the past decades. Thus, 
there is a need to discover a simplified analysis to assess the optimal feed temperature (OFT) for 
the process occurring in the immobilized enzyme packed-bed bioreactor. In the present study 
hydrogen peroxide decomposition (HPD) occurring in the presence of immobilized Terminox Ultra 
Catalase (TUC) undergoing deactivation dependent on the substrate concentration was adopted as 
a model process. This optimal feed temperature has been estimated by maximizing the average 
substrate conversion over a given period at the fixed feed flow rate and accounting for the lower 
Tmin = 293 K and the upper Tmax =323 K temperature constraints as well as diffusional resistances 
expressed by the global effectiveness factor ηeff [3]. 

The general problem of searching for the OFT was already discussed previously [4]. However, 
it is known that in industrial applications the HPD process runs at the HP concentrations lower than 
2×10-2 kmol⋅m-3, so the temperature conditions may be assumed to be isothermal ones. 
Furthermore, to minimize the influence of the axial dispersion in the bulk phase the appropriate 
geometry of reactor (DR/dP ≥ 10 and L/dP > 50) should be considered. The length (L) and diameter 
(DR) of a reactor selected in this way enable one to fulfill an assumption of plug flow. Such geometry 
selection makes the optimization problem solution presented in the previous work simpler. 

As a result, the quantitative description in dimensionless form of the HPD course in fixed-bed 
bioreactor can be stated as follows: 
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the voidages of the bulk fluid phase and the particulate phase, respectively. 
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Optimization problem: The optimizing problem has been formulated as searching for the 
feed temperature that under a constant feed flow rate Q would provide a maximum (minimum) 
time-averaged HP conversion (concentration) at the reactor outlet. 

Objective function: 
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An analytical solution of the system of equations (1) for distributions of TUC activity, CE(z,τ), 
and HP concentration, CS(z,τ) and substitution the last of them into Eq. (2), after integration, yields: 
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Equation (3) describes the time-averaged HP concentration at the bioreactor outlet as a function 
of temperature, T.  

In order to evaluate the feed temperature that minimizes (maximizes) the time-average HP 
concentration (HP conversion) the optimization procedure fminbnd with lower Tmin and upper Tmax 
temperatures constraints contained in MATLAB Optimization Toolbox has been employed. A set of 
experimental data was determined by HP conversions obtained in a model reactor (inner diameter 
of DR = 8·10-3 m) with a fixed-bed of commercial catalase immobilized on the surface of non-porous 
glass beads of diameters ranging from 4.8×10-4 m to 6.0×10-4 m (average diameter of 5.05·10-4 
m). 

Fig. 1. Time-average HP conversion as a function of feed temperature TIn and superficial velocity 
US and particle diameter dp (black lines for dp = 5×10-4 m, and blue lines for dp = 10×10-

4m) for feed concentration equal to 5×10-3 kmol·m-3. Open symbols represent the 
maximum values of time-average HP conversion. 

The approach developed in this work makes it possible to evaluate the operational conditions 
(feed temperature and feed flow rate) at which productivity of the FXBR for hydrogen peroxide 
decomposed by immobilized commercial catalase achieves a maximum or the highest value. 
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The ultrafiltration (UF) membranes retain fine particles, colloidal materials, bacteria, viruses 
and some other pathogens. Such properties allow to produce clean water for re-use applications, 
e.g. water for car wash [1]. However, formation of deposits on the membrane surface (fouling 
phenomenon) causes a decline in the permeate flux resulting from increasing membrane 
resistance. The UF process parameters have a significant impact on fouling intensity [2].

In the present study, experimental investigations were performed with two polyethersulfone 
(PES) membranes (UE10 and UE50) manufactured by TriSep Corporation (Goleta, California, USA). 
These membranes are characterized by molecular weight cut-off (MWCO) equal to 10 kDa (UE10) 
and 100 kDa (UE50). The solutions of commercial cleaning agents applied for washing cars were 
used as the feed. 

In the first stage of the study, a linear correlation between the water permeate flux and 
transmembrane pressure (TMP) was obtained (Fig. 1). Higher performance was observed for UE50 
membranes since they have significantly larger pore size. Increasing the feed flow velocity (VF) 
increased the flux, which indicates that the feed contained small amounts of suspension [3]. The 
increase of VF leads to the increase in shear stress flow, which sweeps deposited foulants on the 
membrane away, reducing the fouling [2]. Although in spiral-wound modules the increase in flow 
velocity is limited, it can be implemented in tubular modules. 
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Fig. 1. The impact of TMP value and feed flow velocity on the obtained permeate flux 

In the second step, the detergent solution with a turbidity of 2.1 NTU was filtered. It has been 
found that increasing the turbidity of the feed caused a rapid decrease in permeate flux (Fig. 2). 
After washing the membranes, better stability was obtained for the UE10 membranes. It can be 
explained by the fact that, as indicated above, the UE50 membranes have larger pores. It facilitates 
the penetration of impurities into the membrane and, as a result, it leads to the formation of 
hydraulically irreversible resistance, which makes the successful cleaning of membrane a great 
challenge [2]. 

It is well known that increasing the TMP value allows to increase UF performance. However, it 
can also increase the fouling intensity. This finding was confirmed by the UF studies of a solution 
containing a mixture of surfactant and wax (NTU=24). It was noted that during the initial stages of 
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The ultrafiltration (UF) membranes retain fine particles, colloidal materials, bacteria, viruses
and some other pathogens. Such properties allow to produce clean water for re-use applications,
e.g. water for car wash [1]. However, formation of deposits on the membrane surface (fouling
phenomenon) causes a decline in the permeate flux resulting from increasing membrane
resistance. The UF process parameters have a significant impact on fouling intensity [2].

In the present study, experimental investigations were performed with two polyethersulfone
(PES) membranes (UE10 and UE50) manufactured by TriSep Corporation (Goleta, California, USA).
These membranes are characterized by molecular weight cut-off (MWCO) equal to 10 kDa (UE10)
and 100 kDa (UE50). The solutions of commercial cleaning agents applied for washing cars were
used as the feed.

In the first stage of the study, a linear correlation between the water permeate flux and
transmembrane pressure (TMP) was obtained (Fig. 1). Higher performance was observed for UE50 
membranes since they have significantly larger pore size. Increasing the feed flow velocity (VF)
increased the flux, which indicates that the feed contained small amounts of suspension [3]. The
increase of VF leads to the increase in shear stress flow, which sweeps deposited foulants on the
membrane away, reducing the fouling [2]. Although in spiral-wound modules the increase in flow
velocity is limited, it can be implemented in tubular modules.
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Fig. 1. The impact of TMP value and feed flow velocity on the obtained permeate flux.

In the second step, the detergent solution with a turbidity of 2.1 NTU was filtered. It has been 
found that increasing the turbidity of the feed caused a rapid decrease in permeate flux (Fig. 2).
After washing the membranes, better stability was obtained for the UE10 membranes. It can be
explained by the fact that, as indicated above, the UE50 membranes have larger pores. It facilitates
the penetration of impurities into the membrane and, as a result, it leads to the formation of
hydraulically irreversible resistance, which makes the successful cleaning of membrane a great
challenge [2].

It is well known that increasing the TMP value allows to increase UF performance. However, it
can also increase the fouling intensity. This finding was confirmed by the UF studies of a solution
containing a mixture of surfactant and wax (NTU=24). It was noted that during the initial stages of

filtration the permeate flux obtained for 0.3 MPa was decreased much larger compared to that 
observed for TMP=0.1 MPa (Fig. 3). Such a result indicates that the use of lower TMP values is 
more advantageous in industrial applications. 
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Fig. 2. Changes in the permeate flux during UF of surfactants solution (NTU =2.1). TMP=0.3 MPa, 
VF=0.5 m/s. Point R - membranes rinsed with distilled water 
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Fig. 3. Changes in the permeate flux during UF of surfactants +wax solution (NTU =24). Membrane 
UE50, VF=0.5 m/s 
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Metal-organic frameworks (MOFs) are classified as crystalline high-porous materials. They are 
characterized by high stability and very low toxicity Their specific structure, more precisely the 
combination of metal ions with organic ligadins, allows them to achieve large specific surface areas 
and high biocompatibility. Biocompatibility and high degrees of drug packing in MOF structures 
provide opportunities for their use in modern drug delivery systems (DDS) [1]. 

The phenomenon of drug addiction is one of the most widespread problems of contemporary 
times. Year by year there is an increase in both new psychoactive substances and the number of 
addicts. Among the many types of substances, it is the group of synthetic cathinones (SCs) that is 
the most common. This may be due to their action similar to the pharmaceutical properties of 
amphetamines. The main representative of this group is mephedrone (4-methylmethcathinone ,4-
MMC) [2].  

The focus has been on looking for substances that produce antagonistic effects to the action 
of SC. Typical symptoms of 4-MMC overdose are trachycardia or hypertension. The compounds 
currently used to counteract arrhythmia or palpitations are β-blockers. Thus, it has been shown that 
they can enter into combination with psychoactive compounds, causing a reduction in the side 
effects of their use. An example of a β-andrenergic receptor antagonist (β-blocker) is propranolol 
(PRO). This very popular and inexpensive drug can be used during a mephedrone overdose or to 
mitigate the side effects of its withdrawal. Such PRO administration would provide an innovative 
and completely safe system for detoxifying the body after taking the drug [3].  

Safe and effective delivery of the drug is a key component of the therapy. The use of metal-
organic frameworks as a carrier for PRO used during overdose of synthetic cathinones, including 4-
MMC, and to minimize the side effects of its withdrawal, seems to be a modern and rational 
approach. The use of MOFs as a DDS promotes the gradual release of the drug, thereby reducing 
the side effects of drug intake. In addition, the metal-organic framework has a protective effect 
against drug-loaded molecules [4].  

Our study involved synthesizing MOF materials, introducing the active ingredient propranolol, 
forming PRO@MOF composites, and then characterizing by PXRD, FTIR, RAMAN, BET, and SEM 
techniques to determine the crystallinity, specific surface area, morphology, and degree of drug 
loading. The release profiles of PRO from the composite materials into water and Simulated Body 
Fluid (SBF) human body solution were determined.  

 



199 Table of contents

24th Polish Conference of Chemical and Process Engineering 
13–16 June 2023, Szczecin, Poland 

ZIRCONIUM-BASED METAL-ORGANIC FRAMEWORKS FOR MEPHEDRONE 
DETOXIFICATION OR SUPERVISED WITHDRAWAL 

Kornelia Hyjek1, Grzegorz Kurowski1, Klaudia Dymek1, Anna Boguszewska-Czubara2, 
Barbara Budzyńska3, Olga Wronikowska-Denysiuk3, Aleksandra Gajda4, Witold 
Piskorz5, Paweł Śliwa1, Piotr Jeleń6, Maciej Sitarz6, Przemysław J. Jodłowski1* 

1Cracow University of Technology, Faculty of Chemical Engineering and Technology,  
Warszawska 24, 31-155 Kraków, Poland  

2 Medical University of Lublin, Department of Medical Chemistry,  
Chodzki 4A, 20-093 Lublin, Poland  

3 Medical University of Lublin, Independent Laboratory of Behavioral Studies,  
Chodzki 4A, 20-093 Lublin, Poland  

4Strata Mechanics Research Institute of the Polish Academy of Sciences, Reymonta 27, 30-059 
Kraków, Poland  

5Jagiellonian University, Faculty of Chemistry, Gronostajowa 2, 30-387 Kraków, Poland   
6AGH University of Science and Technology, Faculty of Materials Science and Ceramics, 

Mickiewicza 30, 30-059 Kraków, Poland  
*corresponding author: przemyslaw.jodlowski@pk.edu.pl 

Metal-organic frameworks (MOFs) are classified as crystalline high-porous materials. They are 
characterized by high stability and very low toxicity Their specific structure, more precisely the 
combination of metal ions with organic ligadins, allows them to achieve large specific surface areas 
and high biocompatibility. Biocompatibility and high degrees of drug packing in MOF structures 
provide opportunities for their use in modern drug delivery systems (DDS) [1]. 

The phenomenon of drug addiction is one of the most widespread problems of contemporary 
times. Year by year there is an increase in both new psychoactive substances and the number of 
addicts. Among the many types of substances, it is the group of synthetic cathinones (SCs) that is 
the most common. This may be due to their action similar to the pharmaceutical properties of 
amphetamines. The main representative of this group is mephedrone (4-methylmethcathinone ,4-
MMC) [2].  

The focus has been on looking for substances that produce antagonistic effects to the action 
of SC. Typical symptoms of 4-MMC overdose are trachycardia or hypertension. The compounds 
currently used to counteract arrhythmia or palpitations are β-blockers. Thus, it has been shown that 
they can enter into combination with psychoactive compounds, causing a reduction in the side 
effects of their use. An example of a β-andrenergic receptor antagonist (β-blocker) is propranolol 
(PRO). This very popular and inexpensive drug can be used during a mephedrone overdose or to 
mitigate the side effects of its withdrawal. Such PRO administration would provide an innovative 
and completely safe system for detoxifying the body after taking the drug [3].  

Safe and effective delivery of the drug is a key component of the therapy. The use of metal-
organic frameworks as a carrier for PRO used during overdose of synthetic cathinones, including 4-
MMC, and to minimize the side effects of its withdrawal, seems to be a modern and rational 
approach. The use of MOFs as a DDS promotes the gradual release of the drug, thereby reducing 
the side effects of drug intake. In addition, the metal-organic framework has a protective effect 
against drug-loaded molecules [4].  

Our study involved synthesizing MOF materials, introducing the active ingredient propranolol, 
forming PRO@MOF composites, and then characterizing by PXRD, FTIR, RAMAN, BET, and SEM 
techniques to determine the crystallinity, specific surface area, morphology, and degree of drug 
loading. The release profiles of PRO from the composite materials into water and Simulated Body 
Fluid (SBF) human body solution were determined.  

 

 
 
In addition, in vivo cytotoxicity tests were performed. The mechanism of PRO loading in the 

MOF network was calculated using theoretical methods - density functional theory (DFT) and 
molecular dynamics (MD). 

The prepared PRO@MOF differed in the structure properties which clearly affected the kinetics 
of PRO release. The limiting effect of ions dissolved in a SBF was observed on the amount of PRO 
released. The inhibitory effect of SBF resulted in a gradual PRO release from PRO@MOF 
composites. The experimental results indicate that the prepared PRO@MOF composites may be 
considered as potential candidates in mephedrone detoxification or supervised withdrawal. 
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Among the inorganic pigments, the most important and widespread are titanium dioxide 
pigments, commonly known as titanium white [1, 2]. Due to the unique optical properties, titanium 
dioxide pigments are widely used in the production of coatings (paints, varnishes, lacquers), 
plastics, paper and in many other industrial branches [1-3].  

Titanium dioxide pigments are produced with the use of two technologies: the sulphate 
method, where titanium dioxide is precipitated from a solution of titanyl sulphate, and the chloride 
method, where gaseous titanium chloride is oxidized to titanium dioxide with pure oxygen at high 
temperatures [1, 2]. The sulphate method has been used for the production of titanium white since 
1919 [1] and this method is used to produce about 54% of the pigment worldwide. 

In the production of titanium dioxide pigments with the sulphate method titanium-bearing 
minerals (ilmenite ores or titanium-iron slags) react with concentrated sulphuric acid [1–5]. In the 
technological process, the initiation of the reaction is carried out in two ways.  

The first way is to mix concentrated sulfuric acid with ilmenite and then add water to the 
mixture. After adding water, the temperature of the reaction mixture rises as a result of the release 
of heat of dilution. Raising the temperature of the mixture initiates the reaction. During the reaction, 
thermal energy is released, which causes a further increase in temperature and acceleration of the 
reaction until the maximum temperature of the reaction mixture is reached. The concentration of 
sulfuric acid on the surface of the raw material grain is initially high, and after dilution it is reduced 
to the level at which the reaction is initiated. The time after which the concentration decreases is 
related to the process of diffusion of sulfuric acid in water and the mixing process. 

The second method of initiating the reaction consists in heating the reaction mixture of sulfuric 
acid and ilmenite with steam. As a result of heating the mixture to the initiation temperature, water 
vapor condenses and thus changes the concentration of sulfuric acid. The diffusion and mixing 
processes also determine the concentration of sulfuric acid on the grain surface.  

The rate and efficiency of the reaction are also affected by the transport of sulfuric acid to the 
reaction surface as well as the flow of reaction products into the solution. Since some of the 
reaction products go into the solution, while the rest forms a porous structure, diffusion processes 
may also play an important role in this case. 

The aim of the research work was to explain the influence of diffusion processes on the 
reaction of sulfuric acid with titanium raw materials by means of laboratory experiments and using 
appropriate kinetic models. 

Calorimetric measurements were performed in a calorimeter vessel (capacity of 0.6 dm3), 
equipped with an electric heater, stirrer, temperature sensor, dispenser and safety valve. The 
calorimetric vessel parameters were as follows: time constant – 257.5 min, heat transfer 
coefficient – 0.098 J⋅K–1⋅s–1. The mass of ilmenite sample used in the study was about 100 g, while 
the mass of sulfuric acid was in the range from 200 g to 400 g, depending on the concentration of 
the acid.  

As a result of the conducted experiments, dependencies of temperature changes and thermal 
power during the reaction time were obtained. In the interpretation of the experimental data, the 
mass and heat balance for the reaction taking place in the calorimeter were used, taking into 
account heat losses to the environment, the surface of the solid and the degree of conversion, 
which can be presented in the form of the following equations: 
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The presented system of equations was solved using numerical methods for the initial 
conditions T(0) = T0, α(0) = 0, obtaining dependencies of changes in temperature, thermal power, 
degree of conversion, and interfacial surface during the reaction. 

Comparison of experimental data with the proposed model for changes in temperature and 
thermal power during the reaction is shown in Fig. 1. 
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Fig. 1. Experimental and model data for temperature and thermal power changes during the reaction of 
sulfuric acid with ilmenites 

It has been shown that in the case of the reaction of sulfuric acid with ilmenites, diffusion and 
mass transport processes are so fast that the reaction on the surface of the molecule has the main 
influence on the kinetics of the reaction. The adopted model of calculations taking into account this 
type of assumption shows a very good agreement with the experiment. 
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The efficacy and health safety of sunscreen cosmetics are the important issues in terms of the 
production and application of these products. Sunscreens provide protection against adverse 
effects of ultraviolet irradiation: UVB (280–315 nm) and UVA (315–400 nm). There is a limited list 
of chemicals available for use as sun protecting ingredients. Among the group of inorganic UV-
filters, titanium dioxide (TiO2) can be distinguished [1, 2]. Sunscreen products based on inorganic 
blockers comprise absence of skin irritation and sensitization, inertness of these additives and 
limited skin penetration. However, as TiO2 is a semiconductor material, any photon with energy 
higher than the band gap energy (3.0–3.2 eV, corresponding to UV range of radiation) will be 
absorbed resulting in the formation of electron – hole pairs [3]. These charge carriers undergo a 
series of complex redox reactions that yield to the formation of reactive oxygen species (ROS) such 
as hydroxyl radicals and superoxide radicals. The presence of ROS in skin environment as a result 
of photocatalytic properties of titanium dioxide can cause various adverse effects, e.g., 
phototoxicity to skin fibroblasts and photo-oxidation of cellular DNA and RNA [4]. Therefore, the 
application of TiO2 as an additive to sunscreen cosmetics should include the issue of inhibiting its 
photocatalytic activity. 

The commercially available titanium dioxide (Aeroxide® P25) was selected to perform studies 
on hampering of ROS generation. Two modification strategies were applied to inhibit photocatalytic 
activity of P25: (a) thermal treatment in high temperatures, (b) modification with SiO2. 
Photocatalytic properties were evaluated using 4-chlorophenol as a model organic compound and 
UV-LED (395 nm) as a light source. Figure 1 shows the results of photocatalytic activity tests for 
modified titanium dioxide samples in comparison with unmodified P25. 

Fig. 1. Comparison of photocatalytic properties of P25 TiO2 with modified P25-based materials. 
4-chlorophenol initial concentration (C0) was 10 mg/L
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The efficacy and health safety of sunscreen cosmetics are the important issues in terms of the
production and application of these products. Sunscreens provide protection against adverse
effects of ultraviolet irradiation: UVB (280–315 nm) and UVA (315–400 nm). There is a limited list
of chemicals available for use as sun protecting ingredients. Among the group of inorganic UV-
filters, titanium dioxide (TiO2) can be distinguished [1, 2]. Sunscreen products based on inorganic
blockers comprise absence of skin irritation and sensitization, inertness of these additives and
limited skin penetration. However, as TiO2 is a semiconductor material, any photon with energy
higher than the band gap energy (3.0–3.2 eV, corresponding to UV range of radiation) will be
absorbed resulting in the formation of electron – hole pairs [3]. These charge carriers undergo a
series of complex redox reactions that yield to the formation of reactive oxygen species (ROS) such
as hydroxyl radicals and superoxide radicals. The presence of ROS in skin environment as a result
of photocatalytic properties of titanium dioxide can cause various adverse effects, e.g.,
phototoxicity to skin fibroblasts and photo-oxidation of cellular DNA and RNA [4]. Therefore, the
application of TiO2 as an additive to sunscreen cosmetics should include the issue of inhibiting its
photocatalytic activity.

The commercially available titanium dioxide (Aeroxide® P25) was selected to perform studies
on hampering of ROS generation. Two modification strategies were applied to inhibit photocatalytic
activity of P25: (a) thermal treatment in high temperatures, (b) modification with SiO2. 
Photocatalytic properties were evaluated using 4-chlorophenol as a model organic compound and
UV-LED (395 nm) as a light source. Figure 1 shows the results of photocatalytic activity tests for
modified titanium dioxide samples in comparison with unmodified P25.

Fig. 1. Comparison of photocatalytic properties of P25 TiO2 with modified P25-based materials.
4-chlorophenol initial concentration (C0) was 10 mg/L.

It has been found that simple modification methods such as thermal treatment and 
modification with SiO2 can be efficient in inhibition of photocatalytic activity, Considering calcination 
of P25 above 800°C under air, only rutile phase appears, which can be a key factor for the activity 
inhibition. In the case of modification with SiO2, it has been shown that this material with 
hydrophobic properties (SiO2-A) is more efficient in hampering photocatalytic activity than 
hydrophilic silicon dioxide (SiO2-B). Although preferred modifications should not affect UV-shielding 
properties, it is very important to consider the influence of particle size on UV absorption profile of 
modified TiO2 materials. This detrimental effect can be observed for the sample treated at 1000°C 
despite the almost complete inhibition of photocatalytic activity.  
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The paper presents the results of combustion of polymers (LDPE, HDPE, PP, PS, PET, PA, ABS 
and PC) and biomass (solid pine wood and beech wood, briquettes and pellets) in a bubbling 
fluidized bed reactor. It was determined that 850◦C is the minimum temperature at which the 
combustion process should be carried out. To simulate bubble chemical composition in a hot 
fluidized bed, FTIR analysis was performed under pyrolysis conditions. Recorded IR spectra were 
deconvoluted to determine the composition of fuel bubbles in the fluidized bed. Volumetric shares 
of gases generated during thermal decomposition of the exemplary samples are shown in Fig. 1.  

Fig. 1. Volumetric fractions of gases formed during thermal decomposition of PET and ABS in pyrolytic 
conditions 

Due to the accidental chemical bonds breaking during thermal decomposition of polyolefins, 
the resulting mixture is a series of unsaturated and saturated hydrocarbons. It was shown that a 
uniform access to oxygen is necessary for the combustion of complex gas mixtures.  

The combustion processes in a bubbling fluidized bed reactor were conducted in two ways. In 
the first case, samples were incinerated in autothermal conditions with a continuous supply of 
selected types of polymers. The study began with the warming up of the fluidized bed to an 850–
950◦C range, using gaseous fuel (LPG-liquified petroleum gas). Next, the gaseous fuel supply was 
shut off and the bed was fluidized with air (1.66 dm3/s). The reactor was fed with subsequent 
polymer fractions. In the second case, the incineration of polymer materials and biomass was 
conducted periodically in the co-combustion process with auxiliary, gaseous fuel. The fluidized bed 
temperature was kept at around 900◦C and at constant CO, CO2 concentrations and at constant 
volatile organic values (VOC) in the exhaust, the periodical dosing of the material was started. 

Tables 1 and 2 show emission coefficients (g/kg) of inorganic and organic pollutants in the 
exhaust gases. The results in Table 1 were obtained from the measurement data carried out during 
continuous combustion of different types of polymers in autothermal conditions. The coefficients 
shown in Table 2 are related to the co-combustion case. As far as the CO2 emission index is 
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concerned, no significant differences were observed between these two ways of organizing the 
combustion processes. In the case of CO, the emission indicator during co-combustion reaches 
about twice the value compared to autothermal combustion.  

For materials containing fuel nitrogen (PA, ABS), the nitrogen oxide concentrations in the 
exhaust gases exceeded almost several times the standard value. The NOx concentrations for PA 
and ABS equal 1156 mg/m3 and 889 mg/m3 respectively, while the standard was 180 mg/m3. 

Table 1. Emission coefficients of inorganic pollutants released during polymer autothermal combustion 

Table 2. Emission coefficients of inorganic pollutants released during polymer co-combustion  

n.d – not detected

During combustion of biomass it can be observed that only in the case of CO there is a 
correlation between the particle size of material introduced into the bed and the emission factor 
for this pollutant. It applies to solid, unprocessed materials, such as pine and beech. The absence 
of clear dependence of the CO emission coefficient on the mass of the particles in the case of 
briquets and pellets may be due to the fact they disintegrate in a fluidized bed into very fine particles 
from which they were made. Due to this fact the particle size of the combustible materials, 
briquettes or pellets, does not affect emission factors.  

Combustion of polymers can be combined in a fluidized bed with biomass combustion. The 
use of these materials for the production of thermal energy will be beneficial from the 
environmental point of view because when both combustible materials are burned simultaneously 
it contributes to the reduction of the consumption of conventional fuels. Supporting the combustion 
of engineering or packaging polymers with the use of biomass does not deteriorate the emission 
factors because biomass emission factors are lower than those of most plastics. 

Sample 
CO2 CO NOx HCN VOC 

g/kg 

LDPE 2959 52 1.0 0.6 15.5 

PA 1544 5 19.3 0.8 0.5 

PET 2131 16 0.5 0.1 1.1 

PC 2552 30 1.1 0.2 2.7 

ABS 2170 26 12.6 1.9 3.9 

PP 2878 48 1.7 0.7 11.4 

HDPE 3023 52 0.9 0.4 12 

PS 3008 73 2.2 1.5 13.6 

Sample
Sample 
weight CO2 CO NOx HCN VOC 

g g/kg 

LDPE 0.073 3058.4 93.1 n.d. n.d. 36.0 

PA 0.313 1423 27 12.8 12.1 9.39 

PET 0.313 1952 50.7 n.d. 1.9 34.5 

PC 0.396 2407 82 0.2 3.3 74.0 

ABS 0.403 1516 90 11.5 17.3 123.1 

PP 0.06 2931 60 n.d. n.d. 75.9 

HDPE 0.141 1849 206 n.d. n.d. 267.7 

PS 0.048 3352 51 n.d. n.d. 0.00 
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A bubble reactor equipped with a slot gas disperser of special design for deep desulfurization 
of SO2-rich gases was developed in the Institute of Non-Ferous Metals in Gliwice. Experimental 
studies of desulfurization process were performed in a large-scale laboratory bubble reactor 
(diameter 1.2 m, height 1.6 m) of 1.5 m3 working capacity. Details of the experimental set-up, 
procedure and results are described in [1]. 

A CFD model of bubble reactor was developed to study the large-scale implementation of the 
process. The bubble reactor works in a three-phase system containing liquid medium, dispersed 
process gas and solid gypsum, that is a reaction product. For the three-phase gas-liquid-solid 
reactor system a three-phase flow model was developed and presented in this study. The 
commercial program Fluent version 2021.R2 from ANSYS was used for simulation calculations. 
The Eulerian multiphase model extended to three phases with standard k- ε turbulence model was 
used. Simulations concerning hydrodynamics in the presented bubble reactor were made for 
different values of operating parameters. The validation of the developed model was done by 
comparing the experimental and calculated values of the inlet gas pressure drop and the power of 
mixing. A very good agreement was found for these parameters.  

Fig. 1. Geometry of the bubble reactor of 1.5 m3 working volume for CFD calculations; left - the marked level 
corresponds to H = 1 m, 1.01 m3 slurry tank filling, right - slot gas disperser, bottom view 

A detailed analysis of the hydrodynamic phenomena occurring in the various areas of the 
reactor was performed. This analysis confirmed good conditions for mixing of gas and liquid phases 
in the reactor of modelled configuration, especially in the space between the disperser blades, 
irrespective of the direction of stirrer rotation which must be changed during an industrial process. 
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A bubble reactor equipped with a slot gas disperser of special design for deep desulfurization
of SO2-rich gases was developed in the Institute of Non-Ferous Metals in Gliwice. Experimental
studies of desulfurization process were performed in a large-scale laboratory bubble reactor
(diameter 1.2 m, height 1.6 m) of 1.5 m3 working capacity. Details of the experimental set-up, 
procedure and results are described in [1].

A CFD model of bubble reactor was developed to study the large-scale implementation of the
process. The bubble reactor works in a three-phase system containing liquid medium, dispersed
process gas and solid gypsum, that is a reaction product. For the three-phase gas-liquid-solid
reactor system a three-phase flow model was developed and presented in this study. The
commercial program Fluent version 2021.R2 from ANSYS was used for simulation calculations.
The Eulerian multiphase model extended to three phases with standard k- ε turbulence model was
used. Simulations concerning hydrodynamics in the presented bubble reactor were made for
different values of operating parameters. The validation of the developed model was done by
comparing the experimental and calculated values of the inlet gas pressure drop and the power of
mixing. A very good agreement was found for these parameters.

Fig. 1. Geometry of the bubble reactor of 1.5 m3 working volume for CFD calculations; left - the marked
level corresponds to H = 1 m, 1.01 m3 slurry tank filling, right - slot gas disperser, bottom view.

A detailed analysis of the hydrodynamic phenomena occurring in the various areas of the
reactor was performed. This analysis confirmed good conditions for mixing of gas and liquid phases
in the reactor of modelled configuration, especially in the space between the disperser blades,
irrespective of the direction of stirrer rotation which must be changed during an industrial process.

This is due to the intensive, dynamic interaction of the phases and/or large area and large contact 
time of this interaction. Such conditions favor effective absorption of SO2, which was found in 
experimental studies [1]. Some results of numerical calculations are presented in Figures 2 and 3. 
The turbulent Reynolds number, presented in Figure 3, for k-ε model is defined as [2]: 

𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡 =  
𝑘𝑘𝑘𝑘2

ɛ n
 

where k is turbulent kinetic energy, Jkg-1, ε - turbulent dissipation rate, Jkg-1s-1 and ν is kinematic 
viscosity for the mixture, m2·s-1.  

Fig. 2. Volume fraction of gas phase in the space between the disperser blades 

Fig. 3. Turbulent Reynolds number in the space between the disperser blades 

The presented model has been used in the scaling-up process. In particular, it was used to 
develop the optimal reactor design leading to maximum intensification of phase contact in the 
bubble reactor of pilot scale. 
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This paper presents the effects of mixing on the course of multiple complex chemical reactions 
in a turbulent flow regime. Development of methods which can be applied for determination of 
product distribution in the mixing equipment of industrial importance is extremely necessary for the 
proper process design involving multiple chemical reactions. The most important factor concerns 
manufacturing of pure products at high reaction selectivity, so that the costs of the main product 
separation is the lowest. Another issue concerns designing mixing strategies that will be able to 
characterize mixing in the arbitrary apparatus (i.e. reactor or crystallizer). Design of such systems 
is possible based on the method in which homogenous test reactions are applied in conjunction 
with an appropriate closure scheme. This approach is the most accurate and thus is recommended 
by the mixing community. In this paper a new 𝛽𝛽𝛽𝛽-pdf closure method was introduced, applied, and 
developed in order to predict the course of a single reaction or multiple reactions of any rates. This 
means that the application of the introduced method allows one for correct prediction of the 
product distribution of complex reactions (including so-called test reactions) without any limitation 
in respect to reaction rate. The only condition that must be fulfilled is that a reaction is 
characterised as sufficiently fast relative to mixing on the molecular scale. In other words such a 
reaction should be regarded as sensitive to micromixing in homogenous systems.  

As an example of multiple reactions two types of complex elementary reactions were 
considered in this work: a) the competitive-consecutive type of reaction which proceeds in 
accordance to the following scheme: 

𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵
𝑘𝑘𝑘𝑘1→ 𝑅𝑅𝑅𝑅 & 𝑅𝑅𝑅𝑅 + 𝐵𝐵𝐵𝐵

𝑘𝑘𝑘𝑘2→ 𝑆𝑆𝑆𝑆 (1) & (2)

and b) the parallel type of reaction which can be represented as: 

𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵
𝑘𝑘𝑘𝑘1→ 𝑅𝑅𝑅𝑅 & 𝐴𝐴𝐴𝐴 + 𝐶𝐶𝐶𝐶

𝑘𝑘𝑘𝑘2→ 𝑆𝑆𝑆𝑆 (3) & (4)

In the new approach the front of reaction is no longer fixed as the (first) reaction is not necessarily 
infinitely fast. In this case a reactive zone, where the reaction proceeds should be defined, and this 
zone is represented in the introduced scheme by continuous shift in reaction front position. In other 
words the reaction front is no longer fixed and is moving from value of 𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠1 to 𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠2  as shown in 
Figure1, with 𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 being the universal form of reaction front position. For competitive-consecutive 
reactions it is defined as 𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝛽𝛽𝛽𝛽

𝜈𝜈𝜈𝜈𝑖𝑖𝑖𝑖+𝛽𝛽𝛽𝛽
,  where 𝜈𝜈𝜈𝜈1 = 1 and 𝜈𝜈𝜈𝜈2 = 2 for reaction 𝐴𝐴𝐴𝐴 + 𝜈𝜈𝜈𝜈𝑠𝑠𝑠𝑠𝐵𝐵𝐵𝐵 → 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃. 

The method introduced here enables determination of the substate and product concentrations as 
a function of a mixture fraction, 𝑓𝑓𝑓𝑓, and eventually the average concentration of reacting species 
from: 

𝑃𝑃𝑃𝑃𝚤𝚤𝚤𝚤� = ∫ 𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠(𝑓𝑓𝑓𝑓)𝜙𝜙𝜙𝜙(𝑓𝑓𝑓𝑓)1
0 𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓  (5) 

as well as the average reaction rate, defined by consumption of A in the first reaction (1) of the 
competitive-consecutive scheme as:  
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This paper presents the effects of mixing on the course of multiple complex chemical reactions
in a turbulent flow regime. Development of methods which can be applied for determination of
product distribution in the mixing equipment of industrial importance is extremely necessary for the
proper process design involving multiple chemical reactions. The most important factor concerns
manufacturing of pure products at high reaction selectivity, so that the costs of the main product
separation is the lowest. Another issue concerns designing mixing strategies that will be able to
characterize mixing in the arbitrary apparatus (i.e. reactor or crystallizer). Design of such systems
is possible based on the method in which homogenous test reactions are applied in conjunction
with an appropriate closure scheme. This approach is the most accurate and thus is recommended
by the mixing community. In this paper a new 𝛽𝛽𝛽𝛽-pdf closure method was introduced, applied, and
developed in order to predict the course of a single reaction or multiple reactions of any rates. This
means that the application of the introduced method allows one for correct prediction of the
product distribution of complex reactions (including so-called test reactions) without any limitation
in respect to reaction rate. The only condition that must be fulfilled is that a reaction is
characterised as sufficiently fast relative to mixing on the molecular scale. In other words such a 
reaction should be regarded as sensitive to micromixing in homogenous systems.

As an example of multiple reactions two types of complex elementary reactions were
considered in this work: a) the competitive-consecutive type of reaction which proceeds in
accordance to the following scheme:

𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵
𝑘𝑘𝑘𝑘1→ 𝑅𝑅𝑅𝑅 & 𝑅𝑅𝑅𝑅 + 𝐵𝐵𝐵𝐵

𝑘𝑘𝑘𝑘2→ 𝑆𝑆𝑆𝑆 (1) & (2)

and b) the parallel type of reaction which can be represented as:

𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵
𝑘𝑘𝑘𝑘1→ 𝑅𝑅𝑅𝑅 & 𝐴𝐴𝐴𝐴 + 𝐶𝐶𝐶𝐶

𝑘𝑘𝑘𝑘2→ 𝑆𝑆𝑆𝑆 (3) & (4)

In the new approach the front of reaction is no longer fixed as the (first) reaction is not necessarily
infinitely fast. In this case a reactive zone, where the reaction proceeds should be defined, and this
zone is represented in the introduced scheme by continuous shift in reaction front position. In other
words the reaction front is no longer fixed and is moving from value of 𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠1 to 𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠2 as shown in
Figure1, with 𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 being the universal form of reaction front position. For competitive-consecutive
reactions it is defined as 𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝛽𝛽𝛽𝛽

𝜈𝜈𝜈𝜈𝑖𝑖𝑖𝑖+𝛽𝛽𝛽𝛽
, where 𝜈𝜈𝜈𝜈1 = 1 and 𝜈𝜈𝜈𝜈2 = 2 for reaction 𝐴𝐴𝐴𝐴 + 𝜈𝜈𝜈𝜈𝑠𝑠𝑠𝑠𝐵𝐵𝐵𝐵 → 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃.

The method introduced here enables determination of the substate and product concentrations as
a function of a mixture fraction, 𝑓𝑓𝑓𝑓, and eventually the average concentration of reacting species
from:

𝑃𝑃𝑃𝑃𝚤𝚤𝚤𝚤� = ∫ 𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠(𝑓𝑓𝑓𝑓)𝜙𝜙𝜙𝜙(𝑓𝑓𝑓𝑓)1
0 𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓 (5)

as well as the average reaction rate, defined by consumption of A in the first reaction (1) of the
competitive-consecutive scheme as:

𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴� = 𝑘𝑘𝑘𝑘1𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴(𝑓𝑓𝑓𝑓)𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵(𝑓𝑓𝑓𝑓)�������������� = ∫ 𝑘𝑘𝑘𝑘1
1
0 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴(𝑓𝑓𝑓𝑓)𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵(𝑓𝑓𝑓𝑓)𝜙𝜙𝜙𝜙(𝑓𝑓𝑓𝑓)𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓  (6) 

and with 𝜙𝜙𝜙𝜙(𝑓𝑓𝑓𝑓)  being 𝛽𝛽𝛽𝛽-pdf function expressed as: 

𝜙𝜙𝜙𝜙(𝑓𝑓𝑓𝑓) = 𝑓𝑓𝑓𝑓𝑣𝑣𝑣𝑣−1(1−𝑓𝑓𝑓𝑓)𝑤𝑤𝑤𝑤−1

𝐵𝐵𝐵𝐵(𝑣𝑣𝑣𝑣,𝑤𝑤𝑤𝑤) (7) 

To simulate mixing of the added reactant with the bulk the turbulent mixer model (TMM) [1, 2] has 
been employed in this paper.  

Fig. 1. Concentrations of substrates as a function of mixture fraction 

The new closure represents an extension of the conditional PDF closure applied before to 
simple reaction schemes [1]. Existing models usually assume the first reaction to be instantaneous 
leaving only the second one sensitive to mixing. This assumption has been dropped in the proposed 
work allowing for characterization of complex interaction between chemical reactions and mixing 
on molecular scale.  

Additionally, the introduced method of closure for complex reaction schemes has been 
tested using simple flows. The results of these simulations show how to fit the test reaction system 
to the process conditions expressed by the rate of energy dissipation (hence the total power input) 
and the integral scale of turbulence which corresponds to the effect of the system scale.  
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Herein, the raw material for preparation of carbonaceous materials was a water solution 
with powder citrus peels, placed in an autoclave for 12/24/48 hours at 200 ºC. After hydrothermal 
synthesis, the sample was removed from the autoclave, rinsed with deionized water until neutral, 
and dried at 110 ºC. After drying, the spherical material obtained from hydrothermal synthesis was 
activated with solid KOH for 3 hours. The material was heated at 750 ºC under nitrogen flow (20 
dm3/h). The prepared carbon materials containing the decomposition products of potassium 
hydroxide or potassium carbonate were washed with distilled water to achieve a neutral reaction. 
Subsequently, the activated carbon was dried at a temperature of 110 ºC for 20 h.  

The characterization of the activated biocarbon samples was carried out via several 
instrumental techniques such as XRD, FTIR, Raman, N2 sorption at the temperature of 77 K, and 
CO2 sorption.  

Activation of carbon spheres with potassium hydroxide caused production of carbon 
materials through mesoporous spheres to microporous carbons.  

It was found that the textural properties i.e. specific surface area, total pore volume, and 
micropore volume decreased along with an increase in temperature of hydrothermal synthesis. 

The CO2 adsorption equal to 9 mmol/g at the temperature of 273 K and pressure of 1 bar 
was achieved. The CO2 adsorption at 1 bar pressure decreased with the increase in temperature of 
hydrothermal synthesis.  
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Herein, the raw material for preparation of carbonaceous materials was a water solution
with powder citrus peels, placed in an autoclave for 12/24/48 hours at 200 ºC. After hydrothermal
synthesis, the sample was removed from the autoclave, rinsed with deionized water until neutral,
and dried at 110 ºC. After drying, the spherical material obtained from hydrothermal synthesis was
activated with solid KOH for 3 hours. The material was heated at 750 ºC under nitrogen flow (20
dm3/h). The prepared carbon materials containing the decomposition products of potassium
hydroxide or potassium carbonate were washed with distilled water to achieve a neutral reaction.
Subsequently, the activated carbon was dried at a temperature of 110 ºC for 20 h.

The characterization of the activated biocarbon samples was carried out via several
instrumental techniques such as XRD, FTIR, Raman, N2 sorption at the temperature of 77 K, and
CO2 sorption.

Activation of carbon spheres with potassium hydroxide caused production of carbon 
materials through mesoporous spheres to microporous carbons.

It was found that the textural properties i.e. specific surface area, total pore volume, and
micropore volume decreased along with an increase in temperature of hydrothermal synthesis.

The CO2 adsorption equal to 9 mmol/g at the temperature of 273 K and pressure of 1 bar
was achieved. The CO2 adsorption at 1 bar pressure decreased with the increase in temperature of
hydrothermal synthesis.
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Aerated light suspensions are used in many industries, e.g., petrochemical, polymerization or 
fermentation. In a multiphase system, it is essential to ensure the best possible contact between 
the phases. Generally, the production of any multiphase system is an activity leading to the 
appropriate homogenization of this system and maintaining this state for the time required by the 
process. Due to the specificity of operation, tanks with a stirrer are most often used for this purpose. 

The conditions of the production of an aerated light suspension in a stirred tank depend on 
many factors, including geometrical parameters of the tank, type of the stirrer used, particle content 
and properties, and type of continuous phase. One of the important things in the production of 
multiphase systems is the problem of scale up or down of the apparatus. It is very difficult due to 
the large variety of operating parameters, as well as the properties of the system components. 
When reducing or enlarging the scale of the stirred tank, geometric, kinematic and dynamic 
similarity should be taken into account. 

The aim of this research work was to analyse the conditions of the production of the aerated 
light suspension in two stirred tanks with different inner diameters. In this analysis the effect of gas 
flow rate VG, particle concentration and type of the stirrer on the hydrodynamics of the gas-light 
particle-liquid system (particularly on the critical stirrer speeds nJDG, required to create the system). 
The effect of the tank scale was also investigated.  

Measurements were conducted in two transparent cylindrical tanks with the liquid height of 
H=T and inner diameters T1 = 0.15m and T2 = 0.288m (working liquid volume VL1 = 0.0026m3 and 

VL2 = 0.02m3). Four flat baffles were mounted in the tanks. To create the three-phase system single 
or double high-speed stirrers were used. Rushton turbine (RT) or Smith turbine (CD 6) worked as 
single stirrers. The set of two stirrers on the common shaft included Rushton turbine (RT) as the 
lower (its role was to break gas bubbles to smallest pieces and distribute them into the volume of 
liquid) and pitch blade turbine (PBT) as the upper one (its main task was drawing down floating 
particles under the surface of the liquid). All stirrers had diameter d= 0.33T.  

The study was carried out in the system, where the continuous phase was aqueous solution of 
glucose with the concentration C equal to 10 mass %. The gas phase was air, whilst polyethylene 
particles of density ρp = 955 kg/m3, with mean diameter dp equal to 3.025mm and concentration 
X were used as the solids. All the experiments were conducted within the turbulent regime of the 
fluid flow in the agitated vessel.  Measurements were conducted for six various gas flow rates and 
four different values of the solid concentration X up to 5 mass %.  

The minimum stirrer speeds nL, nCD and nJD, at which the characteristic flow patterns of three-
phase mixture were obtained, were determined visually, observing  in each concentration X and 
each gas stream VG the behaviour of the dispersed phases. The value of nJDG was determined 
analogically to Zwietering criterion for conventional suspension.  

On the basis of the studies the characteristic flow patterns of the aerated light suspension in 
the stirred tank, including: flooding (gas flows axially towards the liquid surface), loading (dispersion 
of gas bubbles only in the zone from lower stirrer to the liquid surface) and complete dispersion 
(dispersion of gas with recirculation under the lower stirrer, bubbles are dispersed in a whole liquid 
volume), with the minimum stirrer speeds adequate to obtain each of them: nL, nCD and nJD were 
determined. The results showed that there was the influence of gas flow rate, particle concentration 
and stirrer type on the value of nL, nCD, nJD, nJDG in the analysed systems.  
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To determine the effect of the scale, the results of the measurements conducted at a constant 
gas flow rate QGV [(m3/min)/m3] in both tanks were compared. All the results obtained were 
described mathematically. 
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Chelators are used in many industries. Their structure provides metal ions. Chelators are 
sources as carriers of microelement ions and for the production of fertilizers. Their structure affects 
the stabilization of microelement ions in a wide pH range and in the soil solution, which enables 
their use on calcareous and alkaline soils. Under such conditions, metal ions in the form of 
inorganic salts pass into forms inaccessible to plants [1-3]. 

The wide use of ligands with different chelating properties means that their high proportion is 
found in inland waters. The presence of these people in the environment can help eutrophicate 
water, remobilize heavy metals from bottom and river sediments and get them into the installation. 
The current research study is on the source components that comprise the biodegradation process. 
IDHA (imidodisuccinic acid) can be used for biodegradable chelators. Tests in static and kinetic 
conditions cause it to appear at the beginning of decomposition in contact with activated sludge, 
which prevents it from getting into water [4-6]. 

The aim of the work was to determine the degree of complexation of microelement ions by 
IDHA in the fertilization environment. The 2021 update of the Regulation of the European 
Parliament and of the Council 2019/1009 laid down regulations on making EU fertilising products 
available on the market, thanks to which various properties with chelating properties can be used 
in the production of micronutrient fertilizers [7]. The condition that must be met by any chelator is 
the complexation of the total amount of water-soluble microelement ions to a degree of at least 
80%. The degree of complexation was determined using differential pulse voltammetry. The results 
obtained are based on the preliminary assessment of the possibility of using IDHA chelates as a 
component of compound fertilizers [8]. 
 

Table 1. The degree of complexation of microelement ions by IDHA in fertilizer environments at pH 5. 
 

Microelements ions 
 
Environment 

Zinc ions Copper ions Manganese ions 

nitrogen 
environment 93.63% 23.11% 88.88% 

nitrogen-
phosphorus 
environment 

100% 40.75% 51.50% 

nitrogen-
phosphorus-
potassium 
environment 

72.24% - 71.72% 
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The conclusion that IDHA chelates will most effectively supplement micronutrient deficiencies 
as water solutions is acceptable [8]. The addition of macronutrients makes the degree of 
complexation lower. 
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In order to reduce the emission of anthropogenic CO2 into the atmosphere, technologies for 
carbon dioxide capture, sequestration, and utilization (CCS and CCU) are currently being developed. 
The largest share in the capture of CO2 is made by processes that use physical or chemical 
absorption [1]. Various strategies are used to improve the absorption process, e.g. using amine 
mixture solutions, testing new compounds for CO2 absorption, e.g. ionic liquids or newly synthesized 
amines, and deep-eutectic solvents [2, 3]. Recently, nanofluids have been proposed as a new type 
of absorbent [4]. Nanofluids consist of a base liquid and nanoparticles, and the small size of the 
added materials ensures high stability of dispersion produced. The results of absorption studies in 
nanofluids are promising and indicate that it is possible to increase the absorption rate during both 
physical and chemical absorption [4]. From a practical point of view, effective solvents are 
nanofluids obtained on the basis of chemical absorbents, which are characterized by high 
absorption capacity. The tested solvents containing amines and nanoparticles showed an increase 
in the absorption rate of several dozen percent [4]. Also, ammonia-based nanofluids may have 
great potential. Carbon dioxide absorption in ammonia solutions is characterized by high CO2 
absorption efficiency and capacity, low energy requirements for stripping and low heat of reaction 
in comparison with MEA, lower price as well as insensitivity to the presence of compounds such as 
COS, CS2, or H2S [5]. Zhang et al. [6] obtained an enhancement in the rate of CO2 absorption in 
ammonia solutions with the addition of Fe3O4 nanoparticles, with the most favorable effect 
observed (increase by 14.5%) for the solution with the highest tested ammonia concentration of 
4%. The cost of commercially available nanoparticles is relatively high. Therefore, in this work, 
colloidal SiO2 with an average diameter of 600 nm was tested as an additive to the absorption 
solutions. The aim of the conducted research was: (i) to determine the rate of CO2 absorption in 
dispersions obtained on the basis of aqueous solutions of ammonia and colloidal SiO2 particles 
and in aqueous dispersions containing ammonia and SiO2 microparticles; (ii) to test the influence 
of the presence of SiO2 particles on ammonia desorption during the flow of the gas mixture through 
the absorber and (iii) to determine the most favorable concentration of fine particles in ammonia 
solutions for carbon dioxide capture. 

CO2 absorption was carried out in aqueous solutions of ammonia with NH3 concentration of 
0.53 mol·dm-3 containing SiO2 from 0 to 0.15% by weight in the form of colloidal or microparticles. 
Gum arabic at 100 ppm was a dispersion stabilizer. Measurements of the rate of CO2 absorption 
and NH3 desorption were performed in the test setup described in detail in [7]. The volume of the 
tested absorbent was 0.250 dm3, and the CO2-air gas mixture (xV,CO2=0.15) at the volume flow rate 
of 0.5 dm3·min-1 was supplied through a glass sinter. The CO2 and NH3 content in the exhaust gas 
was analyzed using sensors and recorded in a computer. Absorption was carried out for 30 min. 

Based on the obtained measurement results, the number of moles of absorbed CO2 in the 
tested solutions, the rate of CO2 absorption over time, the number of moles of desorbed ammonia 
during the gas flow, and the rate of ammonia desorption were determined. Fig. 1a shows the 
number of moles of absorbed CO2 in the ammonia solution after 30 min as a function of SiO2 
particle concentration. The relationship between the number of moles of desorbed ammonia and 
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the concentration of SiO2 colloidal and microparticles is shown in Fig. 1b. In the case of colloidal 
particles, their addition in the tested range (0.01%-0.15%) increased the rate of CO2 absorption 
and, consequently, increased the number of moles of absorbed CO2 by 30%. When SiO2 
microparticles were added to the ammonia solution, the rise of CO2 absorption rate was observed 
for the lowest SiO2 concentration tested, i.e. 0.01%. A higher proportion of SiO2 microparticles did 
not influence significantly the amount of absorbed CO2. NH3 desorption was the highest from the 
ammonia solution without SiO2 particles. On the other hand, the addition of both SiO2 colloidal and 
microparticles reduced the escape of NH3 from the solvent. The greatest inhibition of ammonia 
desorption was in the tested colloidal dispersions. 

Fig. 1. Influence of the concentration of SiO2 particles on: a) the number of moles 
of carbon dioxide captured; b) the number of moles of ammonia desorbed 

In summary, SiO2 colloidal particles are an effective additive to ammonia solutions used for 
CO2 absorption. The calculated enhancement in absorbed CO2 was above 30% in solvents 
containing 0.01% and 0.05% SiO2. The presence of colloidal SiO2 particles had a positive effect on 
the desorption of ammonia and reduced the number of moles of NH3 stripped from the flowing gas 
by about 60%. 
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Mixing plays an important role in many branches of industry such as food processing, 
pharmaceutics, chemical, petrochemical, biotechnology, and others [1]. Many industrial processes 
are conducted under continuous regime, where flow mixers equipped with mechanical or static 
agitators are commonly utilized. Such devices can be easily installed into different systems and 
their work can be automated, which is in line with the actual world leading trends. The biggest 
advantage of static mixers is the lack of moving parts, which requires increased rate of 
maintenance, repair or replacement. Moreover, they need no power supply for the agitator like 
mechanical mixers, but only a pump with enough force to overcome the pressure drop created by 
the mixer elements [2]. 

This  kind of mixer commonly consists of a few mixing elements (inserts) mounted inside 
a cylindrical tube. Briefly, inserts split streams of fluid flow, then shift their flow directions and 
combine them again in order to mix fluid elements. The main goal of static mixer design is to create 
a geometry of insert which allows to achieve high mixing efficiency with relatively small pressure 
drop which corresponds with the energetic cost of the system. For that reason, a detailed analysis 
of the hydrodynamics inside that device should be performed, ensuring that inserts work together 
in a proper manner. Otherwise, a wrongly designed geometry can create cyclic disturbances in 
mixing process or create dead-zones which can lead to expensive changes in system design or 
equipment replacement [6]. Therefore, design of static mixer can be aided by the Computational 
Fluid Dynamics (CFD) simulations. CFD basis on the solution of Navier-Stokes equations with 
additional transport equations which together describe fluid dynamics inside the analyzed system. 
This method gives an opportunity to view and study hydrodynamics, especially velocity profile 
distribution of fluid stream flowing through the static mixer, allowing to verify work of the proposed 
geometry of insert at the early stage of the prototyping process [4]. 

The aim of the research was to study a novel geometry of a static mixer insert which was 
created through rapid prototyping. The proposed geometry of insert was used to create a model of 
static mixer, which consists of five mixing elements. In the current study a few cases were analyzed, 
each for various positions of inserts. For each case a CFD analysis was performed to verify the 
hydrodynamics and pressure drop. Three most promising models were selected based on 
numerical results. These models were 3D-printed and tested in a laboratory-scale static mixer. 
Obtained experimental data related to the mixing efficiency and pressure drop was analyzed and 
discussed in relation to the available literature data of other static mixers. 
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In practice, the processes of mass, momentum and energy transport are intensified by mixers. 
The most common type of mixer is a mechanical mixer with a rotating agitator powered by external 
energy source. Mechanical agitators with rotary agitators are characterized by a large variety of 
designs of agitators, baffles and tanks. Unfortunately, these mixers, despite many advantages, are 
characterized by a rather low efficiency of mass and energy transport processes carried out in them 
in comparison with other devices [1, 2]. 

Attempts are currently being made to use static mixers as an alternative to mechanical mixers 
in continuous processes. In the case of static mixers, the pressure difference in the line with the 
mixing elements is required for them to operate. However, the pressure drop generated by the 
mixing inserts cannot be too high, because it will decrease process effectiveness. Properly working 
static mixers have low energy consumption and no moving parts. The advantages of this solution 
are the modular structure and no need to use expensive devices. In the case of static mixers, the 
key element that has influence on their performance is the geometry of the mixing inserts. The 
number of mixing inserts used and their placement in the tube through which the mixed fluid flows 
is also important [3, 4]. 

The aim of this work was to analyze the impact of the new construction solution of the mixing 
insert on the hydrodynamics in a static mixer. The figure below shows three tested new insert 
variants. These inserts were created as a result of multiplying the developed elementary mixing 
module in the axis of the mounting rod. 

Fig. 1. Sketch of tested new geometries of mixing inserts: variant a), b), c) 

The mixing inserts were grouped in packages of five and inserted into the cylindrical tube of 
the static mixer. Then, for the prepared mixing systems, numerical simulations were carried out 
which resulted in velocity magnitude distribution maps and they allowed to calculate pressure 
drops. Physical prototypes of inserts were also made and tested for generated pressure drop. 
Pressure was measured in a cylindrical tube before and after the mixing inserts which allowed to 
determine the pressure drop. Experimental results were similar to those obtained from numerical 
simulations. This allowed for an initial assessment of the suitability of the proposed new 
construction solution of mixing inserts. 
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In practice, the processes of mass, momentum and energy transport are intensified by mixers. 
The most common type of mixer is a mechanical mixer with a rotating agitator powered by external
energy source. Mechanical agitators with rotary agitators are characterized by a large variety of
designs of agitators, baffles and tanks. Unfortunately, these mixers, despite many advantages, are
characterized by a rather low efficiency of mass and energy transport processes carried out in them 
in comparison with other devices [1, 2].

Attempts are currently being made to use static mixers as an alternative to mechanical mixers
in continuous processes. In the case of static mixers, the pressure difference in the line with the
mixing elements is required for them to operate. However, the pressure drop generated by the
mixing inserts cannot be too high, because it will decrease process effectiveness. Properly working
static mixers have low energy consumption and no moving parts. The advantages of this solution
are the modular structure and no need to use expensive devices. In the case of static mixers, the
key element that has influence on their performance is the geometry of the mixing inserts. The
number of mixing inserts used and their placement in the tube through which the mixed fluid flows
is also important [3, 4].

The aim of this work was to analyze the impact of the new construction solution of the mixing
insert on the hydrodynamics in a static mixer. The figure below shows three tested new insert
variants. These inserts were created as a result of multiplying the developed elementary mixing
module in the axis of the mounting rod.

Fig. 1. Sketch of tested new geometries of mixing inserts: variant a), b), c).

The mixing inserts were grouped in packages of five and inserted into the cylindrical tube of
the static mixer. Then, for the prepared mixing systems, numerical simulations were carried out
which resulted in velocity magnitude distribution maps and they allowed to calculate pressure
drops. Physical prototypes of inserts were also made and tested for generated pressure drop. 
Pressure was measured in a cylindrical tube before and after the mixing inserts which allowed to
determine the pressure drop. Experimental results were similar to those obtained from numerical
simulations. This allowed for an initial assessment of the suitability of the proposed new
construction solution of mixing inserts.
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The environmental problem of the emission of hydrogen sulfide from stationary sources is 
serious, especially in the case of copper mines in Poland, where the ventilation airflow is 300,000 
Nm3/h, and contains 1-100 ppm H2S. In catalytic chemical processes, the selection of the proper 
catalytic support is crucial for reactor optimization. The catalyst carrier should ensure a high surface 
area for the catalyst layer deposition and the highest possible heat and mass transport rates 
combined with minimal flow resistance. Amongst the possible structured rector internals, the most 
commonly spread in the industry are ceramic monoliths. Indeed, monoliths have unquestionable 
advantages over classical fixed-bed reactors. Their long straight channels give rise to very low flow 
resistance in the reactor. Also, they are relatively easy to cover with the active layer. However, at 
the same time, they show low mass and heat transport coefficients that result in long reactors 
making up for it. It occurs especially for processes of fast kinetics such as combustion [1]. 
Therefore, carriers that will provide more favorable transport properties compared to monoliths, 
with slightly higher flow resistances, are still sought after. To meet the requirements stated above 
it was decided to design and numerically investigate a new efficient structured catalyst support that 
could be in the future obtained by the additive 3D manufacturing method. 

According to previous studies of structured reactors and literature investigations [2, 3] fractal 
geometries such as Hilbert’s curve and Menger's cube were selected as new catalyst supports. 
Figure 1 shows the investigated structures. Momentum and energy simulations were performed 
using the CFD package ANSYS. The aim of numerical calculation was to determine pressure drop 
and Nusselt number in the function of Reynolds number. Simulations were carried out for air with 
constant physical properties. 

Fig. 1. Investigated catalytic supports. A) Hilbert’s curve; B) Menger's cube 
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The vast majority of conducted technical experiments can be assigned into two fundamental 
approaches: white-box and black-box based methods. The first one is focused on internal process 
mechanisms. Due to the complexity and multitude of parameters, the experimental approach often 
assumes a black-box model. Depending on the input parameters, the output is observed. In this 
approach, based on changes in process conditions, the impact of these parameters on the product 
is determined. Therefore, for the black box model, it is crucial to correctly determine the parameters 
after the process is completed. One of such parameters widely used is analysis of particle size 
distribution (PSD) of obtained particles. There are many instruments for particle size distribution 
(PSD) measurement, each using a particular physical phenomenon to define the size. In this article 
a comparison of particle size distribution (PSD) obtained by measurement methods based on 
dynamic image analysis, static laser light scattering, and sieve analysis is presented.  

Dynamic image analysis is suited for measurements of powders and granules. In this method, 
a stream of particles is recorded and analyzed by a camera system. Dynamic image analysis 
involves illuminating the particle stream from one side by a light source and recording particle 
images as shadow projections. During measurement particles are in motion which ensures particle 
separation. In the presented study the measurement was made for particles in an air stream. For 
each sample a minimum of 4 thousand particle images were detected. Different morphological 
parameters were recorded and quantitatively evaluated for detected particles. The particle size 
distribution was based on particles (d10, d50, d90). The results are presented in Figure 1. 

Fig. 1. Particle size distribution with cumulative curves 
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The second method was based on laser diffraction phenomena which occur when light 
interacts with particles resulting in certain angle-dependent patterns of light scattered by the 
particles in different directions. Scattering angle and intensity are dependent on the size of particles 
occurring in samples. For the static laser light scattering method three measurements were 
performed for each sample. The differences between measurements obtained by these methods 
are presented in Figure 2. 

Fig. 2. Comparison of particle diameters d10, d50, d90 

Both described methods were compared with a traditional method of determination of particle 
size distribution - sieve analysis. The sieve method enables to separate particle size fractions. In 
the presented study the mechanical sieving method was applied using HAVER EML DIGITAL PLUS 
Sieve shaker with ultrasonic sieving support AGS 35-100. 7 sieves with the following sizes of mesh: 
20, 25, 32, 45, 63, 90, 125 µm were used during the tests. 

The material used in the research was the product of the drying process of the 40% 
maltodextrin (Nowamyl S.A., Poland). Table 1 shows initial parameters of maltodextrin. The drying 
process was carried out in a spray tower in a counter-current mode with two pneumatic nozzles. 
The processes were carried out for two atomizing air intensities, three process temperatures, and 
three drying agent flow rates.  

Table 1. Initial properties of maltodextrin used in the experiments 

Parameter Value 

Form Dried powder 

Mechanical impurities Absent 

Moisture content, % 4.9 

pH 6.0 

Dextrose equivalent 11.74 

Ash content, % dry 
mass 0.4% 

The application of a wide range of process parameters allowed to obtain maltodextrin particles 
with different size distributions. At the same time, the used measuring techniques showed a similar 
trend of selected representative deposit diameters. 
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Human activities can have a strongly destructive impact on the environment, which in turn 
leads to the deterioration of peoples’ living conditions. Life on our planet is dependent on water 
and oxygen. A person cannot survive a few minutes without oxygen, and a few days without water. 
Therefore, taking care of clean air and water plays a key role in human life. One of the first steps in 
the process of water purification is to clean it of the polluting solids that it carries with it. Solid-liquid 
separation is also a key stage in wastewater treatment, and is widely used in many industries, such 
as power industry, mining, or chemical and food industries. Despite appearances to the contrary, 
an extremely important stage is the initial purification of water. Separators are used for this 
purpose.  

The purpose of this study was to design a modified vertical suspension separator, to make a 
laboratory-scale apparatus, and then to carry out tests using the constructed device. 

The modification of the separator described elsewhere [1, 2] included the addition of partitions 
and shelves in the outer part of the apparatus. The proposed construction is shown in Figure 1. 

 

 
Fig. 1. The proposed modification of the apparatus 

It was proposed to modify the outer part of the apparatus due to the fact that it is then possible 
to conduct the flocculation process constantly in this section and the simultaneous initial 
separation of the solid from the liquid in its inner part. Shelves will be installed in segments in order 
to avoid long shelves where solids could accumulate. The advantage of such a solution may be the 
possibility of removing a single segment, e.g. for maintenance purposes, or for regenerating an 
adsorbent and reassembling the shelf. The segments would be separated from each other by 
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partitions in order to avoid the flow of liquid around the shelves from the side. However, there is 
then a possibility of solids accumulating on a shelf. This is why the perforation of partitions at the 
height of the inside of the shelf was proposed. 

In order to check whether the proposed modification can be used for the treatment of rainwater 
and sewage by separating the suspension (solid-liquid separation and light substances-liquid 
separation), tests were carried out. A volumetric flow rate of 0.1 m3/h was used in each 
measurement. The test stand is shown in Figure 2. 

 

 
Fig. 2. Test stand; 1 –pump; 2 – liquid tank, 3 – rotameter; 4 – piping, tee pipe and dispenser;  

5 –apparatus; 6 – clear liquid tank 
 
The research material (heavy fraction) consisted of sand fractions selected with the use of 

sieve analysis. They had diameters of 100-150 µm and 300-400 µm. The constructed device 
showed a high, nearly 100%, efficiency of solid separation, and about 65% efficiency in the case of 
the oil fraction (η=72 mPa⋅s, ρ=886 kg/m3). It should be emphasized that this efficiency decreased 
for smaller particles. Therefore, it is recommended to conduct further research on smaller grains, 
and also to perform comparative tests for a separator without shelves and partitions, as well as for 
a separator with a different number of shelves and a different angle of shelf inclination. It is also 
recommended to modify the overflow from the tank in order to be able to run tests for a longer 
period of the process. The modified design was less efficient in separating the oil phase from water, 
which could be caused by the direction of the inlet that supplies the mixture to the apparatus. In 
this part of the separator, the direction of water flow changes, and it is likely that oil particles are 
entrained together with the water.  
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Titanium dioxide powders are commonly used in industry. Due to its high refractive index, this 
material is a white paint base. It also has photocatalytic properties. Therefore, it is used in the 
decomposition of organic compounds and the sterilisation process. Due to its high mechanical and 
chemical stability, it can be used as a coating. Combined with photocatalytic properties, it can be 
used to create an antimicrobial coating. Also, titanium dioxide can be used in hydrogen production 
reactions [1].  

Due to its comprehensive application, a study on its processing is highly desired. Industrial-
grade titanium dioxide consists of aggregates and agglomerates of primary particles. A final 
product's properties depend on the particles’ structure, mostly on its size. Therefore, to obtain the 
desirable properties, breakage of particles must be applied. Hydrodynamic stresses can easily 
break agglomerates because the connection in this structure is made of weak van der Waals forces 
[2]. Connection in aggregates is made of solid bridges. Therefore, breakage of those structures 
requires more energy. To reduce the size of those particles, a unique design of devices is required. 
Mainly in this process, ultrasonic homogenisers and ball mills are used. Ultrasonic devices generate 
high-stress values but have poor performance. The ball mill breakage process can be carried out 
for dry powder and wet media. In this type of device, high-speed shaft rotation in a chamber causes 
the movement of balls. Collisions of balls cause high values of stresses that can break particles.  
 This work investigated the breakage of titanium dioxide particles in a ball mill. At first, the 
breakage mechanism of particles was investigated. Particle size distribution change in time was 
investigated via a Bechman&Coulter particle size analyser. Based on that, it was observed that 
most agglomerates are crushed in the first minutes of the breaking process. Further breakage 
caused the creation of a population of submicron particles and moved the aggregate population 
towards smaller sizes. The size range of submicron particles corresponds with the size of primary 
particles of titanium dioxide. Therefore, the hypothesis of the erosion mechanism of deaggregation 
was made. To prove that the population of submicron particles is made of primary particles of 
titanium dioxide, transmission electron microscopy with energy dispersive spectroscopy (TEM-EDS) 
was applied. This technique could identify the composition of each particle in the image.  

 
Fig. 1. TEM-EDS images of particles after milling 
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The influence of process parameters on the final particle size was investigated. The volume of 
the milling media and rotational speed was changed. Two types of milling media beads were tested. 
One size was in the range from 0.8 mm to 1.4 mm. The second size ranged from 0.1 mm to 0.2 
mm.  

In the modelling part, the Eulerian granular multiphase model was used to simulate the 
presence of milling beads in the mill chamber [3]. The rheology of suspension was applied via the 
Carreau model. Due to the high-speed rotation of shaft, turbulence k-ε model was used. Using a 
combination of those models allowed the reconstruction of the process. As a result, the flow pattern 
and the mean kinetic energy of milling beads were calculated. The stresses generated during the 
collisions and collision frequency were calculated based on it. Comparing the simulation result with 
the experiments showed that collision frequency controls the rate of size drop of TiO2 particles.  

 
 

 
Fig. 2. Granular temperature of beads in a ball mill 
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Modern production lines for manufacturing multi-ingredient vegetable and fruit frozen food 
products have to meet numerous technical and economic requirements, including high production 
capacity, smooth operation, maintaining the “cold chain” of all ingredients of the product, as well 
as a stable and repeatable composition of the final product – a plastic bag containing the frozen 
food product. In this work, the modernization of a production line in the manufacturing facility of 
Polski Ogród sp. z o.o., located in Skierniewice, Poland, is described, which was accompanied by 
the development of three tools, useful for process control, mathematical modeling and 
optimization. 

As the first tool, a system for monitoring the composition of multi-ingredient vegetable and fruit 
frozen food transported along the production line was designed, constructed and launched. The 
system consists of 5 CCD cameras, a video recorder and a PC with software for image analysis. The 
software enables to estimate the current food composition at different locations at the production 
line, based on the color distribution in the HSV color space of the recorded video frames. The 
composition monitoring system controls the proper operation of the production line. It is also useful 
for detection of possible causes of inhomogeneous composition of the frozen food product. 

As the second tool, a mathematical modeling method for heat transfer phenomena in the 
production line was developed. Submodels for various stages of the production process were 
created and used for performing numerical simulations of the considered manufacturing process. 
The developed method can be used to simulate gradual increase in the product temperature along 
the production line, depending on specific operational parameters, as well as to check various 
production scenarios and unusual situations for maintaining the “cold chain”. 

As the third tool, a packing unit simulator was developed. The packing unit is the final 
apparatus, where each individual product bag is being packed with the frozen food composition, 
using numerous cups filled with the product, in order to obtain the desired final mass of the product 
bag. However, due to local inhomogeneities of the multi-ingredient product mixture, as well as the 
quasi-random nature of the packing process, packing results in some variations in the product  
composition in individual bags. The packing unit simulator enables the simulation of the packing 
process occurring in the packing unit, the estimation of realistic mass and composition distribution 
of a set of individual bags, and the development of optimum production recipes.  

The modernization of the production line resulted in an increase of production capacity of the 
manufacturing facility, along with enhanced process stability. The three tools provided insight into 
the manufacturing process itself, to perform parametric analyses, to identify bottlenecks and 
intrinsic limitations of the production line performance, as well as to plan production strategies. 

The work was financed by the European Regional Development fund in the Smart Growth 
Operational Programme 2014-2020, measure 1.1, submeasure 1.1.1. 
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Current efforts are taken to increase resource efficiency, close material loops, and improve 
sustainable waste and by-products management [1]. Increasing the amount of generated bio-waste 
streams and posing a significant environmental concern is considered in the context of circular 
economy to generate biofuel precursors by means of dark fermentation. Thus, efforts are made to 
increase resource efficiency and material circularity by networking agro-food by-products and 
converting them into valuable products completely exhausting the potential of the raw material [2]. 
The use of waste biomass containing both starch and lignocellulosic polymers for the production of 
biohydrogen is a process for which the simultaneous formation of value-added liquid products has 
been observed. Literature reports [3] and our own research [4], [5] also allow to conclude that the 
efficient implementation of the biohydrogen production process requires optimization of biomass 
pre-treatment stage. In the context of mixed waste, the so-called bio fraction, this treatment 
consists mainly of the saccharification of polysaccharides present in the raw material [6].  

The greatest advantage of bio fraction application for biomass hydrolysates generation is the 
possibility of using a wide variety of substrates as input for the process. In countries, like Poland, 
where agro-food substrates are only available seasonally, the use of bio fraction waste can ensure 
constant access to the raw material used in fermentation processes [5]. However, in this case, 
anaerobic digestion requires optimization in terms of the average composition of applied raw 
material. For this purpose, substrate digestion must provide not only hydrogen-rich biogas but also 
nutrient and carbon rich digestate [6]. Further, the recovery of valuable nutrients from digestate is 
an important issue in closing the entire loop of biowaste valorisation.  

Research was carried out in the field of pre-treatment of a bio fraction rich in both starch and 
lignocellulosic polymers prior to the definition of the key parameters and factors affecting the 
effectiveness of biomass digestion and further, the biohydrogen yield in the laboratory scale. 
Statistical methods have been employed to determine the parameters significantly affecting the 
results of the process. Comparison of the different process courses obtained in diversified 
conditions allowed to define the key parameters between biomass pre-treatment and biohydrogen 
production chains.  

Model lignocellulosic and starch-based biomass were subjected to pre-treatment with the 
application of acidic compounds, i.e. sulphuric (SA) and acetic (AA) acids. The applied 
concentrations of acids were in the range from 2% up to 60%. The hydrolysis process (time) lasted 
from 1 h to 96 h and the process temperature (T) was in the range of 20–80 0C. The process has 
been carried with and without agitation (0 - 300 RPM). The proportion between biomass and 
hydrolysing agent amount (m/m) was in the range of 0.01 to 0.5 (by mass). The applied size (size) 
of the biomass ranged within 0,25 mm up to 4 mm. After saccharification, the hydrolysates were 
analysed via HPLC to determine the reducing sugars yield (sugar). Also, the concentration of value-
added products was defined. Among the substances present in the hydrolysates, protein, peptides, 
hydroxybenzyl acid (HA), 5-HMF, furfural (FF), vanillin (V), vanillic acid (VA), formic acid (FA) and 
levulinic acid (LA) were found [7]. Further, the hydrolysates were introduced to dark fermentation, 
to determine, whether it is possible to carry out biohydrogen generation with hydrolysate based sole 
carbon sources. Depending on the hydrolysis parameters diversified yields of hydrogen were 
obtained. The development of dark fermentation with the application of acidic hydrolysates of bio 
waste fraction was confirmed. To define the effect of hydrolysis process parameters on the course 
of subsequent saccharification and dark fermentation, the data were normalised and correlogram 
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was prepared (Figure 1). Positive and negative correlation effects were determined according to 
the values presented in Figure 1.  

Fig. 1. Correlation between pre-treatment parameters and the saccharification product yield 

The applied process parameters affected the main product yields during hydrolysis. Several 
products were formed in concentrations independent of the process parameters (V, VA, FA and FF), 
while HMF, LA, sugar, HA were obtained with strong relation to the process course.  Concluding, the 
measurable effects of the research delivered information about the statistically important 
parameters for the process course, the range of experiment and the procedure allowing to manage 
the agro-food material via subsequent saccharification and dark fermentation.  

This research was funded by the National Science Centre, Poland,under research project No. UMO-
2021/41/B/ST8/02395 
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The applied process parameters affected the main product yields during hydrolysis. Several
products were formed in concentrations independent of the process parameters (V, VA, FA and FF),
while HMF, LA, sugar, HA were obtained with strong relation to the process course. Concluding, the
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Among the different fuel cell types available, the SOFC technology is distinguished among 
others by fuel flexibility as all: diesel, methane, methanol, syngas, ammonia, bio-methanol, 
hydrogen and natural gas can be used. Besides hydrogen and methane all other fuels warrant a 
fuel reformer and cleaning system prior to feeding it to the stack. For SOFCs, particularly removal 
of sulfur contamination is crucial as the content of sulfur compounds is strictly limited by their 
producers to a few ppm’s or even ppb’s.  

In this paper removal of sulfur compounds from methanol is considered, as their presence is 
often detected while methanol is contaminated by diesel or gasoline. Significant amounts of sulfur 
compounds are also present in methanol when it is obtained as a by-product in pulp production [1]. 

Purification of methanol by adsorption was here investigated for the following testing system: 
dibenzothiophene (DBT) – activated carbon (AC), where DBT was taken as a representative of 
contaminating sulfur compounds. An appropriate model of the adsorption column packed with 
activated carbon pellets was elaborated and a series of simulations was carried out.  

The analysis of adsorptive purification process was carried out for the system shown in Fig. 1. 

Fig. 1. Schematic diagram of the adsorption column 

The following model equation describing the mass balance for DBT in the packed bed was 
used to determine the concentration profiles along the considered adsorption column at different 
time moment:  

           𝜀𝜀𝜀𝜀 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= − 𝜀𝜀𝜀𝜀 𝑢𝑢𝑢𝑢 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿
𝜕𝜕𝜕𝜕2𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕2

− (1 − 𝜀𝜀𝜀𝜀) 𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠  𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

          (1) 

where ε – is the bed porosity, u – liquid velocity and ρs – density of solid pellets, while c [mol/m3] 
and q [mol/kg] are DBT concentrations in liquid and solid phases, respectively. Axial dispersion was 
also taken into account and the appropriate dispersion coefficient calculated from the following 
relationship [2]:  

       𝐷𝐷𝐷𝐷𝐿𝐿𝐿𝐿 =  𝑢𝑢𝑢𝑢 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠  � 𝜀𝜀𝜀𝜀
√2 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑆𝑆𝑆𝑆𝜕𝜕𝜕𝜕 

+ 1
2
�     (2) 

Adsorption equilibrium was described with the Langmuir equation [2]: 

𝑞𝑞𝑞𝑞𝑅𝑅𝑅𝑅 =  𝜕𝜕𝜕𝜕𝑚𝑚𝑚𝑚 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿 𝜕𝜕𝜕𝜕
1+ 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿 𝜕𝜕𝜕𝜕

     (3) 
while the adsorption kinetics with a pseudo-second order model [2]: 
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                                                   𝑑𝑑𝑑𝑑𝜕𝜕𝜕𝜕
𝑑𝑑𝑑𝑑𝜕𝜕𝜕𝜕

=  𝑘𝑘𝑘𝑘2,𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑(𝑞𝑞𝑞𝑞𝑅𝑅𝑅𝑅 − 𝑞𝑞𝑞𝑞)2                           (4) 

The constants (KL, qm and k2,ad) appearing in Equations (3 and 4) were taken from the work [2], 
then the presented model was implemented in the MATLAB domain and solved with the application 
of Danckwerts boundary conditions.     

Simulation calculations were carried out to find the influence of operating conditions on 
purification process efficiency. For the process performed at ambient temperature the following 
inlet and operating conditions were examined: - inlet concentration of DBT in methanol stream, - 
bed porosity, - liquid velocity in the bed.  

An example of the obtained results is shown in Fig. 2, where DBT concentration in methanol is 
shown as a function of time and location along the adsorbent bed.   

  
 

 

 

 

 

 

 

 

 

 

 

Fig. 2. DBT content in methanol as a function of time and location along the adsorption column  

With data presented in Fig. 2 an operating diagram indicating the breakthrough time at chosen 
column dimensions and operating conditions can be constructed. Then the obtained results can be 
utilized for effective designing of an installation for purification of raw methanol before feeding it 
to the converter and further to the SOFC. 

The investigated adsorptive method of sulfur removal is very promising. However, the problem 
of sorbent regeneration after its saturation with removed sulfur compounds remains still very 
relevant.   
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Online data [1] show that around three-quarters of hydrogen is produced using fossil fuels. The 
main substrate used in this process is purified natural gas - methane. The methane reforming 
process is carried out using a solid catalyst, which consists of atoms of elements such as: Ni, Pt, 
Rh, Ru.[2] The elements are deposited on a solid carrier such as: Al2O3, TiO2, MgO [2, 3]. There 
are three methods of producing hydrogen from methane. The first method is the so-called steam 
reforming of methane SRM, in which methane is decomposed into syngas components, i.e. 
hydrogen and carbon monoxide, with the help of steam. This method is quite expensive, because 
it requires the supply of heat associated with the transition of water into steam. The second method 
is dry reforming of methane DRM. This method uses carbon dioxide gas to convert methane to 
syngas. Both methods are characterized by a fairly large endothermic effect of the reaction, which 
increases the cost of syngas production. The third method is the partial oxidation of methane POX 
leading to the formation of syngas. The POX method, unlike the other two methods, is an exothermic 
process with a reaction energy of -38 kJ/mol. An important issue is the ratio of hydrogen to carbon 
monoxide. With the DRM method, this ratio fluctuates around unity [2]. In the POX method, it is 
about 2 [2] and in the SRM method, the ratio of hydrogen to carbon monoxide is 3 [2]. The ratio of 
syngas components is crucial due to its use in the production of methanol, ammonia or methyl 
ether. This work focuses on the problem of placing the catalyst in the reactor in the process of 
converting methane with carbon dioxide. This process is highly endothermic, therefore the 
arrangement of the catalyst lumps in the reactor may affect the course of the entire process of 
obtaining syngas. A mathematical model of forty-one surface reactions on the Ni/Al2O3 catalyst 
was used to describe the methane reforming process [4]. The mathematical model can be applied 
to both dry and steam methane reforming. The kinetic model was implemented for CFD calculations 
using the Chemkin format available on an internet site [5]. The five basic reactions involved in dry 
methane reforming are listed below: 

 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶4 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 ↔ 2𝐶𝐶𝐶𝐶2 + 2𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶      ( ΔH0298K=247kJ/mole) (1) 

 𝐶𝐶𝐶𝐶2 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 ↔ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 +𝐶𝐶𝐶𝐶2𝐶𝐶𝐶𝐶             (ΔH0298K=41 kJ/mole) (2) 

 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶4 ↔ 𝐶𝐶𝐶𝐶(𝑠𝑠𝑠𝑠) + 2𝐶𝐶𝐶𝐶2 (3) 

 2𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ↔ 𝐶𝐶𝐶𝐶(𝑠𝑠𝑠𝑠) + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2  (4) 

 𝐶𝐶𝐶𝐶2 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ↔ 𝐶𝐶𝐶𝐶(𝑠𝑠𝑠𝑠) + 𝐶𝐶𝐶𝐶2𝐶𝐶𝐶𝐶              (5) 

Reactions (3–5) are catalyst deactivation reactions as carbon is deposited on the active sites of 
the catalyst. This makes it difficult for reagents to access the catalyst surface and thus inhibits the 
reforming process. The data in the literature show that there are two basic methods of 
counteracting this process. The first consists in conducting the process at a sufficiently high 
temperature, and the second in the appropriate ratio of molar streams of methane and carbon 
dioxide FnCO2/FnH2 [2, 6]. Therefore, simulations were carried out for process parameters in which 
Reactions (3-5) did not occur. Figure 1 shows the distribution of the mole fraction of methane in 
the reactor cross-section with the axial arrangement of catalyst particles. The catalyst was placed 
on a special wire mesh, which was omitted in the geometrical model. Figure 2 shows the distribution 
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of the mole fraction of hydrogen in the cross-section of the converter. In the simulation, it was 
assumed that the reactor wall had a constant value of the temperature Twall. 

 
Fig. 1. The distribution of the mole fraction of CH4 in the reactor, FnCO2/FnCH4=1.3;Twall=1073.15 [K] 

 
Fig. 2. The distribution of the mole fraction of H2 in the reactor, FnCO2/FnCH4=1.3;Twall=1073.15 [K] 
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Spouted bed devices have been widely used in energy, chemical, pharmaceutical, and food 
industries, wherever granular materials are applied. Solid circulation rate is the most crucial 
parameter that affects the performance of spouted bed columns [1].  

The main aim of this work was to use computational fluid dynamics (CFD) methods for 
calculation of the solid circulation rate for different geometric and hydrodynamic parameters in a 
modified Wurster apparatus for dry coating. 

Fig. 1 shows the modelled device. It is made up of three cylindrical sections and a cone. All 
parts are equipped with a draft tube (f). A spouting gas nozzle (a) is installed at the bottom of the 
apparatus where particles are entrained and accelerated. The cone has two openings for loading 
and unloading solids. In this zone a liquid (c) and a powder (b) spraying nozzle are placed. In the 
upper draft tube above the nozzles the circulating solid is coated. The upper section is finished by 
a deflector (d), which prevents particles from being blown away from the installation.  

Fig. 1. Cross-section of the modelled column: a – spouting air nozzle, b – powder spraying nozzle, c – liquid 
spraying nozzle, d – deflector, e – air outlet, f – draft tube, g – annular zone, h - localization of simulation 

data reading (arrows show the direction of particle circulation) [2] 

To perform simulations of the movement of both phases (air and particles) in the device, Ansys 
CFD package was applied.  A discrete phase model (DPM) with unsteady particle tracking and phase 
coupling served the purpose of determining the solid circulation rate.  Air (constant density of 1.22 
kg/m3, constant viscosity of 1.79⋅10-5 Pa⋅s) and Cellets® 1000 particles (density of 1570 kg/m3, 
mean diameter of 1.11 mm), respectively, were the continuous and discrete phases.  
 The k-ε realizable turbulence model, which provides improved predictions of turbulence in jets, 
described the turbulent flow of air. The stochastic tracking model predicted dispersion of particles 
due to turbulence in the continuous phase. Because the multiphase flow in the modelled apparatus 
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was quasi-stationary and the instantaneous values of the calculated parameters (particle velocity 
and volume fraction) in the selected cross-section (see Fig. 1) were characterized by periodical 
fluctuations, they had to be averaged. The solver settings and the calculation algorithm were 
presented in detail in the previous paper [2]. 

The solid circulation rate was calculated with the following formula: 

 �̇�𝑚𝑚𝑚 = 𝑎𝑎𝑎𝑎 × 𝐴𝐴𝐴𝐴 × 𝑤𝑤𝑤𝑤 × 𝜌𝜌𝜌𝜌 (1) 

where a is the mean volume fraction of the particles, A is the cross-section area of the upper draft 
tube, w is the mean velocity of the particles and 𝜌𝜌𝜌𝜌 is the density of the particles.  

At the beginning, simulations were performed for various spouting gas velocities (278-490 
m/s) and solid volumes (200, 300, 400 cm3) for the standard geometry of the apparatus. After 
that, the geometry configuration was altered, including the deflector distance with respect to the 
upper draft tube (10, 30, 60 and 120 mm), the lower draft tube radius (15, 20, 25 and 30 mm) 
and entrainment zone length (5, 10, 20, and 30 mm), while their effect on solid circulation rate 
were checked for the volume of the poured bed equal to 200 cm3 and the minimum stable 
circulation velocity of the spouting gas (278 m/s).  

The solid circulation rate increased slightly with the steady increase in the spouting gas velocity 
for a small bed volume of 200 cm3 and reached a maximum at 370 m/s. When the capacity of the 
poured bed was increased to 300 and 400 cm3, the solid circulation rate rose rapidly and linearly 
with the rise in the spouting gas velocity.  

The solid circulation rate was greatly influenced by the distance between the draft tube outlet 
and the deflector. It was observed that the increase in the value of this parameter entailed an 
increase in solid circulation rate. As the distance increased, the effect of the deflector on the 
movement of the particles disappeared and they could move more freely. 

The solid circulation rate augmented when the diameter of the lower draft tube was increased 
as it provided more area for particles to flow. However, when the radius was increased to 30 mm, 
this diminished the size of the annulus between the lower draft tube and the outer wall of the 
apparatus, which ultimately restricted the motion of particles into the draft tube and hence the 
solid circulation rate was decreased.   

The solid circulation rate increased with the enlargement of the length of the entrainment zone. 
It was obvious that increasing this factor resulted in the increase in the space where particles 
became sucked into the draft tube and ultimately augmented the solid circulation rate. 

It can be concluded that the application of the discrete phase model enabled to test the impact 
of the main constructional and hydrodynamics parameters on the solid circulation rate which is 
very difficult to determine experimentally. CFD is an efficient tool to investigate complex multiphase 
flow in the modified Wurster apparatus and can be applied to optimize the construction of this 
device in the future. 

References 

[1] Ar F.F., Uysal, B.Z. , Solid circulation in a liquid spout-fluid bed with multi draft tubes, J. Chem. Technol.
Biot., 1999, 72(2), 143-148.

[2] Ludwig W., Płuszka P., Euler-Lagrange model of particles circulation in a spout-fluid bed apparatus for
dry coating, Powder Technol., 2018, 328, 375-388.



237 Table of contents

was quasi-stationary and the instantaneous values of the calculated parameters (particle velocity
and volume fraction) in the selected cross-section (see Fig. 1) were characterized by periodical
fluctuations, they had to be averaged. The solver settings and the calculation algorithm were
presented in detail in the previous paper [2].
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where a is the mean volume fraction of the particles, A is the cross-section area of the upper draft
tube, w is the mean velocity of the particles and 𝜌𝜌𝜌𝜌 is the density of the particles.
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m/s) and solid volumes (200, 300, 400 cm3) for the standard geometry of the apparatus. After
that, the geometry configuration was altered, including the deflector distance with respect to the
upper draft tube (10, 30, 60 and 120 mm), the lower draft tube radius (15, 20, 25 and 30 mm)
and entrainment zone length (5, 10, 20, and 30 mm), while their effect on solid circulation rate
were checked for the volume of the poured bed equal to 200 cm3 and the minimum stable
circulation velocity of the spouting gas (278 m/s).
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increase in solid circulation rate. As the distance increased, the effect of the deflector on the
movement of the particles disappeared and they could move more freely.

The solid circulation rate augmented when the diameter of the lower draft tube was increased
as it provided more area for particles to flow. However, when the radius was increased to 30 mm,
this diminished the size of the annulus between the lower draft tube and the outer wall of the
apparatus, which ultimately restricted the motion of particles into the draft tube and hence the
solid circulation rate was decreased.

The solid circulation rate increased with the enlargement of the length of the entrainment zone. 
It was obvious that increasing this factor resulted in the increase in the space where particles
became sucked into the draft tube and ultimately augmented the solid circulation rate.

It can be concluded that the application of the discrete phase model enabled to test the impact
of the main constructional and hydrodynamics parameters on the solid circulation rate which is
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Lignocellulosic biomass is a potential application as a renewable raw material for the 
production of energy, heat, fuels or chemicals [1]. Due to its diverse structure, depending on the 
origin and the method of modification, it can be a valuable source for obtaining chemical 
compounds, including carboxylic acids [2]. One of the potential possibilities is the catalytic 
conversion of biomass, in particular the hemicellulose fraction, to obtain levulinic acid using 
catalysts, including appropriately modified synthetic and natural zeolites [3, 4]. 

In this study, the conversion of biomass based on galactose was carried out with the use of a 
suitably modified natural zeolite - clinoptilolite. Catalysts with active centers - copper, were obtained 
using the sonication technique. Tests were also carried out to determine the optimal conditions of 
the catalytic process and for this purpose the one-pot method was used, where the concentration 
of the raw material in the aqueous solution was prepared and a previously modified natural zeolite 
was added. The galactose conversion process was carried out at the temperature of 250 °C for 5 h, 
and the identification of the obtained products was performed using HPLC-RID along with the 
comparison of retention times with standard substances. Table 1 presents the results along with 
the conversion of the raw material. The selectivities of the products relative to each other and the 
carbon balance were determined.  

Table 1. Results of catalytic tests of galactose conversion 

Catalyst Raw material 
Raw material 
conversion 

 [%] 

Conversion products - selectivity [%] Carbon 
balance 

[%] 5-HMF LAC FA LA AC PAC AD PA 

CLI Galactose 100 - 9.3 - 33.9 5.1 22.1 18.4 11.1 99.9 

H-CLI Galactose 100 - 8.1 - 34.6 3.4 18.6 20.6 14.7 99.9 

Cu-H-CLI Galactose 100 7.7 3.7 - 42.1 5.3 32.1 4.9 4.2 100.0 

Co-H-CLI Galactose 100 7.3 4.7 6.1 45.5 4.8 21.0 4.3 6.2 99.9 
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Fluorescent gold nanoclusters synthesized in a protein matrix attract a lot of attention in 
biomedical research due to their stability, high fluorescence and low toxicity [1]. It is important to 
note there is no literature describing examples of applications of nanoclusters in the form of layers 
and films deposited on solid surfaces. It can be assumed that this limitation results from the lack 
of available data on the methods of obtaining such materials. The aim of the research was to 
determine the deposition mechanism of fluorescent gold nanoclusters obtained using hen egg 
white lysozyme (HEWL) on a model silicon surface under convection controlled transport by applying 
quartz crystal microbalance (QCM) measurements and atomic force microscopy (AFM). 

The initial stage of research was the synthesis of gold nanoclusters with the use of HEWL. The 
obtained hydrosols of nanoclusters were purified by membrane ultrafiltration. The physicochemical 
characterization of gold nanoclusters dispersed in hydrosols provided information on the 
hydrodynamic diameter, the extent of their stability and electrical properties. The isoelectric point 
of gold nanoclusters on HEWL matrix was determined at pH equal to 5.0. The aggregation of studied 
nanomaterials (increase in values of hydrodynamic diameters) was observed in the pH range of 
4.0-6.0. The gold nanoclusters on protein matrices were characterized by a positive surface charge 
in acidic medium, while in neutral and basic medium they showed a negative surface charge. The 
measurements of emission spectra over a wide range of ionic strengths (0.0001 M - 0.15 M) and 
pH (2.0-11.0) were determined. The above data was important for the selection of conditions for 
the deposition of gold nanoclusters on solid surfaces. 

The most important stage of the research was to determine the kinetics of nanocluster 
deposition using: Quartz Crystal Microbalance with energy dissipation monitoring (QCM-D), 
streaming potential measurements, surface imaging by AFM and scanning electron microscopy 
(SEM). The deposition measurements were carried out in both acidic (pH 3.5) and basic (pH 9.0) 
environments for ionic strengths in the range of 0.0033 M - 0.15 M. An example of the deposition 
kinetics of a monolayer of gold nanoclusters is shown in Fig. 1. The effect of the presence of a 
positively charged anchoring layer of polydiallyldimethylammonium chloride (PDDA) was 
investigated on the maximum degree of surface coverage by particles. Changing the pH and ionic 
strength had a significant effect on the maximum degree of particle surface coverage. These 
measurements made it possible to confirm the research hypothesis that the self-organization 
process of gold nanoclusters, leading to the formation of layers on the silicon surface, was 
controlled by electrostatic interactions. Desorption measurements showed high stability of the 
formed layers of gold nanoclusters. The topography of the monolayers was also measured using 
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AFM. The images confirmed the presence of dense and homogeneous layers. The streaming 
potential measurements (SP) provided information on the electrokinetic properties of the layers. 

Fig. 1. Examplary QCM measurements of gold nanocluster deposition at the PDDA modified silica sensor 
and AFM image of the obtained monolayer (in the right corner). Measurement conditions: bulk suspension 
concentration c = 10 mg∙L-1, ionic strength I = 0.0033 M, pH = 9.0 and flow rate u = 0.00133 cm3∙s-1; 

T = 298 K 
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The structure and size of droplets of the inner phase of a multiple emulsion may be influenced 
by the method of its production or the emulsifier used. In the preparation of multiple emulsions, 
Span 80, Tween 20 or Tween 80 are used as emulsifiers. It is especially worth paying attention to 
the use of natural emulsifiers in the production of multiple emulsion in the food, cosmetic or 
pharmaceutical industries. One such natural emulsifier is lecithin. 

Lecithin, due to its emollient properties of the epidermis through which the proper active 
ingredient can penetrate, can be used in the production of multiple emulsions used in the 
pharmaceutical or cosmetic industries. Lecithin belongs to the group of natural, amphoteric 
emulsifiers [1, 2].  

The aim of the research was to define the structure of the emulsion produced, including the 
size of the internal phase droplets and to study the rheological properties of the multiple emulsion 
produced using soya lecithin as the emulsifier. The tests were carried out for two different stirring 
times with the use of two different amounts of lecithin and two different types of stirrers.    

The stirred vessel was used to produce the emulsion. Two different stirrers were used in the 
tests. The geometrical parameters of the vessel were: the vessel of inner diameter D = 0.1 m, the 
height of the liquid H = 0.5D and four standard planar baffles B = 0.1D. The liquids used in the 
tests were: distilled water as water phase, refined sunflower oil produced for Jeronimo Martines 
Polska S.A. as the oil phase. Sudan III (producer: Eurochem BGD Sp.z o. o.) was used to color the 
oil. Lecithin from soya beans produced for Vemica was used as the emulsifier. 

The evaluation of the structure and droplet size of the produced emulsion was performed using 
the diagnostic inverted microscope OPTA-TECH MW 100, with software and digital camera OPTA-
TECH 5MP. The rheological measurements of multiple emulsion samples were carried out on a 
rheoviscometer of type RT 10 manufactured by Haake.     

The influence of the stirring time, the type of stirrers used in the emulsion production and the 
amount of lecithin used as the emulsifier on the structure of the emulsion produced and on the 
size of the internal phase droplets were determined on the basis of the tests data. The results of 
the tests were presented in the form of images of the structures of the obtained emulsions. Droplet 
size and rheological properties are presented graphically. The obtained rheological data were 
described with appropriate models. 
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The antioxidant activity of plant extracts is one of the key features determining their 
effectiveness in reducing free radicals and reactive oxygen species, causing oxidative 
stress and, consequently, the degradation of skin structures [1, 2]. There are many 
methods for assessing the ability of plant extracts to reduce free radical oxidants, but there 
is no universal and easy way to determine the mechanism of antioxidant activity for a 
selected raw material. Natural chemical diversity of phytochemicals in plant kingdom as 
well as the influence of genotype and environmental factors on their abundance makes it 
difficult to select plant material that is the most effective protectant against skin 
degradation caused by free radicals [1]. 

Grapevine (Vitis vinifera L.) is known for its abundance of polyphenols with high 
antioxidant potential including phenolic acids, anthocyanins, flavonols and stilbenoids. 
These classes of metabolites are present in various grape organs (canes, leaves, fruits), 
and their content varies depending on the grape variety, growing conditions, and the 
extraction method [3].  

In our study, we used UPLC-DAD-MS/MS-based metabolomics to identify the most 
effective grape extracts and related metabolites as efficient free radical scavenging agents. 
A chemometric analysis of hydroalcoholic berry extracts obtained from twelve fungus-
resistant grape varieties cultivated in southern Poland was carried out, followed by in vitro 
antioxidant activities using ORAC, ABTS, DPPH, FRAP, CUPRAC and iron chelation assays 
and finally the pairwise correlations between polyphenol and antioxidant activities were 
represented on heatmaps.  
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The essential oils from plants are used in cosmetics (e.g. soaps, perfumes, creams etc.), air 
fresheners and other products, for flavoring and adding scents to incense and household cleaning 
products. They are also used for aromatherapy in which healing effects are ascribed to aromatic 
compounds. As described in our previous work, rotating magnetic field RMF at the frequency range 
of 25–50 Hz in less than 100 min can be used to increase antimicrobial performance of pine oil. 
Therefore, the aim of this study was to identify the optimal magnetic field exposure and rosemary 
(REO) and thyme oil (TEO) concentrations to disturb the growth of the model gram-negative bacteria 
Escherichia coli. Both thyme Thymus vulgaris L. and rosemary Rosmarinus officinalis L. 
are gramineous plants that grow widely in southern Europe. For these reasons they represent the 
most popular essential oils used in alternative medicine. Inexpensive extraction is a relatively easy 
procedure [2]. 

Commercial REO and TEO oil was purchased from Polish company Avicenna-Oil ® W. Podlaski 
(Wroclaw, Poland). The individual constituents were identified by comparison of their mass spectra 
with those stored in the Wiley NBS75K.L and NIST/EPA/NIH (2002 version) mass spectral libraries 
and confirmed by comparison of their retention indices (RI) with data re-ported in NIST Chemistry 
WebBook. The reference strain of Gram-negative bacteria, Escherichia coli K12 (ATCC 25922 
(E. coli) was tested. To examine the effect of thyme and rosemary and rotating magnetic field RMF) 
on antibacterial performance 1, 2 or 3 drops of oil in 50 ml of sterile saline buffer were prepared. 
All measurements were performed using the self-designed and constructed magnetically assisted 
photoreactor (MAP). The applied magnetic field had a frequency of 27 Hz. To find out the optimum 
levels of parameters for improving the proposed antimicrobial method, RSM based on CCD was 
used. 

Thyme contained monoterpene phenols, including carvacrol, thymol and p-cymene, and other 
monoterpenes, such as α-pinene, 1,8-cineole, camphor, linalool and borneol, whereas rosemary oil 
comprised 1,8-cineole, camphor and α-pinene. It was shown that thyme oil in 1 drop concentration 
resulted in a total bacterial number reduction after 40 minutes under the rotating magnetic field. 
Rosemary antibacterial effect was much weaker. At the same time only 0.32 log reduction was 
observed. After 160 minutes the decline in germ number did not exceed 2 logs. We summarized 
that the rotating magnetic fields (RMF) at the frequency of 27 Hz can increase antimicrobial 
efficiency but the effect depends on the type of essential oil. 
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More and more countries in the world are struggling with the shortage of drinking water. 
Problems affect over 50% of the world's population [1]. Fresh water is only 2.6% of all water 
resources, of which 0.5% can be directly obtained for consumption. According to the WHO report, 
in the near future another 1.5 million people will have a problem with access to drinking water, 
including the Mediterranean countries [2]. 

Desalination techniques are based on thermal, membrane and alternative methods, e.g. 
freezing, ion exchange techniques. Commercial thermal methods include multistage flash 
distillation (MSF) and multiple-effect distillation (MED) [3]. These methods use energy from 
conventional sources and result in high energy consumption and costs. Energy consumption of 
desalination is defined as specific energy consumption, SEC, kWh/m3. 

The most widely used desalination technique in the industry is reverse osmosis (RO). 
Optimization of the RO process, known for 50 years in the industry, has led to the reduction of 
energy consumption to the level below 3 kWh/m3 [4]. In order to reduce operating costs, existing 
installations are improved, optimized and combined into hybrid systems. New methods of seawater 
desalination are constantly being sought. A new, proposed method is pervaporation (PV) - a modern, 
low-pressure membrane technique, which is characterized by high quality of the obtained filtrate.  

Laboratory experiments of sea water desalination by means of pervaporation and reverse 
osmosis and measurement of their energy consumption were carried out in the work. Earlier studies 
are included in reference [5]. Pervaporation and reverse osmosis experiments were performed 
using PV and RO laboratory equipment. The pressure on the low-pressure side of the PV membrane 
was 3 kPa and the transmembrane pressure in the RO was 3 MPa. PERVAP 2210, 4510 flat 
membranes were used for PV and AG-RO for RO experiments. In both cases, a model aqueous 
solution containing 0.7 and 3.5% NaCl was used. Experiments were performed at 40, 60, 80°C for 
PV and 40°C for RO. The feed flow rate was set to 20, 40 and 60 dm3/h for the PV. Salt 
concentration in the collected samples was measured with the universal apparatus Elmetron CPC 
501 using the conductometric method. 

The following formulas were used to assess the desalination efficiency, giving the permeation 
flux (also called productivity, determining the efficiency of the process) (Jp) and the rejection factor 
(R) - the selectivity of the membrane.  

𝐽𝐽𝐽𝐽𝑝𝑝𝑝𝑝 = 𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝

𝐴𝐴𝐴𝐴  𝑡𝑡𝑡𝑡
  (1) 

𝑅𝑅𝑅𝑅 = �1 − 𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝
𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹
�  100% (2) 

where: 
mp, kg is a mass of the permeate obtained after time t, 
A, m2 – membrane area, 
t, h – time taken to collect permeate mass, 
cp, cF , mg/kg – concentration of salt in the permeate and feed. 

The desalination process was characterized by a very high retention factor (R) of over 99% for 
both PV and RO. For PV, the permeate fluxes increased with the increase of the feed flow rate, the 
process temperature and slightly with the increase of the salt content in the feed. 
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More and more countries in the world are struggling with the shortage of drinking water.
Problems affect over 50% of the world's population [1]. Fresh water is only 2.6% of all water
resources, of which 0.5% can be directly obtained for consumption. According to the WHO report,
in the near future another 1.5 million people will have a problem with access to drinking water,
including the Mediterranean countries [2].

Desalination techniques are based on thermal, membrane and alternative methods, e.g.
freezing, ion exchange techniques. Commercial thermal methods include multistage flash
distillation (MSF) and multiple-effect distillation (MED) [3]. These methods use energy from
conventional sources and result in high energy consumption and costs. Energy consumption of
desalination is defined as specific energy consumption, SEC, kWh/m3.

The most widely used desalination technique in the industry is reverse osmosis (RO).
Optimization of the RO process, known for 50 years in the industry, has led to the reduction of
energy consumption to the level below 3 kWh/m3 [4]. In order to reduce operating costs, existing
installations are improved, optimized and combined into hybrid systems. New methods of seawater
desalination are constantly being sought. A new, proposed method is pervaporation (PV) - a modern,
low-pressure membrane technique, which is characterized by high quality of the obtained filtrate.

Laboratory experiments of sea water desalination by means of pervaporation and reverse
osmosis and measurement of their energy consumption were carried out in the work. Earlier studies
are included in reference [5]. Pervaporation and reverse osmosis experiments were performed
using PV and RO laboratory equipment. The pressure on the low-pressure side of the PV membrane
was 3 kPa and the transmembrane pressure in the RO was 3 MPa. PERVAP 2210, 4510 flat
membranes were used for PV and AG-RO for RO experiments. In both cases, a model aqueous
solution containing 0.7 and 3.5% NaCl was used. Experiments were performed at 40, 60, 80°C for
PV and 40°C for RO. The feed flow rate was set to 20, 40 and 60 dm3/h for the PV. Salt
concentration in the collected samples was measured with the universal apparatus Elmetron CPC 
501 using the conductometric method.

The following formulas were used to assess the desalination efficiency, giving the permeation
flux (also called productivity, determining the efficiency of the process) (Jp) and the rejection factor
(R) - the selectivity of the membrane.

𝐽𝐽𝐽𝐽𝑝𝑝𝑝𝑝 = 𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝

𝐴𝐴𝐴𝐴 𝑡𝑡𝑡𝑡
(1)

𝑅𝑅𝑅𝑅 = �1 − 𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝
𝑐𝑐𝑐𝑐𝐹𝐹𝐹𝐹
� 100% (2)

where:
mp, kg is a mass of the permeate obtained after time t,
A, m2 – membrane area,
t, h – time taken to collect permeate mass,
cp, cF , mg/kg – concentration of salt in the permeate and feed.

The desalination process was characterized by a very high retention factor (R) of over 99% for
both PV and RO. For PV, the permeate fluxes increased with the increase of the feed flow rate, the
process temperature and slightly with the increase of the salt content in the feed.

To calculate the energy consumption of the process, the PV station was divided into 3 power 
consumption blocks: feed temperature control (thermostat), feed circulation (pressure pump) and 
permeate collection (vacuum pump). The RO station needed to be divided into only 2 blocks: feed 
temperature control (thermostat) and feed circulation (pressure pump). The trans-membrane 
pressure was achieved by adjusting the throttle valve. Energy consumption measurements were 
carried out for devices using electricity with a connected SilverCrest wattmeter.  

Measurements of the energy intensity of desalination processes allowed to determine the 
specific energy consumption, SEC. The calculated SEC values for both laboratory PV and RO 
processes gave results in the range of 2÷70 MWh/m3, which is much higher than the data obtained 
in industrial installations. Depending on the origin of the raw material (surface water, sea water) 
and desalination methods, this parameter, in industrial conditions, varies in the range of 0.4-10 
kWh/m3 [4]. An important factor in reducing energy consumption can be lowering the temperature 
of the thermostat, which consumes 30 to 60% of the total energy used in the PV process. 

In addition, a slight increase in power consumption was observed during the PV process. This 
is probably related to the phenomenon of fouling, and more precisely scaling, i.e. slow deposition 
of salts on the membrane surface during the desalination process. There was no such phenomenon 
during the RO process. 

The SEC and permeate flux values for laboratory desalination processes (PV and RO) and the 
membranes used at 40°C and various initial salt concentrations in the feed are presented in Table 
1.  In the case of RO we observed 2 to 17 times lower SEC values and 2 to 19 times higher flux 
values (Jp) compared to PV, depending on the pervaporation membrane used.

Table 1. Comparison of the SEC and permeate flux Jp for laboratory desalination processes (PV and RO) and 
membranes at 40°C and different initial salt concentration in the feed (c0) 

c0, 
% mas 

PV (PERVAP 4510) PV (PERVAP 2210) RO (Osmonics AG) 

SEC, 
MWh/m3 

Jp, 
kg/(m2 h) 

SEC, 
MWh/m3 

Jp, 
kg/(m2 h) 

SEC, 
MWh/m3 

Jp, 
kg/(m2 h) 

0.7 22.02 1.362 6.42 4.668 2.29 24.78 

3.5 67.35 1.768 9.09 5.339 3.99 14.32 

Based on the experiments, the following conclusions can be drawn: 
1. SEC consumption in the PV process can be controlled by using different pressures on the low-

pressure side of the membrane and reducing or completely eliminating feed temperature
control. This can be achieved by using waste heat or heat from renewable energy sources.

2. Due to low permeate fluxes (productivity) and the lack of pervaporation membranes dedicated
to water desalination on the market, it is necessary to produce a selective pervaporation
membrane for the seawater desalination process.
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Low temperature fuel cells are a promising technology that can help to solve the energy crisis. 
In the fuel cell the chemical energy of the fuel is changed into electrical energy due to redox 
reactions. On the anode side of the cell, the fuel (usually hydrogen, methanol, or formic acid) is 
oxidized, while on the cathode side the oxidant (air, oxygen) is reduced. In order to enhance the 
reactions and increase power obtained from the fuel cell different catalysts are used for the anode 
and cathode sides. The reaction limiting the operation of the fuel cell is oxygen reduction reaction 
(ORR) and the best catalyst used for it is platinum. Due to high price and scarcity of Pt current 
research is focused on finding a catalyst with decreased platinum content. One of the solutions is 
using a carbon support thanks to which the obtained Pt particles are smaller and exhibit higher 
activity. The second solution is preparing bimetallic catalysts where next to platinum other metals 
(like Fe, Co, Ni) are used.  

In this study we combined both approaches, where we prepared Pt-Fe nanoparticles deposited 
on different carbon supports (carbon nanotubes – CNTs and reduced graphene oxide – rGO). We 
studied the possibility of enhancing the catalytic activity of the prepared materials by increasing 
the surface of the carbon support with the use of supercritical CO2 (scCO2). The results show that 
using scCO2 has a significant effect on the catalysts deposited on rGO (an 8x increase in the 
catalytic activity when using scCO2), while for CNTs no big differences were observed. This can be 
explained by the exfoliation of the reduced graphene oxide platelets and increasing the available 
surface for particle precipitation, while for carbon nanotubes no increase in the surface was 
observed. Electron microscopy pictures for Pt-Fe catalysts deposited on rGO and CNTs 
are presented in Fig. 1 and Fig. 2. 

Fig. 1. Pt-Fe nanoparticles deposited on a) rGO, b) rGO treated with scCO2 at 12 MPa, c) rGO treated with 
scCO2 at 18 MPa 

a) b) c)
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Low temperature fuel cells are a promising technology that can help to solve the energy crisis. 
In the fuel cell the chemical energy of the fuel is changed into electrical energy due to redox 
reactions. On the anode side of the cell, the fuel (usually hydrogen, methanol, or formic acid) is 
oxidized, while on the cathode side the oxidant (air, oxygen) is reduced. In order to enhance the 
reactions and increase power obtained from the fuel cell different catalysts are used for the anode 
and cathode sides. The reaction limiting the operation of the fuel cell is oxygen reduction reaction 
(ORR) and the best catalyst used for it is platinum. Due to high price and scarcity of Pt current 
research is focused on finding a catalyst with decreased platinum content. One of the solutions is 
using a carbon support thanks to which the obtained Pt particles are smaller and exhibit higher 
activity. The second solution is preparing bimetallic catalysts where next to platinum other metals 
(like Fe, Co, Ni) are used.  

In this study we combined both approaches, where we prepared Pt-Fe nanoparticles deposited 
on different carbon supports (carbon nanotubes – CNTs and reduced graphene oxide – rGO). We 
studied the possibility of enhancing the catalytic activity of the prepared materials by increasing 
the surface of the carbon support with the use of supercritical CO2 (scCO2). The results show that 
using scCO2 has a significant effect on the catalysts deposited on rGO (an 8x increase in the 
catalytic activity when using scCO2), while for CNTs no big differences were observed. This can be 
explained by the exfoliation of the reduced graphene oxide platelets and increasing the available 
surface for particle precipitation, while for carbon nanotubes no increase in the surface was 
observed. Electron microscopy pictures for Pt-Fe catalysts deposited on rGO and CNTs are 
presented in Fig.1 and Fig.2. 

 

   
Fig. 1. Pt-Fe nanoparticles deposited on a) rGO, b) rGO treated with scCO2 at 12 MPa, c) rGO treated with 

scCO2 at 18 MPa 

a) b) c) 

   
Fig. 2. Pt-Fe nanoparticles deposited on a) CNTs, b) CNTs treated with scCO2 at 12 MPa, c) CNTs treated 

with scCO2 at 18 MPa 

The prepared catalysts were studied using different analytical techniques, such as 
thermogravimetric analysis (TGA), X-ray fluorescence spectroscopy (XRF), X-ray diffraction (XRD) 
and electron microscopy. The assessment of their catalytic activity was performed by testing them 
in a direct formic acid fuel cell (DFAFC) – results are presented in Table 1. 

 

Table 1. Results of the catalysts’ activity obtained in DFAFC 

Sample  Maximum 
power density 
[mW/mgmetal] 

Current density 
[mA/mgmetal] 

Voltage [V] 

Pt-Fe/rGO 4.30 13.38 0.322 

Pt-Fe/rGO 
12 MPa 34.05 90.58 0.376 

Pt-Fe/rGO 
18 MPa 19.26 64.56 0.298 

Pt-Fe/CNTs 48.26 133.58 0.361 

Pt-Fe/CNTs 
12 MPa 39.56 98.93 0.400 

Pt-Fe/CNTs 
18 MPa 37.16 104.39 0.356 

 
The study proved that using supercritical CO2 is beneficial for catalysts used for oxygen 

reduction reaction deposited on reduced graphene oxide. Treatment of rGO with scCO2 led to an 
increase of the surface available for precipitation of Pt and Fe nanoparticles. This allowed to obtain 
smaller particles that were uniformly dispersed on the carbon surface leading to a significant 
increase in the material’s catalytic activity. This phenomenon was not observed in the case of 
carbon nanotubes, but further studies on this topic should be undertaken to explain the effect of 
scCO2 on the properties of carbon support and the final behavior of the catalysts used for ORR. 

a) b) c) 



248 Table of contents

24th Polish Conference of Chemical and Process Engineering 
13–16 June 2023, Szczecin, Poland 

EVALUATION OF ULTRASOUND ACTION ON THE VACUUM IMPREGNATION 
EFFECT IN APPLE  

Dominik Mierzwa1, Justyna Szadzińska1,*, Elżbieta Radziejewska-Kubzdela2, 
Róża Biegańska-Marecik2 

1Poznan University of Technology, Division of Process Engineering, Institute of Chemical 
Technology and Engineering, Berdychowo 4, 60-965 Poznan, Poland 

2Poznan University of Life Sciences, Department of Food Technology of Plant Origin, 
Wojska Polskiego 31, 60-624 Poznan, Poland 

*corresponding author: justyna.szadzinska@put.poznan.pl

Raw materials of plant origin, such as fruit and vegetables, belong to a group of materials with 
low microbial stability because of very high moisture content and water activity. They are usually 
eaten fresh. However, in order to prevent such phenomena as darkening and food spoilage 
following the harvest, these materials are subjected to various processing methods, e.g., cooking, 
pasteurizing, freezing, canning, or drying. In addition to the limited storage period, another problem 
is, e.g., the surplus production of dessert apples on the domestic fruit market. One of the ideas to 
solve these problems may be to allocate part of the harvest to processing into food enriched with 
functional additives. Not only in Europe, but also worldwide, apples constitute an important part of 
the human diet. They are a source of carbohydrates, including fiber. In addition, apples are rich in 
vitamins, healthy minerals, carotenoids, and antioxidants. Therefore, the fruit can be successfully 
used as a good base for functional food production [1]. 

The enrichment of raw materials of plant origin with bioactive components already takes place 
in the cultivation stage or during food processing. Data from the literature show that enriching 
apples with bioactive ingredients is now an emerging interest. An increasing need for a healthy 
lifestyle, including a healthy diet, is generating consumers more and more often looking for 
functional foods. One method of enriching foods with valuable compounds is vacuum impregnation 
(VI). This operation is a relatively new method used in food product processing, invented in the 
1990s. It allows any water-soluble substance to be introduced in the form of solution into the 
porous structure of the raw material, improving the health-promoting properties, e.g., by enriching 
with vitamin C. VI can be carried out as a pretreatment prior to other processing. This process is 
based on the replacement of native fluids located in the material tissue into a desired active 
ingredient under a mechanically generated pressure gradient and consists of two stages, i.e., 
vacuum stage (under reduced pressure) and relaxation stage (atmospheric pressure). The 
effectiveness of VI depends on many factors, such as vacuum pressure, temperature, duration of 
individual stages, and structure of raw material. One of the main properties that affects mass 
transfer during VI is porosity. In order to increase the volume of active porosity in plant material 
during VI, ultrasound can be applied. The phenomenon of acoustic cavitation - the formation, 
development, and implosion of cavitation bubbles in tissue liquids - increases the volume available 
for impregnation, and therefore improves mass (bioactive compound) transfer [2, 3]. 

The purpose of the research was to evaluate the ultrasound action on the vacuum 
impregnation of apple fruit with ascorbic acid. The effect of ultrasound was studied at various 
stages of VI, that is, during vacuum, relaxation, throughout the processing duration, and during the 
aeration period (between vacuum and relaxation). The VI processes were carried out under a 
vacuum of 300 mbar, in the IS-PP apparatus (INTERSONIC, Poland). During the experiment, an 
aqueous ternary solution of analytically pure ascorbic acid of 0.5% (w / w) citric acid of 0.5% (w/w), 
and sucrose of 11% (w / w) was used. The effective concentration of the solution was 12% (w/w), 
which is equal to the solid soluble content, as measured using a PAL-α digital refractometer (ATAGO, 
Japan). The temperature of the solution inside the device was measured with the Pt100 sensor and 
kept constant at about 25 °C using a water jacket. During each process, 3 kg of solution and 400 g 
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Raw materials of plant origin, such as fruit and vegetables, belong to a group of materials with 
low microbial stability because of very high moisture content and water activity. They are usually 
eaten fresh. However, in order to prevent such phenomena as darkening and food spoilage 
following the harvest, these materials are subjected to various processing methods, e.g., cooking, 
pasteurizing, freezing, canning, or drying. In addition to the limited storage period, another problem 
is, e.g., the surplus production of dessert apples on the domestic fruit market. One of the ideas to 
solve these problems may be to allocate part of the harvest to processing into food enriched with 
functional additives. Not only in Europe, but also worldwide, apples constitute an important part of 
the human diet. They are a source of carbohydrates, including fiber. In addition, apples are rich in 
vitamins, healthy minerals, carotenoids, and antioxidants. Therefore, the fruit can be successfully 
used as a good base for functional food production [1]. 

The enrichment of raw materials of plant origin with bioactive components already takes place 
in the cultivation stage or during food processing. Data from the literature show that enriching 
apples with bioactive ingredients is now an emerging interest. An increasing need for a healthy 
lifestyle, including a healthy diet, is generating consumers more and more often looking for 
functional foods. One method of enriching foods with valuable compounds is vacuum impregnation 
(VI). This operation is a relatively new method used in food product processing, invented in the 
1990s. It allows any water-soluble substance to be introduced in the form of solution into the 
porous structure of the raw material, improving the health-promoting properties, e.g., by enriching 
with vitamin C. VI can be carried out as a pretreatment prior to other processing. This process is 
based on the replacement of native fluids located in the material tissue into a desired active 
ingredient under a mechanically generated pressure gradient and consists of two stages, i.e., 
vacuum stage (under reduced pressure) and relaxation stage (atmospheric pressure). The 
effectiveness of VI depends on many factors, such as vacuum pressure, temperature, duration of 
individual stages, and structure of raw material. One of the main properties that affects mass 
transfer during VI is porosity. In order to increase the volume of active porosity in plant material 
during VI, ultrasound can be applied. The phenomenon of acoustic cavitation - the formation, 
development, and implosion of cavitation bubbles in tissue liquids - increases the volume available 
for impregnation, and therefore improves mass (bioactive compound) transfer [2, 3]. 

The purpose of the research was to evaluate the ultrasound action on the vacuum 
impregnation of apple fruit with ascorbic acid. The effect of ultrasound was studied at various 
stages of VI, that is, during vacuum, relaxation, throughout the processing duration, and during the 
aeration period (between vacuum and relaxation). The VI processes were carried out under a 
vacuum of 300 mbar, in the IS-PP apparatus (INTERSONIC, Poland). During the experiment, an 
aqueous ternary solution of analytically pure ascorbic acid of 0.5% (w / w) citric acid of 0.5% (w/w), 
and sucrose of 11% (w / w) was used. The effective concentration of the solution was 12% (w/w), 
which is equal to the solid soluble content, as measured using a PAL-α digital refractometer (ATAGO, 
Japan). The temperature of the solution inside the device was measured with the Pt100 sensor and 
kept constant at about 25 °C using a water jacket. During each process, 3 kg of solution and 400 g 

of apple cubes (15×15 mm) were used, so the ratio of the weight of raw material to the solution 
was 1:7.5. In the ultrasound-assisted VI processes (UVI), the ultrasonic waves at a frequency of 35 
kHz, generated by piezoelectric transducers attached to the bottom of the device were used. The 
effective power of ultrasound was 240 W. A total of five VI processes were carried out as shown in 
Table 1. The result of ultrasound action on VI was evaluated based on ascorbic acid content (AAC) 
and degree of impregnation (ID) in the impregnated apples, as well as several quality indicators 
such as water activity (aw), total color change (ΔE), and browning index (BI). 

Table 1. Details of the VI processes 

Process Vacuum 
duration (min) 

Relaxation 
duration (min) 

Aeration 
duration (min) 

Ultrasound 
application 

VI 30 30 10 - 

UVI1 30 30 10 during vacuum 

UVI2 30 30 10 during relaxation 

UVI3 30 30 10 during whole process 

UVI4 30 30 10 during aeration 

 
After impregnation, a significant increase in ascorbic acid content (AAC) was observed. The 

raw apple contained only 14 mg of vitamin C per 100 g (fw), whereas all impregnated samples were 
characterized by a content of this compound up to 140 mg per 100 g (fw), on average. Similar 
effects of the degree of impregnation (mass change) were also observed after all impregnation 
processes.  The application of ultrasound during different stages of VI failed to improve notably the 
impregnation effect. However, despite the lack of noticeable differences between different 
processes, the highest AAC was observed after ultrasound impregnation applied during the vacuum 
stage (UVI1), and the lowest amount of vitamin C was found in samples impregnated with 
ultrasound only during the aeration stage (UVI4). Analogically as in case of impregnation effects, 
the changes in quality parameters between the VI and UVI samples were not very significant, as the 
values of the quality parameters were comparable. 

On the basis of the results, it was concluded that the effect of apple impregnation does not 
depend on the ultrasound action, as the ultrasound-induced phenomena do not have such a strong 
impact on vacuum impregnation. This probably results from the fact that apple tissue is 
characterized by high porosity and low density as compared to other raw materials of plant origin, 
e.g., potato, carrot, etc. Further research is required to analyze the possible controlled change in 
the concentration of the bioactive compound. It is especially important in terms of functional food 
production with therapeutic potential. 
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Inulinases catalyze the hydrolysis of inulin to obtain fructose with a yield of about 90–95%. 
Inulin is a reserve carbohydrate in plant tubers like Jerusalem artichoke, chicory, garlic and onion, 
leek, rye, barley, dandelion, burdock and banana [1]. Inulinases can be divided into endo-inulinases 
(EC 3.2.1.7) [2] and exo-inulinases (EC 3.2.1.80) [1]. 
However, processes involving inulinases for industrial purposes cannot be designed and optimized 
without knowing the kinetic parameters of the process and thus the effect of temperature on 
activity of inulinases. It is necessary to determine the values of activation energy of the deactivation 
process 𝐸𝐸𝐸𝐸d, activation energy 𝐸𝐸𝐸𝐸a and optimum temperature 𝑇𝑇𝑇𝑇opt for inulinases. 

The basic equation (mathematical model) of this method is the equation describing the change 
in the dimensionless activity of the enzyme a depending on the temperature 𝑇𝑇𝑇𝑇: 

 𝑎𝑎𝑎𝑎(𝑇𝑇𝑇𝑇) =
exp�
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1−exp(−𝛽𝛽𝛽𝛽)
 (1) 

where 𝐸𝐸𝐸𝐸a is the activation energy for the enzymatic reaction [kJ/mol], 𝐸𝐸𝐸𝐸d is the activation energy of 
the deactivation process [kJ/mol], R is the gas constant 8.315 [J/(mol · K)], and 𝑇𝑇𝑇𝑇 is the absolute 
temperature [K], 𝑇𝑇𝑇𝑇opt  is the temperature at which inulinase shows maximum activity. The 
dimensionless parameter β determines the relationship: 

 𝛽𝛽𝛽𝛽 = 𝑘𝑘𝑘𝑘d0𝑡𝑡𝑡𝑡aexp �− 𝐸𝐸𝐸𝐸d
R𝑇𝑇𝑇𝑇opt

� (2) 

where 𝑘𝑘𝑘𝑘d0 is a pre-exponential factor the kinetic constant of the deactivation process of inulinase 
[1/min] and 𝑡𝑡𝑡𝑡a is the reaction time of inulinase [min]. 
The values of parameters 𝐸𝐸𝐸𝐸d  and 𝑇𝑇𝑇𝑇opt  were determined in Sigma Plot 15.0 by a non-linear 
regression according to the Levenberg-Marquardt procedure, determining the minimum sum of 
squared errors defined by the equation 

 SSE�𝐸𝐸𝐸𝐸d,𝑇𝑇𝑇𝑇opt,𝛽𝛽𝛽𝛽� = ∑�𝑎𝑎𝑎𝑎exp −  𝑎𝑎𝑎𝑎cal�𝐸𝐸𝐸𝐸d,𝑇𝑇𝑇𝑇opt,𝛽𝛽𝛽𝛽,𝑇𝑇𝑇𝑇i��
2
 (3) 

where  𝑎𝑎𝑎𝑎exp  inulinase activity was determined experimentally, 𝑎𝑎𝑎𝑎cal�𝐸𝐸𝐸𝐸d, 𝑇𝑇𝑇𝑇opt, 𝛽𝛽𝛽𝛽, 𝑇𝑇𝑇𝑇i�  inulinase activity 
calculated from Equation (1). The values of deactivation energy for endo-inulinases A. niger [1], exo-inulinases A. niger [3], 
recombinant endo-inulinases A. niger [2] and also recombinant exo-inulinases A. niger [4] are 
presented in Table 1. In most cases, the analyzed inulinase activities were determined with the 
DNS method using dinitrosalicylic acid at 540 nm, and also with the Nelson−Somogyi method [*] 
at 620 nm. The initial inulin concentration measured was in the range of 1–6%. In most analyzed 
cases, recombinant exo-inulinases have lower value of 𝐸𝐸𝐸𝐸d, so they are less thermally stable than 
no-recombinant exo-inulinases [3, 4]. For measurements carried out with the Nelson−Somogyi 
method [in Table 1 marked with a superscript *], a higher 𝐸𝐸𝐸𝐸d value was obtained, compared to the 
measurements made with the DNS method, in which the inulin hydrolysis time was the same and 
amounted to 30 min.  
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calculated from Equation (1). The values of deactivation energy for endo-inulinases A. niger [1], exo-inulinases A. niger [3], 
recombinant endo-inulinases A. niger [2] and also recombinant exo-inulinases A. niger [4] are 
presented in Table 1. In most cases, the analyzed inulinase activities were determined with the 
DNS method using dinitrosalicylic acid at 540 nm, and also with the Nelson−Somogyi method [*] 
at 620 nm. The initial inulin concentration measured was in the range of 1–6%. In most analyzed 
cases, recombinant exo-inulinases have lower value of 𝐸𝐸𝐸𝐸d, so they are less thermally stable than 
no-recombinant exo-inulinases [3, 4]. For measurements carried out with the Nelson−Somogyi 
method [in Table 1 marked with a superscript *], a higher 𝐸𝐸𝐸𝐸d value was obtained, compared to the 
measurements made with the DNS method, in which the inulin hydrolysis time was the same and 
amounted to 30 min.  
 

Table 1. The values of 𝐸𝐸𝐸𝐸d and 𝑇𝑇𝑇𝑇opt for inulinases 

Source of inulinase t (min)  Topt (K) Ed (kJ/mol) Ref 

Endo-inulinase 

Aspergillus niger 12  30 317.12 ± 0.83 127.78 ± 5.58 
[1] 

A. niger (Megazyme, Ireland)* 30 332.55 ± 0.72 142.09 ± 16.02 

Recombinant endo-inulinase 

A. niger to Penicillium canescens A3 5 328.91 ± 1.32  146.80 ± 20.31 
[2] A. niger CICIM F0620 in Pichia 

pastoris KM71 10 334.81 ± 1.08  250.58 ± 28.02 

Exo-inulinase 

A. niger 20 OSM  20 325.25 ± 0.41 204.63 ± 6.14  
[3] 

A. niger PTCC 5012  8 337.35 ± 0.70 245.62 ± 26.18  

Recombinant exo-inulinase 

A. niger CBS 513.8 to P. pastoris  5 318.91 ± 1.19  120.87 ± 6.18  
[4] 

A. niger 5012 to E. coli DH5  8 326.84 ± 1.15  149.40 ± 19.30  
*Nelson−Somogyi method,  
 
The determined values of  𝐸𝐸𝐸𝐸d , 𝑇𝑇𝑇𝑇opt  for inulinases depended on the origin of inulinases and 
conditions (reaction time, pH) of activity measurement. 

The determination of 𝐸𝐸𝐸𝐸d and 𝑇𝑇𝑇𝑇opt of inulin hydrolysis by inulinase allows to conclude that:  
1. The commercial endo-inulinases A. niger was characterised by higher values of 𝑇𝑇𝑇𝑇opt as well as 

higher values of energy 𝐸𝐸𝐸𝐸d than non-commercial endo-inulinases A. niger.  
2. Recombinant exo-inulinases have lower 𝐸𝐸𝐸𝐸d values, so they are less thermally stable than no-

recombinant exo-inulinases. 
3. The large differences between the energy value 𝐸𝐸𝐸𝐸d for A. niger exo-inulinase are due to the 

different origins of the A. niger strains. 
4. Knowledge of presented parameters for inulinases will allow the design, modeling and 

optimization process of inulin hydrolysis. 
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Monoammonium phosphate fertilizer (MAP) is commonly used in agriculture as an important 
granular fertilizer and source of phosphorus and nitrogen [1], the two main constituents, which are 
important for growth and development of plants. MAP is prepared by the exothermic reaction of 
liquid phosphoric acid (H₃PO₄) and anhydrous ammonia (NH₃) in the one-to-one ratio. The slurry 
product of the reaction is either solidified in a granulator (dual pipe reactor process: one located in 
a granulator and second in a dryer) or heat of the reaction causes evaporation of water and then 
solidifies MAP (single pipe reactor located in the granulator, TVA process) [2]. The ‘key apparatus’ 
in MAP plant in TVA process is a cross-pipe reactor. The literature lacks detailed information on the 
hydrodynamics of the two-phase flow of aqueous and vapour phase and transport mechanism that 
occurs in a reactor, which is important for product formulation. It is very difficult and probably 
impossible because of the cost to experimentally investigate hydrodynamics in a pipe reactor in 
any plant. However, computational fluid dynamics (CFD) can help to solve the problem since it 
allows to simulate turbulent flow together with the reaction in real size apparatus and provides 
better understanding of flow patterns, mixing behaviour and impact velocity of phosphoric acid on 
the product (MAP). 

The study presented herein deals with the numerical simulation of turbulent flow in the tubular 
reactor used for MAP production. The aim of this work was to theoretically examine turbulent flow 
of the two-phase system consisting of gas and liquid phases, mixing process in the tubular reactor 
under the process conditions similar to those applied in the fertilizer manufacturing. Understanding 
of transport characteristics within a gas-liquid flow is of vital importance for the design, operation 
and optimization of such a tubular reactor. However, to the best of our knowledge, there is no 
comprehensive flow analysis so far of a turbulent gas-liquid system in a tubular reactor used for 
MAP fertilizer production.  

The Eulerian–Eulerian multi-fluid model was applied for simulation of two-phase flow in the 
tubular reactor. The multi-fluid approach is appropriate for separated flows where both phases can 
be described as a continuum and it can also be applied to simulate dispersed flows when the total 
motion of particles is desirable rather than a single particle [3]. In this model a set of conservation 
equations is numerically solved for each phase and phases are treated as interpenetrating 
continua. Coupling between the phases is accomplished by the pressure and interphase exchange 
coefficients, which need to be modelled. The way coupling is handled depends upon the type of 
phases involved, i.e. differently for fluid-solid (granular) flow than fluid-fluid (non-granular) flow. 

The solution domain, similar to that used in a fertilizer plant, investigated in this study is 
presented in Fig. 1, meshing with 3.3 M and 500 K tetrahedral cells. The results presented here 
were obtained for the fine mesh. The dimensions of the reactor are similar to those used in MAP 
production which is composed of two inlets, separately for ammonia (gas) and phosphoric acid 
(liquid) and one outlet for the product of the reaction. The diameter of the inlet was 0.07 m and 
0.05 m for H3PO4 and ammonia, respectively. Gaseous ammonia is supplied to the reactor from 
the front of the reactor whereas phosphoric acid flows through side inlet as is presented in [4]. The 
inflow conditions were defined separately for two inlets where ammonia and phosphorous acid 
velocities were fixed from the annual MAP production capacity. The boundary conditions for inlet 
for gaseous ammonia – defined as continuous phase, were set as inlet velocity with the value of 
gas equal to 177.8 m/s (with a null velocity for liquid). The volume fraction of dispersed phase 



253 Table of contents

24th Polish Conference of Chemical and Process Engineering 
13–16 June 2023, Szczecin, Poland 

MONOAMMONIUM PHOSPHATE FERTILIZER PRODUCTION. PART I: NUMERICAL 
SIMULATION OF TWO-PHASE FLOW IN TUBULAR REACTOR 

Halina Murasiewicz, Barbara Zakrzewska* 
West Pomeranian University of Technology, Szczecin, Faculty of Chemical Technology and 

Engineering, Department of Chemical and Process Engineering 
 Piastów 42, 71-065 Szczecin, Poland 

*corresponding author: barbara.zakrzewska@zut.edu.pl  

Monoammonium phosphate fertilizer (MAP) is commonly used in agriculture as an important 
granular fertilizer and source of phosphorus and nitrogen [1], the two main constituents, which are 
important for growth and development of plants. MAP is prepared by the exothermic reaction of 
liquid phosphoric acid (H₃PO₄) and anhydrous ammonia (NH₃) in the one-to-one ratio. The slurry 
product of the reaction is either solidified in a granulator (dual pipe reactor process: one located in 
a granulator and second in a dryer) or heat of the reaction causes evaporation of water and then 
solidifies MAP (single pipe reactor located in the granulator, TVA process) [2]. The ‘key apparatus’ 
in MAP plant in TVA process is a cross-pipe reactor. The literature lacks detailed information on the 
hydrodynamics of the two-phase flow of aqueous and vapour phase and transport mechanism that 
occurs in a reactor, which is important for product formulation. It is very difficult and probably 
impossible because of the cost to experimentally investigate hydrodynamics in a pipe reactor in 
any plant. However, computational fluid dynamics (CFD) can help to solve the problem since it 
allows to simulate turbulent flow together with the reaction in real size apparatus and provides 
better understanding of flow patterns, mixing behaviour and impact velocity of phosphoric acid on 
the product (MAP). 

The study presented herein deals with the numerical simulation of turbulent flow in the tubular 
reactor used for MAP production. The aim of this work was to theoretically examine turbulent flow 
of the two-phase system consisting of gas and liquid phases, mixing process in the tubular reactor 
under the process conditions similar to those applied in the fertilizer manufacturing. Understanding 
of transport characteristics within a gas-liquid flow is of vital importance for the design, operation 
and optimization of such a tubular reactor. However, to the best of our knowledge, there is no 
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tubular reactor. The multi-fluid approach is appropriate for separated flows where both phases can 
be described as a continuum and it can also be applied to simulate dispersed flows when the total 
motion of particles is desirable rather than a single particle [3]. In this model a set of conservation 
equations is numerically solved for each phase and phases are treated as interpenetrating 
continua. Coupling between the phases is accomplished by the pressure and interphase exchange 
coefficients, which need to be modelled. The way coupling is handled depends upon the type of 
phases involved, i.e. differently for fluid-solid (granular) flow than fluid-fluid (non-granular) flow. 

The solution domain, similar to that used in a fertilizer plant, investigated in this study is 
presented in Fig. 1, meshing with 3.3 M and 500 K tetrahedral cells. The results presented here 
were obtained for the fine mesh. The dimensions of the reactor are similar to those used in MAP 
production which is composed of two inlets, separately for ammonia (gas) and phosphoric acid 
(liquid) and one outlet for the product of the reaction. The diameter of the inlet was 0.07 m and 
0.05 m for H3PO4 and ammonia, respectively. Gaseous ammonia is supplied to the reactor from 
the front of the reactor whereas phosphoric acid flows through side inlet as is presented in [4]. The 
inflow conditions were defined separately for two inlets where ammonia and phosphorous acid 
velocities were fixed from the annual MAP production capacity. The boundary conditions for inlet 
for gaseous ammonia – defined as continuous phase, were set as inlet velocity with the value of 
gas equal to 177.8 m/s (with a null velocity for liquid). The volume fraction of dispersed phase 

corresponded to 0. Here, we consider a case that is characterized by one continuous gas phase 
(NH3) that coexists with a dispersed liquid phase (H3PO4). It means that liquid droplets are entrained 
by the gas-phase since the velocity of the gaseous phase is much larger. The boundary conditions 
for the second inlet, where H3PO4 is supplied to the reactor, were fixed as velocity inlet with the 
value of velocity assumed to be 2.07 m/s and the volume fraction of dispersed phase was 1.  

Figures 2 and 3 show the distribution of the volume fraction of the dispersed phase in the 
initial section and at the outlet of the tubular reactor, respectively. The phosphoric acid flowed into 
the space between the pipes in the initial section of the reactor and filled it over time. Only when it 
flowed beyond the outlet area of the inner tube was it entrained by ammonia, which flowed at a 
much greater speed. Therefore, a small volume fraction of acid was observed in the reactor axis. 
With the passage of time, it accumulated at the bottom of the reactor tube, where the velocities 
were much lower than in its axis. The presence of H3PO4 acid at the outlet was observed about after 
0.9 s, and over time it was observed on the entire plane, but with a tendency to accumulate near 
the back wall of the pipe. This phenomenon can be explained by the assumed high velocity of 
ammonia, which entrains some of the dispersed phase droplets and, after passing through the 
narrowing, hits the rear wall of the reactor, and then falls by gravity towards the outlet. Excessive 
difference in the speed of the two streams may be the cause of this phenomenon. Therefore, the 
presented volume share maps show two areas of occurrence of both phases: continuous and 
dispersed, which may indicate strong segregation. Probably, the inclusion of the transport 
equations of chemical components in the calculations, taking into account the kinetics of chemical 
reactions, would allow to obtain a more accurate picture of the volumetric distribution of both 
phases and to observe the appearance of the reaction product at the reactor outlet.  

 

 

Fig. 1. Solution domain of pipe cross reactor and 
unstructured mesh used in the model 

 

 
Fig. 2. Volume fraction of H3PO4 in the initial section 
of the tubular reactor for different simulation times 

 
 
 

 
 

Fig. 3. Volume fraction of H3PO4 at the outlet of the 
tubular reactor for different simulation times 
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Electrification of chemical processes can help to reduce the carbon footprint of various 
industries worldwide [1]. Therefore, several unconventional heating methods that proved their 
potential at the laboratory and pilot scales have been investigated to be widely introduced in the 
industry. Among different unconventional heating methods, microwave heating is especially 
attractive due to several unique properties including direct, volumetric and selective heating [2]. 

Among numerous applications of microwave heating, its use is very beneficial in catalytic 
reforming of methane with carbon dioxide, known as dry reforming of methane (Eq. 1) [3].  

 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶4 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 = 2𝐶𝐶𝐶𝐶2 + 2𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,   ∆𝐶𝐶𝐶𝐶 = 247 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚⁄  (1) 

Due to the strong endothermic effect of this reaction, an effective energy supply to the reaction 
zone is crucial for its performance. The main advantage of microwave-assisted dry reforming of 
methane (MADRM) is that microwaves are delivered remotely to the catalyst bed while heat is 
produced directly inside the catalyst grains. Such a MADRM process will be investigated within the 
EU TITAN project (Horizon Europe) [4]. Whereas the TITAN project aims to develop an innovative 
method to produce cost-competitive hydrogen with integrated carbon sequestration, this work 
focuses on the microwave heating efficiency of a catalytic fluidised bed. To calculate the efficiency, 
the heat balance of the fluidised reactor is employed. The heat balance includes all required terms 
of heat inflow, heat accumulation and heat outflow. 

 �̇�𝑄𝑄𝑄𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + �̇�𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = �̇�𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + �̇�𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 + �̇�𝑄𝑄𝑄𝑙𝑙𝑙𝑙𝑜𝑜𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 (2) 

where �̇�𝑄𝑄𝑄𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 is the heat generation rate due to microwaves, �̇�𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the heat inflow due to inlet 
gas (cold gas), �̇�𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the heat accumulation rate, �̇�𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is the heat outflow due to outlet gas 
(hot gas), �̇�𝑄𝑄𝑄𝑙𝑙𝑙𝑙𝑜𝑜𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 is the heat loss through the reactor wall. 

Microwaves are produced by a solid-state microwave generator operating at 915 MHz with 
adjustable power between several and 1500 W. The 915 MHz microwave generators are especially 
interesting as they have high electrical efficiency (about 80%) and high power (even 100 kW). 
Microwaves are delivered to a customised applicator by the WR975 waveguide. The maximum 
electric field intensity in the catalytic bed is obtained using a 3-stub tuner and an adjustable short. 
A fluidised bed reactor made of quartz glass is arranged inside the microwave applicator, 
perpendicularly to it. A catalyst bed inside the glass reactor fluidises in a gas stream. An infrared 
temperature sensor measures the temperature of a catalyst bed. Additional temperature sensors 
are placed in the fluidised bed reactor below and above the microwave applicator to measure the 
inlet and outlet gas temperatures to/from the heating zone. One fibre optic sensor is also fixed in 
the microwave applicator outside the glass reactor. 

As this work seeks to test possible catalysts for MADRM, such materials as silicon carbide (four 
fractions), nickel catalyst on Al2O3 carrier and commercial activated carbon are examined. 
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Electrification of chemical processes can help to reduce the carbon footprint of various
industries worldwide [1]. Therefore, several unconventional heating methods that proved their
potential at the laboratory and pilot scales have been investigated to be widely introduced in the
industry. Among different unconventional heating methods, microwave heating is especially 
attractive due to several unique properties including direct, volumetric and selective heating [2].

Among numerous applications of microwave heating, its use is very beneficial in catalytic
reforming of methane with carbon dioxide, known as dry reforming of methane (Eq. 1) [3].

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶4 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 = 2𝐶𝐶𝐶𝐶2 + 2𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶, ∆𝐶𝐶𝐶𝐶 = 247 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚⁄ (1)

Due to the strong endothermic effect of this reaction, an effective energy supply to the reaction
zone is crucial for its performance. The main advantage of microwave-assisted dry reforming of
methane (MADRM) is that microwaves are delivered remotely to the catalyst bed while heat is
produced directly inside the catalyst grains. Such a MADRM process will be investigated within the
EU TITAN project (Horizon Europe) [4]. Whereas the TITAN project aims to develop an innovative
method to produce cost-competitive hydrogen with integrated carbon sequestration, this work
focuses on the microwave heating efficiency of a catalytic fluidised bed. To calculate the efficiency, 
the heat balance of the fluidised reactor is employed. The heat balance includes all required terms
of heat inflow, heat accumulation and heat outflow.
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where �̇�𝑄𝑄𝑄𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 is the heat generation rate due to microwaves, �̇�𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the heat inflow due to inlet
gas (cold gas), �̇�𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the heat accumulation rate, �̇�𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is the heat outflow due to outlet gas
(hot gas), �̇�𝑄𝑄𝑄𝑙𝑙𝑙𝑙𝑜𝑜𝑜𝑜𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 is the heat loss through the reactor wall.

Microwaves are produced by a solid-state microwave generator operating at 915 MHz with
adjustable power between several and 1500 W. The 915 MHz microwave generators are especially
interesting as they have high electrical efficiency (about 80%) and high power (even 100 kW).
Microwaves are delivered to a customised applicator by the WR975 waveguide. The maximum 
electric field intensity in the catalytic bed is obtained using a 3-stub tuner and an adjustable short.
A fluidised bed reactor made of quartz glass is arranged inside the microwave applicator,
perpendicularly to it. A catalyst bed inside the glass reactor fluidises in a gas stream. An infrared
temperature sensor measures the temperature of a catalyst bed. Additional temperature sensors
are placed in the fluidised bed reactor below and above the microwave applicator to measure the
inlet and outlet gas temperatures to/from the heating zone. One fibre optic sensor is also fixed in 
the microwave applicator outside the glass reactor.

As this work seeks to test possible catalysts for MADRM, such materials as silicon carbide (four
fractions), nickel catalyst on Al2O3 carrier and commercial activated carbon are examined.

Fig. 1. Simplified scheme of the experimental setup. (1) Fluidised reactor, (2) microwave applicator, (T-1), 
(T-2), (T-3), (T-4) temperature sensors 
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The results of testing a prototype of a miniature heat exchanger with sixteen triangular 
channels [1] are presented in this study. Each channel was 40 mm long and had an isosceles 
triangular cross-section with a base of 2 mm and a height of 1 mm. The channels were made in two 
polytetrafluoroethylene (PTFE) plates, and 0.4mm thick copper sheet heat transfer surface was 
inserted between the plates. The entire assembly was bolted together with six screws as shown in 
Fig. 1a. Each plate had two inlet and two outlet ports for the heat transfer fluid. Cold tap water and 
heated water with temperatures ranging from 30°C to 80°C was used in the study. The flow rate of 
cold water was varied from 10 to 90 dm3/h and hot water from 10 to 60 dm3/h. Measurements 
were made for counter-current and co-current flow, for an uninsulated and an insulated exchanger. 
A total of 458 measurement series were carried out. The heat exchanger materials were chosen to 
minimise heat loss to the environment due to the low thermal conductivity value of 
polytetrafluoroethylene amounting to 0.24 W/(m ∙ K) and to reduce the thermal resistance of the 
exchange surface, which was made of copper with a thermal conductivity of k ≈ 380 W/(m ∙ K). Cold 
and hot water flow rates were measured using rotameters, while temperatures at the exchanger 
inlet and outlet, on its uninsulated and insulated surfaces, and in the ambient air were measured 
using copper-constantan thermocouples. In addition, several images were taken by means of a 
thermal imaging camera during operation to visualise the temperature field of the miniature heat 
exchanger as shown in Fig. 1b.  

The measurements carried out allowed the calculation of heat transfer fluxes, logarithmic 
mean temperature differences and heat transfer coefficients U. The Re values ranged from 114 to 
1100 on the cold water side and from 180 to 2290 on the hot water side. The U values ranged 
from 2500 to 6500 W/(m2K). The obtained values of the heat transfer coefficients were compared 
with those calculated from the empirical equations of Sieder-Tate [2], Mikheev [3], Peng and 
Peterson [4], Shah and London [5] and Brandner [6]. 

 
 

Fig. 1. View of the miniature exchanger with triangular channels (a) and thermal image of the heat 
exchanger in operation (b) 

a) b) 
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A series of several dozen measurements were also carried out for both counter-current and 
co-current flow, adjusting the cold and hot water consumption to obtain equal values of the Re 
number. With the knowledge of the heat transfer coefficient and the properties of the heat transfer 
media, an attempt was made to determine the conductive heat transfer coefficients on the cold 
water side hc and the hot water side hh. 

The results were correlated in the form of the following equation: 

 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝐶𝐶𝐶𝐶 ∙ �𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ∙ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∙ 𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒
𝐿𝐿𝐿𝐿
�
𝑛𝑛𝑛𝑛

 (1) 

Consequently, Equations (2) and (3) were obtained, respectively, for the counter-current and co-
current flows: 

 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝 = 1.016 ∙ �𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ∙ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∙ 𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒
𝐿𝐿𝐿𝐿
�
0.52

 (2) 

 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑤𝑤𝑤𝑤 = 0.941 ∙ �𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ∙ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∙ 𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒
𝐿𝐿𝐿𝐿
�
0.46

 (3) 

 
Fig. 2. Conductive heat transfer coefficient h as a function of flow rate and temperature (counterflow) 

As shown in Fig. 2, the heat transfer coefficients calculated from Equation (2) varied from 3500 
to 12860 W/(m2·K). The achievement of such high heat transfer coefficients with low values of the 
Reynolds number confirms literature reports on the possibility of significant intensification of heat 
transfer by using microchannels. The fluxes of exchanged heat per unit area and volume in 
microchannels many times exceed the results obtained in classical heat exchangers. If the required 
space (area/volume) is not available, miniature heat exchangers can successfully replace 
traditional design solutions. 
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Due to their chemical structure, including the presence of various functional groups, humic 
acids are used as soil conditioners. There are many fertilizer preparations on the market that 
contain humic acids. They are most often described as mixtures of traditional mineral fertilizers 
and humic acids, which were previously extracted from raw materials such as peat, lignite, or 
leonardite. However, the technology for producing fertilizer preparations with humic acids is 
hampered by the thermolability of these macromolecular substances. Therefore, in solid fertilizer 
technology, it is possible to add humic acids during processes and unit operations in which elevated 
temperatures are not used [1–5]. 

The main objective of the presented study was to develop technology for the simultaneous 
isolation of humic acids and their enrichment in fertilizer macronutrients. The process developed 
included four steps related to the decalcification of the peat, its neutralization, alkaline extraction, 
and the acidification of the extract to precipitate the humic acid fraction. During the study, four 
process variants were considered, which differed in the type of solutions used in each step, as 
presented in Table 1. 

Table 1. Summary of the process variants 

Symbol of 
the variant 

Type of solutions for each step 

Decalcification 
of peat 

Peat 
neutralization 

Alkaline 
extraction 

Acidification of 
the extract 

I H3PO4 KOH NH3‧H2O HNO3 

II HNO3 KOH NH3‧H2O H3PO4 

III H3PO4 NH3‧H2O KOH HNO3 

IV HNO3 NH3‧H2O KOH H3PO4 

 
 For the intensification of isolation efficiency of humic acids from peat, ultrasound-assisted 

extraction (UAE) for the alkaline extraction step was implemented for each variant. Next, for the 
variant III, which allowed to achieve the highest efficiency of humic acid isolation, results were 
collected following the experimental matrix that was generated based on the fractional factorial 
design, where each of process parameters was coded at three levels presented in Table 2. 
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Table 2. Independent variable values and levels for experimental matrix design 

Independent variable Mark 
Levels and values 

-1 0 1 

Extractant concentration, 
mol‧dm-3 xA 0.1 0.3 0.5 

Ultrasound intensity, 
W‧cm-2 xB 0.2 0.3 0.4 

Time,  
min xC 45 90 135 

Temperature, 
oC XD 30 45 60 

 
A statistical analysis of the results allowed to describe the dependency between the efficiency 

of the isolation of humic acids in the process with the use of substances that were carriers of 
macronutrients of fertilizers (yNPK) and the four main process parameters: extractant concentration 
(xA), ultrasound intensity (xB), process time (xc) and temperature (xD). The influence of the process 
parameters on the response, after removing the statistically insignificant parts, was presented as 
a polynomial equation (1). 

 

 y𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 34,10 + 7,75 ∙ 𝑥𝑥𝑥𝑥𝐴𝐴𝐴𝐴 + 2,54 ∙ 𝑥𝑥𝑥𝑥𝐵𝐵𝐵𝐵 + 5,34 ∙ 𝑥𝑥𝑥𝑥𝐶𝐶𝐶𝐶 − 5,28 ∙ 𝑥𝑥𝑥𝑥𝐶𝐶𝐶𝐶2 + 10,81 ∙ 𝑥𝑥𝑥𝑥𝐷𝐷𝐷𝐷 +  6,16 ∙ 𝑥𝑥𝑥𝑥𝐷𝐷𝐷𝐷2  (1) 
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A conventional pulverized coal-fired boiler is composed of two main components: the furnace, 
where the burners, firing system, and combustion occur, and the convective section, which houses 
the heat exchanger surfaces. The walls of the boiler are typically designed to serve as the 
evaporator. Within the convective portion, the heat exchanger sections are arranged in a specific 
sequence along the flue gas pathway and have an arrangement that is typical for lignite-fired 
boilers. 

Fuel additives enable the load related to coal combustion to be reduced, and therefore the 
amount of fuel that is needed to produce a unit amount of energy to also be reduced [1]. The 
manner in which the catalyst is fed into the dust duct is extremely important: if it is in a liquid form, 
the construction solution of the atomizer becomes significant. In recent years, the use of 
aerodynamic multiphase reactors as atomizers for generating droplets has become increasingly 
common. Conventional reactor-mixer designs, however, are limited by the size of the generated 
droplets, the maximum viscosity of the sprayed substance, and the intensity of its stream.  

 
Fig. 1. The designed aerodynamic multiphase reactor with the velocity fields of the fluid flow 
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A conventional pulverized coal-fired boiler is composed of two main components: the furnace,
where the burners, firing system, and combustion occur, and the convective section, which houses
the heat exchanger surfaces. The walls of the boiler are typically designed to serve as the
evaporator. Within the convective portion, the heat exchanger sections are arranged in a specific
sequence along the flue gas pathway and have an arrangement that is typical for lignite-fired
boilers.

Fuel additives enable the load related to coal combustion to be reduced, and therefore the
amount of fuel that is needed to produce a unit amount of energy to also be reduced [1]. The
manner in which the catalyst is fed into the dust duct is extremely important: if it is in a liquid form,
the construction solution of the atomizer becomes significant. In recent years, the use of
aerodynamic multiphase reactors as atomizers for generating droplets has become increasingly
common. Conventional reactor-mixer designs, however, are limited by the size of the generated
droplets, the maximum viscosity of the sprayed substance, and the intensity of its stream.

Fig. 1. The designed aerodynamic multiphase reactor with the velocity fields of the fluid flow

The purpose of this work was to design, manufacture and test (CFD and experiments) an 
aerodynamic multiphase reactor for feeding the catalyst in a liquid state to the dust duct. The 
reactor (Figure 1), as described in paper [2], should use pneumatic atomization of substances that 
are fed through internal nozzles. In turn, the nozzles should have diameters which are appropriate 
for the substance being sprayed. These nozzles must be positioned on the axis of the gas nozzle 
outlet, with the diameter of the chosen gas nozzle being based on the desired droplet diameter and 
velocity needed for atomization. When developing new designs, it is important to remember that 
droplets with appropriate diameters and atomization spectrums must be generated when adding a 
minimal amount of additional air. Moreover, the construction of an atomization device should be 
simplified. At a gas flow velocity of 20 m/s, the minimum droplet lifetime is 0.05 s, and the 
evaporation time of a 30 µm diameter droplet is approximately 1.4 s at 293 K, 0.1 s at 308 K, 
0.087 s at 313 K, and 0.023 s at 373 K. When taking into consideration temperature changes 
along the dust duct leading to the boiler, droplets should be capable of covering the necessary 
distance in the aerosol [1, 3, 4]. For practical reasons, it is advisable to generate droplets with a 
larger diameter, such as 50 µm. This is due to the fact that flow conditions and dust duct length 
may affect both droplet diameter and lifetime, which is related to smaller droplets evaporating, 
coalescing or undergoing other transformations [1, 3, 4]. 

Fig. 2. The detailed visualization of liquid supply nozzles in the aerodynamic multiphase reactor 

The designed aerodynamic multiphase reactor is a crucial component of the system. It utilizes 
a two-phase atomizing nozzle in order to produce controlled droplets of a catalyst suspension. The 
schematic diagram of the nozzle is shown in Figure 2, and its operation is described in detail in 
reference [2]. The size of generated droplets is adjustable based on process parameters and the 
viscosity of the catalyst suspension. The liquid supply nozzle was angled at 90° relative to the gas 
nozzle, with a wall cut of 30° on the opposite side of the central conduit. The diameter of the outlet 
was 0.5 mm. Additionally, efforts are made to minimize the introduction of additional air into the 
boiler [5], and to create a simple, cost-effective design. 
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Nebulization is a popular method of aerosol generation for delivery of medicines in the topical 
treatment of respiratory system diseases. The process has been demonstrated to involve several 
multi-scale aspects within the area of interest of chemical and process engineering [1]. 

In this communication, we present several types of research with different methods to improve 
the efficiency of drug delivery to the lower respiratory system using concepts based on engineering 
methods to control aerosol properties to increase the efficiency of drug deposition and expected 
therapeutic effects. Selected results have already been partially presented [2, 3, 4], but new data 
are still emerging, which are discussed here. The studies were focused on: 

1. influencing the regional deposition of inhaled drugs by modifying aerosol droplet size
distribution with drug adjuvants and diluting aerosol with supplemental air;

2. development of a method of drug delivery with simultaneous oxygen supplementation by
nebulization of oxygen nanobubble dispersions (ONBDs);

3. using an add-on device to eliminate the fugitive emission of the drug emitted from the
nebulizer.

Concept no.1 was based on altering the droplet size distribution with liquid additives that 
modify the liquid's viscosity (or more generally: rheological properties), surface tension and 
electrolytic conductivity. Each of these parameters affects the atomization process in a 
characteristic way depending on the type of nebulizer. Due to different atomization principles in 
pneumatic and vibrating mesh nebulizers, the effect of changing physiochemical parameters is not 
intuitive, and common relationships known, e.g., for spray nozzles, are not applicable in this case. 
Figure 1 shows as an example the influence of the surface tension and viscosity on the mass 
median aerodynamic diameter (MMAD) of aerosol droplets. The observed relationships can be 
explained by the two-step process of atomization and separation during generation and release of 
aerosol from a pneumatic nebulizer. 

Fig. 1. The influence of (a) surface tension and (b) viscosity of atomized liquids on the mass median 
diameter (MMD) of aerosol droplets emitted from a pneumatic nebulizer 

The second concept was verified by demonstrating measurable increased oxygen content in 
the aerosol generated by a medical vibrating mesh nebulizer (VMN) using ONBDs compared to the 
aerosol generated using ordinary liquids. Table 1 shows the comparison of oxygen content in the 

a) b) 
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Nebulization is a popular method of aerosol generation for delivery of medicines in the topical 
treatment of respiratory system diseases. The process has been demonstrated to involve several
multi-scale aspects within the area of interest of chemical and process engineering [1].

In this communication, we present several types of research with different methods to improve
the efficiency of drug delivery to the lower respiratory system using concepts based on engineering
methods to control aerosol properties to increase the efficiency of drug deposition and expected
therapeutic effects. Selected results have already been partially presented [2, 3, 4], but new data
are still emerging, which are discussed here. The studies were focused on:

1. influencing the regional deposition of inhaled drugs by modifying aerosol droplet size
distribution with drug adjuvants and diluting aerosol with supplemental air;  

2. development of a method of drug delivery with simultaneous oxygen supplementation by
nebulization of oxygen nanobubble dispersions (ONBDs); 

3. using an add-on device to eliminate the fugitive emission of the drug emitted from the
nebulizer. 

Concept no.1 was based on altering the droplet size distribution with liquid additives that
modify the liquid's viscosity (or more generally: rheological properties), surface tension and
electrolytic conductivity. Each of these parameters affects the atomization process in a
characteristic way depending on the type of nebulizer. Due to different atomization principles in
pneumatic and vibrating mesh nebulizers, the effect of changing physiochemical parameters is not
intuitive, and common relationships known, e.g., for spray nozzles, are not applicable in this case. 
Figure 1 shows as an example the influence of the surface tension and viscosity on the mass
median aerodynamic diameter (MMAD) of aerosol droplets. The observed relationships can be
explained by the two-step process of atomization and separation during generation and release of
aerosol from a pneumatic nebulizer.

Fig. 1. The influence of (a) surface tension and (b) viscosity of atomized liquids on the mass median
diameter (MMD) of aerosol droplets emitted from a pneumatic nebulizer.

The second concept was verified by demonstrating measurable increased oxygen content in
the aerosol generated by a medical vibrating mesh nebulizer (VMN) using ONBDs compared to the
aerosol generated using ordinary liquids. Table 1 shows the comparison of oxygen content in the
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aerosol directly at the outlet of VMN measured with an optical oxygen sensor. For aerosol produced 
from ONBDs in VMN, O2 concentration was even up to approximately 19% higher than in the aerosol 
generated using water. For ONBDs after storage, this effect was decreased but still present. The 
results also indicate that oxygen begins to desorb from the aerosol droplets as soon as it is 
produced, but the aerosol is immediately inhaled by the patient. The system therefore offers the 
possibility of delivering an oxygen-rich aerosol without a dedicated source of this gas, allowing for 
the potential use of this therapy outside clinics. 

Table 1. Comparison of oxygen content in the mists measured directly at the outlet of VMN for water and 
ONBD. Values are means ± SD, n = 3 

Nebulized liquid  
Vibrating Mesh Nebulizer  

Oxygen content [mg L-1]  Increase [%] 
Water 8.72±0.16 N/A 

ONBD - freshly prepared 10.37±0.18 18.85 
ONBD - after 14 days of storage 9.43±0.18 8.16 

Concept no.3 (Fig. 3) allowed to increase the aerosol emission rate per minute of inhalation 
(also for droplets smaller than 5 µm, which are most desirable for inhalation therapy). This could 
be achieved since the inhalation chamber restricted aerosol emission to the environment during 
exhalation, and also allowed for separation of the largest droplets by sedimentation. 

Fig. 2. (a) Vibrating mesh nebulizer with add-on inhalation chamber and (b) the increase in the mass of all 
and fine (smaller than 5 µm) droplets in the aerosol emitted during the inhalation phase 

In conclusion, it has been shown that concepts based on process engineering knowledge can 
be successfully applied to medical nebulizers to enhance the ability to better treat respiratory 
diseases by inhalation. This area of application is particularly important in an era of widespread 
pulmonary diseases related to environmental pollution and epidemic threats. 
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Recently, more than half of the drugs currently manufactured consist of chiral ingredients. As 
the individual enantiomers of a drug usually differ in biological activity, most of the new drugs 
marketed today are single enantiomers. Chiral chromatography is considered as the most versatile 
technique to isolate the pure target compound from enantiomeric mixtures. However, to this 
moment it is usually a cost driver of the whole production process, which stems from a high price 
of CSPs and their limited mechanical stability [1–3].  

Despite identical physico-chemical properties of enantiomers, their achiral separation is 
possible in many cases. This stems from asymmetric interactions of certain enantiomers in the 
liquid and adsorbed phases due to the formation of homo and hetero-chiral associates with 
different adsorption properties. The occurrence of that phenomenon, termed as self-
disproportionation of enantiomers (SDE), has been evidenced in literature for a number of different 
chiral compounds including: sulfoxides, CF3-derivatives, amides, carboxylic acids, amino acids, 
dipeptides derivatives, alcohols, phenols, esters, heterocycles, etc. Yet, quantitative description of 
phenomena underlying achiral adsorption of SDE-phoric compounds is still  incomplete [4-6].  

In this study, a mechanistic model for description of retention behaviour of SDE-phoric 
compounds in silica-based achiral chromatography has been developed along with a procedure for 
fast determination of the model parameters. The model accounts for the formation of associates 
of chiral molecules in the adsorbed phase (Fig. 1). The ability of the model to reproduce band 
profiles was verified for enantiomeric mixtures of three structurally different chiral compounds. 
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Recently, more than half of the drugs currently manufactured consist of chiral ingredients. As
the individual enantiomers of a drug usually differ in biological activity, most of the new drugs
marketed today are single enantiomers. Chiral chromatography is considered as the most versatile
technique to isolate the pure target compound from enantiomeric mixtures. However, to this
moment it is usually a cost driver of the whole production process, which stems from a high price
of CSPs and their limited mechanical stability [1–3]. 

Despite identical physico-chemical properties of enantiomers, their achiral separation is
possible in many cases. This stems from asymmetric interactions of certain enantiomers in the
liquid and adsorbed phases due to the formation of homo and hetero-chiral associates with
different adsorption properties. The occurrence of that phenomenon, termed as self-
disproportionation of enantiomers (SDE), has been evidenced in literature for a number of different
chiral compounds including: sulfoxides, CF3-derivatives, amides, carboxylic acids, amino acids,
dipeptides derivatives, alcohols, phenols, esters, heterocycles, etc. Yet, quantitative description of
phenomena underlying achiral adsorption of SDE-phoric compounds is still  incomplete [4-6].

In this study, a mechanistic model for description of retention behaviour of SDE-phoric
compounds in silica-based achiral chromatography has been developed along with a procedure for
fast determination of the model parameters. The model accounts for the formation of associates
of chiral molecules in the adsorbed phase (Fig. 1). The ability of the model to reproduce band
profiles was verified for enantiomeric mixtures of three structurally different chiral compounds.

Fig. 1. Formation of associates of enantiomers on the adsorbent surface and the reaction mechanism 
the binary interactions 
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The topical application of drugs is one of the most important methods of delivering them to the 
body. It is known that the transdermal administration of a drug to induce a systemic effect has 
some significant advantages and, in many situations, is an advantage over the administration of 
oral or intravenous drugs. Among the many benefits of transdermal administration of the drug, the 
possibility of avoiding the first-pass effect (hepatic metabolism) and the elimination of side effects 
of the drug on the gastrointestinal tract deserve special attention. For this route of drug 
administration, a significant factor in limiting penetration is the skin barrier, which reduces the 
penetration efficiency and limits the absorption of the compounds. This layer is the greatest 
obstacle to the transport of active substances and is considered the primary barrier to the 
permeation of molecules. It is mainly composed of lipid substances such as ceramides, cholesterol, 
fatty acids, cholesterol esters, and small amounts of phospholipids [1]. Among the available and 
topically applied drugs, a significantly small group can passively cross the skin barrier in amounts 
sufficient to obtain a therapeutic effect [2]. 

 
The aim of the research was to increase the permeability of various active substances (API) 

through the skin using a rotating magnetic field (RMF). The study used 50 Hz RMF and various APIs. 
The study results of the permeability of active substances through the skin when exposed to a 
magnetic field and in a control sample without a magnetic field are presented. 

 
The obtained results confirm the increased permeability of active substances and the 

permeation rate for the samples subjected to the magnetic field.  
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The topical application of drugs is one of the most important methods of delivering them to the
body. It is known that the transdermal administration of a drug to induce a systemic effect has
some significant advantages and, in many situations, is an advantage over the administration of
oral or intravenous drugs. Among the many benefits of transdermal administration of the drug, the
possibility of avoiding the first-pass effect (hepatic metabolism) and the elimination of side effects
of the drug on the gastrointestinal tract deserve special attention. For this route of drug
administration, a significant factor in limiting penetration is the skin barrier, which reduces the
penetration efficiency and limits the absorption of the compounds. This layer is the greatest
obstacle to the transport of active substances and is considered the primary barrier to the
permeation of molecules. It is mainly composed of lipid substances such as ceramides, cholesterol,
fatty acids, cholesterol esters, and small amounts of phospholipids [1]. Among the available and
topically applied drugs, a significantly small group can passively cross the skin barrier in amounts
sufficient to obtain a therapeutic effect [2].

The aim of the research was to increase the permeability of various active substances (API)
through the skin using a rotating magnetic field (RMF). The study used 50 Hz RMF and various APIs.
The study results of the permeability of active substances through the skin when exposed to a
magnetic field and in a control sample without a magnetic field are presented.

The obtained results confirm the increased permeability of active substances and the
permeation rate for the samples subjected to the magnetic field.
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Currently, in every branch of industry, including food, pharmaceutical and cosmetics industries, 
there is a constant struggle for customers. Manufacturers compete in the use of various marketing 
campaigns, which try to encourage consumers to buy their products. On the other hand, the 
customer expects increasingly higher quality products that will meet their expectations at a lower 
price. The packaging used differs in design and execution depending on the type and purpose of 
the product, as well as its physico-chemical properties such as; viscosity, density or pH. The most 
frequently used are bottles, tubes, jars, and airless containers with various types of closures, such 
as pumps, flip-tops, caps, and atomizers. 

As packaging for food, cosmetic and pharmaceutical emulsions, e.g. creams, ointments, 
pastes, etc., containers are commonly used, in which the opening for formulation application is also 
the opening for filling; these dosing cap openings usually have a diameter of at least φ= 10 mm. In 
this case, the packaging is filled using short nozzles with a similar diameter. During filling, the flow 
rate of the medium through the nozzle causes shear stresses, but due to the large cross-sectional 
area, their value is small. On the other hand, classic tubes with an application opening with a 
diameter of a few millimeters are filled through the open, non-welded back part of the tube. As a 
consequence, they are filled with a cosmetic, food or pharmaceutical product in the same way as 
bottle or jar packaging through a short nozzle with a fairly large diameter. 

Another type of packaging is tubairless packaging developed and patented by PumpArt. They 
are delivered in the form of closed outer tubes, inside which an additional sealed reservoir has 
been placed – Figure 1. Between the outer tube and the flexible inner container there is an air 
cushion connected to the atmosphere through an opening in the outer shell. A tight inner tank fills 
the sterility of the packaging, the possibility of using up to 95% of the product filling it. 
Simultaneously, it causes the tubairless to be filled through a small hole with a diameter of up to 
φ= 6 mm, which is also a place for collecting the product. This solution, apart from purely 
mechanical problems resulting from the risk of damage to the inner container during the insertion 
of the dispenser needle, additionally generates high flow rates, and thus high values of shear rates 
occurring in the application nozzles. As a consequence, they may cause uncontrolled and 
undesirable structural changes to the product. 

Fig. 1. Scheme of construction and filling of a tubairless 

The aim of this work was to examine the impact of shear rate, with particular emphasis on very 
high values occurring during the packaging of cosmetic emulsion into tubairless containers, as well 
as to propose a research methodology that will enable to obtain results that can be analyzed 
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quantitatively. A commercial nourishing hand cream with 3% urea content by Seni Care and three 
samples of the cream with different contents of active substance in the amount of 0%, 1.5% and 
4.5% prepared by the manufacturer for this project were selected for the study. 

The key information for the development of the methodology of rheological research was the 
proposal of the emulsion pumping, measuring and dosing system and the assumptions regarding 
the efficiency of the dosing system at the level of 2000 pcs/h. The scheme of the proposed dosing 
system enabling the simultaneous filling of six containers is shown in Figure 2. 

Fig. 2. Scheme of the dosing system. 1 – product tank, 2 – supply pipeline DN40, 3 – lobe pump with 
by-pass, 4 – distribution manifold, 5 – mass flow meter, 6 – high pressure pipe, 7 – dosing valve (cut-off),  

8 – dosing needle 

Based on the required capacity and geometric dimensions of the installation, the average 
values of the flow rate were calculated, and thus the average values of the shear rate occurring in 
the installation. Rheological properties of experimental emulsions were carried out using the cone-
plate system of the Anton Paar rotational rheometer under isothermal conditions (20 °C, 25 °C, 
30 °C, 35 °C). The tests were carried out in a wide range of shear rates from 10-2 to 103 s-1. In order 
to eliminate the phenomenon of slipping effect, a cone with a modified, rough surface was used. 
Structural properties were determined on the basis of oscillation tests carried out in analogous 
conditions using the same measuring system. 

The impact of changes in shear rate values occurring during the packaging process on the 
structural properties of the tested emulsions was determined based on the three interval thixotropy 
test (3ITT). The essence of the test is to determine structural properties using oscillation 
measurements in the first interval and compare them with results obtained for the same 
deformation conditions obtained in the third interval. During the second interval, the sample was 
subjected to unidirectional shear deformations with the set time and shear rate calculated on the 
basis of the flow assumptions in the actual technological line. The applied shear rates were 0.1, 1, 
10, 100, and 1000 s-1, respectively. 

Based on the conducted tests, it was found that all samples exhibited strong shear thinning 
behaviour; the analysis of the flow curves showed alternating thixotropy and antithixotropy 
phenomena during changes in the shear rate while deforming the same sample. The 3ITT tests 
carried out for the shear rate of 100 s-1 (characteristic for the transport of the product in pipelines) 
revealed the lack of complete structure recovery of the investigated cosmetic products after the 
deformation ceased. This phenomenon may have a negative impact on the product performance 
parameters resulting from its structural changes. 

The use of higher shear rate values of 1000 s-1 in the second interval (characteristic for the 
flow through a long, small-diameter capillary, i.e. an application needle) led to the results not only 
of full structure recovery, but also of "strengthening" the structural properties. This proves the 
phenomenon of secondary homogenization of the emulsion under the influence of high shear rate 
values and leads to obtaining a product with the desired structural properties. 
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The growing popularity of mini heat exchangers can be associated with the increasing 
miniaturization of mass and heat exchange devices and instruments, as well as the miniaturization 
of electronic devices and parts. The need to dissipate large amounts of heat energy from relatively 
small devices requires new types of heat transfer devices. It often turns out that heat transfer in 
channels with hydraulic diameters of less than 3 mm cannot be described using classical equations 
that allow the determination of heat transfer coefficients for conventional heat exchangers, even if 
they have a similar structure to the analyzed mini heat exchangers. Many references state that heat 
transfer in channels smaller than 3 mm in diameter is characterized by high values of heat transfer 
coefficients [1]. 

A major problem in studying heat transfer in mini-channels is the inability to determine the wall 
temperature of the channel, since traditional temperature sensors often have a size comparable to 
the diameter of the channel. The inability to measure the wall temperature prevents direct 
experimental determination of the heat transfer coefficient for the investigated channel, only the 
overall heat transfer coefficient can be determined directly [2]. 

However, the heat transfer coefficient can be determined indirectly based on optimization 
methods [3]. For this purpose, it is necessary to assume a general form of equations combining 
heat transfer coefficients along with the operating parameters of the exchanger (such as media 
flow velocity and physical properties) or express them as dimensionless numbers (e.g. Reynolds 
number, 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅, Prandtl number, 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, Nusselt number, 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁): 

 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝐶𝐶𝐶𝐶 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎 ∙ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏 (1) 

where: 𝑎𝑎𝑎𝑎, 𝑏𝑏𝑏𝑏, 𝐶𝐶𝐶𝐶 – model parameters selected using optimization methods. Equation (1) must be 
assumed for each heat exchanger circuit. Then, using the determined heat transfer coefficients (as 
a function of the Nusselt number), the overall heat transfer coefficient is calculated, which can be 
compared with its experimental values. Using the optimization procedure, the parameters of the 
correlation equation (1) are determined. Here, the sum of squares of the differences between the 
calculated and experimentally determined overall heat transfer coefficients is taken as the 
objective function [3].  

This paper presents the results of determining heat transfer coefficients for a cross-current 
mini heat exchanger described in detail in [4]. The heat exchanger consisted of two flows: the hot 
water flow consisted of 21 channels with a length of 30 mm and a diameter of 2 mm, while the 
cold water flow consisted of 19 channels with a length of 25.5 m and a diameter of 2 mm and two 
rectangular channels along the side of the cylindrical part with dimensions of 1 mm by 25.5 mm. A 
schematic drawing of the heat exchanger is shown in Fig. 1. (a). Cold water was drawn from the 
water mains, while hot water circulated in a closed loop and was heated using a thermostat. The 
flow rate of cold water was altered in the range of 10–290 dm3/h, and the initial temperature of 
cold water averaged 8°C. For hot water, the flow rate was altered in the range of 100–290 dm3/h, 
and the initial temperature of hot water was altered in the range of 40–70°C. A total of 1682 
experimental points were used for the analysis, which was originally presented elsewhere [4]. 

Using the optimization method, the following correlation was obtained for hot water flow (21 
channels with circular cross-section): 

 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁ℎ = 0.4896 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅ℎ0.4205 ∙ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃ℎ0.33 (2) 
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And for cold water flow (19 channels with a circular cross-section and 2 channels with a 
rectangular cross-section): 

 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑐𝑐𝑐𝑐 = 0.2519 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐0.7188 ∙ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐0.33 (3) 

Using the obtained correlations (2) and (3), the overall heat transfer coefficients were 
calculated. The values of these coefficients were compared with the experimental equation 
presented in the paper [1]: 

 𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 1480 + 7.42𝑄𝑄𝑄𝑄𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐 + 7.38𝑄𝑄𝑄𝑄𝑉𝑉𝑉𝑉ℎ + 1.52𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖ℎ (3) 

where: 𝑄𝑄𝑄𝑄𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐  i 𝑄𝑄𝑄𝑄𝑉𝑉𝑉𝑉ℎ  denote the flow rate of cold water and hot water, respectively, in dm3/h, and 
𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖ℎ denotes the initial temperature of hot water in °C. The results of the comparison are shown in 
Fig. 1. (b) and (c). 

     
 (a)  (b)  (c) 

Fig. 1. (a) Schematic drawing of the investigated heat exchanger. Comparison of experimental values of 
overall heat transfer coefficient, 𝑈𝑈𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒, versus overall heat transfer coefficient, 𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 , calculated using: (b) 
experimental model from [1], (c) optimization based method. Red dots stand for experimental data, solid 

blue line stands for 𝑈𝑈𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑈𝑈𝑈𝑈𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and dashed line stands for ±10% deviation from the experimental results 

It can be observed that the application of the optimization method provided a significant 
improvement in the fit of the calculations to the experimental results as the calculated values 
usually do not deviate by more than ±10% from the overall heat transfer coefficients determined 
experimentally (Fig. 1. (c)). The greatest improvement in the quality of the fit was obtained for cases 
where the overall heat transfer coefficients had small values (low liquid flow rates). The root mean 
square error (RMSE) for the new method decreased to 179 W/(m2‧K) (Fig. 1. (c)) compared to 
397 W/(m2‧K) for the model proposed in [4] (Fig. 1. (b)). The optimization method allowed the heat 
transfer coefficients to be determined with high accuracy, and the determination itself does not 
require knowledge of the channel wall temperature. A very good match between the calculation 
results and the experimental data confirms the high accuracy of the method and confirms its 
usefulness for studying heat transfer in mini heat exchangers. 
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The aim of the study was to check whether it is possible to obtain zinc oxide nanoparticles that 
would have limited release of zinc ions. Released zinc ions pose a serious threat to healthy tissues. 
When zinc oxide nanoparticles are applied as a drug carrier, one should take into consideration 
that after the structure is introduced to the body, it may undergo various types of reactions. A 
number of compounds can be attached to their surface which may lead to changes of their 
physicochemical properties, for example solubility. Unprotected surface is accessible to proteins, 
phosphate and carbonate ions and these can easily bind to it. The released structures may 
penetrate into healthy cells and tissues via endocytosis and dissolve inside which may lead to the 
formation of zinc ions, which are harmful at higher concentrations [1, 2].  

Therefore, the influence of combining zinc oxide nanoparticles with glutathione on the intensity 
of releasing zinc structures from the resulting conjugate was studied. The deposition of glutathione 
on zinc oxide nanoparticles was carried out in a microwave radiation field. A series of materials was 
obtained. They differed in process parameters (molar ratio of glutathione to zinc oxide, 
homogenization time of the reaction mixture, multiplicity of potassium hydroxide to stoichiometric 
amount). The reference sample contained no glutathione.   

The prepared materials have been analyzed in terms of their physicochemical properties. The 
size of nanoparticles has been assessed with Dynamic Light Scattering method, specific surface 
area, pore volume and size were assessed using low-temperature nitrogen sorption. The release of 
zinc structures was checked via leaching processes in water as leaching medium. In in-vitro study 
the influence of prepared zinc oxide nanoparticles (both in basic and modified form) on cytotoxicity 
and proliferation of Chinese hamster ovary (CHO) cells was analyzed. Also, the obtained materials 
have been conjugated with tadalafil, as the active substance. Verification of bioavailability of the 
drug from the materials obtained was tested in in-vivo studies using Wistar rats. 

It has been found out that compared to the reference sample some of the prepared materials 
exhibited lower rates of zinc release (Fig. 1). The size of most nanoparticles was in the range from 
230 to 800 nm, which from biomedical point of view is a satisfactory result. Passive cancer therapy 
takes advantage of the anatomical and physiological properties of the cancer tumor. This is 
because it is characterized by increased vascular permeability (leaky network of blood vessels). The 
diameter of the fissures ranges from 100 to 800 nm, while in healthy tissues only 2–6 nm. The 
average size of most anticancer drugs is small and does not exceed 10 nm. Using them in an 
independent form would result in their diffusion into healthy and diseased tissues equally. 
Combining them with nanocarriers (230-800 nm) would significantly reduce or even eliminate the 
penetration of therapeutic substances into the structure of healthy tissues. 
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Fig. 1. Profiles of zinc releasing from the prepared materials 

 
The modification of zinc oxide with glutathione also made the specific surface area in the 

material greater. All analyzed zinc oxide nanoparticles modified with glutathione induced stronger 
proliferation of CHO cells than in the case of using reference sample (not modified, basic ZnO). 
Also, they had a weaker cytotoxic effect. The bioavailability of tadalafil from the modified material 
was greater by almost 125% compared to the reference sample.  

The results demonstrate the promising prognosis of the produced materials in light of their use 
as potential carriers of active substances. 
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The simulation of chemical engineering process is connected with the knowledge about 
hydrodynamics, transfer processes and chemical reactions. The residence time distribution (RTD) 
is one of the most informative characteristics to obtain information about chemical engineering 
equipment. This systematic approach allowed to establish flow patterns in various types of mixers 
or heat exchangers.  

The RTD technique might be treated as a quantitative method to develop simple hydrodynamic 
models in the case of complex engineering systems. The interpretation of RTD measurements may 
be realized by using compartmental models which are composed of branches containing 
elementary ideal reactors connecting all together by the nodes. The application of a mixing model 
(combination of a plug flow reactor (PRF) and a continuous stirred tank reactor (CSTR) with 
circulation flow) to study of RTD measurements is widely presented in the relevant literature1,2.  

 
 

This study was supported by the Ministry of Education and Science, Poland [Impelenatation 
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Surfactants have a number of characteristic properties, among which one of the less well-
known is the ability to shape the consistency of a liquid. Changes in the rheological properties of 
surfactant solutions are most often the result of the formation of very long micelles called wormlike 
micelles [1]. Although complex rheological properties are also characteristic of surfactant solutions 
where vesicle micelles, lamellar structures and cross-linked micelles are formed. Changes in the 
microstructure of micellar solutions can be caused by changes in surfactant concentration, liquid 
temperature, and the addition of various organic and inorganic compounds [2-5]. The aim of the 
research presented in this paper was to determine the relationship between the shape of the 
formed micelles and the molar ratio of the mixture of zwitterionic and anionic surfactants in the 
solution and the concentration of sodium chloride. 

Solutions of cocamidopropyl betaine (zwitterionic surfactant, CAPB, PCC Exol) and sodium 
dodecylbenzene sulfonate (SDBS, Sigma-Aldrich) mixtures were used in the study. Changes in the 
rheological properties of CAPB/SDBS solutions were analyzed under the influence of sodium 
chloride (Chempur, Poland). Structural changes were determined in the photos of solutions taken 
with the CryoTEM technique and using a polarising microscope. Rheological tests were carried out 
using a system of parallel plates. The measuring system was connected to a Physica MCR501 
rheometer (Anton Paar, Austria). 

 
Fig. 1. Mechanical spectra for CAPB/SDBS solutions with different concentrations of NaCl 

Fig. 1 presents exemplary mechanical spectra for solutions of CAPB/SDBS mixtures. Maxwell's 
equation was used to describe them (solid lines in Fig. 1), which means, according to the Cates 
theory, that, based on the results of oscillation tests, it is possible to calculate the average mesh 
size ξ of a micellar network. Table 1 lists the parameters of the Maxwell model (G0 is the plateau 
of storage modulus, λM is the relaxation time), the average mesh size ξ and zero shear viscosity for 
CAPB/SDBS solutions with different NaCl concentrations. The values of G0 and ξ are independent 
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Surfactants have a number of characteristic properties, among which one of the less well-
known is the ability to shape the consistency of a liquid. Changes in the rheological properties of
surfactant solutions are most often the result of the formation of very long micelles called wormlike
micelles [1]. Although complex rheological properties are also characteristic of surfactant solutions
where vesicle micelles, lamellar structures and cross-linked micelles are formed. Changes in the
microstructure of micellar solutions can be caused by changes in surfactant concentration, liquid
temperature, and the addition of various organic and inorganic compounds [2-5]. The aim of the
research presented in this paper was to determine the relationship between the shape of the
formed micelles and the molar ratio of the mixture of zwitterionic and anionic surfactants in the
solution and the concentration of sodium chloride.

Solutions of cocamidopropyl betaine (zwitterionic surfactant, CAPB, PCC Exol) and sodium
dodecylbenzene sulfonate (SDBS, Sigma-Aldrich) mixtures were used in the study. Changes in the
rheological properties of CAPB/SDBS solutions were analyzed under the influence of sodium
chloride (Chempur, Poland). Structural changes were determined in the photos of solutions taken
with the CryoTEM technique and using a polarising microscope. Rheological tests were carried out
using a system of parallel plates. The measuring system was connected to a Physica MCR501
rheometer (Anton Paar, Austria).

Fig. 1. Mechanical spectra for CAPB/SDBS solutions with different concentrations of NaCl

Fig. 1 presents exemplary mechanical spectra for solutions of CAPB/SDBS mixtures. Maxwell's
equation was used to describe them (solid lines in Fig. 1), which means, according to the Cates
theory, that, based on the results of oscillation tests, it is possible to calculate the average mesh
size ξ of a micellar network. Table 1 lists the parameters of the Maxwell model (G0 is the plateau
of storage modulus, λM is the relaxation time), the average mesh size ξ and zero shear viscosity for
CAPB/SDBS solutions with different NaCl concentrations. The values of G0 and ξ are independent

of the sodium chloride concentration, while the zero viscosity and relaxation time are maximum at 
a salt concentration of 0.1 M. 

Table 1. Influence of NaCl concentration on properties of CAPB/SDBS solutions 

CNaCl (M) G0 (Pa) λM (s) ξ (nm) η0 (Pa⋅s) 

0.092 53.1 6.7 42.39 354.0 

0.100 54.6 25.0 42.00 1365.0 

0.140 57.8 17.5 41.21 1014.0 

The occurrence of the maximum zero shear viscosity and relaxation time can be explained on 
the basis of the CryoTEM images presented in Figure 2. For CAPB/SDBS solutions with the addition 
of NaCl at a concentration of 0.092 M, a network of wormlike micelles can be recognized, while for 
the solution with the addition of 0.14 M, branched wormlike micelles were formed. The change in 
the structure of the fluid can be explained with the packing parameter, 

𝑝𝑝𝑝𝑝 = 𝑣𝑣𝑣𝑣/𝑙𝑙𝑙𝑙 ∙ 𝑎𝑎𝑎𝑎 (1) 

where v is the hydrophobic volume, l is the hydrophobic chain length, and a is the effective area 
per headgroup of the molecules occupied at the micellar interface. The value of parameter p 
increased with increasing salt concentration as a result of screening of the negative CAPB and 
SDBS groups. At high salt concentrations, the CAPB/SDBS solutions became turbid. The photos 
taken using a polarizing microscope showed that the turbidity of the solutions is the result of the 
formation of layered micelles, which confirms that the change in salt concentration leads to a 
change in the packing parameter. 

a) b) 

Fig. 1. CryoTEM photos of CAPB/SDBS solutions with NaCl concentration of 0.092 M (a) 
and 0.14 M (b) 

This research was funded by the Ministry of Education and Science. 
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Anion radical salts (ARS) formed by TCNQ as some of the most potent π-electron acceptors 
attracted researchers’ attention back in the mid-1960s [1, 2]. In the crystals of these salts, the 
TCNQ particles are stacked. The overlap of their π-orbitals gives rise to one-dimensional zone, which 
is partly occupied in fractional oxidation state, and this may give rise to metallic properties. 
Therefore, ARS TCNQ are very promising objects from the point of view of their wide applications – 
from phototransistors and nano-wires to biosensors in the determination of drugs or toxic 
substances [3, 4].  

The work was devoted to the study of novel genuine organic anion-radical salt TCNQ with a 
cation based on 2-amin-5-chloro-pyridine: 

The unusual behaviour of TCNQ anions in the crystalline structure of [N-CH3-2-NH2-5-Cl-
Py](TCNQ)2⋅CH3CN has been observed: the formation of (TCNQ)22- π-dimers (Fig. 1). In most cases 
such dimers originate between the anion radical TCNQ•- and neutral TCNQ molecule, or σ-dimers 
(TCNQ-TCNQ)2- occur. In these (TCNQ)22- π-dimers the distance between the middle planes of anion 
radical is 3.24 Å. The structure of ARS [N-CH3-2-NH2-5-Cl-Py](TCNQ)2 favours the formation of high 
conducting state of the salt [5]. In this case, ARS TCNQ with a cation based on 2-amin-5-chloro-
pyridine is a promising material in electronics and biotechnologies. 

Fig. 1. Fragment of the crystalline structure of ARS [N-CH3-2-NH2-5-Cl-Py](TCNQ)2 

The TCNQ molecules contain in their structure active centres that help in the formation and 
maintenance of strong additional bonds with the molecule of biologically active substances: 
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Anion radical salts (ARS) formed by TCNQ as some of the most potent π-electron acceptors
attracted researchers’ attention back in the mid-1960s [1, 2]. In the crystals of these salts, the
TCNQ particles are stacked. The overlap of their π-orbitals gives rise to one-dimensional zone, which
is partly occupied in fractional oxidation state, and this may give rise to metallic properties.
Therefore, ARS TCNQ are very promising objects from the point of view of their wide applications –
from phototransistors and nano-wires to biosensors in the determination of drugs or toxic
substances [3, 4]. 

The work was devoted to the study of novel genuine organic anion-radical salt TCNQ with a
cation based on 2-amin-5-chloro-pyridine:

The unusual behaviour of TCNQ anions in the crystalline structure of [N-CH3-2-NH2-5-Cl-
Py](TCNQ)2⋅CH3CN has been observed: the formation of (TCNQ)22-π-dimers (Fig. 1). In most cases
such dimers originate between the anion radical TCNQ•- and neutral TCNQ molecule, or σ-dimers
(TCNQ-TCNQ)2- occur. In these (TCNQ)22-π-dimers the distance between the middle planes of anion
radical is 3.24 Å. The structure of ARS [N-CH3-2-NH2-5-Cl-Py](TCNQ)2 favours the formation of high
conducting state of the salt [5]. In this case, ARS TCNQ with a cation based on 2-amin-5-chloro-
pyridine is a promising material in electronics and biotechnologies.

Fig. 1. Fragment of the crystalline structure of ARS [N-CH3-2-NH2-5-Cl-Py](TCNQ)2

The TCNQ molecules contain in their structure active centres that help in the formation and
maintenance of strong additional bonds with the molecule of biologically active substances:

In the case of ARS [N-CH3-2-NH2-5-Cl-Py](TCNQ)2 charge transfer complexes (CTC) with selected 
drugs [Drug](TCNQ)x (X = 1, 2) are formed. The form of CTC is evidenced by the absorption spectrum 
of a coloured solution of this CTC obtained in the wavelength range from 500 to 900 nm (Fig. 2, 3). 

Fig. 2. Absorption spectrum of coloured CTC [Valeric acid](TCNQ). Picture in the upper left 
corner of the chart: ARS [N-CH3-2-NH2-5-Cl-Py](TCNQ)2 solution (CH3CN), Valeric acid solution 

(CH3OH) and the final solution of CTC [Valeric acid](TCNQ) 

Fig. 3. Absorption spectrum of a coloured CTC [Amoxicillin](TCNQ). Picture in the upper right 
corner of the chart: ARS [N-CH3-2-NH2-5-Cl-Py](TCNQ)2 solution (CH3CN), Duomox 1000 solution 

(CH3OH) and the final solution of CTC [Amoxicillin](TCNQ) 
(Amoxicillin is the active drug substance of Duomox) 

This means that a given salt can be used as an indicator of biologically active substances, for 
drugs, for example. In the future, we plan to study the cytotoxic properties of this salt. 
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Rising prices of electricity encourage the search for effective systems for mechanical mixing of 
liquids. The literature [1] shows that the distance of the impeller from the bottom can significantly 
affect the mixing power. However, the energy efficiency  of mixing is also influenced by the  
hydrodynamics in the tank. If the reduction of the mixing power is accompanied by the extension of 
the mixing time, the energy expenditure does not have to be reduced [2]. Our own research [3, 4] 
shows that changes in the height of the liquid above the impeller are accompanied by changes in 
the mixing power. Therefore, the purpose of this work was to determine the mixing power and 
velocity distributions for a flat blade turbine impeller (FBT). 

The paper presents the test results of a flat blade turbine impeller (FBT) with a diameter of 
D = 100 mm. The tests were carried out in a tank with a diameter of T = 292 mm (T/D ≈ 3) with 
four standard baffles (B = 0.1·T).  The tank was filled with  water to the  height of  H = 300 mm 
(H/T ≈ 1). The mixing power was determined on the basis of measurements of the rotational 
frequency of the impeller N (0.83 s-1 < N < 6.67 s-1) and the torque M. The average liquid velocities 
in the tank were determined using the PIV method for N = 6 s-1. In the tests, the impeller clearance 
ranged from C = 20 mm to C = 140 mm. The diagram of experimental rig is shown in Fig. 1a. 

Fig. 1b shows the obtained dependence of the mixing power number Eu 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑃𝑃𝑃𝑃
𝑁𝑁𝑁𝑁3∙𝐷𝐷𝐷𝐷5∙𝜌𝜌𝜌𝜌

= 2∙𝜋𝜋𝜋𝜋∙𝑀𝑀𝑀𝑀
𝑁𝑁𝑁𝑁2∙𝐷𝐷𝐷𝐷5∙𝜌𝜌𝜌𝜌

(1) 

on the dimensionless C/D impeller clearance, also for other tests [5]. 

a) b) 

Fig. 1. Diagram of the experimental rig (a) and relationship between mixing power and clearance (b) 

For C/D ≈ 1, the power number has the value Eu = 4.4. This is a value close to that given in 
the literature [1, 6] for this impeller. Reducing the clearance decreases the power number. In the 
range from C/D = 0.6 to C/D = 0.7 the power number reaches the lowest value. Thus, from the 
energy point of view, this is the best distance between the impeller and the bottom of the tank. 

Figure 2 presents the distributions of the average dimensionless liquid velocities in the tank: 
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Rising prices of electricity encourage the search for effective systems for mechanical mixing of
liquids. The literature [1] shows that the distance of the impeller from the bottom can significantly
affect the mixing power. However, the energy efficiency of mixing is also influenced by the
hydrodynamics in the tank. If the reduction of the mixing power is accompanied by the extension of
the mixing time, the energy expenditure does not have to be reduced [2]. Our own research [3, 4]
shows that changes in the height of the liquid above the impeller are accompanied by changes in
the mixing power. Therefore, the purpose of this work was to determine the mixing power and
velocity distributions for a flat blade turbine impeller (FBT).

The paper presents the test results of a flat blade turbine impeller (FBT) with a diameter of
D = 100 mm. The tests were carried out in a tank with a diameter of T = 292 mm (T/D ≈ 3) with
four standard baffles (B = 0.1·T). The tank was filled with water to the height of H = 300 mm 
(H/T ≈ 1). The mixing power was determined on the basis of measurements of the rotational
frequency of the impeller N (0.83 s-1 < N < 6.67 s-1) and the torque M. The average liquid velocities
in the tank were determined using the PIV method for N = 6 s-1. In the tests, the impeller clearance 
ranged from C = 20 mm to C = 140 mm. The diagram of experimental rig is shown in Fig. 1a.

Fig. 1b shows the obtained dependence of the mixing power number Eu

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑃𝑃𝑃𝑃
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𝑁𝑁𝑁𝑁2∙𝐷𝐷𝐷𝐷5∙𝜌𝜌𝜌𝜌

(1)

on the dimensionless C/D impeller clearance, also for other tests [5]

a) b)

Fig. 1. Diagram of the experimental rig (a) and relationship between mixing power and clearance (b)

For C/D ≈ 1, the power number has the value Eu = 4.4. This is a value close to that given in
the literature [1, 6] for this impeller. Reducing the clearance decreases the power number. In the
range from C/D = 0.6 to C/D = 0.7 the power number reaches the lowest value. Thus, from the
energy point of view, this is the best distance between the impeller and the bottom of the tank.

Figure 2 presents the distributions of the average dimensionless liquid velocities in the tank:

0 0. 0 1. 0 2. 0 3. 0 4. 0 5. 0 6. 0 7. 0 8. 0 9. 1 0. 1 1. 1 2. 1 3. 1 4. 1 5. 1 6.
3 0.

3 5.

4 0.

4 5.

5 0.
 D=133mm  T=400mm ( )[5]
 D=100mm  T=292mm (t )his paper

E
u

[-]

C/D [-]

𝑈𝑈𝑈𝑈∗ = 𝑈𝑈𝑈𝑈
𝑈𝑈𝑈𝑈𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

= 𝑈𝑈𝑈𝑈
𝜋𝜋𝜋𝜋∙𝐷𝐷𝐷𝐷∙𝑁𝑁𝑁𝑁

(2) 

For a mid-height impeller (C/D = 1.4) there are two circulation loops as for radial flow impellers. 
However, axial flow of liquid through the impeller towards the top of the tank is observed (Fig. 2a). 
For this reason, radial flow occurs above the impeller. For clearance C/D = 1, there are still two 
circulation loops. However, axial flow is directed to the bottom of the tank, so radial flow occurs 
under the impeller (Fig. 2b). Further reduction of the clearance (C/D = 0.75) causes the lower 
circulation loop to disappear - the flow changes to axial, as in the case of PBT and propeller 
impellers (Fig. 2c). However, until C/D = 0.60, the liquid stream does not reach the bottom. Only 
for smaller clearances (Fig. 2d) the liquid stream is slowed down by the bottom of the tank. 

a) b) c) d) 

Fig. 2. Liquid circulation in the tank depending on the clearance 

Comparative analysis of Figs. 1 and 2 leads to the conclusion that there is a relationship 
between the mixing power and the liquid flow generated by the impeller. Radial flow (with two liquid 
circulation loops) is more energy intensive. Reducing the clearance leads to a flow close to axial 
flow, which is less energy-intensive [1, 6]. However, it should be noted that typical axial flow 
impellers have much lower mixing powers, e.g. for a six-blade PBT mixer with a blade angle of 45° 
and C/D = 0.9, the power number is Eu = 1.58 [1, 6]. Therefore, the operation of FBT impellers with 
too small a clearance is not effective - better results will be obtained by using typical impellers 
generating axial flow. The minimum value of the power number is reached when the liquid stream 
flows towards the bottom, but it is not impeded by it. The effect of the bottom must be large, 
because when reducing the clearance, the mixing power increases to the value as for C/D = 1. 

In the case of the tested impeller, the dimensionless clearance C/D > 0.8 ensures radial flow, 
and the higher the impeller is placed, the larger the lower circulation loop. A high impeller 
suspension (C/D > 1.3) also causes a slight (< 10%) reduction in mixing power. 

Since the energy is transferred to the liquid when there is a difference in the tangential velocity 
of the blade and the liquid [6], a complete description of the dependence of power and 
hydrodynamics requires testing of this velocity component at the level of the impeller. 
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The term microgel is defined as a colloidal suspension of cross-linked polymer particles of 10-
1000 nm or more [1], uniformly dispersed and swelling in a solvent. Because of their cross-linking, 
polymer particles do not dissolve in water and therefore do not form solutions. Depending on the 
method of synthesis, cross-linking density, or concentration, microgels can have different 
physicochemical properties. In addition, the level of swelling of a microgel can change due to 
changes in the values of external factors such as ionic strength, temperature, or pH. Due to their 
wide range of properties, microgels found a broad range of applications and are commonly used, 
among others, in pharmaceutical, food, cosmetic and biomedical industries as viscosity modifiers 
or dispersing and stabilizing agents. On the other hand, microgels have complex rheology, so their 
processing poses some challenges. For example, during the mechanical mixing of non-Newtonian 
shear-thinning fluids with yield stress an intensive mixing zone, called cavern [2], is generated near 
the rotating impeller. Outside this zone, the fluid velocity is close to zero, preventing 
homogenization throughout the entire volume. 

In the presented study, the tested liquid was a water suspension of Carbopol 940 grade (C940) 
at the concentration of 0.2 wt%, neutralized with 1 M sodium hydroxide to pH = 5.1 to formulate 
transparent, high-viscosity hydrogel. Based on the rheological measurements of the flow curve the 
tested microgel was classified as yield stress shear-thinning fluid with values of Herschel-Bulkley 
model (Eq. 1) parameters equal to τy = 27.86 Pa, K = 4.62 Pasn and n = 0.49, respectively for yield 
stress, consistency coefficient and flow index [3].  

𝜏𝜏𝜏𝜏 = 𝜏𝜏𝜏𝜏𝑦𝑦𝑦𝑦 + 𝐾𝐾𝐾𝐾�̇�𝛾𝛾𝛾n (1) 

Experimental studies of the cavern formation were performed in a flat-bottomed stirred tank 
of a diameter T = 0.222 m, both unbaffled and baffled (four flat standard baffles), equipped with 
one of the two high-speed impellers, a Rushton turbine (RT) or a hydrofoil Prochem Maxflo T (PMT) 
impeller (Fig. 1) of a diameter D = 0.078 m. The impellers rotated over a wide range of rotational 
speeds, up to N = 1200 rpm. The impellers were selected to produce different, mainly radial (RT) 
or mainly axial (PMT) microgel circulation in the tank.  

a)  b) 
Fig. 1. Tested impellers: a) Rushton turbine; b) Prochem Maxflo T 

Measurements of cavern size were performed using a planar laser-induced fluorescence 
(PLIF) technique. As a passive dye tracer, the tested microgel with the addition of 5 mg/l of the 
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The term microgel is defined as a colloidal suspension of cross-linked polymer particles of 10-
1000 nm or more [1], uniformly dispersed and swelling in a solvent. Because of their cross-linking,
polymer particles do not dissolve in water and therefore do not form solutions. Depending on the
method of synthesis, cross-linking density, or concentration, microgels can have different
physicochemical properties. In addition, the level of swelling of a microgel can change due to
changes in the values of external factors such as ionic strength, temperature, or pH. Due to their
wide range of properties, microgels found a broad range of applications and are commonly used, 
among others, in pharmaceutical, food, cosmetic and biomedical industries as viscosity modifiers
or dispersing and stabilizing agents. On the other hand, microgels have complex rheology, so their
processing poses some challenges. For example, during the mechanical mixing of non-Newtonian
shear-thinning fluids with yield stress an intensive mixing zone, called cavern [2], is generated near
the rotating impeller. Outside this zone, the fluid velocity is close to zero, preventing
homogenization throughout the entire volume.

In the presented study, the tested liquid was a water suspension of Carbopol 940 grade (C940)
at the concentration of 0.2 wt%, neutralized with 1 M sodium hydroxide to pH = 5.1 to formulate
transparent, high-viscosity hydrogel. Based on the rheological measurements of the flow curve the
tested microgel was classified as yield stress shear-thinning fluid with values of Herschel-Bulkley 
model (Eq. 1) parameters equal to τy = 27.86 Pa, K = 4.62 Pasn and n = 0.49, respectively for yield
stress, consistency coefficient and flow index [3].

𝜏𝜏𝜏𝜏 = 𝜏𝜏𝜏𝜏𝑦𝑦𝑦𝑦 + 𝐾𝐾𝐾𝐾�̇�𝛾𝛾𝛾n (1)

Experimental studies of the cavern formation were performed in a flat-bottomed stirred tank
of a diameter T = 0.222 m, both unbaffled and baffled (four flat standard baffles), equipped with
one of the two high-speed impellers, a Rushton turbine (RT) or a hydrofoil Prochem Maxflo T (PMT)
impeller (Fig. 1) of a diameter D = 0.078 m. The impellers rotated over a wide range of rotational
speeds, up to N = 1200 rpm. The impellers were selected to produce different, mainly radial (RT)
or mainly axial (PMT) microgel circulation in the tank. 

a) b)
Fig. 1. Tested impellers: a) Rushton turbine; b) Prochem Maxflo T.

Measurements of cavern size were performed using a planar laser-induced fluorescence
(PLIF) technique. As a passive dye tracer, the tested microgel with the addition of 5 mg/l of the

rhodamine 6G was used and injected directly into the mixing fluid between the impeller blades. A 
detailed procedure of PLIF measurements can be found elsewhere [4]. 

Examples of the results obtained in PLIF measurements are presented in Figure 2, as vertical 
half-planes pass through the axis of the stirred tank. In the case of baffled tanks, the plane was 
located at an angle of 45 degrees between two adjacent baffles. The obtained results provided an 
analysis of the influence of several geometric and process parameters on the size of the intensive 
mixing zone generated in a microgel with complex rheological properties.  

It was found that both the presence of baffles in the tank, the type of impeller, and its rotational 
speed significantly affect the diameter and height of the cavern. The presence of baffles reduces 
the growth of cavern diameter, but at the same time causes a greater increase in its height. Among 
the two impellers tested, the PMT which generates mainly axial circulation in the tank proved to be 
more effective. 

a)  b)  c)  d) 
Fig. 2. Visualisation of caverns generated in a stirred tank filled with 0.2% C940, N = 360 rpm: 

a) RT impeller, unbaffled tank; b) RT impeller, baffled tank;
c) PMT impeller, unbaffled tank; d) PMT impeller, baffled tank
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The process of dissolution of a solid in a liquid, which by definition denotes a heterogeneous 
reaction proceeding with an accompanying transition from solid to solution, is widely used in many 
industries, including chemical, food, pharmaceutical and biomedical industries.  

Dissolution in a solid-liquid system can occur spontaneously by free diffusion. Then its driving 
forces are intermolecular interactions between the solute and solvent, as well as the tendency of 
the system to achieve maximum entropy and minimum internal energy. In industrial practice, 
however, the dissolution of a solid in a liquid is intensified by various methods. 

One of the simplest methods to enhance the mass transfer ratio from solid to liquid is 
mechanical mixing using a rotating impeller [1]. Other methods which are commonly used for the 
intensification of the solid phase dissolution include pulsing fluid, electrical discharges, dissolution 
on a fixed or a fluidized bed and ultrasounds. However, researchers are still looking for new 
constructions of impellers or improvements to the existing systems, as well as new methods to 
enhance the mass transfer process. One method is the application of a rotating magnetic field [2, 
3, 4]. Despite numerous articles on the effect of RMF on mass transfer, no attention has been 
focused on comparing this process carried out in different types of mixing equipment. Therefore, 
the main purpose of this paper was to study the effect of the type of mixing device on mass transfer 
rate, specifically on the dissolution of sodium chloride. 

In the undertaken study, specially prepared cylindrical NaCl samples were dissolved in water, 
in two various mixing devices: a mixer assisted by a rotating magnetic field (Fig. 1), and a stirred 
tank equipped with a Rushton turbine.  

Fig. 1. The sketch of the first experimental set-up: 1 – RMF generator, 2 – glass container, 
3 – a.c. transistorized inverter; 4 – computer; 5 – conductivity electrode; 6 – multifunctional computer 

meter; 7 – cooling jacket; 8 – rotameter; 9 – heat exchanger; 10 – oil pump 
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The process of dissolution of a solid in a liquid, which by definition denotes a heterogeneous
reaction proceeding with an accompanying transition from solid to solution, is widely used in many
industries, including chemical, food, pharmaceutical and biomedical industries. 

Dissolution in a solid-liquid system can occur spontaneously by free diffusion. Then its driving
forces are intermolecular interactions between the solute and solvent, as well as the tendency of
the system to achieve maximum entropy and minimum internal energy. In industrial practice,
however, the dissolution of a solid in a liquid is intensified by various methods.

One of the simplest methods to enhance the mass transfer ratio from solid to liquid is
mechanical mixing using a rotating impeller [1]. Other methods which are commonly used for the
intensification of the solid phase dissolution include pulsing fluid, electrical discharges, dissolution
on a fixed or a fluidized bed and ultrasounds. However, researchers are still looking for new
constructions of impellers or improvements to the existing systems, as well as new methods to
enhance the mass transfer process. One method is the application of a rotating magnetic field [2, 
3, 4]. Despite numerous articles on the effect of RMF on mass transfer, no attention has been
focused on comparing this process carried out in different types of mixing equipment. Therefore,
the main purpose of this paper was to study the effect of the type of mixing device on mass transfer
rate, specifically on the dissolution of sodium chloride.

In the undertaken study, specially prepared cylindrical NaCl samples were dissolved in water,
in two various mixing devices: a mixer assisted by a rotating magnetic field (Fig. 1), and a stirred
tank equipped with a Rushton turbine.

Fig. 1. The sketch of the first experimental set-up: 1 – RMF generator, 2 – glass container,
3 – a.c. transistorized inverter; 4 – computer; 5 – conductivity electrode; 6 – multifunctional computer

meter; 7 – cooling jacket; 8 – rotameter; 9 – heat exchanger; 10 – oil pump.

During the experiments, parameters such as the distribution of magnetic induction inside the 
RMF generator, the change in electrical conductivity of the solution over time, as well as the mass 
and diameter of the samples after a well-defined dissolution time were measured. Then, the mass 
transfer coefficient for two tested mixing devices was correlated by the combination of three 
dimensionless numbers: Sherwood, Reynolds and Schmidt. 

The final comparison of the obtained results is presented in Figure 2. It was found that the 
values of mass transfer coefficient strongly depend on the Reynolds (Re) number. For the mass 
transfer process under the action of RMF, stronger influence was observed in the region of the 
lowest values of Re, while the mechanically agitated tank is more recommended for the turbulent 
region of flow. In a stirred tank, the solid-liquid mass transfer rate increases more rapidly with 
increasing impeller speed, compared to the increase of the same factor for the RMF device. 
It should be underlined that the influence of rotating magnetic field and stirred tank on the mass 
transfer rate was found to be equal for Re = 13 150. 

Fig. 2. Results of the mass transfer process under RMF and in a stirred tank 
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Vacuum impregnation (VI) is a process that allows the introduction of selected soluble 
compounds into the porous matrix of a material. The process is used in many industries. It is 
particularly useful in the food industry to impregnate food products with functional compounds such 
as vitamins, trace elements, cryoprotectants, antioxidants, browning inhibitors, prebiotics, or pH-
lowering compounds. Mass exchange during vacuum impregnation occurs under the influence of a 
mechanically generated pressure gradient between the interior of the porous tissue and the 
environment. The two essential mechanisms of mass exchange are assumed to be as follows: 
Hydrodynamic Mechanism (HDM) and Deformation-Relaxation Phenomena (DRP). A detailed 
description of the vacuum impregnation process from the theoretical and practical side can be 
found in the works of Fito et al. [1] and Derossi et al. [2]. 

Since mass exchange processes during vacuum impregnation are relatively slow and may be 
limited to the superficial layer of material, alternative methods are sought for faster and "more 
complete" tissue saturation. One of the possibilities is the application of ultrasound as a mass 
transfer accelerator. Ultrasound is a mechanical wave that easily propagates through a liquid 
medium and may induce several mechanisms that enhance mass (and heat) transfer. Particularly 
effective, in terms of the intensification of transport processes, are the phenomena caused by the 
so-called unstable cavitation. In addition to cavitation, there are also other phenomena that allow 
to increase the rate of transport, e.g. "sponge effect". The description of the most important 
mechanisms and their influence on mass and heat transport was discussed by Chandrapala et al. 
[3]. 

Response Surface Methodology (RSM) is a method that allows the optimization of processes 
in terms of selected process parameters (factors) and responses. This method is used both in 
laboratory and industrial research. It has gained popularity because it allows the optimization of 
several parameters at the same time and determines interactions between individual factors. The 
use of OFAT (one-factor-at-a-time) method, during which only one parameter is changed per 
process, is not only more time-consuming and resource-intensive, but also does not allow to 
determine interactions between factors. More information on RSM can be found in the work of 
Sarabia and Ortiz [4]. 

The primary objective of this research was to find the optimal conditions for ultrasound-
assisted vacuum impregnation of low porous materials. One of the most representative low porosity 
vegetables is, e.g., potato (Solanum tuberosum). For this purpose, potato bulbs were peeled and 
cut into cubes of 15 mm per side. Impregnation tests were carried out in an aqueous ternary 
solution composed of the bioactive compound – analytically pure ascorbic acid (AAC), citric acid, 
and sucrose. Optimization of VI was done with the use of Response Surface Methodology (RSM) in 
Design Expert ver. 13 software. Box-Behnken design was used with 3 factors (pressure of 
impregnation, stage duration and intensity of ultrasound enhancement) at 3 levels (see Table 1). 
On the basis of the obtained responses, impregnation processes were optimized in terms of: 

• Maximization of the bioactive compound content (AAC) (R1, R2) 
• Ion leakage from material (IL) minimization (R1) or maximization (R2) 
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Vacuum impregnation (VI) is a process that allows the introduction of selected soluble 
compounds into the porous matrix of a material. The process is used in many industries. It is 
particularly useful in the food industry to impregnate food products with functional compounds such 
as vitamins, trace elements, cryoprotectants, antioxidants, browning inhibitors, prebiotics, or pH-
lowering compounds. Mass exchange during vacuum impregnation occurs under the influence of a 
mechanically generated pressure gradient between the interior of the porous tissue and the 
environment. The two essential mechanisms of mass exchange are assumed to be as follows: 
Hydrodynamic Mechanism (HDM) and Deformation-Relaxation Phenomena (DRP). A detailed 
description of the vacuum impregnation process from the theoretical and practical side can be 
found in the works of Fito et al. [1] and Derossi et al. [2]. 

Since mass exchange processes during vacuum impregnation are relatively slow and may be 
limited to the superficial layer of material, alternative methods are sought for faster and "more 
complete" tissue saturation. One of the possibilities is the application of ultrasound as a mass 
transfer accelerator. Ultrasound is a mechanical wave that easily propagates through a liquid 
medium and may induce several mechanisms that enhance mass (and heat) transfer. Particularly 
effective, in terms of the intensification of transport processes, are the phenomena caused by the 
so-called unstable cavitation. In addition to cavitation, there are also other phenomena that allow 
to increase the rate of transport, e.g. "sponge effect". The description of the most important 
mechanisms and their influence on mass and heat transport was discussed by Chandrapala et al. 
[3]. 

Response Surface Methodology (RSM) is a method that allows the optimization of processes 
in terms of selected process parameters (factors) and responses. This method is used both in 
laboratory and industrial research. It has gained popularity because it allows the optimization of 
several parameters at the same time and determines interactions between individual factors. The 
use of OFAT (one-factor-at-a-time) method, during which only one parameter is changed per 
process, is not only more time-consuming and resource-intensive, but also does not allow to 
determine interactions between factors. More information on RSM can be found in the work of 
Sarabia and Ortiz [4]. 

The primary objective of this research was to find the optimal conditions for ultrasound-
assisted vacuum impregnation of low porous materials. One of the most representative low porosity 
vegetables is, e.g., potato (Solanum tuberosum). For this purpose, potato bulbs were peeled and 
cut into cubes of 15 mm per side. Impregnation tests were carried out in an aqueous ternary 
solution composed of the bioactive compound – analytically pure ascorbic acid (AAC), citric acid, 
and sucrose. Optimization of VI was done with the use of Response Surface Methodology (RSM) in 
Design Expert ver. 13 software. Box-Behnken design was used with 3 factors (pressure of 
impregnation, stage duration and intensity of ultrasound enhancement) at 3 levels (see Table 1). 
On the basis of the obtained responses, impregnation processes were optimized in terms of: 

• Maximization of the bioactive compound content (AAC) (R1, R2) 
• Ion leakage from material (IL) minimization (R1) or maximization (R2) 

• Minimization of the material hardness (H) (R1, R2) 
Two optimal sets of conditions (R1 and R2) were chosen and experimentally tested. 
 
Alteration of the optimization goal in terms of ion leakage results from the assumption that 
impregnated material needs to be preserved (e.g. by drying), which will be easier if its internal 
structure is disturbed. Structural changes in the raw material, and cell damage – cause the outflow 
of the cell fluids and an increase in the concentration of ions in the solution - higher IL. 

Table 1. Process parameters 

Factor 
Box-Behnken Levels Optimal Reference 

-1 0 1 R1 R2 VI 

pressure (mbar) 50 300 550 550 50 300 

stage duration (min) 5 20 35 23 35 30 

ultrasound enhancement (%) 0 50 100 100 100 0 

 
The experimental results remain in good agreement with the predicted effects. Both optimal 

processes R1 and R2 were characterized by values of ascorbic acid content higher than the 
reference (VI) and similar to each other (no significant difference). More severe conditions in the 
R2 process caused significantly higher ion leakage as it was supposed. The hardness of the 
samples processed in R1 and R2 was similar to the raw material (no significant differences) and 
lower than after the reference process (VI). All these results confirm that RSM may be useful during 
vacuum impregnation process optimization and may predict effects with fair agreement. Analysis 
of other parameters, not involved in optimization, revealed a meaningful influence of ultrasound on 
the material being processed. The potato samples impregnated under more severe conditions (R2) 
were characterized by a significant color change and a visibly smaller gumminess and 
cohesiveness. As the last two parameters define the force and the work required to destroy the 
internal structure, it may be concluded that the high vacuum (lower pressure) in connection with 
the long ultrasound enhancement had a detrimental influence on the mechanical properties of this 
low porous vegetable, which in consequence led to substantial structure alteration 
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The paper deals with emulsions, which have found application in the production of cosmetic 
products, such as body lotions, face creams, biphasic micellar lotions, shampoos, facial cleansing 
gels and many others. Furthermore, they are widely used in pharmaceutical industry, also as 
microemulsions for delivering vaccines and killing microorganisms and also as preparations for 
accelerating the treatment of scars.  

Extracts from natural plant products were used in the prepared cosmetic emulsion bases. The 
emulsifier was an aqueous solution of self-emulsifying base made from apricot kernel oil and soy 
lecithin. On the other hand, the oil phase was coconut, almond and grape seed oils. In addition, 
mixtures enriched with vegetable glycerin were produced. 

The prepared cosmetic emulsion bases were subjected to microscopic analysis using Image-
Pro Plus software. The results obtained were summarized in the form of histograms of the 
dependence of the values of average Sauter diameters on the concentration and type of oil phase. 
It has been found that for the mixture with almond oil, as the concentration of this oil phase 
increases, the value of the average Sauter diameter increases. For the production of emulsions 
with coconut oil and emulsions with grapeseed oil, the results do not allow a clear statement of the 
relationship between these parameters. It has also been shown that for the preparation of stable 
emulsions, the self-emulsifying base of apricot kernel oil performs much better. The addition of 
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The samples were also visually observed for 60 days to assess their stability and possible aging 
processes. No tarnish was observed on the surface of the samples, indicating the formation of 
mold, which can lead not only to poisoning, but also to the development of allergies, respiratory 
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One parameter characterizing the quality of gaseous fuel transported by a pipeline network 
from the place of extraction to consumers and being the basis for the classification of gaseous 
fuels is the heat of combustion. Calculation of this parameter is necessary for the correct transport 
of gaseous fuel through the network and for balancing the network and settling gas consumers. 
The heat of natural gas combustion is not constant over time and depends on the composition of 
natural gas introduced into the national gas pipeline network transporting gas to consumers. In 
2022, the main supply of the Polish gas pipeline network changed significantly (previously 
regasified LNG and Russian gas, and now regasified LNG and Norwegian gas), which results in the 
variability of the composition of natural gas at individual points of the network. A detailed analysis 
of the variability of natural gas composition depending on the place of origin and the load on the 
gas network in Poland and the possibilities of its forecasting using the MLP model was presented 
in [1]. It has been shown that the MLP model can be used to forecast the five most important 
components of natural gas depending on the selected calendar and weather factors, but the value 
of the forecast error of the content of a given component in the gaseous fuel depends on its 
component percentage in the gas mixture. 

The main research hypothesis of this paper is the possibility of using the feed-forward model 
of the MLP 18-yi-1 neural network to forecast the heat of natural gas combustion.  

The paper presents the results of natural gas heat of combustion forecasts obtained using 
various MLP models of the neural network. The training of the neural network models was carried 
out on the basis of 8760 real data items, presenting the hourly heat of natural gas combustion at 
one of the measurement points of this parameter in the pipeline network distributing gas in Poland. 
The model takes into account the influence of calendar factors (month, day of the month, day of 
the week and hour of the day) and weather factors (ambient temperature) on the amount of heat 
of natural gas combustion in a given location of the gas network. Many MLP 18-yi-1 models were 
trained, differing in the number of neurons in the hidden layer of the network and the activation 
functions of neurons in the hidden and output layers. The evaluation of the quality of the trained 
models and the selection of the model for forecasting the heat of natural gas combustion were 
made on the basis of the size of the correlation coefficient of the test set and the calculated MAPE 
error of the forecast. It was assumed that the best quality model is characterized by the highest 
correlation coefficient and the smallest MAPE forecast error. The trained MLP model can be used 
to forecast the value of heat of natural gas combustion at a given measurement point in the gas 
network for any day of the month and week, as well as ambient temperature and hour of day.  
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Over the past decade an increasing number of literature reports concerning the presence of 
various contaminants of emerging concern (CECs) such as pharmaceuticals (PhACs) in the aquatic 
environment can be observed. The consumption of PhACs has significantly increased in recent 
years. Low efficiency of their removal during sewage treatment results in the release of numerous 
PhACs into aquatic environment [1]. The uncontrolled release of CECs, even at very low 
concentrations (ng-µg level), pose a risk to public health, affect the photosynthesis of plants and 
promote the development of antibiotic resistant genes. The above shows that the presence of these 
substances in water results in severe ecological issues [1]. Among various PhACs there is 
ketoprofen (2-(3-benzoylphenyl)propionic acid), which is a representative of non-steroidal anti-
inflammatory drugs (NSAIDs) with analgesic and antipyretic effects. Ketoprofen was reported to 
create a high risk of gastrointestinal complications and potential cytotoxicity and genotoxicity at 
high concentrations of exposure [2]. 

Taking the above into consideration, there is an urgent necessity to develop efficient methods 
for elimination of PhACs from treated water. A promising solution to this problem is the application 
of photocatalytic membrane reactors (PMRs), i.e. hybrid systems coupling membrane separation 
and photocatalysis. The main role of a membrane in the PMR is retention of a photocatalyst, 
whereas during photocatalysis the organic contaminants are decomposed [2]. In the presented 
research a submerged photocatalytic membrane reactor (SPMR) equipped with ultrafiltration (UF) 
membrane (SPMR-UF) was investigated. In this configuration the treated solution is sucked through 
the membrane under a negative pressure and permeate is collected as a product, whereas the 
photocatalyst is retained by the membrane [2]. The objective of the research was the investigation 
on the removal of ketoprofen from water of various compositions (sea, brackish and surface water) 
during long term operation of the SPMR-UF system. 

The composition of feed matrices applied in the experiments was described elsewhere [2]. In 
brief, ketoprofen (10 mg/L) was added to an appropriate solution containing inorganic salts such 
as MgCl2·6H2O, CaCl2, Na2SO4, NaHCO3, KCl, NaCl and KBr in the case of sea water, MgCl2·6H2O, 
CaCl2, Na2SO4 and NaCl in the case of brackish water or humic acids (HA, 8 mgTOC/L) and inorganic 
salts (MgCl2·6H2O, CaCl2, Ca(NO3)2·4H2O, CaCO3, Na2SO4, NaHCO3, KHCO3) in the case of surface 
water. A commercially available AEROXIDE® TiO2 P25 (1 g/L) was used as the photocatalyst. A 
submerged membrane module containing 3 capillary hydrophilic UF PVDF membranes (ZeeWeed 
500M (FLO), SUEZ Water Technologies & Solutions, Belgium) with the nominal pore size of 0.04 μm 
(according to the manufacturer) was applied. The total effective outer membrane area was 
0.00615 m2. The installation was equipped with a labyrinth flow photoreactor irradiated with 6 UVA 
lamps (λmax =355 nm, UV radiation intensity: 150 W/m2). The suction pressure was –0.1 bar. The 
air flow rate was set at 14 NL/min. The temperature of the feed in the system was equal to 20±1 
°C. The process was operated in a continuous mode and permeate was continuously collected. 

Fig. 1 presents a comparison of changes of ketoprofen concentration in time with reference to 
feed type. The fastest degradation of ketoprofen in feed (Fig. 1a) occurred in brackish water. After 
only 3 h of the process, the pharmaceutical was decomposed by 93%. The slowest 
photodecomposition took place when sea water was used. In this case, the removal of ketoprofen 
after 3 h amounted to 82% only. During 100 h of the SPMR-UF operation the change of 
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concentration of ketoprofen in feed exhibited similar trend to that in permeate for all types of 
matrices. This confirms that the UF membrane does not reject low molecular organic compounds 
and its main role in the PMR systems is confinement of photocatalyst particles in the reaction 
medium.  

Fig. 1. Changes of ketoprofen concentration in feed (a) and permeate (b) during treatment of 
various feed matrices in the SPMR-UF 

Another important parameter is mineralization of organic compounds present in the feed, i.e. 
ketoprofen in the case of sea water and brackish water, or ketoprofen and HA in the case of surface 
water. The total effectiveness of treatment in the SPMR is affected by adsorption, photocatalysis 
and membrane separation. Since adsorption of ketoprofen on TiO2 was found to be very low, in the 
case of sea and brackish water this process did not play a significant role in the overall efficiency 
of removal of total organic carbon (TOC). In turn, for surface water, ca. 32% of TOC was removed by 
adsorption. Such a high adsorption rate in the overall removal of organic compounds may be related 
to the presence of calcium and magnesium ions, which formed bridges between humic acid 
molecules and photocatalyst particles [3]. After 24 h of the SPMR operation the total removal of 
TOC (calculated with reference to permeate composition) was 45, 53 and 58% for sea, surface and 
brackish water, respectively. These results could be related with the amount of salts present in the 
various feed matrices, which act as hydroxyl radical scavengers.  

The analysis of changes of permeate flux (J) in time revealed that no noticeable 
membrane fouling took place when sea and brackish water were used as the feed. The 
permeate flux was constant during 100 h of the SPMR-UF operation. However, in the case of 
surface water the flux was stable until 70 h of the process, and after that time a decrease in J 
value was observed. That decline can be explained by deposition of humic acids and TiO2 particles 
on the membrane surface which, together with the uncomplete mineralization, led to the 
observed deterioration of the permeate flux.  

The conducted research revealed that the proposed system was effective in removal 
of ketoprofen from all types of water. Moreover, the application of photocatalysis allowed to 
conduct the process at low fouling intensity, even in the presence of HA. 
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Adsorption is a technique for treating waste liquid streams with low pollutant concentrations, 
most often used for water treatment or liquid drying. Liquid streams are treated in a column plant 
that operates periodically in adsorption and thermal regeneration in a cyclic process called 
temperature swing adsorption (TSA). The adsorption stage usually takes place at room temperature 
on a fixed bed of adsorbent, such as activated carbon or zeolite. Then, the stages of thermal 
regeneration of the loaded bed and its cooling are carried out, usually combined with the recovery 
of the adsorbate. The lowest desorption temperature should be higher than the boiling point of 
adsorbate, and the highest one should not damage the adsorbent structure responsible for 
adsorption capacity. It is also important to estimate the duration of TSA steps so that the adsorption 
takes longer than others. 

In practice, granular zeolites are usually used, prepared by mixing zeolite crystallites (diameter 
~ 1 μm) with clay as a binder in the amount of 16-20%. Adsorbents prepared in this way are porous 
solids with both macropores and micropores. Macropores in the binder are wetted with a liquid 
mixture, and micropores in zeolite crystallites are capable of selective adsorption of water 
molecules and other compounds whose size is smaller than narrow structural cages [1]. 
Microporous crystalline aluminosilicates in zeolite are composed of SiO4 and AlO4 tetrahedra with 
O atoms connecting neighboring tetrahedra. As the Si/Al ratio of the framework increases, the 
zeolite hydrophobicity increases. Low-silica zeolites (such as 3A, 4A, 13X with Si/Al ratios of 1-3) 
are hydrophilic, whereas high-silica zeolites (such as ZSM-5) are hydrophobic with Si/Al ratios of 
10–100 (or higher). HiSiv-3000 (HS) is essentially a pure silica ZSM-5 zeolite with the Si/Al ratio in 
the order of thousands. Regardless of the tendency to hydrophobicity, each granular zeolite will be 
saturated in the macroporous structure with a liquid mixture also containing water. Regardless of 
Si/Al ratio fresh zeolites contain at least 1-2% of adsorbed water.  

From the economic point of view, the success of adsorption system application also depends 
on the possibility of carrying out an effective and low-energy regeneration of the adsorbent. This 
paper presents results of investigations focused on the role of water, co-adsorbed with main 
adsorbate in the adsorption and regeneration processes on biporous adsorbents differing in 
hydrophobicity. A hydrophilic isopropyl alcohol (IPA) as well as a hydrophobic ZSM-5 with the trade 
name HiSiv-3000 and hydrophilic 13X zeolites were selected for investigations. 

For testing the efficiency of the loaded adsorbent regeneration thermogravimetric analysis 
(TGA) and near-infrared diffuse reflectance spectroscopy (NIR/DRS) were selected. The TGA 
measurements provide information on the investigated sample mass change during its heating or 
cooling. Its analysis enables determining the temperature range of desorption process and 
boundary of adsorbent thermal stability, whereas DTG curve (the first derivative of mass loss with 
respect to temperature) is helpful for estimating the rate of adsorbate desorption. On the other 
hand, NIR/DRS spectroscopy is useful for detection and identification of the adsorbed particles in 
the loaded adsorbent and for following their interactions during adsorption or desorption. This 
research also used X-ray diffraction (XRD) as this measurement technique provides valuable 
information on the structure of adsorbents and their changes with the increase of temperature, 
enabling identification of the given type of adsorbent and estimation of boundaries of their thermal 
stability. 



292 Table of contents

Conducted investigations showed that detection and identification of IPA and water after 
adsorption on HS or 13X was possible using NIR/DRS spectroscopy (Fig. 1a). Moreover, the results 
of NIR/DRS (Fig. 1a) and DTG (Fig. 1b) investigations revealed that in all cases adsorption and 
desorption proceeded fast. The shifts of NIR bands in the range of 1900-2150 nm characteristic 
for IPA and H2O (Fig. 1a) indicate that after adsorption on hydrophobic HS interaction between of 
their particles leads to formation of hydrogen bonds. Contrary to that, adsorption of IPA and water 
on hydrophilic 13X zeolite affects only negligible positions of bands in this range (Fig. 1a). 

 The analysis of regeneration tests (Fig. 1b) enabled to read out the maximum temperatures 
on the DTG desorption curves at 100 °C for HS-IPA. and at 170 °C for 13X-IPA (Fig.1b). The 
temperature of a maximum observed on the DTG curve corresponding to the maximum adsorbate 
release rate appeared to be the temperature ensuring the most effective regeneration of the bed. 
Above this temperature, the process speed decreases significantly with the consequent increase 
in the duration of the desorption step [1, 2]. Detection of IPA by NIR spectroscopy even during 
regeneration tests (100–170 °C), indicates that this adsorbate does not decompose in the 
temperature ranges selected for the regeneration and can be desorbed and then recovered under 
such conditions. The shape of HS-IPA-H2O curve (Fig. 1b) seems to indicate that water and IPA are 
desorbed together in the form of dimers or more complex clusters. The three step 13X-IPA-H2O 
desorption curve (80 °C, 170 °C and 280 °C) suggests desorption of loosely bonded water at the 
begining , next IPA and finally strongly bonded water. 

(a) (b) (c) 
Fig. 1. (a) NIR/DRS spectra of pure IPA, 13X and HS zeolites, and these zeolites after adsorption of IPA, (b) 
DTG curves recorded after adsorption of IPA on 13X or HS zeolites, (c) diffraction patterns of 13X and HS 

zeolites and products of their heat treatment at 900 or 1100⁰C, respectively 

At the same time, based on the results of XRD investigations (Fig. 1c) it was found that HS and 
13X zeolites are stable and can be regenerated in the air at least in the temperature of 1000 °C 
and 800 °C, respectively. Above these temperatures HS starts to decompose to cristobalite, and 
13X to nepheline.  

In the light of our previous [1, 2] and current studies, it can be suggested that the maxima in 
the DTG curves indicate the optimal regeneration temperatures of the loaded adsorbents. Under 
these conditions, the process is the fastest and the duration of the stage is as short as possible. It 
may result in ensuring the continuity of operation of the TSA installation without increasing the 
number of adsorbent beds. Appropriate selection of desorption temperature conditions allows for 
effective regeneration of the loaded fixed bed, ensuring the stability of the adsorbate and durability 
of the adsorbent structure, thus leading to the optimal time and costs of process. 
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At the same time, based on the results of XRD investigations (Fig. 1c) it was found that HS and 
13X zeolites are stable and can be regenerated in the air at least in the temperature of 1000 °C 
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In the light of our previous [1, 2] and current studies, it can be suggested that the maxima in 
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Research was carried out on the development of a new technology in the form of an optimal 
and effective technology for purification of phosphoric (V) acid contaminated with multivalent metal 
cations, including cadmium ions and technology for the production of new liquid fertilizers 
containing phosphorus compounds with the use of purified phosphoric acid. 

New technologies use phosphoric (V) acid manufactured by extraction method from raw 
materials of sedimentary origin. Such an acid intended for further processing into solid and liquid 
fertilizers or feed and food phosphates should be characterized by a certain degree of purity. The 
use of extractive phosphoric acid to obtain ammonium polyphosphate requires prior removal of 
heavy metal ions and aluminium, iron and magnesium ions, because their too high content hinders 
the process of acid concentration and polycondensation and contributes to the formation of so-
called secondary sediment in fertilizer products [1–3]. 

In the course of the study, methods available only in other industrial processes and for purifying 
process streams other than phosphoric (V) acid were verified. So far, there has been no solution 
for purifying phosphoric (V) acid on an industrial scale in the fertilizer industry, and single 
techniques function for the purpose of purifying phosphoric acid for food use. The method for 
purifying phosphoric (V) acid consists of two main stages – preliminary purification and deep 
purification. The possibility of carrying out deep purification with the use of one of the methods 
selected taking into account the characteristics of the removed impurities was investigated. As part 
of the project, one of the possible methods was selected for use on a pilot scale: electrolytic 
separation of metals from post-production solutions by means of electrolysis with controlled 
potential [4], acid purification studies with the use of methods based on co-precipitation and ion 
exchange method. 

As part of the work, research was carried out on concentrating extractive phosphoric (V) acid 
do polyphosphoric (V) acid and ammonization to obtain ammonium polyphosphate (V). 
Concentration of the acid to >70% by weight of P2O5 and polycondensation can be carried out in 
various ways – using vacuum concentration, electrothermal concentration and using the heat of 
flue gases. The choice of the method for acid concentration and polycondensation by the project 
team was made taking into account the availability of media and technological conditions of the 
process. The results obtained in the study of the influence of selected parameters on the content 
of various phosphorous forms in the acid confirmed that acid purity is important for the content of 
polyphosphates (V) in the condensation products. 

As part of the research, an analysis of the durability of fertilizers based on ammonium 
polyphosphate (V) over time was carried out, depending on the storage conditions of prototypes of 
liquid fertilizers containing APP. Based on the obtained results, guidelines for storage of fertilizer 
solutions containing APP were developed. 

The specificity of the research project required the development of a methodology and a pot 
study to evaluate the effectiveness of ammonium polyphosphate(V) (APP) as an alternative source 
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of phosphorus. The agricultural usefulness of the new liquid nitrogen-phosphorus fertilizers was 
tested in spring wheat, white mustard and corn crops, and their effectiveness was compared to 
standard fertilizers, i.e. superphosphate, ammonium phosphate and ammonium nitrate. 
Subsequently, field tests were carried out during two full crop growing seasons to verify the 
agricultural efficiency of new fertilizer products with optimal compositions, selected on the basis of 
results obtained in earlier phases of the study, against single nitrogen and phosphorus fertilizers. 
NP and NP fertilizers with additives in optimal composition and single fertilizers were tested on soil 
moderately rich in bioavailable forms of phosphorus. Winter rapeseed, corn, winter wheat and 
potato were used as test crops.  

The research work also included a study of the physicochemical properties of the new fertilizer 
formulations developed using ammonium polyphosphate(V), which included the selection of 
appropriate formulations and compositions of liquid fertilizers with APP and other fertilizer 
components, as well as the development of methodology and microbiological studies of the soil. 
The microbiological studies evaluated the effect of varying nitrogen and phosphorus fertilization on 
the abundance and diversity of microorganisms and the activity of selected soil enzymes in the 
cultivation of winter rapeseed, winter wheat, potato and corn. 

The obtained results of the study were used to develop a technological method for the 
purification of extractive phosphoric (V) acid for implementation on a pilot scale. 

The work was carried out within the framework of the project POIR.01.01.01-00-0476/18. The 
project was co-financed by the European Union with funds from the European Regional 
Development Fund under the Intelligent Development Operational Program 2014-2020. The 
project was carried out within the framework of the National Center for Research and Development 
"Fast Track" competition. 
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The rise in energy prices has led to an increase in the popularity of renewable energy sources, 
including heat pumps. The operating principles of heat pumps are relatively well understood. 
However, in the case of ground-source heat pumps, research related to the performance analysis 
and selection of ground heat exchangers as a heat source for a heating system is insufficient. 
Therefore, more research has been undertaken into the configuration, placement and operation of 
one of the more interesting ground heat exchangers, the slinky coil heat exchanger [1]. Its 
popularity comes from its compact design, which results in reduction of a required area and lower 
investment costs compared to other types of heat exchangers. 

CFD modeling and simulations have been used as research tools. However, in order for such 
a model to be adequate, the obtained simulation results have been validated against the test 
results of the real heat exchanger. 

The experimental stand was located in the municipality of Jordanów in the Małopolska 
voivodeship. The stand consisted of a horizontal ground exchanger of the slinky coil type and of 
hydraulic, heating and control-measuring equipment. A schematic diagram of the stand is 
presented in Fig. 1. The exchanger consisting of a single coil was installed in the ground at a depth 
of 0.5 m. In order to measure the ground temperature, four lines of temperature sensors consisting 
of 13 sensors per line were installed from a depth of 1 m to the ground surface. The first line was 
installed in the axis of the exchanger, the next two lines at opposite sides of the diameter of the 
coil and the last one at a distance of 4.5 m providing measurements of undisturbed ground 
temperature. 

 
Fig. 1. Schematic diagram of the stand 

The measurements were carried out between 5.12.2017 and 7.12.2017. The experiment 
consisted of continuously heating the ground with water at 55 ºC for 72 hours. During the 
experiment, the following process parameters were measured: temperature in the ground and at 
the ground surface, temperature changes at the inlet and outlet of the exchanger and mass flux of 
the fluid flowing through the exchanger. 
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CFD modeling and simulations were carried out in the CFX Flow software, which is a part of the 
Ansys package. For this purpose, the geometry of the exchanger was recreated together with the 
surrounding soil. The measured initial temperature of the ground was used as the initial conditions. 
The boundary conditions of the model included the temperature of the ground surface, the 
temperature of the exchanger feed water, and the volume flow of the exchanger feed water. 

The basis for the validation of the CFD model was a comparison of the selected temperature 
profiles and the heat delivered to the ground. The comparisons were made between: the 
temperature at the heat exchanger outlet obtained in the real process and the simulation results 
(Fig. 2 ), the measured ground temperature changes during the experiment with those obtained 
during simulation (Fig. 3), and the amount of heat delivered to the ground in the experiment with 
the value obtained in the simulation (in poster). 

Fig. 2. Comparison of the temperature of the medium at the outlet of the heat exchanger 

Fig. 3. Comparison of temperature changes in the ground at different depths (color-coded in the legend), on 
line 3 - in the axis of the heat exchanger; measurements, CFD simulations 

Analyzing the performed comparisons, the following conclusions can be formulated: 1) by using 
CFD modeling, the conditions and results of the ground heat exchanger operation can be 
realistically represented, 2) CFD modeling allows to analyze the transient states of the ground heat 
exchanger operation, 3) using CFD calculations it is possible to determine the temperature values 
at any point of the ground geometry, which can be useful for selecting operating parameters for the 
heat exchanger under unfavorable conditions, 4) the results of the CFD simulations allow to 
determine changes in the thermal power extracted from the ground and provide information for the 
evaluation of the temporary COP coefficient. In the authors’ opinion, the validation of the CFD model 
using the results of the experiments on the real heat exchanger has been successful. 
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Presently, significant research focus is being placed on the application of membrane 
technology for separation of value-added products from post-fermentation solutions. However, the 
fouling phenomenon is a major challenge to membrane-based separation processes. Undoubtedly, 
it has a negative impact on process performance, especially in a long term. Indeed, it leads to a 
permeate flux decline and, consequently, to increased operating costs. The current knowledge on 
fouling demonstrates that it is a very complex issue affected by many interrelated parameters, that 
can be categorized into the following groups: membrane parameters, process conditions and feed 
characteristics [1, 2].  

In the literature, it has been widely established that to determine dominant fouling mechanism 
during pressure-driven membrane process, the Hermia’s model can be applied. The above-
mentioned model is expressed by the following equation [3]:  

 𝑑𝑑𝑑𝑑2𝑡𝑡𝑡𝑡
𝑑𝑑𝑑𝑑𝑉𝑉𝑉𝑉2

= 𝑘𝑘𝑘𝑘 �𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡
𝑑𝑑𝑑𝑑𝑉𝑉𝑉𝑉
�
𝑛𝑛𝑛𝑛

 (1) 

where t is the filtration process time, V is the permeate volume, k is constant and n is the 
characteristic exponent depending on the fouling mechanism, which includes: cake formation (n = 
0), intermediate blocking (n = 1.0), standard blocking (n = 1.5) and complete blocking (n = 2.0) 
(Table 1).  

Table 1. Fouling Mechanisms Based on the Hermia’s Model 

Fouling 
mechanism n Physical concept Schematic 

diagram 

Cake 
formation 0 Deposit formation on the 

membrane surface  

Intermediate 
blocking 1.0 Pore blocking and surface 

deposition  

Standard 
blocking 1.5 Pore constriction  

Complete 
blocking 2.0 Pore blocking 

 
 
To the best of the authors’ knowledge, the current study is the first one to present the 

application of the Hermia’s model to identify and analyse the fouling mechanism of the 
microfiltration (MF), ultrafiltration (UF) and nanofiltration (NF) membranes (Table 2) used for the 
separation of 1,3-propanediol (1,3-PD) fermentation broths obtained via bioconversion of glycerol. 
For this purpose, the fitness of the experimentally obtained data with the above-presented fouling 
mechanisms was determined by comparing the determination coefficients (R2), Sum of Squares 
Errors (SSE) and Root Mean Squared Error (RMSE). 
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Table 2. Characteristics of Membranes Used in the Present Study 

Membrane Manufacturer Material Nominal pore size [µm]  
or molecular weight cut-off [kDa] 

Active 
area [m2] 

MF TAMI Industries ZrO2 0.14 µm 0.OO38 

UF fine TAMI Industries TiO2 450 Da 0.0047 

NF DOW-Filmtec polyamide 200-300 Da 0.0150 

 
The fermentation broths used in the present study were highly complex solutions, consisting 

of: 1,3-PD (the main product), mono-carboxylic acids (lactic, acetic and formic acids), dicarboxylic 
acid (succinic acid), ethanol as well as residue of the microbial medium and Citrobacter freundii 
bacteria. The pressure-driven membrane process was conducted under controlled operational 
parameters (temperature of 303 K, TMP in the range from 0.02 to 1.4 MPa). Worthy of note, prior 
to the NF process, the fermentation broths were pre-treated by the MF process. 

It should be pointed out that the MF process allowed to eliminate colloidal particles from the 
feed. In turn, the UF membrane effectively retained bacteria cells. Finally, the NF process ensured 
complete 1,3-PD permeability and significant rejection of some broth components. Nevertheless, 
as expected, a significant decrease in permeate flux during the processes was noted (Fig. 1).  

Results of thoroughly performed analysis using the Hermia’s model have shown that various 
fouling mechanisms led to permeate decline. During the MF process, membrane blocking occurred 
in two separate phases, involving standard blocking and then, a cake layer formation. In turn, with 
regards to UF and NF membranes, cake formation played the major role. The above-indicated 
difference in the main fouling mechanisms can be attributed to differences in the pore sizes of the 
membranes used. Indeed, the MF membrane was characterized by the significantly larger pore size 
than UF and NF membranes, hence, it was more prone to internal blocking.  

 
Fig. 1. Changes of permeate flux during MF, UF and NF processes. Feed: 1,3-PD fermentation broths 

Results obtained in the current study have clearly demonstrated that the Hermia’s model can 
be effectively applied for determination of the fouling mechanism during separation of fermentation 
broths by MF, UF and NF processes. To be complete, it should be indicated that the presented 
results may be used for implementation of strategies to maintain a high level of membrane process 
performance. 
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Pathways of secondary metabolism provide a prolific array of bioactive compounds responsible 
for plant adaptation to living in a given ecosystem niche. The bioactivity of extracellularly secreted 
plant secondary metabolites implicates the vast potential of their practical and prospective 
applications as pharmaceutical or cosmetic ingredients, food additives, or agricultural biochemicals 
[1]. Due to low concentrations of secondary metabolites typically occurring in plant biomass 
harvested from naturally available resources, the commercial feasibility of their industrial 
manufacturing is often limited [2]. However, modern biotechnological and bioengineering 
techniques may intensify the production efficiency of pharmaceutically relevant metabolites [3].  

Nowadays, the solution for most problems related to plant biomass harvesting as feedstock 
for secondary metabolites production comes with in vitro bioprocessing of hairy roots [4]. Due to 
the possibility of growth in a hormone-free culture media and the specific phenotype of the 
transgenic roots, this specific plant biomass fits well with industrial applications and can be 
successfully cultured in bioreactors [5]. In the literature, much attention is dedicated to in situ 
techniques applied for bioproduct separation by the accumulation of metabolites in additional 
liquid phase or solid phase scaffolds [6].  

The aim of this study was to investigate the influence of xerogels functionalized independently 
with four various chemical groups: methyl (-CH3), hydroxyl (-OH), carboxylic (-COOH), and amine (-
NH2), on proliferation and naphthoquinones production in cultures of Rindera graeca transgenic 
roots. Biomass was maintained for 28 days in five independent systems, i.e. biomass cultured 
without any xerogel (as reference) and biomass cultured with disintegrated xerogels containing: -
CH3, -OH, -COOH and -NH2 groups. The increase in fresh biomass and yield of naphthoquinones 
(rinderol and deoxyshikonin) per dry biomass weight was quantitatively determined.  

1 g of disintegrated xerogels containing -CH3, -OH, -COOH, or -NH2 groups was separately 
placed in 250 cm3 Erlenmeyer flasks containing 50 cm3 of hormone-free DCR medium. Next, all 
systems were inoculated with 1 g of 28-day R. graeca transgenic roots. All cultures were incubated 
at 24°C in the dark for 28 days on the oscillatory shaker at 105 rpm.  

The proliferation of R. graeca hairy roots was identified by the fresh biomass (FB28) increase 
values determined as:  

 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹28 = 𝑚𝑚𝑚𝑚28 𝑚𝑚𝑚𝑚0
−1 [-] (1) 

where m28 is fresh biomass weight on the 28th day of culture, and m0 is biomass inoculum weight.  
The yield of naphthoquinones per dry biomass weight (YP/X), defined as the total mass of 

naphthoquinones (mP) produced by 1.0 g of dry biomass of hairy roots, was determined as:  

 𝑌𝑌𝑌𝑌𝑃𝑃𝑃𝑃/𝑋𝑋𝑋𝑋 = 𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝 (𝑚𝑚𝑚𝑚𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
28 − 𝑚𝑚𝑚𝑚𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

0)−1  [µg gDW-1] (2) 

where mDB28 is the dry biomass weight on the 28th day of culture, and mDB0 is the dry biomass weight 
of the inoculum.  
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The values of FB28 determined for R. graeca hairy roots proliferated with functionalized 
xerogels containing various chemical groups are compared in Fig. 1A. The highest value of FB28 was 
noted for the culture supported with xerogel containing -CH3 groups. Also, the FB28 value 
determined for the xerogel containing -OH groups was higher than the FB28 value noted for 
reference culture. For disintegrated xerogels containing -C00H and -NH2 groups, the FB28 values 
were smaller than 1, which indicates dying of transgenic roots in these culture systems.  

 
Fig. 1. The values of FB28 (A) and YP/X (B) characterized in vitro proliferation of R. graeca hairy roots  

in the reference system and systems supported with disintegrated functionalized xerogels  

The highest value of YP/X (Fig. 1B.) was noted for the system supported with disintegrated 
xerogel functionalized with -CH3 groups, and in extracts obtained from this xerogel, both rinderol 
and deoxyshikonin were observed. In the case of the disintegrated xerogel containing -OH groups, 
only rinderol was detected in extracts, and the YP/X value for this xerogel was 3.5 times smaller than 
the YP/X value for disintegrated xerogel containing -CH3 groups. According to the lack of 
naphthoquinones detection for the reference system and disintegrated xerogels containing -C00H 
and -NH2 groups, values of YP/X were equal to 0 µg gDW−1.  

In conclusion, the supporting culture system with disintegrated functionalized xerogel 
containing -CH3 groups provided the most suitable conditions to promote biomass proliferation and 
naphthoquinones production by R. graeca transgenic roots. This effect is probably caused by high 
biocompatibility of xerogel functionalized with -CH3 groups and its affinity to naphthoquinones.  
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The use of microwave heating in adsorption processes is still limited to small size applicators. 
Placing an electromagnetic wave emitter in the axis of a cylindrical applicator allows to use metal 
adsorption columns and to enlarge the scale of the apparatus in the axial direction. However, the 
depth of microwave penetration into the adsorbent bed defines the final size of the apparatus. In 
the case of carbonaceous adsorbents, the energy of waves with a frequency of 2.45 GHz is 
dissipated at a depth of several centimeters. The configuration of the column with an axial emitter 
can still be used in the regeneration of adsorption filters, ACF (activated carbon fiber) cartridges or 
batteries of filters. 

The subject of this experimental and theoretical research was the microwave regeneration of 
a carbonaceous adsorbent bed (0.1 m high) in a cylindrical column with an internal diameter of 
0.047 m and a height of 0.25 m (Fig. 1). The space between the antenna and the column wall was 
filled with granulated activated carbon BPL 4x6 (Calgon Carbon Corporation, USA). In the 
adsorption-desorption cycles of the TSA (Temperature Swing Adsorption) process, a polar 
compound - propan-2-ol and a nonpolar - toluene were used as VOC (Volatile Organic compound).  

Before the actual adsorption-regeneration tests, the characteristics of the internal heat source 
capacity were determined using the calorimetric method in the applied range of magnetron current 
settings. During desorption, a small stream of nitrogen (0.1 - 0.2 m3/h) was directed to the column 
through the upper inlet, in the opposite direction to the flow of the air-VOC mixture in the adsorption 
step.  

 
Fig. 1. Scheme of the adsorption column: 1 – cylindrical column, 2 – emitter, 3 – waveguide, 4 – adsorbent 

bed, 5 – Teflon, perforated shelves, 6 – inlet, 7 – outlet 
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The bed temperature was measured at three heights using fluoro-optic probes (Luxtron, USA). 
The gas temperature was recorded at the inlet and outlet of the column and the concentration of 
the component in the gas phase in the outlet stream was chromatographically determined. 

A two-dimensional mathematical model of microwave desorption was formulated, assuming 
LDF (Linear Driving Force) approximation for the mass transport rate in the solid phase. The 
adsorption equilibrium of toluene and propan-2-ol on BPL activated carbon was described by the 
multi-temperature Toth isotherm equation. The term of the volumetric heat source in the energy 
balance equation was estimated for cylindrical geometry according to the Lambert-Beer law for 
microwave power decay in the material. The superposition of the emitted wave, the wave reflected 
from the column wall and the wave reflected from the emitter were taken into account. The effective 
values of dielectric parameters were calculated for the adsorbent loaded with a specific VOC 
concentration at a given temperature. 

The mathematical model, taking into account the appropriate initial and boundary conditions, 
was solved using the numerical method of lines. Concentration and temperature breakthrough 
curves were obtained for a given value of electric field strength, flux density and washing gas 
temperature.  

In the carbonaceous adsorbent bed, the radial damping effect of the wave caused a more than 
five-fold decrease in the value of the electric field strength at the column wall. The desorption 
process was most efficient for the propan-2-ol–activated carbon BPL system. In this case, high 
concentrations of the component in the gas phase at the outlet from the column, at high bed 
temperatures were observed. The desorption of toluene from BPL activated carbon was still feasible 
because heat was generated in the adsorbent throughout the process. It was not as intense as in 
the case of the propan-2-ol–BPL system, but effective enough to remove the compound from the 
bed.  

The effects of the axial and radial distribution of the electric field strength correlated well with 
the measured and simulated temperature distribution in the adsorbent bed. For both studied 
adsorption systems, the mathematical model reproduced with quite good accuracy the course of 
concentration and temperature breakthrough curves as well as changes in the average 
concentration of the component in the solid phase during microwave regeneration of the adsorbent. 
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The bed temperature was measured at three heights using fluoro-optic probes (Luxtron, USA).
The gas temperature was recorded at the inlet and outlet of the column and the concentration of
the component in the gas phase in the outlet stream was chromatographically determined.

A two-dimensional mathematical model of microwave desorption was formulated, assuming
LDF (Linear Driving Force) approximation for the mass transport rate in the solid phase. The
adsorption equilibrium of toluene and propan-2-ol on BPL activated carbon was described by the
multi-temperature Toth isotherm equation. The term of the volumetric heat source in the energy
balance equation was estimated for cylindrical geometry according to the Lambert-Beer law for
microwave power decay in the material. The superposition of the emitted wave, the wave reflected
from the column wall and the wave reflected from the emitter were taken into account. The effective
values of dielectric parameters were calculated for the adsorbent loaded with a specific VOC
concentration at a given temperature.

The mathematical model, taking into account the appropriate initial and boundary conditions,
was solved using the numerical method of lines. Concentration and temperature breakthrough
curves were obtained for a given value of electric field strength, flux density and washing gas
temperature.

In the carbonaceous adsorbent bed, the radial damping effect of the wave caused a more than
five-fold decrease in the value of the electric field strength at the column wall. The desorption
process was most efficient for the propan-2-ol–activated carbon BPL system. In this case, high
concentrations of the component in the gas phase at the outlet from the column, at high bed
temperatures were observed. The desorption of toluene from BPL activated carbon was still feasible
because heat was generated in the adsorbent throughout the process. It was not as intense as in
the case of the propan-2-ol–BPL system, but effective enough to remove the compound from the
bed.

The effects of the axial and radial distribution of the electric field strength correlated well with
the measured and simulated temperature distribution in the adsorbent bed. For both studied
adsorption systems, the mathematical model reproduced with quite good accuracy the course of
concentration and temperature breakthrough curves as well as changes in the average
concentration of the component in the solid phase during microwave regeneration of the adsorbent.
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Atomizers are some of the most important elements in many industrial processes. The 
construction of an atomizer has a direct impact on its effectiveness and efficiency. Over the last 
few decades, there have been significant changes in their design, which have improved their 
performance and reliability. The modifications include the dimensions of the outlet [1], the ratio of 
the diameter of the atomizer’s chamber to the diameter of the outlet, the ratio of the length of the 
outlet to its diameter [2], and the number, geometry and shape of the inserts [3, 4]. Development 
regarding this matter will continue in order to meet the growing demands of the market. 

The purpose of swirl inserts in atomizers is to increase energy and to homogenize the sprayed 
medium. These inserts create micro-turbulences that break up the liquid into smaller droplets, in 
turn allowing for better distribution of the medium at the spraying point. The shape and positioning 
of the swirl inserts vary with regards to the model of the atomizer and the type of medium to be 
sprayed. Depending on the individual needs and requirements of a given application, inserts can 
also have different sizes and configurations. 

Fig. 1. The chamber of an atomizer with insert set No. 1: a) cross-section, b) bottom view 

Fig. 2. The chamber of an atomizer with insert set No. 2: a) cross-section, b) bottom view 
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Fig. 3. The chamber of an atomizer with insert set No. 3: a) cross-section, b) bottom view 

The aim of the research was to analyze the impact of the presence of the insert, as well as its 
construction, on flow resistance and spray angle. Pressure-swirl atomizers with a conical bottom 
and a cylindrical outlet with a diameter of 𝑑𝑑𝑑𝑑0 = 2,5 ∙ 10−3 m w er e des igned. The  gen eral 
construction and dimensions of the atomizers were the same in each case. They only differed in 
terms of the shape of the swirl insert. Three different insert designs were used, as shown in Figures 
1-3. Tests were carried out for the volumetric flow rate of tap water �̇�𝑉𝑉𝑉𝑤𝑤𝑤𝑤 ranging from 2,78 ∙  10−6

�m
3

s
�  to 2,78 ∙  10−5  �m

3

s
� , and the volumetric flow rate of air �̇�𝑉𝑉𝑉𝑎𝑎𝑎𝑎  ranging from

1,39 ∙ 10−4 �m
3

s
� to 5,56 ∙ 10−4 �m

3

s
� in a temperature of 20°C. 

Pressure drops for atomizers with an insert are greater than in the case of empty atomizers. 
With an increase in the volumetric flow rate of liquid and gas, there is also an increase in pressure 
drops. The highest values of pressure drops in atomizers with inserts were obtained for the atomizer 
with insert set No. 1, while the smallest pressure drops were obtained for the atomizer with insert 
set No. 3. The pressure drops for the atomizer with insert set No. 2 were lower than for the atomizer 
with insert set No. 1, but higher than those obtained by the atomizer with insert set No. 3. For 
example, for �̇�𝑉𝑉𝑉𝑤𝑤𝑤𝑤 = 2,78 ∙  10−5 �m

3

s
� and �̇�𝑉𝑉𝑉𝑎𝑎𝑎𝑎  = 4,17 ∙ 10−4 �m

3

s
�, the following pressure drops were 

obtained: 𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥 = 110000 Pa (empty atomizer), 𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥 = 116000 Pa (atomizer with insert set No. 1), 
𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥 = 114000 Pa (atomizer with filling No. 2), 𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥 = 111000 Pa (atomizer with insert set No. 3). 
The largest spray angles were obtained for the atomizer with insert set No. 2, with the largest value 
being approx. θ = 40⁰. It was achieved for the gas flow rate of �̇�𝑉𝑉𝑉𝑔𝑔𝑔𝑔 = 2,78 ∙ 10−4  �𝑚𝑚𝑚𝑚

3

𝑠𝑠𝑠𝑠
�. 

The atomizer with insert set No. 1 had slightly smaller spray angles than the atomizer with 
insert set No. 2. The spray angles of the atomizer with insert set No.3 were the smallest out of all 
the atomizers with the inserts. The smallest values of the spray angle were obtained for the empty 
atomizer. When analyzing the obtained results, it can be concluded that there are slight differences 
in the values of pressure drops and spray angles when using particular types of inserts. The most 
favorable atomization results, i.e. the largest angles, were obtained for the atomizer with insert set 
No. 2. 
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Unsteady mixing is one of the methods to improve mixing in an unbaffled vessel. It could be 
conducted in several ways, e.g. as circumferential motion of impeller [1, 2] or unsteady rotation of 
the impeller [3, 4]. The studies carried out so far focused on mixing of Newtonian or non-Newtonian 
fluids and gas-liquid systems. Results indicate that unsteady mixing decreases mixing time in 
viscous systems, increases shear rate in impeller region and increases mass transfer.  

Roy and Acharya [5] performed simulation analysis (LES method) of unsteady mixing and 
showed that for radial impeller an increase in axial flow was observed. Explanation of this effect is 
related to a jet-stream which during deceleration of the impeller weakens radial stream and 
enhances axial orientation of the mainstream. Results obtained by Tezura et al. [6] also show 
increase of axial mixing in the region below the impeller. The increase in axial mixing and pumping 
capacity is approximately 13% for unsteady forward-reverse mixing and between 3% and 56% for 
unsteady mixing with constant direction of rotation. It suggests that unsteady mixing could be used 
to improve solid-liquid mixing by enhancing axial flow specially for radial impellers. There is no data 
for axial impellers. That in why the aim of this work was to evaluate axial flow in a stirred vessel by 
investigation of axial thrust using the method proposed by Fort et al. [7]. The axial thrust was 
determined by the gravimetric method. It usually is presented as an axial thrust number Th or 
momentum number Mo. 

 𝑇𝑇𝑇𝑇ℎ = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 𝐹𝐹𝐹𝐹𝑎𝑎𝑎𝑎
𝑁𝑁𝑁𝑁2𝐷𝐷𝐷𝐷4𝜌𝜌𝜌𝜌

 (1) 

where Fa is axial force. Momentum number is independent of Reynolds number and Keulegan-
Carpenter number (KC=f/Nmax) if Re>10000 and KC>15. 

Experiments were performed in an unbaffled vessel with unsteady rotating impellers. The 
characteristic of unsteady motion was triangular [8] as described by Eq. (1). 

 𝑁𝑁𝑁𝑁 = 8
𝜋𝜋𝜋𝜋2
𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 �𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋) − 1

9
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(6𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋) + 1

25
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(10𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋)� (2) 

As unsteady motion the triangle characteristic of impeller speed was used for period about 4, 6 and 
8 s and oscillation frequency f=0.115Hz, 0.23 Hz and 0.46 Hz. Three various impellers, mounted 
axially, were used: A315, SC-3, HE-3. Diameter of impellers D to vessel diameter T was T/D=3. 
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Mo Fl Mo Fl 
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The test results indicate that during unsteady mixing, an increase in the value of the axial force is 
observed. Table 1 presents Mo values for unsteady and standard mixing. 
 

 
Fig. 1. Relation between momentum number Mo and Keulegan-Carpenter number KC 

For unsteady mixing, an increase in the axial force is observed. The largest increase in the axial 
force was noted for the A315 and HE-3 impellers. In the case of the A315 impeller, the axial force 
is greater by 35-55%, while for the HE-3, its increase ranges from 53% to 54%. Using Eq. (3) flow 
number Fl (Fl=Q/ND3) was calculated for all impellers and compared with flow number for standard, 
unidirectional mixing (Table 1). Results indicate an increase in flow number for unsteady mixing. 
For A315 impeller flow number increased about 50%, while for HE-3 about 34% and SC-3 about 
6%.  

Results of this research show that unsteady mixing is a good alternative to standard mixing. 
Increase in axial mixing and pumping capacity is observed in comparison to standard mixing. It 
suggests it can be used in mixing of solid-liquid systems but further investigations are needed. 
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Research is being conducted to develop a technology for the production of new liquid fertilizers 
containing nitrogen compounds enriched with functional mineral and microbiological additives. The 
subject of the research is a response to the challenge of developing liquid fertilizers, which, as a 
supplement to the offer of granulated products of Grupa Azoty Zakłady Chemiczne "Police" S.A., will 
be used for foliar or soil feeding of plants exposed to physiological stress. The innovative 
composition of functional additives of the solution will make it possible to fill the identified 
technological gaps in the field of products increasing plant productivity and their resistance to 
adverse environmental conditions. 

In the course of the research, the methods of producing the base fertilizer formula containing, 
apart from nitrogen compounds, silicon compounds and selected microelements were verified. 
Substances that are carriers of elements desirable from the agricultural point of view were selected. 
Technological parameters of the fertilizer solution production process were examined, including 
rheological parameters and physical form (turbidity) depending on the percentage of additives. The 
project analysed the chemical and physical stability of the prototypes over time under simulated 
different storage conditions (including temperature, insolation). Based on the obtained results, 
guidelines for the storage of new fertilizer solutions were developed. 

As part of the work, research was carried out on the selection and methods of introducing 
microbiological components to the base fertilizer solution with mineral additives. The results of this 
part of the research in the project will make it possible to determine the impact of individual 
fertilizer components and their content on the effectiveness of microbiological additives and the 
selection of the most effective fertilizer composition. 

Within the scope of project research, work was also carried out on the use of urease-inhibiting 
additives in the production of fertilizers, their stability during storage of fertilizer prototypes and the 
possibility of obtaining pro-environmental functionality in the form of reducing gaseous emissions 
of nitrogen derivatives. The research was carried out both in strictly controlled incubation conditions 
(laboratory), as well as in the scale of agricultural experiment on objects with specific soil conditions 
in maize cultivation. 

The specificity of the research project required the development of a methodology and 
conducting agricultural tests to assess the effectiveness of new nitrogen fertilizers with functional 
additives. Agricultural usefulness of new, liquid fertilizers is tested during three full growing seasons 
in the cultivation of winter wheat, rape, corn and selected horticultural plants. The effectiveness of 
application of new products is compared with the results obtained using standard agricultural 
practice. Field tests are conducted to determine the content of individual components in new 
fertilizing products, selected on the basis of the results obtained in the earlier stages of research, 
in order to obtain optimal agricultural effects. An important element of this part of the work is the 
study of the impact of the use of new fertilizers on the physical parameters of plants, which 
determine their condition in situations of exposure to unfavourable meteorological phenomena 
(droughts, heavy downpours) or to threats from pathogens and pests. 

The obtained research results will be used in the work on refining the technology for producing 
new liquid fertilizers with functional additives on a pilot scale. 
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The search for functional polymers in the natural environment is one of the global trends 
nowadays. Pectin belongs to the group of these compounds and is used in industry due to its 
emulating and thickening properties. On the industrial scale, pectin is recovered from apple 
pomace, which is a waste from the production of concentrated apple juice. Separation of pectin 
from plant tissues is complicated but not impossible. Currently used technology is a multi-stage 
procedure including evaporation methods to concentrate the extract obtained from the apple 
pomace. Such techniques are considered to be the most emissive and energy-demanding, which 
opposes the global environmental law rules [1]. 

An alternative to thermal concentration techniques may be the use of membrane separation 
methods, in particular forward osmosis techniques (FO). In FO, solvent transport is caused by the 
difference in the osmotic pressures of solutions on both sides of the semi-permeable membrane. 
Two solutions are involved in the FO process: a feed solution (FS), which is concentrated, and a 
draw solution (DS), which is diluted [2]. 

Based on the previous study it was claimed that the aqueous pectin solution can be effectively 
concentrated using the FO technique [3]. However, the process still needs investigation of the best 
process condition to reveal its application potential. 

The aim of the study was to prepare a mathematical description of the process of 
concentration of an aqueous pectin solution by FO. The model was used to determine optimal 
process conditions. 49 processes of one-component pectin solution concentration using FO were 
conducted. Experiments were planned according to Box-Behnken experimental design for 5 factors, 
each on 3 levels [4]. Selected independent variables are presented in Table 1. 

Table 1. Considered process parameters 

Factor Process parameter Unit 
Noncoded values of a factor level 

-1 0 1 
A type of salt in DS - CaCl2 NaCl MgCl2 
B media flow rate [dm3∙h-1] 20 25 30 
C initial volume of DS [cm3] 100 300 500 
D initial concentration of pectin in FS [g∙dm-3] 1 2 3 
E initial concentration of salt in DS [mol∙dm-3] 2 3 4 
 

The proposed mathematical model consisted of a system of algebraic equations determined by 
fitting the full quadratic equation to experimental data using the multiple linear regression method 
(MLR). The dependent variables were water flux transported through the membrane (Jw), reverse 
salt flux (RSF) and FS concentration factor (CF) after the concentration process. The equations 
included linear, interaction and quadratic terms of each independent variable. In order to reduce 
the complexity of the mathematical model, not statistically significant terms were removed 
according to the results of the analysis of variance (ANOVA) (p-value<0.001). The value of the 
adjusted coefficient of determination for each equation was greater than 0.99. 

Optimization of the model of the FO process was performed based on the desirability function 
method which allows to combine multiple equations into one function. 
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The proposed mathematical model consisted of a system of algebraic equations determined by 
fitting the full quadratic equation to experimental data using the multiple linear regression method 
(MLR). The dependent variables were water flux transported through the membrane (Jw), reverse 
salt flux (RSF) and FS concentration factor (CF) after the concentration process. The equations 
included linear, interaction and quadratic terms of each independent variable. In order to reduce 
the complexity of the mathematical model, not statistically significant terms were removed 
according to the results of the analysis of variance (ANOVA) (p-value<0.001). The value of the 
adjusted coefficient of determination for each equation was greater than 0.99. 

Optimization of the model of the FO process was performed based on the desirability function 
method which allows to combine multiple equations into one function. 

Global optimal conditions assuming values of all weights equal to 1 were determined. The best 
conditions of pectin solution concentration using FO are: NaCl as a salt in DS (factor A), the media 
flow rate equal to 30 dm3∙h-1 (factor B), the initial volume of DS equal to 100 cm3 (factor C), the 
initial concentration of pectin in FS equal to 1 g∙dm-3 and the initial salt concentration equal to 2.92 
mol∙dm-3. The overall desirability was 0.999. 

The optimisation results were experimentally validated. The differences between the 
experimental and simulated values were noticeable and statistically significant (p-value = 0.05) for 
water flux (Jwk) and FS concentration factor (CF) (Fig. 1). However, in the case of reverse salt flux 
(RSF), despite the apparent difference between the experimental value and the calculated value, 
the difference was not statistically significant (p-value = 0.05) due to the high variance of the RSF 
values. The probable reason for the observed differences between experimental and simulated 
results is the location of the optimal point, which takes extreme values for all the factors B, C and 
D. The characteristic property of the Box-Behnken experimental design is the lack of corner points, 
i.e. there are no experiments conducted for extreme values of many factors at once. 

Fig. 1. The comparison of experimental and simulation values of the concentration process of aqueous 
pectin solution using FO in the optimal process condition: a) water flux, b) concentration factor of FS,  

c) reverse salt flux 

To sum up, it is possible to propose the mathematical description of the aqueous pectin 
solution concentration process by the FO technique based on experimental data. Moreover, the fit 
of the model is satisfactory. However, the model does not explain the process well at extreme 
parameter values. 
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Airlift columns are commonly used bioreactors owing to their specific design, which allows gas 
circulation and pneumatic agitation that is safer for microorganisms due to lower shear stress 
compared to standard bioreactors with mechanical stirrers. Over the years, researchers have 
developed various airlift experimental systems for different operating conditions and purposes, with 
common construction features such as two sections: a riser and a downcomer. These sections 
differ in the number of divisions, geometrical shape modifications, gas separators, and spargers 
[1]. 

In this study, modified internal loop airlift column hydrodynamics was characterized by 
introducing additional mixing elements to intensify the mixing process in the downcomer section. 
Experiments were conducted by injecting a tracer into the water-air system at different superficial 
air velocities in the riser section. Changes in electrical conductivity of the solution were registered 
by three conductivity probes located at the bottom, middle, and top of the reactor below the 
stagnant liquid level. The collected data was processed to obtain hydrodynamic parameters such 
as mixing time, mean circulation time, and mean liquid circulation velocity. The mixing time was 
obtained using the RMS variance method defined for the 95% mixing time, while the mean 
circulation time was obtained from tracer response curves averaged for the three probes. The third 
parameter was calculated based on the relation between the length of circulation loop and mean 
circulation time [2]. CFD simulations using the Eulerian model were conducted to obtain water 
velocity magnitude maps and vectors inside the apparatus. The discrete phase modelling was used 
to obtain paths of inert tracer that showed the circulation loops in the modelled column. 
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Photocatalysis as a complementary method for commonly accepted biodegradation processes 
is successfully used in solar driven reactions such as water detoxification, degradation of pollutants 
from aqueous phase, CO2 reduction, water splitting, and organic synthesis. Graphitic carbon nitride 
(g-C3N4) has gained interest in the field of photocatalysis due to its suitable band gap, low cost, 
non-toxicity and good stability, whereas 2D TiO2 possesses a developed surface area. Hence, both 
semiconductors can be combined to complement their properties and to overcome their drawbacks 
like high recombination rate of photogenerated charges and UV light absorption. Furthermore, to 
improve separation of photocatalyst nanoparticles from wastewater after a complete water 
purification process, hybridization of semiconductor with spinel zinc ferrite allows efficient 
separation of photocatalyst nanoparticles from post-process suspension. Additionally, carbon-
based materials and ferrites are known to effectively activate persulfate in SR-AOPs, and 
subsequently generate sulfate radicals (SO4•-) and hydroxyl radicals (HO•). 

In this regard, the aim of the present study was the synthesis and characterization of 
magnetically modified heterocomposite of spinel zinc ferrite (ZnFe2O4) modified with carbon nitride 
(g-C3N4) and 2D TiO2 assisted by sulfate radical based advanced oxidation process (SR-AOP) for 
efficient degradation of carbamazepine (CBZ). 

The obtained photocatalysts were characterized using DR/UV-Vis, XRD, FTIR, XPS, SEM/TEM, 
BET analysis, electrochemical analysis. Magnetic properties were analyzed using a SQUID 
magnetometer. Microscopy analysis confirmed the successful formation of ternary 
heterocomposite, which was applied in the degradation of carbamazepine under simulated solar 
light. Total removal of carbamazepine was achieved within 120 min of irradiation time, while an 
enhanced photocatalytic degradation of pollutant was observed for a combined system of ternary 
heterocomposite and (SR-AOP), where 100% degradation was achieved within 60 min of irradiation. 
Moreover, total organic carbon analysis confirmed that the combined system of persulfate (PS) and 
heterocomposite, yielded higher percentage of carbamazepine (CBZ) mineralization. Additionally, 
the remarkable magnetic recovery of spinel ferrite modified heterocomposite ensured the 
environmentally friendly and economic benefits of the fabricated 2D TiO2/g-C3N4/ZnFe2O4 
photocatalyst. 
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Pseudomonas aeruginosa is a bacterium with high biotechnological potential as a producer of 
many valuable metabolites, including rhamnolipids, pyocyanin and alginate [1]. Nevertheless, P. 
aeruginosa is considered to be a pathogen and often causes nosocomial infections [2]. On the 
other hand, the use of nanomaterials is growing annually, making nanotechnology one of the most 
intensively developing sciences [3-5].  Among many adaptations of nanomaterials, studying their 
effects on bacteria mainly focuses on antimicrobial effects [6-8]. However, some works have shown 
that the interaction between sublethal concentrations of nanostructures may have a stimulatory 
effect on bacteria [9-10]. In the case of P. aeruginosa this has implications in both, biotechnology, 
and medicine. Therefore, investigating the effects (stimulatory or inhibitory) of nanomaterials on 
pseudomonads is desired. 

The study aimed to determine basic physiological effects such as changes in optical density 
and respiration of P. aeruginosa contacted with iron oxide nanoparticles (magnetite) or graphene 
oxide (GO).  

In the study, P. aeruginosa DSM 1128 (ATCC 9027) was used as the reference microorganism. 
Tested nanomaterials included graphene oxide and iron (II) iron (III) oxide nanoparticles that were 
obtained commercially. To determine the influence of selected nanoparticles on P. aeruginosa, a 
24h toxicity test was carried out. Briefly, two-fold dilutions of selected nanomaterials (resulting in 
the experimental concentration range of 15.625 – 1000 μg/mL) were used and compared to the 
control (with deionized sterile water). Next, two times concentrated Tryptic Soy Broth (TSB) 
(inoculated in a ratio 1:500 with an overnight culture of P. aeruginosa) was added in a 1:1 ratio. 
The optical density of the bacterial cultures (OD) was measured (λ = 600 nm) at 0h, 6h, 12h, and 
24h. After the 24-h toxicity test, the respiration of the cultures was tested. Therefore, 10% resazurin 
(v/v) was added to the culture and measured after 4h (wavelength λex = 520 nm and λem = 590 nm). 

Depending on the material used and the concentration, significant changes in OD were 
observed. The biggest increases in OD readings were observed for GO concentration of 1000 μg/mL 
at 6h, 12h, and 24h. For magnetite, the change reached its maximum in samples containing 500 
μg/mL at 6h of the experiment, where the highest reduction of reading was observed. 

Even though toxicity towards P. aeruginosa was detected in some cases, nanomaterials could, 
in specific conditions, stimulate the viability of these bacteria. The results indicated that the 
physiological response of P. aeruginosa to the studied nanomaterials can be variable depending 
on the nanomaterial type and concentration. The growth stimulation can indicate the potential 
application of these nanostructures in biomass production. Nevertheless, further tests should be 
focused on the expression of virulence factors during observed phenomena.  
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Ajuga reptans L. (bugle) extracts are rich sources of active substances. Most often, the herb 
of the plant is used as raw material to obtain the extracts. Among others, ecdysteroids, triterpenes, 
sterols, diterpenes, iridoids, and flavonoids have been identified as Ajuga r. bioactive compounds 
providing anti-oxidant, anti-microbial, and anti-inflammatory activity [1, 2].  

In our work, a comparative study of the antioxidant activity of ethanolic extracts obtained from 
the herb and roots of the bugle was carried out using the DPPH, FRAP and ABTS assays. The Folin-
Ciocalteu method was used to determine the total polyphenols content. Based on the obtained 
results, the root extract was selected and used as an active ingredient to prepare a series of 
cosmetic products: O/W emulsion, W/O emulsion, face wash gel and eye serum [3, 4]. 
Physicochemical, microbiological and application properties were evaluated for the obtained 
formulations. AramoTS skin analyzer was applied to determine the influence on skin condition of 
volunteers testing the prepared products.  

The obtained results confirmed that Ajuga reptans extracts exhibit significant antioxidant 
activity and that the formulas containing Ajuga reptans root extract showed the positive effect on 
the skin condition: causing an improvement in the degree of skin hydration and elasticity, reducing 
skin pore size and skin hyperpigmentation, and reducing the depth of wrinkles.  
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 Geraniol is a chemical compound belonging to monoterpenes with a light yellow color and oily 
consistency. It has a characteristic rose fragrance. Geraniol is an aromatic raw material used in the 
perfumery and cosmetics industry as a component of floral compositions. It also has bactericidal 
and fungicidal properties. This compound is obtained both from natural resources, such as 
Pelargonium graveolens and Pelargonium zonale, as well as by chemical synthesis. 

Vermiculite is a natural, hydrated magnesium aluminosilicate that is widely used in the 
chemical industry. This heterogeneous, porous material is used as an environmentally friendly 
catalyst in chemical processes such as oxidation and isomerization. It has a yellow-brown color, 
and it is characterized by a lack of odor and a high melting point of more than 1300°C. This mineral 
occurs naturally in Australia, Asia (China), Africa (South Africa) and in the United States (South 
Carolina). In addition, it occurs in Lower Silesia (Poland) but in small quantities. Vermiculite contains 
the largest amounts of such chemical compounds as: silicon oxide (IV), aluminum oxide (III) and 
magnesium oxide. 

A preliminary study was conducted on the effect of temperature and reaction time on the 
oxidation of geraniol on vermiculite. The oxidation reaction was carried out using oxygen as an 
oxidant. The temperature was varied from 80 to 110°C, and the reaction time from 60 to 300 min. 
The catalyst content in the reaction mixture was 1 wt%. The composition of the post-reaction 
mixtures was determined using gas chromatography (GC). The main products of geraniol oxidation 
were citral and monoepoxide. The highest obtained selectivity of transformation to citral was 11 
mol%, and to monoepoxide 9 mol%, while the conversion of geraniol was 24 mol% (temperature 
90°C and reaction time 5h). 
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Over the last decades, world population growth, climate changes, industrialization, and 
destruction of the environment have contributed to an increase in water demands. Moreover, 
anthropogenic activity leads to high aquatic environment contamination with emerging 
contaminants from the group of endocrine-disrupting compounds, personal care products and 
pharmaceuticals, which cannot be efficiently degraded in traditional wastewater treatment plants. 
The presence of some pharmaceuticals in wastewater can influence human health, as they can be 
persistent in the environment and potentially affect aquatic life. For this reason, it is important to 
monitor and manage the release of pharmaceutically active compounds into the environment. The 
concentrations of ibuprofen and carbamazepine, being among the most frequently detected drugs 
in wastewater treatment plant effluents, range from ng/dm3 to tens μg/dm3. In the Baltic Sea 
region, CBZ was detected in more than 60% of reported water samples. In the MWWTP effluents 
with the maximum concentration of about 9 μg/dm3, while up to 5000 μg/dm3 in river water, and 
0.08 μg/dm3 in Baltic Sea water [1].  

Among AOP, photocatalysis attracts considerable interest. This process is considered to be an 
environmentally friendly, highly efficient, and low-cost method, which can be used to remove 
pollutants from water and air [2]. Moreover, the synergistic effect may be obtained by enhancement 
of the photocatalytic process with peroxymonosulfate activation. Compared with hydroxyl radical 
(1.8−2.8 V), the sulfate radical (•SO4–) has a close or even higher redox potential of 2.5–3.1 V (vs. 
NHE). Moreover, sulfate radical has a higher selectivity and a longer half-life (30–40 µs) and could 
be activated in a wider pH range (pH of 2−8) than •OH radicals [3]. 

Combining TiO2, a commonly used photocatalytic material, with carbon materials led to 
improved charge carrier mobility, which is one of the major limitations during photocatalytic 
processes. MXenes are materials consisting of transition metal carbides, nitrides, or carbonitrides, 
characterized by hydrophilic surface, good electrical conductivity, and chemical stability, which 
were discovered in 2011. The general formula of MXenes is Mn+1XnTx (n = 1–4), where M is a 
transition metal, X represents carbon or nitrogen, and Tx refers to surface terminations (-F,-O,-OH). 
A novel and promising direction is using MXenes in photocatalysis. MXenes may act as co-catalysts, 
enhancing the adsorption of the pollutants on the surface, photocatalyst stability, and increasing 
the light absorption range. Significantly, in situ oxidation of MXene Ti3C2Tx led to the formation of 
TiO2/Ti3C2 composite with intimate contact providing effective charge carrier separation [4].  

Therefore, in this study, we proposed a novel heterojunction of TiO2/MXene/MnFe2O4 and 
application to the photocatalytic degradation of PACs mixture - ibuprofen and carbamazepine under 
simulated solar light irradiation. Furthermore, the photocatalytic process was combined with PMS 
activation.  Ti3C2Tx has been used as a Ti precursor for anatase/rutile TiO2 formation and as the co-
catalyst. In this system, the dual role of MnFe2O4 - the magnetic part providing easy separation after 
the process and activation of PMS, to produce •SO4– was evaluated. The stability and reusability of 
the system were investigated in photocatalytic recycling experiments. Furthermore, trapping 
experiments with scavengers were performed to determine the major reactive species participating 
in the processes with TiO2/MXene/MnFe2O4 .   
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Fig. 1.   The possible mechanism of IBP/CBZ mixture degradation with TiO2/Ti3C2/5%MnFe2O4  

The obtained results confirmed that the ternary magnetic composites TiO2/Ti3C2/MnFe2O4 

were successfully fabricated and applied for the removal of pharmaceuticals - carbamazepine and 
ibuprofen mixture with nearly 100% removal within 60 minutes. It was concluded that 
TiO2/Ti3C2/MnFe2O4 composite, due to the incorporation of magnetic nanoparticles, may be easily 
recovered from the reaction mixture after the process by an external magnetic field. Furthermore, 
the synergistic effect of the combination of TiO2/Ti3C2/5%MnFe2O4 with PMS activation (0.25 mM) 
to produce highly active •SO4– radicals under simulated solar light was confirmed with superior 
removal of CBZ - 100% within 20 minutes and IBP - 100% within 10 minutes. Moreover, 
TiO2/Ti3C2/5%MnFe2O4/PMS combined system showed excellent stability and recyclability 
confirmed by four subsequent photocatalytic cycles as well as XRD and FTIR analysis of fresh and 
re-used photocatalyst. Based on the trapping experiment with scavengers, we concluded that the 
•SO4– and •O2– radicals were the main species responsible for CBZ degradation, while •SO4– and 
h+ were responsible for IBP degradation. Furthermore, the Mott-Schottky analysis was implemented 
to determine the materials’ conduction band position and the valence band position according to 
the bandgap value. On this basis, the possible mechanism of IBP and CBZ degradation was 
proposed, as shown in Fig. 1. Photoexcited electrons in CB of MnFe2O4 may be transferred to CB 
TiO2/Ti3C2 due to the higher potential of conduction band edge. On the contrary, the holes in the 
VB of TiO2/Ti3C2 are transferred to the VB of MnFe2O4. Thus, the recombination of photogenerated 
electron–hole pairs is suppressed.   
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The aim of this study was to compare the catalytic activity of natural minerals such as: 
halloysite, clinoptilolite, vermiculite and sepiolite in the oxidation of alpha-pinene with oxygen. The 
process was carried out in a three-neck spherical flask with a capacity of 25 cm3. The flask was 
equipped with a reflux condenser, a magnetic stirrer and a glass babbler for oxygen delivery. 
Approximately 10 g of alpha-pinene (purity 98%, Sigma-Aldrich) and 0.01 g of catalyst (0.1 wt% in 
relation to alpha-pinene) were introduced into the flask, and oxygen was fed from a cylinder at a 
rate of 40 mL/min, which was adjusted with a flow meter. The flask was placed in an oil bath heated 
to 95°C. The contents of the flask were stirred with a magnetic stirrer at an intensity of 500 rpm. 
The oxidation was carried out for 4 hours, and the reaction mixture was collected into an Eppendorf 
tube after 4 hours in an amount of about 1 cm3. Then, samples of the reaction mixture, which had 
previously been separated from the catalyst using a laboratory centrifuge, were diluted with 
acetone in a weight ratio of 1:4. The oxygen derivatives of alpha-pinene were identified with the GC 
method (gas chromatography method) and with the application of FID detector. Catalytic activity of 
the tested catalysts was determined on the basis of mass balances, according to which the main 
functions describing the process were determined: conversion of α-pinene and selectivities of: 
alpha-pinene oxide, campholenic aldehyde, verbenol, verbenone, pinocarveol, myrtenal, myrtenol, 
carveol, carvone, and pinanediol. 

Figure 1 shows the activity of the tested catalysts in the oxidation of alpha-pinene. Vermiculite 
proved to be the most active, considering the selectivity to alpha-pinene oxide and the conversion 
of alpha-pinene. After a reaction time of 4 hours, the following selectivity values for the main 
products were obtained: alpha-pinene oxide 21 mol%, verbenol 16 mol%, verbenone 12 mol%, and 
alpha-pinene conversion was 34 mol%. Similar catalytic activity was visible for sepiolite 
(selectivities of the main products amounted to: alpha-pinene oxide 19 mol%, verbenol 17 mol%, 
verbenone 13 mol%, and conversion of alpha-pinene 28 mol%). The highest selectivity value for 
verbenol (20 mol%) was obtained over halloysite. 
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The aim of this study was to compare the catalytic activity of natural minerals such as: 
halloysite, clinoptilolite, vermiculite and sepiolite in the oxidation of alpha-pinene with oxygen. The 
process was carried out in a three-neck spherical flask with a capacity of 25 cm3. The flask was 
equipped with a reflux condenser, a magnetic stirrer and a glass babbler for oxygen delivery. 
Approximately 10 g of alpha-pinene (purity 98%, Sigma-Aldrich) and 0.01 g of catalyst (0.1 wt% in 
relation to alpha-pinene) were introduced into the flask, and oxygen was fed from a cylinder at a 
rate of 40 mL/min, which was adjusted with a flow meter. The flask was placed in an oil bath heated 
to 95°C. The contents of the flask were stirred with a magnetic stirrer at an intensity of 500 rpm. 
The oxidation was carried out for 4 hours, and the reaction mixture was collected into an Eppendorf 
tube after 4 hours in an amount of about 1 cm3. Then, samples of the reaction mixture, which had 
previously been separated from the catalyst using a laboratory centrifuge, were diluted with 
acetone in a weight ratio of 1:4. The oxygen derivatives of alpha-pinene were identified with the GC 
method (gas chromatography method) and with the application of FID detector. Catalytic activity of 
the tested catalysts was determined on the basis of mass balances, according to which the main 
functions describing the process were determined: conversion of α-pinene and selectivities of: 
alpha-pinene oxide, campholenic aldehyde, verbenol, verbenone, pinocarveol, myrtenal, myrtenol, 
carveol, carvone, and pinanediol. 

Figure 1 shows the activity of the tested catalysts in the oxidation of alpha-pinene. Vermiculite 
proved to be the most active, considering the selectivity to alpha-pinene oxide and the conversion 
of alpha-pinene. After a reaction time of 4 hours, the following selectivity values for the main 
products were obtained: alpha-pinene oxide 21 mol%, verbenol 16 mol%, verbenone 12 mol%, and 
alpha-pinene conversion was 34 mol%. Similar catalytic activity was visible for sepiolite 
(selectivities of the main products amounted to: alpha-pinene oxide 19 mol%, verbenol 17 mol%, 
verbenone 13 mol%, and conversion of alpha-pinene 28 mol%). The highest selectivity value for 
verbenol (20 mol%) was obtained over halloysite. 

 

Fig. 1. Conversion of alpha-pinene and selectivities of appropriate products over natural minerals 
(temperature 95°C, catalyst amount in reaction mixture 0.1 wt%, and reaction time 4 h) 

Natural minerals such as halloysite, clinoptilolite, vermiculite and sepiolite proved to be 
excellent catalysts for alpha-pinene oxidation. The oxygen derivatives of alpha-pinene obtained in 
this process have very important applications in medicine, cosmetics and in the food industry. 

The use of low temperature (95°C), trace amount of catalyst (0.1 wt%), and short reaction time 
(4h), makes this unconventional method cost-effective and economical. The method developed by 
our team is environmentally friendly, as we use compounds of natural origin, such as alpha-pinene 
extracted from biomass and natural minerals found in sedimentary and volcanic rocks. In addition, 
we do not use a solvent in this method, and we use oxygen as the oxidant, which makes this method 
environmentally safe (there is no need to separate the products from the solvent). 

We plan to continue our research. In the next stage, it will be necessary to study the effects of 
temperature, the amount of the catalyst and the reaction time on alpha-pinene conversion and 
selectivities of appropriate products, and to characterize the catalysts by instrumental methods 
such as: UV-Vis, FTIR, EDXRF, XRD, SEM, and by the nitrogen sorption method at 77 K. 

8

12

21

1920

14

16 1716

13 12 13

32

23

34

28

halloysite clinoptilolite vermiculite sepiolite
0

10

20

30

40

50

60

70

80

90

100

Se
le

ct
iv

iti
es

 o
f p

ro
du

ct
s 

[m
ol

 %
]

Catalyst

  conversion of α-pinene α-pinene oxide
 campholenic aldehyde
 verbenol
 verbenone
 pinocarveol
 myrtenal
 myrtenol
 carveol
 carvone
 pinanediol
 others

0

10

20

30

40

50

60

70

80

90

100

C
on

ve
rs

io
n 

of
 a

lp
ha

-p
in

en
e 

[m
ol

 %
]



322 Table of contents

24th Polish Conference of Chemical and Process Engineering 
13–16 June 2023, Szczecin, Poland 

THE MODULATION OF PSEUDOMONAS AERUGINOSA PHYSIOLOGY USING 
DIFFERENT TYPES OF ELECTROMAGNETIC FIELD 

Joanna Jabłońska1,*, Kamila Dubrowska1, Adrian Augustyniak1,2,3, Marian Kordas1, 
Rafał Rakoczy1 

1 Department of Chemical and Process Engineering, Faculty of Chemical Technology and 
Engineering, West Pomeranian University of Technology in Szczecin, Szczecin, Poland 

2 Chair of Building Materials and Construction Chemistry, Technische 
Universität Berlin, Berlin, Germany 

3 Institute of Biology, University of Szczecin, Szczecin, Poland 
*corresponding author: joanna_jablonska@zut.edu.pl 

 
 
Electromagnetic fields (EMFs) are more and more often applied in bioprocesses to boost 

biomass or metabolite production [1, 2]. Pseudomonas aeruginosa is an exemplary microorganism 
that can be used as a producer strain. It was previously reported that the static electromagnetic 
field (SEMF) with the magnetic induction of 200 mT could stimulate pyocyanin and rhamnolipid 
production by P. aeruginosa [3]. Nevertheless, the growth of this bacterium was only reported as 
inhibited while exposed to a rotating electromagnetic field (REMF), and pyocyanin production was 
never assessed in this particular type of electromagnetic field. Therefore, this research aimed to 
examine the influence of different types of electromagnetic fields (rotating and static) on the growth 
rate, viability, and pyocyanin production. 

The strain employed in the research was P. aeruginosa ATCC 27853, cultivated in King’s A 
broth dedicated to pyocyanin production. Cultures were incubated at 37℃ in magnetically-assisted 
reactors. The tested types of EMFs were SEMF with the magnetic induction of -17.37 mT and REMF 
with 24.32 mT (frequency equal to 5 Hz) and 42.64 mT (50 Hz). The growth rate was calculated 
using the Gompertz equation [4], viability was assessed by resazurin reduction, and pyocyanin 
concentration with the chloroform/HCl extraction method. EMF exposure times tested were 2, 6, 
and 12 hours, while the full culture lasted 48 hours. Moreover, different volumes of the culture (5 
and 50 mL) were tested. 

The growth rate of P. aeruginosa was significantly stimulated while exposed to SMF and slightly 
increased under 50 Hz RMF. Moreover, exposure to RMF of 5 Hz resulted in the highest pyocyanin 
production. However, this result did not differ significantly from the control. These data show that 
the use of different types of EMFs can result in different effects observed in the culture. Our study 
emphasizes the finding that EMFs can be used as bioprocess stimulators for population growth and 
pyocyanin production. Nevertheless, every setup needs optimized exposure time, culture volume 
EMF type, and magnetic induction [5]. 

  
 
This study was supported by the National Science Centre, Poland (PRELUDIUM 20, Project No. 
2021/41/N/ST8/01094, granted to Joanna Jabłońska and OPUS 16, Project No. UMO-
2018/31/B/ST8/03170, granted to Rafał Rakoczy). 
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Electromagnetic fields (EMFs) are more and more often applied in bioprocesses to boost 

biomass or metabolite production [1, 2]. Pseudomonas aeruginosa is an exemplary microorganism 
that can be used as a producer strain. It was previously reported that the static electromagnetic 
field (SEMF) with the magnetic induction of 200 mT could stimulate pyocyanin and rhamnolipid 
production by P. aeruginosa [3]. Nevertheless, the growth of this bacterium was only reported as 
inhibited while exposed to a rotating electromagnetic field (REMF), and pyocyanin production was 
never assessed in this particular type of electromagnetic field. Therefore, this research aimed to 
examine the influence of different types of electromagnetic fields (rotating and static) on the growth 
rate, viability, and pyocyanin production. 

The strain employed in the research was P. aeruginosa ATCC 27853, cultivated in King’s A 
broth dedicated to pyocyanin production. Cultures were incubated at 37℃ in magnetically-assisted 
reactors. The tested types of EMFs were SEMF with the magnetic induction of -17.37 mT and REMF 
with 24.32 mT (frequency equal to 5 Hz) and 42.64 mT (50 Hz). The growth rate was calculated 
using the Gompertz equation [4], viability was assessed by resazurin reduction, and pyocyanin 
concentration with the chloroform/HCl extraction method. EMF exposure times tested were 2, 6, 
and 12 hours, while the full culture lasted 48 hours. Moreover, different volumes of the culture (5 
and 50 mL) were tested. 

The growth rate of P. aeruginosa was significantly stimulated while exposed to SMF and slightly 
increased under 50 Hz RMF. Moreover, exposure to RMF of 5 Hz resulted in the highest pyocyanin 
production. However, this result did not differ significantly from the control. These data show that 
the use of different types of EMFs can result in different effects observed in the culture. Our study 
emphasizes the finding that EMFs can be used as bioprocess stimulators for population growth and 
pyocyanin production. Nevertheless, every setup needs optimized exposure time, culture volume 
EMF type, and magnetic induction [5]. 
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An adsorption isotherm is the information indicating the interaction of an adsorbent and an 
adsorbate. Using adsorbates with different properties, it is possible to determine the type of 
interaction between adsorbate molecules and the surface of an adsorbent [1]. 

In the adsorption process, adsorption kinetics is an important element. The rate of 
concentration change during adsorption is a function of temperature and concentration of 
substrates and products. When the adsorption process is concerned, a substrate is a chemical 
compound in the gas phase, whereas a product is the same chemical compound adsorbed on the 
surface of a sorbent.  

It can be assumed for the gas phase that the concentration of a chemical compound does not 
change during the whole adsorption process. Thus, it can be concluded that the adsorption of a 
substrate proceeds according to the zero-order kinetic equation. If the process follows a zero-order 
kinetics, it means that the process proceeds at a constant rate. The zero-order process rate for the 
adsorption of a substrate is a constant value equal to the reaction rate constant. The reaction is of 
zero order when its rate is not determined by its chemistry, but by another process independent of 
the concentration of the reactants, e.g. diffusion in a heterophase system.  
In the case of a phase adsorbed in the adsorption process, the content of the substance in 
the surface layer will change over time until the state of equilibrium is reached in relation 
to the concentration of a given substance in the gas phase. In this case, we will use other 
kinetic equations to describe the kinetics. 

Kinetic equations applied in thermal analysis (where thermal transformation processes of 
various types of chemical substances are studied) were used to describe the obtained results of 
kinetic measurements. The reactions studied in the thermal analysis are classified as gas-solid 
heterophase systems. The adsorption process can be classified as this type of system. 

An important group of kinetic models are models describing the phenomenon of nucleation. 
Another group of kinetic models are models describing reactions in which the phenomenon 
of transport to and from the reaction zone occurs. The process that determines the reaction 
rate is most often the diffusion process.  
The presented kinetic equations were used to describe the adsorption process of organic 
compounds on zeolite and activated carbon. As a result of the analysis, it turned out that 
the best description of the adsorption kinetics process is given by the kinetic equation, 
which is used to describe the kinetics of the first-order reaction. 

The graphs in Figs. 1 and 2 show the results of the kinetics of the adsorption of 
isopropanol on zeolite by the dynamic method and of acetone on activated carbon by the 
static method in comparison with the kinetic model of the first-order reaction. 
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An adsorption isotherm is the information indicating the interaction of an adsorbent and an
adsorbate. Using adsorbates with different properties, it is possible to determine the type of
interaction between adsorbate molecules and the surface of an adsorbent [1].

In the adsorption process, adsorption kinetics is an important element. The rate of
concentration change during adsorption is a function of temperature and concentration of
substrates and products. When the adsorption process is concerned, a substrate is a chemical
compound in the gas phase, whereas a product is the same chemical compound adsorbed on the
surface of a sorbent.

It can be assumed for the gas phase that the concentration of a chemical compound does not
change during the whole adsorption process. Thus, it can be concluded that the adsorption of a
substrate proceeds according to the zero-order kinetic equation. If the process follows a zero-order
kinetics, it means that the process proceeds at a constant rate. The zero-order process rate for the
adsorption of a substrate is a constant value equal to the reaction rate constant. The reaction is of
zero order when its rate is not determined by its chemistry, but by another process independent of
the concentration of the reactants, e.g. diffusion in a heterophase system.
In the case of a phase adsorbed in the adsorption process, the content of the substance in
the surface layer will change over time until the state of equilibrium is reached in relation
to the concentration of a given substance in the gas phase. In this case, we will use other
kinetic equations to describe the kinetics.

Kinetic equations applied in thermal analysis (where thermal transformation processes of
various types of chemical substances are studied) were used to describe the obtained results of
kinetic measurements. The reactions studied in the thermal analysis are classified as gas-solid
heterophase systems. The adsorption process can be classified as this type of system.

An important group of kinetic models are models describing the phenomenon of nucleation.
Another group of kinetic models are models describing reactions in which the phenomenon
of transport to and from the reaction zone occurs. The process that determines the reaction
rate is most often the diffusion process. 
The presented kinetic equations were used to describe the adsorption process of organic
compounds on zeolite and activated carbon. As a result of the analysis, it turned out that
the best description of the adsorption kinetics process is given by the kinetic equation,
which is used to describe the kinetics of the first-order reaction.

The graphs in Figs. 1 and 2 show the results of the kinetics of the adsorption of 
isopropanol on zeolite by the dynamic method and of acetone on activated carbon by the
static method in comparison with the kinetic model of the first-order reaction.

Fig. 1. Adsorption kinetics of isopropanol with a concentration of p/p0 -=0.0588 on zeolite (dynamic method) 

Fig. 2. Kinetics of acetone adsorption on activated carbon N under static conditions at 20°C, 
equilibrium p/p0 = 0.0374 
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Nonsteroidal anti-inflammatory drugs (NSAIDs) are the most commonly prescribed and used 
medications for fever, pain relief, and the reduction of inflammation. However, the low solubility of 
these drugs in water is the limiting factor in their bioavailability. It requires high dosages to reach a 
therapeutic concentration in the blood system. The current interest of the pharmaceutical industry 
is aimed at improving the physicochemical properties of pharmaceutical ingredients with the aim 
of better water solubility, dosage reduction, and improving the onset of action and safety profile [1, 
2]. 

In recent years, many studies have shown that converting conventional drugs into ionic liquids 
based on active pharmaceutical ingredients (API-ILs) could be a successful strategy to solve some 
of the problems associated with low bioavailability and side effects, or even provide an alternative 
route of administration of the classic drug. Furthermore, the synthesis of API-ILs also allows to 
modify the physicochemical properties such as molecular weight, melting point temperatures, 
thermal stability, and partition coefficient by selecting proper counterions [3–5]. 

Here we present the synthesis and physicochemical characterization of a series of L-valine 
ethyl ester-based ionic liquids containing anions of selected acids from the NSAIDs group: 
ibuprofen, naproxen, ketoprofen, and salicylic acid. The L-amino acid ester was chosen as the 
counterion for the studied API due to its low toxicity, biocompatibility, and high hydrophilicity to 
synthesize derivatives with higher solubility from natural components. Moreover, the 
pharmacokinetic and pharmacodynamic profile of the obtained compounds was determined by 
assessing the thermodynamics of the process of binding compounds with bovine serum albumin 
(BSA).  
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Nonsteroidal anti-inflammatory drugs (NSAIDs) are the most commonly prescribed and used
medications for fever, pain relief, and the reduction of inflammation. However, the low solubility of
these drugs in water is the limiting factor in their bioavailability. It requires high dosages to reach a
therapeutic concentration in the blood system. The current interest of the pharmaceutical industry
is aimed at improving the physicochemical properties of pharmaceutical ingredients with the aim
of better water solubility, dosage reduction, and improving the onset of action and safety profile [1, 
2].

In recent years, many studies have shown that converting conventional drugs into ionic liquids
based on active pharmaceutical ingredients (API-ILs) could be a successful strategy to solve some
of the problems associated with low bioavailability and side effects, or even provide an alternative
route of administration of the classic drug. Furthermore, the synthesis of API-ILs also allows to
modify the physicochemical properties such as molecular weight, melting point temperatures,
thermal stability, and partition coefficient by selecting proper counterions [3–5].

Here we present the synthesis and physicochemical characterization of a series of L-valine
ethyl ester-based ionic liquids containing anions of selected acids from the NSAIDs group:
ibuprofen, naproxen, ketoprofen, and salicylic acid. The L-amino acid ester was chosen as the
counterion for the studied API due to its low toxicity, biocompatibility, and high hydrophilicity to
synthesize derivatives with higher solubility from natural components. Moreover, the
pharmacokinetic and pharmacodynamic profile of the obtained compounds was determined by 
assessing the thermodynamics of the process of binding compounds with bovine serum albumin
(BSA).
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The use of plants for medicinal purposes has been known for hundreds of years. This is 
possible due to the fact that plants are rich in bioactive compounds with a wide spectrum of activity. 
The most important of these bioactive substances are alkaloids, flavonoids, terpenoids, steroids, 
tannins, and saponins [1]. Approximately 20% of known plants have been used in pharmaceutical 
or cosmetic applications [2].  

Many plants contain active compounds with antimicrobial activity [3]. The ability of the plant 
origin products to inhibit increase or kill the microorganisms depends on their chemical 
composition. The parameters of an extraction process are the main factors influencing the 
concentration of active substances and as an effect the antimicrobial efficiency of the extracts [4]. 
Table 1 shows antimicrobial activity of some medicinal plants against selected pathogenic 
microorganisms. 

Table 1. Effect of plant extracts 

Activity Plant extract Chemical composition of the extract 

antibacterial activity apple pomace extract [5] rutin, catechin, epicatechin, phloridzin, 
phloretin, chlorogenic acid, quercetin 

glycosides [6] 

oregano extract [7] chlorogenic acid, epicatechin, caffeic 
acid, p-coumaric acid, ferrulic acid, 

benzoic acid, rosemary acid, myricetin, 
resveratrol, quercetin, carnosol, 

curcumin 

antiviral activity Rutaceae [8] alkaloids: β-carbolines, 
furanoquinolines, camptothecin, 
atropine, caffeine, indolizidines 
swainsonine, castanospermine, 

colchicines, vinblastine 

antifungal activity Curcuma amada  
(mango ginger) [9] 
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Fig. 1. Schematic illustration of Cu2O/BiVO4 photocatalyst 

In recent years, due to the rapid development of medicine, more and more pharmaceuticals 
and personal care products (PPCP) have been introduced into the pharmaceutical market. 
However, the widespread use of medication has led to its excessive introduction into ground and 
surface waters. The effluents may contain persistent and toxic organic compounds, which are not 
susceptible to wastewater treatment using conventional methods [1]. One of the most frequently 
detected pharmaceutical compounds in Poland is naproxen (NPX), which is a popular pain killer 
available without prescription. It was found that naproxen can accumulate in the tissues of aquatic 
organisms and enter the food chain, potentially affecting human health through consumption of 
contaminated seafood. Therefore, efficient and more advanced degradation technologies of NPX 
and other PPCPs are highly desirable. 

Among water treatment technologies, heterogeneous photocatalysis is worthy of attention 
because this process, in the presence of semiconductors, allows the degradation of trace amounts 
of persistent organic pollutants from water under illumination. Especially, the visible-light active 
photocatalysts allow the use of less energy-consuming light sources in photocatalytic reactions. 
Among studied oxide photocatalysts, monoclinic-scheelite bismuth orthovanadate (BiVO4) is a 
promising material with the potential to play a significant role in solving environmental problems. 
BiVO4 can be activated under visible light (above 420 nm). Therefore, this semiconductor is 
promising for future technological advancements. However, so far, the fast charge carrier 
recombination of photogenerated electron–hole pairs has impeded the improvement of its 
photocatalytic activity [2]. Therefore, different methods have been adopted to improve the charge 
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carrier separation efficiency and hinder the recombination process. One of the promising 
approaches is interface design and crystal facet engineering because the preferred surface 
localization of photogenerated holes and electrons depends on the photocatalyst exposed crystal 
facets [3, 4]. 

In this regard, in the present study, we present a dual approach to enhancing NPX degradation 
in the photocatalytic process. Firstly, we demonstrated multifaceted BiVO4, in which the 
construction of facet homojunction improved photocatalytic naproxen degradation under visible 
light. Moreover, to enhance charge transport, copper(i) oxide (Cu2O) was deposited onto the BiVO4 
surface to create a p-n heterojunction. The assembly of Cu2O nanoparticles significantly promoted 
the photocatalytic performance of Cu2O/BiVO4 photocatalyst due to the existence of an internal 
electric field. 
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The development of effective methods for the synthesis of functionalized polymers (or 

oligomers) is an important task for scientists. In this context, it is worth mentioning radical 
telomerization, a chain reaction between a telogen (also called a chain transfer agent; a molecule 
with an easily radically cleavable bond) and one or more polymerizable compounds 
(taxogens/monomers; exhibiting ethylenic unsaturation) that leads to the formation of polymers or 
oligomers with well-defined end-groups (telomers). The functionality of end-groups of the polymer 
chain depends on the chemical structure of telogens. This class of compounds includes organic 
molecules containing an active center bound to the carbon atom (i.e., carboxylic acids, alcohols, 
amines) and halogen, sulfur, silicon, or phosphorus compounds [1]. 

Several initiation methods of the telomerization reaction are known, e.g., using thermal 
initiators (organic peroxides, hydroperoxides, azo compounds), UV radiation, γ radiation, or redox 
processes involving metal ions with variable valences. Thermal initiators are the most commonly 
tested. Nevertheless, there are also reports of UV-telomerization [2]. It is noteworthy that ultraviolet 
technology has attracted considerable interest in polymer science lately. Its attractiveness results 
mainly from the possibility of achieving high reaction rates and low energy consumption [3].  

Photoinitiated telomerization is a complex reaction, and various factors can affect its course. 
First of all, the selection of the photoinitiator is of great importance. Generally, photoinitiators are 
classified as cleavage (type I) and H-abstraction-type (type II) initiators. Numerous compounds with 
different absorbance characteristics, stability, and reactivity are available. The type of photoinitiator 
largely affects the rate of reaction, because it plays a major role in the production of the reactive 
species [4]. Moreover, the rate of telomer synthesis depends on the structure of telogens. An 
example of a highly effective chain transfer agent is tetrabromomethane, which is also an easily 
accessible and cheap compound [1, 5]. 

This study presented the influence of commercially available type I photoinitiators 
(acylphospine oxides and hydroxyketones) on the phototelomerizaion process of selected 
monomers (i.e., butyl acrylate, acrylic acid, and styrene) in the presence of tetrabromomethane (as 
telogen). The study of process kinetics was carried out using the photo DSC method. The reaction 
rate, monomer conversion, and photoinitiation index were determined. It was stated that bis(2,4,6-
trimethylbenzoyl)-phenylphosphineoxide was the most efficient photoinitiator in the described 
cotelomerization reaction. 
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The epoxidation process of 1,5,9-cyclododecatriene (CDT) leads to 1,2-epoxy-5,9-
cyclododecadiene (ECDD). ECDD, due to its structure, finds many applications. This compound is 
used as a component of cross-linked polymers used for batteries [1-4], cross-linked acrylic rubbers 
[5], capacitors [6], and coatings [7, 8]. Moreover, ECDD can potentially become a raw material in 
the preparation of cyclododecanone and decanedicarboxylic acid (DDA) [9]. 

Until the authors began their research on the production of ECDD on heterogeneous catalysts, 
there were only a very limited number of literature reports on this subject [10-13]. We have carried 
out an in-depth study on conducting this process on Ti-MCM-41 [9], W-SBA-15 [14], and Ti-SBA-15 
[15] catalysts. Our previous studies have shown that the studied process carried out on Ti-
containing catalysts suffers from a low reaction rate expressed in terms of the CDT conversion 
change as a function of time. On the Ti-SBA-15 catalyst, the maximum of CDT conversion was equal 
to 30 mol% after 4 h of carrying out the process at 90°C [15]. The catalyst containing tungsten as 
the active center was significantly more active [14]. The maximum conversion of CDT was equal to 
36 mol% after only 30 min of conducting the process at 60°C. Using Ti-SBA-15 under the same 
conditions resulted in CDT conversion equal to only about 4 mol%. 

The purpose of this research was to develop a preparation method of Ti-SBA-15 catalyst 
modified with WG-12 activated carbon and to study its activity in the process of epoxidation of 
1,5,9-cyclododecatriene. Also, an attempt was made to prepare a W-SBA-15-WG12 catalyst, but 
UV-Vis analysis showed the absence of W atoms embedded in the structure of the obtained 
material. 

To study the activity of the prepared catalyst in the epoxidation of 1,5,9-cyclododecatriene, a 
series of experiments was performed with Statistica software. In the optimization the central 
composite design, non-factorial, surface response methodology was used. Temperature 
(50−70°C), time (30−60 min), catalyst content (0.05−0.13 g/mmol CDT), solvent amount (1−2 
g/mmol CDT), and H2O2 amount (0.5−1.5 mmol/mmol CDT) were selected as the independent 
variables. 

From the conducted experiments, it was found that the highest CDT conversion of 28 mol% 
(selectivity of transformation to ECDD amounted to 74 mol%) was obtained by the running the 
process with the following values of the independent variables: temperature 70°C, time 60 min, 
catalyst content 0.1290 g/mmol CDT, solvent amount 1.9935 g/mmol CDT and H2O2 amount 1.50 
mmol/mmol CDT. 

We found that Ti-SBA-15-WG12 catalyst was more active in CDT epoxidation with hydrogen 
peroxide than unmodified Ti-SBA-15, but less active than W-SBA-15. 

References 

[1] Toyoda Y., Sasaki T., Separator for secondary cell, US 009941497B2, 2018. 
[2] Tabuchi M., Miura K., Miyashiro H., Bobayashi Y., Positive electrode and nonaqueous electrolyte 

secondary battery, US 20160006075A1, 2016. 



333 Table of contents

24th Polish Conference of Chemical and Process Engineering 
13–16 June 2023, Szczecin, Poland 

EPOXIDATION OF 1,5,9-CYCLODODECATRIENE WITH HYDROGEN PEROXIDE ON 
TI-SBA-15 CATALYST MODIFIED WITH WG-12 ACTIVATED CARBON 

Marcin Kujbida1*, Grzegorz Lewandowski2, Agnieszka Wróblewska1* 
1 West Pomeranian University of Technology in Szczecin, Faculty of Chemical Technology and 

Engineering, Department of Catalytic and Sorbent MateriaIs Engineering, Pulaskiego 10, 70-322 
Szczecin, Poland  

2 West Pomeranian University of Technology in Szczecin, Faculty of Chemical Technology and 
Engineering, Department of Organic Chemical Technology and Polymer Materials Engineering, 

Pulaskiego 10, 70-322 Szczecin, Poland  
*corresponding authors: marcin.kujbida@zut.edu.pl, agnieszka.wroblewska@zut.edu.pl 

The epoxidation process of 1,5,9-cyclododecatriene (CDT) leads to 1,2-epoxy-5,9-
cyclododecadiene (ECDD). ECDD, due to its structure, finds many applications. This compound is 
used as a component of cross-linked polymers used for batteries [1-4], cross-linked acrylic rubbers 
[5], capacitors [6], and coatings [7, 8]. Moreover, ECDD can potentially become a raw material in 
the preparation of cyclododecanone and decanedicarboxylic acid (DDA) [9]. 

Until the authors began their research on the production of ECDD on heterogeneous catalysts, 
there were only a very limited number of literature reports on this subject [10-13]. We have carried 
out an in-depth study on conducting this process on Ti-MCM-41 [9], W-SBA-15 [14], and Ti-SBA-15 
[15] catalysts. Our previous studies have shown that the studied process carried out on Ti-
containing catalysts suffers from a low reaction rate expressed in terms of the CDT conversion 
change as a function of time. On the Ti-SBA-15 catalyst, the maximum of CDT conversion was equal 
to 30 mol% after 4 h of carrying out the process at 90°C [15]. The catalyst containing tungsten as 
the active center was significantly more active [14]. The maximum conversion of CDT was equal to 
36 mol% after only 30 min of conducting the process at 60°C. Using Ti-SBA-15 under the same 
conditions resulted in CDT conversion equal to only about 4 mol%. 

The purpose of this research was to develop a preparation method of Ti-SBA-15 catalyst 
modified with WG-12 activated carbon and to study its activity in the process of epoxidation of 
1,5,9-cyclododecatriene. Also, an attempt was made to prepare a W-SBA-15-WG12 catalyst, but 
UV-Vis analysis showed the absence of W atoms embedded in the structure of the obtained 
material. 

To study the activity of the prepared catalyst in the epoxidation of 1,5,9-cyclododecatriene, a 
series of experiments was performed with Statistica software. In the optimization the central 
composite design, non-factorial, surface response methodology was used. Temperature 
(50−70°C), time (30−60 min), catalyst content (0.05−0.13 g/mmol CDT), solvent amount (1−2 
g/mmol CDT), and H2O2 amount (0.5−1.5 mmol/mmol CDT) were selected as the independent 
variables. 

From the conducted experiments, it was found that the highest CDT conversion of 28 mol% 
(selectivity of transformation to ECDD amounted to 74 mol%) was obtained by the running the 
process with the following values of the independent variables: temperature 70°C, time 60 min, 
catalyst content 0.1290 g/mmol CDT, solvent amount 1.9935 g/mmol CDT and H2O2 amount 1.50 
mmol/mmol CDT. 

We found that Ti-SBA-15-WG12 catalyst was more active in CDT epoxidation with hydrogen 
peroxide than unmodified Ti-SBA-15, but less active than W-SBA-15. 

References 

[1] Toyoda Y., Sasaki T., Separator for secondary cell, US 009941497B2, 2018. 
[2] Tabuchi M., Miura K., Miyashiro H., Bobayashi Y., Positive electrode and nonaqueous electrolyte 

secondary battery, US 20160006075A1, 2016. 

[3] Fukumine M., Yamamoto N., Composition for electrochemical device electrode, electrode for 
electrochemical device, and method of producing composition for electrochemical device electrode, US 
20180301744A1, 2018.  

[4] Akiike J., Slurry for lithium ion secondary battery porous film, production method therefor, separator for 
lithium ion secondary battery, and lithium ion secondary battery, US 20160013465A1, 2016. 

[5] Emori N., Ogawa T., Arakawa T., Cross-linked rubber product, US 20180030216A1, 2018. 
[6] Matsubayashi S., Suzuki K., Conductive polymer solution, capacitor, and method for producing the 

capacitor, US 20180334577A1, 2018. 
[7] Fujiki H., Suzuki T., Conductive composition, conductive composition production method, anti-static 

resin composition and antistatic resin film, US 20150348671A1, 2015. 
[8] Komoriya H., Suzuki K., Tanaka T., Kitamoto T., Shiota M., Shimada R., Tanaka K., Antibacterial agent, 

substrate surface treatment method using the same, antibacterial agent composition, and substrate 
surface treatment method using the same, US 009204652B2, 2015. 

[9] Wróblewska A., Kujbida M., Lewandowski G., Kamińska A., Koren Z.C., Michalkiewicz B., Epoxidation of 
1,5,9-Cyclododecatriene with Hydrogen Peroxide over Ti-MCM-41 Catalyst, Catalysts, 2021, 11(11), 
1402.  

[10] Lin K., Lebedev O.I., Vana Tendeloo G., Jacobs P.A., Pescarmona P.P., Titanosilicate beads with 
hierarchical porosity: Synthesis and application as epoxidation catalysts, Chem. A Eur. J., 2010, 16(45), 
13509−13518. 

[11] Zhang S., Jiang Y., Li S., Xu X., Lin K., Synthesis of bimodal mesoporous titanosilicate beads and their 
application as green epoxidation catalyst, Appl. Catal. A Gen., 2015, 490, 57−64. 

[12] Li X., Xu X., He Y., Jiang Y., Teng Y., Wang Q., Lin K., Titanium-containing desilicated MCM-41 with bimodal 
pore system as green epoxidation catalyst, Mater Lett, 2015, 146, 84−86.  

[13] Cheng W., Jiang Y., Xu X., Wang Y., Lin K., Pescarmona P.P., Easily recoverable titanosilicate zeolite 
beads with hierarchical porosity: Preparation and application as oxidation catalysts, J. Catal., 2016, 333, 
139−148. 

[14] Kujbida M., Wróblewska A., Lewandowski G., Miądlicki P., Michalkiewicz B., W-SBA-15 as an Effective 
Catalyst for the Epoxidation of 1,5,9-Cyclododecatriene, Molecules, 2022, 27(24), 8769. 

[15] Kujbida M., Wróblewska A., Lewandowski G., Bosacka M., Koren Z.C., Michalkiewicz B., Effect of surface 
hydrophobization on the 1,5,9-cyclododecatriene epoxidation process with hydrogen peroxide on 
silanized Ti-SBA-15 catalyst, J. Ind. Eng. Chem., 2023.  

 



334 Table of contents

24th Polish Conference of Chemical and Process Engineering 
13–16 June 2023, Szczecin, Poland 

UNKNOWN PROPERTIES AND POTENTIAL APPLICATION OF Sm5VO10 

Kamil Kwiatkowski*, Mateusz Piz, Elżbieta Filipek 
1Department of Inorganic and Analytical Chemistry, Faculty of Chemical Technology and 

Engineering, West Pomeranian University of Technology, Szczecin,  
Piastów 42, 71-065 Szczecin, Poland  

*corresponding author: kamil.kwiatkowski@zut.edu.pl 

Compounds that are formed in multi-component systems of various metal oxides, belonging to 
the group of oxosalts, constitute a large group of ceramic inorganic compounds that are practical 
in many fields of science and industry [1–3].  

In recent years, an intensification of research has been observed, both basic and 
technological, conducted in order to obtain new functional materials and/or modify the properties 
of currently used materials. Researchers are particularly interested in materials whose components 
are little-known chemical compounds or solid solutions containing rare earth elements (REE). 

Due to electron occupancy of f-orbitals, these elements exhibit a number of interesting 
properties, thanks to which they have been used in catalysis, ceramic materials, or electronics and 
optoelectronics [4]. The areas of application of rare earth elements and their compounds are shown 
in Figure 1. 

 
Fig. 1. Field of applications of REE and their compounds 

In the scope of this work, a compound of the formula Sm5VO10 was synthesized with a high-
temperature method. So far, the compound has only been mentioned in the literature [5] but its 
various physicochemical properties are unknown. 

The obtained phase (Sm5VO10) was investigated using: X-ray powder diffraction (XRD), 
differential thermal analysis with simultaneous thermogravimetry (DTA-TG), ultraviolet–visible 
diffuse reflectance spectroscopy (UV-VIS-DRS), Fourier–transform infrared spectroscopy (FTIR), 
laser diffraction spectrometry (LDS) and scanning electron microscopy with energy dispersive X-ray 
analysis (SEM-EDX).  

Synthesis of Sm5VO10 compound was carried out in the air atmosphere, from metal oxides i.e. 
vanadium(V) oxide and samarium(III) oxide mixed in molar ratio 1:5 (Equation 1), and also from 
separately obtained samarium(III) orthovanadate [6] and Sm2O3, in a molar ratio 1:2  
(Equation 2). 
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of currently used materials. Researchers are particularly interested in materials whose components 
are little-known chemical compounds or solid solutions containing rare earth elements (REE). 

Due to electron occupancy of f-orbitals, these elements exhibit a number of interesting 
properties, thanks to which they have been used in catalysis, ceramic materials, or electronics and 
optoelectronics [4]. The areas of application of rare earth elements and their compounds are shown 
in Figure 1. 

 
Fig. 1. Field of applications of REE and their compounds 

In the scope of this work, a compound of the formula Sm5VO10 was synthesized with a high-
temperature method. So far, the compound has only been mentioned in the literature [5] but its 
various physicochemical properties are unknown. 

The obtained phase (Sm5VO10) was investigated using: X-ray powder diffraction (XRD), 
differential thermal analysis with simultaneous thermogravimetry (DTA-TG), ultraviolet–visible 
diffuse reflectance spectroscopy (UV-VIS-DRS), Fourier–transform infrared spectroscopy (FTIR), 
laser diffraction spectrometry (LDS) and scanning electron microscopy with energy dispersive X-ray 
analysis (SEM-EDX).  

Synthesis of Sm5VO10 compound was carried out in the air atmosphere, from metal oxides i.e. 
vanadium(V) oxide and samarium(III) oxide mixed in molar ratio 1:5 (Equation 1), and also from 
separately obtained samarium(III) orthovanadate [6] and Sm2O3, in a molar ratio 1:2  
(Equation 2). 

 5 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2𝑂𝑂𝑂𝑂3(𝑠𝑠𝑠𝑠) + 𝑉𝑉𝑉𝑉2𝑂𝑂𝑂𝑂5(𝑠𝑠𝑠𝑠) = 2 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆5𝑉𝑉𝑉𝑉𝑂𝑂𝑂𝑂10(𝑠𝑠𝑠𝑠) (1) 

 2 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑂𝑂𝑂𝑂4(𝑠𝑠𝑠𝑠) + 4 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2𝑂𝑂𝑂𝑂3(𝑠𝑠𝑠𝑠) = 2 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆5𝑉𝑉𝑉𝑉𝑂𝑂𝑂𝑂10(𝑠𝑠𝑠𝑠)  (2) 

Synthesis from the oxides was conducted in six stages in the temperature range from 600 to 
1350°C, and from SmVO4 and Sm2O3 was carried out in four stages in the temperature range from 
1000 to 1350°C. After each step of heating, the phase composition of the samples was analysed 
with XRD.  

Diffraction patterns obtained after the last heating of both samples were identical, which leads 
to the conclusion, that pentasamarium(III) vanadate(V) is forming not only from the oxides, but also 
in the reaction between samarium(III) orthovanadate and Sm2O3. Diffractogram of monophase 
sample that contained Sm5VO10 was indexed, by using POWDER software [7]. The best obtained 
solution was then refined in the REFINEMENT program of DHN/PDS package. This part of 
investigation allows us to claim that pentasamarium(III) vanadate(V) crystallizes in a monoclinic 
system. Unit cell parameters have been calculated. 

 Results of LDS, DTA–TG and XRD analysis proved, that microcrystalline compound Sm5VO10 is 
thermally stable up to at least 1450°C. After reaching this temperature it decomposes to another 
samarium(III) vanadate and samarium(III) oxide, according to Equation (3). 

 2 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆5𝑉𝑉𝑉𝑉𝑂𝑂𝑂𝑂10(𝑠𝑠𝑠𝑠) = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2𝑂𝑂𝑂𝑂3(𝑠𝑠𝑠𝑠) + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆8𝑉𝑉𝑉𝑉2𝑂𝑂𝑂𝑂17(𝑠𝑠𝑠𝑠) (3) 

Additionally, FTIR analysis results showed that the structure of Sm5VO10 is built from VO6 and 
SmO8 polyhedrons, connected with each other. 
Moreover, it was claimed that Sm5VO10 belongs to electrical semiconductors, with an energy gap 
value around 3 eV. This value was estimated using Kubelka–Munk method [8].  
Obtained results of the investigation tentatively indicate that Sm5VO10 can be applied as  
a photocatalyst of various reactions, such as water purification processes.  

Investigation and experiments that will allow to find possible applications of described 
samarium(III) vanadate(V) are still in progress. 
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The combination of automatic dishwashers with suitable cleaning products allows the effective 
cleaning of soiled dishes, kitchen utensils and containers used for serving and preparing meals. 
High-quality washing products also protect the dishes and the dishwasher itself from chemical 
corrosion. Currently, consumers expect products that are effective, but also safe for their health 
and the environment. 

In this presentation, based on a market review and available literature, the common forms of 
dishwasher products and their intended use were discussed. Particular attention was paid to the 
composition of preparations for washing dishes in automatic dishwashers. In addition to 
surfactants, dispersants and sequestrants, the following groups of auxiliary ingredients were 
presented: 
- bleaches and their activators, 
- enzymes, 
- corrosion inhibitors, 
- builders, 
- fragrances, dyes and preservatives. 

Furthermore, current market trends, examples of innovative solutions and development 
forecasts for the area of detergents for automatic dishwashers in Poland were discussed. 
 
Keywords: Household chemicals, surfactants, dishwasher detergent, automatic dishwashing. 
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The process of obtaining alginate microspheres (AMs) with emulsification method was 
optimized by applying statistical analysis software (Statistica®, StatSoft Inc.). Ten batches of 
microspheres were prepared using the fractional plan 3(K-p), where K is the number of variables and 
p always takes the value 1. AMs were obtained with two different methods: ultrasonic 
homogenization (UH) process and rotor-stator mechanical homogenization (MH). The amount of a 
cross-linking agent (CaCl2), calcium chloride rate addition, and the sonication amplitude (in the 
case of the ultrasound method) or the speed of rotor rotation (in the case of MH) were selected as 
formulation variables (Fig. 1.).  

   

Fig. 1. Schematic description of the optimization process 

All the batches were evaluated in terms of stability and size of alginate microspheres. 
Approximation profiles were developed. Multiple linear regression was applied to confirm significant 
effect of each variable. As a result of the conducted research, stable alginate microspheres with 
sizes ranging from 10 to 30 micrometers were obtained (Fig. 2.). 

Fig. 2. a) TEM of the alginate shell, b) SEM of structure of microspheres  

Formulation of 
alginate 

microspheres 

x1, dripping rate CaCl2 

x2, concentration of CaCl2 

x3, ultrasounds power/ 
homogenizer speed 

y1, microspheres size after 24 h 

Dependent variables: Independent variables: 

y2, microspheres size after 10 days 
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The process of obtaining alginate microspheres (AMs) with emulsification method was
optimized by applying statistical analysis software (Statistica®, StatSoft Inc.). Ten batches of
microspheres were prepared using the fractional plan 3(K-p), where K is the number of variables and
p always takes the value 1. AMs were obtained with two different methods: ultrasonic
homogenization (UH) process and rotor-stator mechanical homogenization (MH). The amount of a
cross-linking agent (CaCl2), calcium chloride rate addition, and the sonication amplitude (in the
case of the ultrasound method) or the speed of rotor rotation (in the case of MH) were selected as
formulation variables (Fig. 1.).  

Fig. 1. Schematic description of the optimization process.

All the batches were evaluated in terms of stability and size of alginate microspheres.
Approximation profiles were developed. Multiple linear regression was applied to confirm significant
effect of each variable. As a result of the conducted research, stable alginate microspheres with
sizes ranging from 10 to 30 micrometers were obtained (Fig. 2.).

Fig. 2. a) TEM of the alginate shell, b) SEM of structure of microspheres.  

Formulation of
alginate

microspheres

x1, dripping rate CaCl2

x2, concentration of CaCl2

x3, ultrasounds power/
homogenizer speed

y1, microspheres size after 24 h

Dependent variables: Independent variables:

y2, microspheres size after 10 days

The obtained results showed that the quality of AMs was mainly affected by the concentration 
and the rate of calcium chloride addition into the system. Therefore, the role of calcium ions in the 
mechanisms of shell structuring was discussed. Lactobacillus casei bacteria were encapsulated 
into the batches found to be optimum. The high efficiency of bacteria encapsulation (72-94% 
depending on the form) and their viability over time were obtained. The model developed in the 
study can be effectively utilized to achieve AMs formulations. 
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The common side effect of radiotherapy and chemotherapy are skin lesions (pain, skin 
irritation, itchiness, dryness, swelling, redness). A number of factors influence the intensity of 
side effects experienced during cancer treatment. Among them are the total radiation/drug 
dose, the size of a single doses, and the area of skin exposed to radiation. In this paper, 
multiple emulsions were developed and evaluated as carriers of non-steroidal anti-
inflammatory drugs (NSAID) as an effective formulation for the topical administration and 
treating skin lesions following anti-cancer therapy.  

The paper proposes multiple emulsions of W1/O/W2 (water in oil in water) type as carriers 
for effective encapsulation and delivery of diclofenac and ketoprofen. Multiple emulsions are 
complex structured systems ("drops in drops"). The functional structure of the W1/O/W2 
emulsion enables the incorporation of one or more drugs (lipophilic and hydrophilic), 
enhancement of stability and bioavailability of encapsulated substances, prevention of 
interactions between substances, as well as with the external environment, and drug release 
in a controlled manner.  

The multiple emulsions were prepared by a one-step method in a continuous Couette-
Taylor flow (CTF) contactor [1, 2]. The emulsions were prepared using Span 83, Tween 80, 
Pluronic P-123, poloxamer 407 as surfactants, sodium alginate and sodium 
carboxymethylcellulose as viscosity modifiers. The membrane phase of emulsions was 
soybean oil. The liquid flow rates in the CTF contactor for emulsions D1-D4 were: the internal 
phase 20 cm3/min, membrane phase 40 cm3/min, external phase 60 cm3/min. The rotational 
frequencies of the internal cylinder in the CTF contactor were: (D1: 1166 RPM; D2: 925 RPM; 
D3; 1264 RPM, D4: 976 RPM). The W1/O/W2 emulsions were evaluated for their 
characteristics (drops size, drop size distribution, volume packing fraction), encapsulation 
efficiency, stability (37ºC and 24ºC), and rheology (Rheolab QC, Anton Paar). Also, the in vitro 
NPLS release process was investigated in a simulated skin environment. In order to assess 
the effectiveness of emulsion formulations, the in-vitro therapeutic effect for K21 fibroblast cell 
line irradiated (Crosslinker CL-1000) with UV doses (15 J/m2) was evaluated (similar biological 
impact on cells as a commonly used in radiotherapy dose of ionizing radiation of 2 Gy [3, 4]). 
For this purpose, cytotoxicity tests were conducted using the presto blue reagent - relative 
fluorescence was measured (at the wavelength of 535/590 nm, DTX880 Multimode Detector, 
Beckman Coulter). Cell viability was measured after 24, 48, and 72 h of incubation. 

Stable multiple emulsions with diclofenac and ketoprofen were obtained. The NSAID 
drugs were encapsulated in the internal droplets of emulsion. For all emulsions, high 
encapsulation efficiency (over 90%) and high volume packing fraction of internal droplets (0.54 
- 0.96) were obtained. All emulsions displayed properties of shear-thinning fluids. In addition, 
due to the presence of a polymer (CMC-Na) with adhesive properties, high emulsion stability 
was achieved. The release study of encapsulated substance confirmed the possibility of 
modifying release rates. It was found that the releasing process can be controlled through the 
composition, structure, and physicochemical parameters of emulsions. Moreover, an increase 
in cell viability was observed after incubating the human fibroblast (K21 cell line) with an 
emulsion-based carrier of diclofenac/ketoprofen. Examples of the results are presented in 
Figure 1 and Table 1.
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encapsulation efficiency (over 90%) and high volume packing fraction of internal droplets (0.54 
- 0.96) were obtained. All emulsions displayed properties of shear-thinning fluids. In addition, 
due to the presence of a polymer (CMC-Na) with adhesive properties, high emulsion stability 
was achieved. The release study of encapsulated substance confirmed the possibility of 
modifying release rates. It was found that the releasing process can be controlled through the 
composition, structure, and physicochemical parameters of emulsions. Moreover, an increase 
in cell viability was observed after incubating the human fibroblast (K21 cell line) with an 
emulsion-based carrier of diclofenac/ketoprofen. Examples of the results are presented in 
Figure 1 and Table 1. 

These results showed that the multiple emulsion-based formulations may be appropriate 
carriers for the topical delivery of NSAID drugs. 
 

 
Fig. 1. Time-dependent cumulative mass fractions of the anti-inflammatory drug (diclofenac) released from 

multiple emulsions D1-D4 prepared in the CTF contactor  

Table 1. The viability of K21 cells after irradiation (UV doses of 15 J/m2) and treatment with drug 
encapsulated in multiple emulsion  

time [h] 
cell viability [%] 

Control  
(non-treated cells)  Emulsion D1 with 

diclofenac 
24 43 increase to → 76 
48 24 increase to → 88 
72 7 increase to → 95 
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Nowadays, single enantiomers are used in many areas of industry, including food, agro-

chemistry and pharmaceutical industries. In the latter case, the optical purity of enantiomers is 
required as it determines their biological activity. To isolate a single enantiomer from enantiomeric 
mixtures, chiral chromatography (CCh) is typically used. However, the high price of chiral stationary 
phases is a stimulus for development of more economical and efficient methods for separation of 
enantiomers. For this reason, attempts are being made to partly replace CCh with achiral 
chromatography (ACh) [1, 2]. The latter exploits plain silica adsorbent, which is cheap and 
mechanically stable. 
 The mechanism of enantiomer separation on ACh is based on the phenomenon termed 
as self-disproportionation of enantiomers (SDE). It is characteristic of many chiral compounds, such 
as sulfoxides, amides, alcohols, esters, etc. The essence of SDE is that molecules of enantiomers 
form homo- and heterochiral associations in the liquid and adsorbed phases. The associates of 
enantiomers have different adsorption properties, which is the reason for their different retention 
properties [3]. 
 ACh allows isolation of a single enantiomer from a non-racemic mixture that is enriched with 
the target enantiomer. In order to obtain complete resolution, it is necessary to combine ACh with 
CCh. In this way, we can reduce costs by reducing the involvement of CCh in the overall process [4]. 
The essence of the economic coupled process is to find proper conditions and parameters for ACh, 
such as composition of the mobile phase.  

In this study, we demonstrated the influence of mobile phase composition on the effectiveness 
of ACh separation of enantiomers of a model compound that is methyl p-tolyl sulfoxide. The mobile 
phase was composed of apolar and polar solvents, i.e., tert-butyl methyl ether (MTBE) and ethanol 
with different volume ratios (Fig. 1A). The results of the studies indicated that the selectivity of 
enantiomer ACh separation was determined by the composition of solvents used as the mobile 
phase. As those solvents were present in high concentrations, nonideality of their adsorption 
behaviour was unavoidable. Interactions between adsorbed molecules of enantiomers and polar 
solvent are competitive against interactions between adsorbed molecules of the enantiomers, thus 
they suppress the SDE effect. Hence, pure MTBE as the mobile phase allowed good resolution of 
enantiomers, but at the expense of a very long elution time. An addition of polar ethanol to the 
mobile phase accelerated elution of enantiomers, but the recovery of the target enantiomer was 
significantly reduced.  

Therefore, we applied a gradient of the elution strength of the mobile phase, which started 
with pure MTBE and ended with a mixture of MTBE and ethanol (95/5 (v/v)) (Fig. 1B). This provided 
significant improvement in the recovery of a single enantiomer compared with isocratic elution (Fig. 
1 and Table 1). A dynamic model was used to optimize the flowrate and gradient shape. 
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Nowadays, single enantiomers are used in many areas of industry, including food, agro-
chemistry and pharmaceutical industries. In the latter case, the optical purity of enantiomers is
required as it determines their biological activity. To isolate a single enantiomer from enantiomeric
mixtures, chiral chromatography (CCh) is typically used. However, the high price of chiral stationary
phases is a stimulus for development of more economical and efficient methods for separation of
enantiomers. For this reason, attempts are being made to partly replace CCh with achiral
chromatography (ACh) [1, 2]. The latter exploits plain silica adsorbent, which is cheap and
mechanically stable.

The mechanism of enantiomer separation on ACh is based on the phenomenon termed
as self-disproportionation of enantiomers (SDE). It is characteristic of many chiral compounds, such
as sulfoxides, amides, alcohols, esters, etc. The essence of SDE is that molecules of enantiomers
form homo- and heterochiral associations in the liquid and adsorbed phases. The associates of
enantiomers have different adsorption properties, which is the reason for their different retention
properties [3].

ACh allows isolation of a single enantiomer from a non-racemic mixture that is enriched with
the target enantiomer. In order to obtain complete resolution, it is necessary to combine ACh with
CCh. In this way, we can reduce costs by reducing the involvement of CCh in the overall process [4].
The essence of the economic coupled process is to find proper conditions and parameters for ACh, 
such as composition of the mobile phase.

In this study, we demonstrated the influence of mobile phase composition on the effectiveness
of ACh separation of enantiomers of a model compound that is methyl p-tolyl sulfoxide. The mobile 
phase was composed of apolar and polar solvents, i.e., tert-butyl methyl ether (MTBE) and ethanol
with different volume ratios (Fig. 1A). The results of the studies indicated that the selectivity of
enantiomer ACh separation was determined by the composition of solvents used as the mobile
phase. As those solvents were present in high concentrations, nonideality of their adsorption
behaviour was unavoidable. Interactions between adsorbed molecules of enantiomers and polar
solvent are competitive against interactions between adsorbed molecules of the enantiomers, thus
they suppress the SDE effect. Hence, pure MTBE as the mobile phase allowed good resolution of
enantiomers, but at the expense of a very long elution time. An addition of polar ethanol to the
mobile phase accelerated elution of enantiomers, but the recovery of the target enantiomer was
significantly reduced. 

Therefore, we applied a gradient of the elution strength of the mobile phase, which started
with pure MTBE and ended with a mixture of MTBE and ethanol (95/5 (v/v)) (Fig. 1B). This provided
significant improvement in the recovery of a single enantiomer compared with isocratic elution (Fig. 
1 and Table 1). A dynamic model was used to optimize the flowrate and gradient shape.

Fig. 1. Chromatogram of methyl p-tolyl sulfoxide eluted with the mobile phase (A) isocratic with 
MTBE/ethanol (95/5 (v/v)), (B) with a step gradient: MTBE (0 to 27 min), MTBE/ethanol (95/5 (v/v)) (27 to 

37 min). The concentration of the sample: 40 g L-1 with enantiomeric excess, eeS=50%, the injection 
volume: 60 μL, flowrate: 1 mL min-1 for (A), 2 mL/min for (B), detection wavelength: 280 nm. 

Fraction 1 contained a single S-enantiomer. Fraction 2 contains a mixture of both enantiomers 

Table 1. Comparison of recovery of S-enantiomer of methyl p-tolyl sulfoxide 

Elution mode Isocratic elution Gradient elution 

Recovery of S-enantiomer [%] 32,93 73,73 
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In this work, epoxy acrylate resin (EA) based on industrial-grade bisphenol A-based epoxy resin 
(Ep6) and acrylic acid (AA) has been synthesized in order to develop a hybrid resin comprising both 
epoxide group and reactive, therminal unsaturation. The obtained epoxy acrylate prepolymer was 
employed to formulate photocurable coating compositions containing, besides the EA binder, also 
cationic or radical photoinitiators. Hence, when cationic photoinitiators were applied, polyether-type 
polymer chains with pending acrylate groups were formed. In the case of free radical 
polymerization, epoxy acrylates certainly formed a polyacrylate backbone with pending epoxy 
groups. Owing to the presence of both epoxy and double carbon-carbon pendant groups, the 
reaction product exhibits photocrosslinking via two distinct mechanisms: (i) cationic ring-opening 
polymerization and (ii) free radical polymerization. Therefore, photopolymerization behavior of 
synthetized hybrid resin with various photoinitiators was determined via photo-differential scanning 
calorimetry (photo-DSC) and real-time infrared spectroscopy (RT-IR) methods. The properties of 
cured coatings were investigated. The performance of the following photoinitiators was tested in 
cationic photopolymerization. Diaryliodonium cations or triarylsulfonium cations, and the following 
photoinitiators were used to induce free radical photopolymerization: hydroxyketones, 
acylphosphine oxides, and their mixtures [1]. The presented research is part of the work supported 
by The National Centre for Research and Development (NCBR; grant no. LIDER/16/0102/L-
10/18/NCBR/2019).
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In this work, epoxy acrylate resin (EA) based on industrial-grade bisphenol A-based epoxy resin
(Ep6) and acrylic acid (AA) has been synthesized in order to develop a hybrid resin comprising both
epoxide group and reactive, therminal unsaturation. The obtained epoxy acrylate prepolymer was
employed to formulate photocurable coating compositions containing, besides the EA binder, also
cationic or radical photoinitiators. Hence, when cationic photoinitiators were applied, polyether-type
polymer chains with pending acrylate groups were formed. In the case of free radical
polymerization, epoxy acrylates certainly formed a polyacrylate backbone with pending epoxy
groups. Owing to the presence of both epoxy and double carbon-carbon pendant groups, the
reaction product exhibits photocrosslinking via two distinct mechanisms: (i) cationic ring-opening 
polymerization and (ii) free radical polymerization. Therefore, photopolymerization behavior of
synthetized hybrid resin with various photoinitiators was determined via photo-differential scanning
calorimetry (photo-DSC) and real-time infrared spectroscopy (RT-IR) methods. The properties of
cured coatings were investigated. The performance of the following photoinitiators was tested in
cationic photopolymerization. Diaryliodonium cations or triarylsulfonium cations, and the following
photoinitiators were used to induce free radical photopolymerization: hydroxyketones,
acylphosphine oxides, and their mixtures [1]. The presented research is part of the work supported
by The National Centre for Research and Development (NCBR; grant no. LIDER/16/0102/L-
10/18/NCBR/2019).
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Increased awareness and expectations on the part of consumers of cleaning and washing 
products, as well as many initiatives to change legislation by the EU contribute to changes not only 
in the formulation of products, but also in the method of product application. The dynamic 
development of washing agents in the form of measured doses in a film casing made of polyvinyl 
alcohol (-PVOH) enable rational use of the product, limiting the overdosing of the detergent. The 
concept of concentrating the washing mixture and enclosing it in a film made of polyvinyl alcohol 
significantly reduces water consumption in production processes in accordance with the "water 
less" trend and the number of introduced plastics. The PVOH film, which gives the possibility of 
storing, protecting, transporting, delivering and presenting the product, is an interesting alternative 
to plastics made of PE and HDPE. 

The presentation is a literature review of the composition, properties and production process 
of polyvinyl alcohol film. The relationship between the chemical composition of the film and its 
water-soluble and mechanical properties will be discussed. Particular attention will be paid to the 
biodegradability of PVOH film as a potential source of microplastics present in aquatic ecosystems. 
The literature review shows that both the mechanical properties and the biodegradability of PVOH 
film create opportunities to extend its use in the eco-design process of sustainable detergent 
products for cleaning and caring for hard surfaces. 
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The development of new methods for various processes often involves the need for new, 
specially designed apparatus. Due to the ever-increasing problem with dwindling drinking water 
supplies, modern methods of water purification are under investigation. Recently, advanced 
oxidation processes (AOPs) have become mainstream as a method of water disinfection. One of 
the advanced oxidation processes is photocatalysis, which has not been used in industry, despite 
its high application potential. The photocatalytic process is initiated by electromagnetic radiation 
with an energy equal or greater than the energy of the band gap. Among the most used UV light 
sources are high-pressure irradiators, which are characterized by a high price, and thus increase 
the cost of conducting such a process. However, photocatalysis can also be carried out using light 
from the visible range, for example, emitted by LEDs, after appropriate modification of the 
photocatalyst [1, 2]. Another simple physical method is water purification using a magnetic field. In 
water, moving through magnetizers, there is a change in the configuration of the present ions, which 
consequently affects their solubility, as well as a change in zeta potential [3]. Studies suggest the 
effect of the magnetic field on changing the surface charges of water, which increases the 
coagulation and precipitation of particles of substances accumulated in the treated water stream 
[3]. The bactericidal effect of photocatalysis is a widely studied topic. The effect of magnetic fields 
on the bacteriostatic properties of various substances has also been proven in scientific works [4, 
5]. Combining these two methods is a promising way to develop a new method for disinfecting 
water.  

The aim of the research was to create a new design of a photoreactor with a rotating magnetic 
field generator and determine the efficiency of the process using certain parameters. 

Two reference strains of bacteria Gram-negative Escherichia coli K12 (ATCC 29425) and Gram-
positive Staphylococcus epidermidis (ATCC 49461) and metal-modified titania photocatalysts 
(0.5Pt@HomoP25, 2.0Ag@HomoP25, 2.0Au@HomoP25) and commercial KRONOClean7000 were 
used. The influence of photocatalyst, light, rotating magnetic field (RMF) and synergistic effect of 
light and RMF on the effectiveness of the disinfection process were determined. Experiments were 
performed in a self-designed and constructed photoreactor with a rotating magnetic field generator. 
Light-emitting diodes (LEDs) emitting radiation in the visible range were used as the light source. 
The concentration of photocatalyst was 0.1 g · dm-3. RMF in the frequency of 5, 25 and 50 Hz was 
applied. Each experiment lasted 3 hours and samples were taken in 0, 1 and 3 hours of the 
process. A series of decimal dilutions were made, and the diluted solutions were plated on solid 
media appropriate for the type of bacteria. The inculcated plates were incubated at a temperature 
of 37°C for 24 h. Then visible colonies were counted. The results obtained were used to develop 
artificial neural network models in Statistica 13.3, through which the effect of the various process 
conditions on the efficiency of water disinfection was determined. A control experiment under dark 
conditions was also performed. 

The results indicate that the photocatalytic disinfection of water is positively influenced by 
rotating magnetic fields. It was found that the duration of the process was the decisive factor in the 
efficiency of the process. The applied frequency of the magnetic field also influenced disinfection 
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efficiency. The best disinfection performance was obtained for the 2.0Ag@HomoP25 photocatalyst 
when using light and a magnetic field at 25 Hz, in the removal of Gram-positive S. epidermidis, and 
when using light and a magnetic field at 5 Hz for Gram-negative E. coli. In both cases, the full 
disinfection effect was achieved after 3 h of running the process. 
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Carbon dots (CDs) are a category of modern material that has great potential for applications. 
They are easy to modify and synthesize, and their fluorescent properties can be exploited in many 
ways. CDs can be obtained synthetically, from natural compounds or waste [1]. They can be of good 
benefit in the detection of compounds in the early detection of diseases through fluorescence 
quenching [2], as drug targeting or cell and tumor imaging. In addition to medical applications, CDs 
can be used as sensors in water purification methods, optoelectronics, or energy storage [3, 4].  

The aim of the study was to synthesize carbon quantum dots from glucose for biomedical 
applications. Such a nanomaterial has fluorescent properties that can be widely used in medicine 
and environmental protection for the detection of selected chemical compounds. The synthesis 
was carried out in a microwave reactor using a top-down method with prior homogenization of the 
mixture. The influence of the pH of the environment, the temperature of the process, and the 
presence of the monopotassium phosphate reagent as a dehydrating agent was studied on the 
properties of the obtained product. The use of an additional reagent yielded interesting results in 
the work of Z. Xu et al. and Yoshinaga et. al. [5, 6]. 0.01M HCl was used as an acidic solvent, neutral 
- deionized water, and alkalic solvent - 0.01M NaOH. The glucose concentration was 0.01 mol/L, 
and the process time was 30 min for each synthesis. Detailed parameters of the samples are shown 
in Table 1. To separate smaller particles from the suspension, the mixture was filtered through a 
0.45 μm pore filter. CDs were analyzed with a Rayleigh UV-vis spectrophotometer, a Tecan’s 
spectrofluorometer and a Malvern’s DLS analyzer. 

 

Table 1. Variable parameters used in the syntheses performed 

Sample Process 
temperature, 

°C 

pH Molar ratio 
KH2PO4/Glucose 

1 180 2,14 0 

2 220 7,17 0 

3 200 12,2 0 

4 220 2,14 5 

5 200 7,17 5 

6 180 12,2 5 

7 200 2,14 10 

8 180 7,17 10 

9 220 12,2 10 
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Figure 1 shows the PL spectrum for glucose CDs showing the intensity of fluorescence 
emission of CDs. These properties can be enhanced by modifying the surface of the nanomaterial. 

Fig. 1. PL spectrum of glucose CDs at 256 nm excitation wavelength 

In the syntheses carried out, CDs with different fluorescence intensities were obtained. The 
best results were achieved using water as the solvent. The obtained CDs had sizes as small as 1 
to 35 nm. The additional modification of CDs to enhance the fluorescence effect will make this 
product have great potential for application in medicine, not only as a biodetector. 
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Figure 1 shows the PL spectrum for glucose CDs showing the intensity of fluorescence
emission of CDs. These properties can be enhanced by modifying the surface of the nanomaterial.

Fig. 1. PL spectrum of glucose CDs at 256 nm excitation wavelength.

In the syntheses carried out, CDs with different fluorescence intensities were obtained. The
best results were achieved using water as the solvent. The obtained CDs had sizes as small as 1
to 35 nm. The additional modification of CDs to enhance the fluorescence effect will make this
product have great potential for application in medicine, not only as a biodetector.
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Currently, the world is struggling with many environmental problems. One of the major 
challenges is water quality. Constantly increasing production and consumption of medicinal 
products contributes to the growth in the amount of organic pollutants in the aquatic environment 
[1]. It was proved that the efficiency of conventional water and wastewater treatment processes is 
low in terms of removal of pharmaceuticals. Nevertheless, photocatalysis with the use of TiO2 [2] is 
an effective method of decomposition and mineralization of many organic compounds, including 
drugs, However, this photocatalyst has one main drawback, which is high band gap energy and thus 
the need for activation with UV radiation. Hence, the research on the modification of TiO2 aimed at 
increasing photocatalytic activity in visible light has become widespread. One of the approaches to 
extend the absorption range to visible light is incorporation of non-metals. Among them, C, N and S 
are very promising elements [2, 3]. The co-modification of TiO2 with three non-metals: C, N and S is 
considered to combine the advantages of each single non-metal modification. The mentioned 
benefits include: (i) formation of new impurity levels (C 2p, N 2p, S 2p) above the valence band of 
TiO2 and therefore, reduction of the excitation energy to the visible light range, (ii) development of 
carbonaceous species, acting like photosensitizers and (iii) formation of sulfate ions on the TiO2 
surface promoting the trapping of photo-induced electrons [3, 4].  

In the present research a crude TiO2 produced by sulfate technology was used as TiO2 and S 
precursor. Moreover, the application of ammonium formate (AFT) as a novel modifier being the C 
and N source is proposed for the very first time. The main objective of this research was the 
investigation on the influence of the AFT dose on the solar light photoactivity of novel C, N,S-
modified TiO2-based photocatalysts. In particular, the impact on the efficiency of decomposition 
and mineralization of a model pollutant, ketoprofen (KPF), was examined. The crude TiO2 was 
supplied by the Grupa Azoty Zakłady Chemiczne "Police" S.A. (Poland). The photocatalysts were 
prepared using a mechanochemical approach based on wet ball-milling followed by calcination in 
the air atmosphere. The crude TiO2, precalcined at 600°C, was mixed with AFT at the TiO2:N weight 
ratios of 9:1, 8:2, 7:3, 6:4 and 5:5 and ball-milled in the presence of water for 1 h. The 
photocatalysts were marked as P600-AFT-9:1, P600-AFT-8:2, P600-AFT-7:3, P600-AFT-6:4 and 
P600-AFT-5:5, respectively. The obtained suspension was subsequently dried at 50°C and calcined 
for 1 h at 600°C. Additionally, a referential material (P600-M-600) was synthesized according to 
the above procedure, but without AFT addition. Moreover, P25 and the crude TiO2 were employed 
for comparison purposes. The photocatalytic activity of the photocatalysts was investigated towards 
KPF (10 mg/L) decomposition under simulated solar light. A 150 W light bulb (Daylight Basking 
Spot, Exo Terra) was used as a radiation source with the intensity of ca. 1250 W/m2 in the 
wavelength range of 300–2800 nm and ca. 0.4 W/m2 in the wavelength range of UV-A and UV-B. 
The KPF concentration was measured using high performance liquid chromatograph (HPLC, 
Shimadzu, Japan), while total organic carbon (TOC) content was determined with a “multi N/C 
2000” analyzer (Analytik Jena, Germany). 

The influence of the AFT dose on the solar light photocatalytic activity of the photocatalysts is 
presented in Fig. 1. As shown, regardless the TiO2:N ratio, the applied C,N,S-modification was 
proved to enhance photoactivity compared to the referential photocatalysts. The best performance 
was observed for P600-AFT-7:3. 
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Fig. 1. Influence of AFT dose on the photocatalytic activity of the referential and C,N,S-modified 
photocatalysts during 5 h of irradiation with simulated solar light 

The efficiency of KPF decomposition and mineralization in the presence of the C,N,S-modified 
and the referential photocatalysts was compared after 24 h of photocatalysis (Fig. 2). All the 
modified photocatalysts exhibited superior performance compared to the referential 
photocatalysts. The KPF decomposition efficiency was increasing with the rising AFT dose, gaining 
the highest value of 74% for P600-AFT-7:3. Then, the decomposition efficiency started to decrease 
with the further increase in the AFT dose. Moreover, all the C,N,S-modified photocatalysts displayed 
higher mineralization efficiency than the crude TiO2 and P600-M-600. However, only P600-AFT-9:1, 
P600-AFT-8:2 and P600-AFT-7:3 revealed improved photoactivity compared to P25 in terms of 
mineralization. The highest mineralization efficiency of 35% was reached in the presence of P600-
AFT-7:3. 

Fig. 2. Effect of AFT dose on the efficiency of KPF decomposition and mineralization in the presence of the 
referential and C,N,S-modified photocatalysts after 24 h of simulated solar light irradiation 

It was proved that C,N,S-modification of TiO2 with the application of AFT as C and N source 
enhanced photocatalytic activity under the simulated solar light. The highest KPF decomposition 
and mineralization efficiency of 74 and 35%, respectively was achieved for P600-AFT-7:3. 
Acknowledgements: This work was supported by the National Science Centre, Poland under project 
No. 2019/33/B/ST8/00252. 
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Fig. 1. Influence of AFT dose on the photocatalytic activity of the referential and C,N,S-modified
photocatalysts during 5 h of irradiation with simulated solar light.

The efficiency of KPF decomposition and mineralization in the presence of the C,N,S-modified
and the referential photocatalysts was compared after 24 h of photocatalysis (Fig. 2). All the
modified photocatalysts exhibited superior performance compared to the referential
photocatalysts. The KPF decomposition efficiency was increasing with the rising AFT dose, gaining
the highest value of 74% for P600-AFT-7:3. Then, the decomposition efficiency started to decrease
with the further increase in the AFT dose. Moreover, all the C,N,S-modified photocatalysts displayed
higher mineralization efficiency than the crude TiO2 and P600-M-600. However, only P600-AFT-9:1,
P600-AFT-8:2 and P600-AFT-7:3 revealed improved photoactivity compared to P25 in terms of
mineralization. The highest mineralization efficiency of 35% was reached in the presence of P600-
AFT-7:3.

Fig. 2. Effect of AFT dose on the efficiency of KPF decomposition and mineralization in the presence of the
referential and C,N,S-modified photocatalysts after 24 h of simulated solar light irradiation.

It was proved that C,N,S-modification of TiO2 with the application of AFT as C and N source
enhanced photocatalytic activity under the simulated solar light. The highest KPF decomposition
and mineralization efficiency of 74 and 35%, respectively was achieved for P600-AFT-7:3.
Acknowledgements: This work was supported by the National Science Centre, Poland under project
No. 2019/33/B/ST8/00252.
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This paper presents two computational models describing the behavior of OQ-PSP (Oxygen 
Quenching Pressure Sensitive Paints) and SQ-PSP (Solvent Quenching Pressure Sensitive Paints) 
coatings in aerodynamic conditions and the results of empirical spectroscopic tests of selected PSP 
systems. An OQ-PSP computational model was prepared using the relationships for diffusive mass 
transfer inside the coating and Fick's 2nd law, while the Stern-Volmer equation was used to 
describe the relationship between the luminescence intensity of the coating and the concentration 
of quencher (oxygen), the same as for collisional quenching luminescence. An SQ-PSP 
computational model was prepared on the basis of the Stern-Volmer equation for solvent 
quenching of luminescence, as well as the Eyring dependence of quenching rate constant on the 
free molecule enthalpy change and the dependence of free molecule enthalpy on the pressure in 
the system. [1]  

Fig. 1. Diagram of mass transfer phenomena in OQ-PSP systems in aerodynamic conditions, where: t – 
measurement time (t0 = 0 s and  t1< t2< t3<…< t7< t∞); C(t) – molar concentration of oxygen in the PSP 

coating at time t; Cs(t) – molar concentration of oxygen on the surface of the PSP coating at time t; p(t) – 
partial pressure of oxygen in the surroundings of PSP coating at time t 

Based on the solved computational models, the predicted process parameters of the OQ-PSP and 
SQ-PSP systems were compared with the parameters determined as a result of experimental tests 
and literature data. One of the main parameters characterizing OQ-PSP systems is their response 
time (tR), Comparison of the computational dependence and semi-empirical literature dependence 
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Boundary
layer
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of the response time of the OQ-PSP system on the thickness of the coating based on poly(butyl 
methacrylate) and platinum octaethylporphyrin luminescent sensor is shown in Figure 2 [2–3]. 

Fig. 2. The dependence of response time (tR) of OQ-PSP coating based on poly(butyl methacrylate) on its 
thickness (L), according to the computational dependence and semi-empirical literature equation 

As can be seen in Figure 1, the relationship determined using the developed computational model 
and the semi-empirical literature model coincide for the coating thickness up to about 10µm. 
However, for thicker coatings, these relationships differ significantly. Similar observations were 
made for the dependence of the coating luminescence intensity on the pressure determined using 
the proposed computational models and experimental data. This allows us to conclude that the 
proposed computational models are true only for coatings with small thicknesses (up to several 
micrometers). It can be hypothesized that for coatings of greater thickness, additional phenomena 
may occur, such as deformation of the coating under pressure, which may affect the spectroscopic 
response of the luminescent sensor. 

Acknowledgments 
The research were implemented within the framework of the project titled: Designing, obtaining, and 

testing the application properties of a new type of PSP and TSP coatings as part of the construction of 
innovative systems for mapping the distribution of thermodynamic state parameters on the surfaces of real 
objects, for the needs of the high technology industry, funded by the Ministry of Science and Higher Education 
(Grant No: DI2018 000848).  

The research (work) was carried out as part of the project "ROAD TO EXCELLENCE - a comprehensive 
university support programme" implemented under the Operational Programme Knowledge Education 
Development 2014-2020 co-financed by the European Social Fund; agreement no. POWR.03.05.00-00-
Z214/18 

References 

[1] Pilch, M., Ortyl, J., Popielarz, R., Quantitative interpretation of the response of Solvent-Quenched
Pressure Sensitive Paints (SQ-PSPs) to pressure, Measurement, 2021, 177, 109233.

[2] Obata M., Asato R., Hirohara S., Mitsuo K., Effect of polymer matrix on the performance of pressure-
sensitive paint comprising 5,10,15,20-tetrakis(pentafluorophenyl)-porphinato platinum(II) and
poly(1,1,1,3,3,3-hexafluoroisopropyl-co-tert-butyl methacrylates), J. Appl. Polym. Sci., 2016, 133, 1–10.

[3] Tropea C., Yarin A.L., Foss J.F., Springer Handbook of Experimental Fluid Mechanics, Heidelberg,
Springer-Verlag 2007.

t R

Semi-empirical response time [s]

Computational response time [s]



355 Table of contents

of the response time of the OQ-PSP system on the thickness of the coating based on poly(butyl
methacrylate) and platinum octaethylporphyrin luminescent sensor is shown in Figure 2 [2–3].

Fig. 2. The dependence of response time (tR) of OQ-PSP coating based on poly(butyl methacrylate) on its
thickness (L), according to the computational dependence and semi-empirical literature equation.

As can be seen in Figure 1, the relationship determined using the developed computational model
and the semi-empirical literature model coincide for the coating thickness up to about 10µm. 
However, for thicker coatings, these relationships differ significantly. Similar observations were
made for the dependence of the coating luminescence intensity on the pressure determined using
the proposed computational models and experimental data. This allows us to conclude that the
proposed computational models are true only for coatings with small thicknesses (up to several
micrometers). It can be hypothesized that for coatings of greater thickness, additional phenomena
may occur, such as deformation of the coating under pressure, which may affect the spectroscopic
response of the luminescent sensor.
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Aerogels are materials showing the potential to revolutionize a wide range of technology and 
science fields. Owing to their excellent properties, such as high porosity, low density, high specific 
surface area and low thermal conductivity, they can be used as insulation (thermal and acoustic), 
catalyst and active substances carriers, energy adsorbers or even stardust collectors [1-3]. 
However, the practical application of aerogels is limited by one of their crucial preparation steps – 
the drying process [2-3].  

Production of aerogels is based on a sol-gel synthesis, in which the final product – gel – is 
obtained from a dispersed system (sol). To obtain an aerogel from a wet gel, the liquid present in 
the material pores must be replaced by a gas without skeleton damage [2-3]. This process is 
difficult due to the very brittle framework structure of the solid phase. Samuel K. Kistler (inventor 
of aerogels) solved the problem of structure deformation by using supercritical drying (SCD) [2-3]. 
However, SCD requires high pressure, thus making the preparation process energy-consuming and 
expensive. Therefore, a competing method was developed – ambient pressure drying (APD), which 
remains more affordable, as no dedicated apparatus is required [2-3]. Nevertheless, proper APD 
utilisation demands to define parameters affecting structure deformation during the drying 
process. This will allow the optimization of a much cheaper and safer drying method – APD, to 
obtain aerogels with the most satisfactory properties. 

The presented research was carried out to understand the influence of the initial synthesis 
chemical composition on the sample morphology, porosity and volume shrinkage during the drying 
process. The selection of the initial synthesis chemical compositions was based on a ternary system 
– precursor, solvent and antisolvent components. In the presented studies methyltrimethoxysilane
(MTMS) was used as the precursor, methanol – as the solvent, and water - as the antisolvent. As
the synthesis procedure, the two-step, acid-base, sol-gel method was used. The first step –
hydrolysis – was carried out in the presence of oxalic acid as the catalyst. The second - consisting
of the condensation reaction between previously hydrolysed particles - was carried out in the
presence of ammonium hydroxide. The concentration of catalysts in the solution was constant.
After gel formation, solvent exchange for pure methanol was performed three times every 24h (at
room temperature). After that samples were dried at 60oC at ambient pressure.

The characterization of the samples aimed to designate the initial composition and gel 
microstructure effect on gel volume shrinkage. The scanning electron microscope (SEM) 
observation allowed for the obtained morphologies to be classified as one of the four distinguished 
by K. Nakanishi and K. Kanamori types of structures [4] – particle aggregates, co-continuous, 
nanoporous and isolated pores. Porosity and volumetric shrinkage were calculated based on 
dimensional and gravimetric measurements (gels and aerogels). 

Analysis of wet gel porosity in the ternary system allowed to determine the relationship 
between the porosity and the initial synthesis mixture composition. It was found that the gel porosity 
value decreases linearly with precursor concentration (Figure 1A). No effect of the water-to-solvent 
ratio on wet gel density/porosity was observed.  

The solvent/antisolvent effect has a visible influence on the volume shrinkage, as shown in 
Figure 1B. Volume shrinkage value increases with the increasing methanol-to-precursor ratio and 
decreases with the increasing water-to-precursor ratio. Therefore, the highest volume shrinkage 
exhibits gels from a high methanol and a low water content in a reactive mixture. 
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The characterized structure types occurrence on the Gibbs ternary plot allowed to determine 
the course of binode – inside which gelation occurs throughout the volume – and spinode, which 
separates areas characterized by different mechanisms of microscopic phase separation 
(nucleation and growth vs spinodal decomposition) [5]. The course of the binode, spinode and the 
occurrence of individual morphologies are shown in Figure 1C.  

A comparison of the influence of initial synthesis mixture composition on volume shrinkage 
(Figure 1B) and on the morphology (Figure 1C) shows that the highest volume shrinkage occurs for 
the nanoporous structure type. This is because this type has the smallest pore size – and thus the 
highest capillary pressure, which results in the structure collapse during drying. 

Two factors are responsible for the final aerogel porosity (shown in Figure 1C). Wet gel porosity 
is directly correlated with precursor concentration in the initial mixture. In addition, aerogel porosity 
depends indirectly on the methanol-to-water ratio as this decides about aerogel morphology – and 
hence affects volume shrinkage. In conclusion – the highest aerogel porosity values occurred for 
the lowest precursor concentration and the structure with the largest pore size (particle aggregate 
type of structure). 

 

 
Fig. 1. Influence of reaction mixture composition on alcogel porosity (A), on volume shrinkage (B) and on 

morphology, binode (black curve), spinode (orange curve) and porosity (C) of MTMS-based aerogels dried in 
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The characterized structure types occurrence on the Gibbs ternary plot allowed to determine 
the course of binode – inside which gelation occurs throughout the volume – and spinode, which 
separates areas characterized by different mechanisms of microscopic phase separation 
(nucleation and growth vs spinodal decomposition) [5]. The course of the binode, spinode and the 
occurrence of individual morphologies are shown in Figure 1C.  

A comparison of the influence of initial synthesis mixture composition on volume shrinkage 
(Figure 1B) and on the morphology (Figure 1C) shows that the highest volume shrinkage occurs for 
the nanoporous structure type. This is because this type has the smallest pore size – and thus the 
highest capillary pressure, which results in the structure collapse during drying. 

Two factors are responsible for the final aerogel porosity (shown in Figure 1C). Wet gel porosity 
is directly correlated with precursor concentration in the initial mixture. In addition, aerogel porosity 
depends indirectly on the methanol-to-water ratio as this decides about aerogel morphology – and 
hence affects volume shrinkage. In conclusion – the highest aerogel porosity values occurred for 
the lowest precursor concentration and the structure with the largest pore size (particle aggregate 
type of structure). 
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Hydroxyapatite (HAp) is the most desirable and one of the most studied forms of calcium 
phosphate. It is found in human bones and teeth. HAp has the lowest solubility in aqueous media 
of all forms of calcium phosphate. Moreover, it has many properties of a promising biomaterial. 
There are many methods of HAp synthesis, but precipitation is the most popular and straightforward 
method. Here, we discuss precipitation/remodelling, where calcium precursor and phosphate 
precursor are mixed in a solution. Transition forms of various calcium phosphates precipitate 
instantaneously, and HAp is obtained by remodelling over time in a controlled environment. 

In this work, we present the analysis of which transition forms of calcium phosphate occurred 
after a specific synthesis time in a batch reactor and which morphology they had when, 
instantaneously after initial precipitation, a constant dosage of aqueous ammonia solution raised 
the pH of the mixture. The temperature of the process was kept constant at 40 and 80 °C. In the 
experimental part of this work, we carried out 12 hydroxyapatite syntheses at a set temperature in 
a batch reactor using the precipitation/remodelling process with the continuous addition of 
ammonia solution for increasing the pH over time up to about 10 [1]. The syntheses were performed 
for 0, 1, 2, 3, 4, 5, 6, 7, 8, 16, 20, and 24 h. The samples were processed by repetitive 
centrifugation, drying, and ground before comprehensive analysis. Moreover, we collected samples 
of the aqueous phase from the reactor for analysis. The product quality was determined with 
Fourier-transform infrared spectroscopy (FTIR) and x-ray fluorescence spectrometry (XRF); the 
morphology of particles was studied by scanning electron microscopy (SEM).  

FTIR spectra indicate that the samples obtained through synthesis at 40 and 80 °C initially 
had water, hydrophosphate- and hydroxyapatite-specific bonds in their structures. XRF shows that 
the molar ratio of calcium to phosphorus increased from about 1.00 to about 1.67 over the reaction 
time in both cases, indicating that the final product was HAp remodelled from previously occurring 
other forms of calcium phosphate. SEM images show that morphologies of HAp particles obtained 
at 40 and 80 °C are different. At 40 °C at the beginning, particles have an irregular structure 
(dominated by agglomerates made up of spherical particles). During remodelling, calcium 
phosphates start taking the form of plates. However, as time passes, the particles take on an 
increasingly irregular structure - inclusions in sphere form appear on the plates. Only after 16 hours 
does the visible form of the plates reappear, and after 24 h, particles become fully developed and 
free of inclusions. At 80 °C at the beginning, particles also have an irregular structure, but after 1 
h, remodelled calcium phosphates take the form of rod-shaped particles. This morphology persists 
until the end of remodelling. Moreover, the presented results were referenced and compared with 
a concentration of calcium ions in the water phase. Then based on this comparison and using the 
calcium ion concentration measurement results in the aqueous phase, we determined the kinetics 
of HAp precipitation at 40 and 80 °C. 

Knowing the occurrence of a given morphology depending on specific synthesis conditions 
makes it possible to design the precise production of HAp with desired morphology as needed, for 
example, as an admixture in 3D printing or as particles used in drug delivery systems. Further 
control of HAp particle morphology utilising a concentration of calcium ions in the water phase could 
make it easier to control the process under industrial conditions. 
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Microheterogeneity of monoclonal antibodies (mAbs) can impact their activity and stability. 
Formation of charge variants is considered to be the most important source of microheterogeneity. 
The charge variants are classified according to their isoelectric point and termed as: “acidic” (aν), 
“main”(mν) and “basic” (bν). The aν and bν species differ in biological activity from the mv species. 
However, aν are often reported to have reduced potency compared to the remaining variants. 
Controlling the content of the aν species is often of major importance for the production process 
and regulatory (EMA - European Medicines Agency) approval of therapeutic proteins. Therefore, 
seclusion of aν from the mAb pool is a common polishing step in downstream mAbs processing. 

In this study, we have developed two different techniques for reducing the content of aν in mAbs 
downstream pools: polyethylene glycol (PEG)-aided selective precipitation and preparative ion 
exchange chromatography (IEX). We indicated that the presence of PEG favoured precipitation of 
aν from the mAbs pool, which resulted in the reduction of aν content in the supernatant that was 
the product of the process. The precipitate enriched with aν was the process waste. The 
precipitation yield was influenced by the variant composition in the mAbs feed solutions, the 
concentration of the precipitant and the protein and the ionic strength of the solutions. The process 
was quantified using the developed model consisting of mass balance equations and the pareto 
relationship between yield and aν content. in the supernatant [1]. The IEX process was performed 
by overloading the column with the protein and its elution in the pH step gradient. The column 
overload caused the protein mass to split into two parts: the flowthrough fraction eluted at dead 
time of the column and the bound fraction eluted with the pH gradient. The flowthrough fraction, 
which was the target product of the process, was depleted with with aν, whereas the bond fraction, 
which was the process waste was enriched with aν [2]. 

Both PEG-aided precipitation and IEX were coupled in different configurations (Fig. 1). The 
coupled process allowed improvement of the operation throughput, which may provide a benefit in 
reduction of manufacturing costs compared with the stand-alone separations, especially with the 
chromatography process. 
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Fig. 1. Scheme of coupled processes of the PEG-aided precipitation and IEX 
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Fig. 1. Scheme of coupled processes of the PEG-aided precipitation and IEX
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Considering sustainable development and trying to reduce the negative impact of human 
activity, new methods and sources are sought to save the natural environment. There is an 
emphasis on reducing emissions and the number of greenhouse gases in the atmosphere to 
combat climate change. One of them is carbon dioxide whose anthropogenic emissions have 
caused a significant impact on the global climate [1].  

Up to date, avocado seeds considered as agricultural residues have been used successfully 
as an effective adsorbent only in the removal of contaminants from aqueous solutions, for example, 
fluorine ions, phenol or Cr(VI) ions from aqueous solutions [2]–[4]. 

In this work, we reported avocado seeds as carbon precursor for CO2 sorbents for the first time. 
A new strategy method combining solvothermal carbonization with thermal KOH activation was 
used. As a result, desired ultramicroporous activated carbons were developed with uniform 
ultramicropores (∼0.50 nm) and with the enhancement of CO2 adsorption. 

Fig. 1. Activated carbon production scheme and CO2 adsorption 

Figure 1 shows the process of obtaining activated carbon taking into account the various 
activities at specific stages. Firstly, dried avocado seeds were fine powdered. Solvothermal 
carbonizations of avocado seed in three different liquids (water, methanol and isopropyl alcohol) 
were performed in a stainless-steel autoclave lined with Teflon. The resulting chars were washed 
with deionized water and dried. Then, they were mixed with a saturated KOH solution. The dried 
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mixtures were placed in a tubular furnace and heated to 850°C under nitrogen flow for one hour. 
Then samples were washed with deionized water until neutral pH was achieved. In the end, the 
samples were dried. The activated carbons with excellent textural properties (pore volume, 
micropore volume, and specific surface area) were successfully synthesized. 

Fig. 1 shows CO2 adsorption isotherms at the temperature of 0oC. All the isotherms were 
similar. The highest CO2 adsorption at 1 bar and 0°C (6.47 mmol/g) was achieved for activated 
carbons produced using methanol and isopropanol. When water was applied, adsorption was 
slightly lower, namely 6.31 mmol/g. CO2 adsorption at 20°C ranged from 4.13 to 4.35 mmol/g 
depending on the solvent used. The adsorption values were very heigh compared to those 
presented by other researchers. 

According to the conducted study, seeds can be used as a promising reagent for the production 
of CO2-adsorbing carbon materials, helping to reduce the amount of it from mixtures of gasses. This 
shows that biomass residues as avocado seeds can be reapplied for useful purposes to counteract 
the anthropological effects on the environment.  
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Research is focused on new streamlined catalytic carriers which are similar to the short-
channel structures (short monoliths) displaying beneficial transport-flow properties [1]. The 
innovativeness of the geometry design is in forming the walls of the channels similar to airfoil, as 
shown in Fig. 1. 

Fig. 1. Cross-section of the tested structure; the airfoil profile is marked with dashed line 

Nine structures differing in length (3, 6 or 12 mm) and in the shape of the cross-section of the 
channels (square, hexagonal or triangular) were designed. The structures were 3D printed from 
316 steel using the SLM (Selective Laser Melting) technique. The transport and flow properties of 
the structures were experimentally studied and the results are shown in Figs. 2 and 3. For 
comparison, the plots also include characteristics of a packed bed (consisting of spherical grains 
of 3 mm diameter [2, 3]) and monolith (50 cpsi, L = 0.2 [4]). 

Fig. 2. Nusselt number vs. Reynolds number ("Sq" refers to square, "Hex" to hexagonal and "Tri" to 
triangular cross-section channels) 
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Fig. 3. Fanning friction factor vs. Reynolds number 

Structures with hexagonal channels indicate the highest Nusselt numbers, while the lowest friction 
factors were obtained for structures with square channels. The shorter the channel length, the more 
enhanced heat transfer and the higher flow resistance. Nevertheless, the tested structures are 
characterized by intensified transport properties compared to the monolith in the majority of the 
measured velocity range. This intensification is accompanied by an increase in flow resistance.  
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Fig. 3. Fanning friction factor vs. Reynolds number

Structures with hexagonal channels indicate the highest Nusselt numbers, while the lowest friction
factors were obtained for structures with square channels. The shorter the channel length, the more
enhanced heat transfer and the higher flow resistance. Nevertheless, the tested structures are
characterized by intensified transport properties compared to the monolith in the majority of the
measured velocity range. This intensification is accompanied by an increase in flow resistance.
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The use of biopolymers in the production of plastics makes it possible to obtain biodegradable, 
non-toxic materials from renewable sources. Along with cellulose and chitin, starch is one of the 
most common polysaccharides in nature. The extended network of inter- and intramolecular 
hydrogen bonds results in a high melting point. Decreasing the temperature of phase transitions 
can be achieved by using low-molecular-weight substances - plasticizers - that can form hydrogen 
bonds with starch. The most commonly used starch plasticizers are glycerol, urea, sugars, and 
others. Recently, the use of deep eutectic solvents as starch plasticizers was tested [1,2]. Another 
polysaccharide popular for its antimicrobial properties is chitosan (a derivative of chitin). 

Deep eutectic solvents (DES) are a relatively new group of solvents. They are mixtures of a 
hydrogen bond donor (e.g. polyols, amines, carboxylic acids) and a hydrogen bond acceptor 
(quaternary ammonium salt). When components are mixed in appropriate molar ratios, there is a 
'deep' drop in the system’s melting temperature (Tm). The Tm of the mixture is significantly lower 
than the melting points of the individual substances. DESs exhibit properties similar to ionic 
liquids, but their preparation is simpler [3, 4]. 

Thermoplastic starches have been successfully obtained using deep eutectic solvents, e.g. a 
mixture of choline chloride with glycerol or urea [5]. There are also reports on DESs obtained from 
choline chloride and lactic, malonic, and citric acid used for the preparation of chitosan films [6-8]. 
Films with antimicrobial properties based on kudzu starch and chitosan were obtained using malic 
acid (to dissolve the chitosan) and plasticizer (glycerol) [9].  

In this work, films based on potato starch and chitosan were obtained. The deep eutectic 
solvent (CM, based on malic acid and choline chloride) had two functions: chitosan solvent and 
polysaccharide plasticizer. The deep eutectic solvent was prepared by stirring choline chloride and 
malic acid (molar ratio 1:1) at 80°C to obtain a homogeneous liquid. Polysaccharide films were 
obtained with the casting method. Starch (S), chitosan (C), deep eutectic solvent, and water were 
mixed with a mechanical stirrer, in the water bath for 30 minutes. The systems were poured into 
Petri dishes and dried at 50°C for 24 hours. Before testing, all films were conditioned in a climate 
chamber at least for 24 hours. The physicochemical properties of the films (tensile strength, 
moisture absorption, roughness) were determined. Moreover, thermal analysis (DSC) and infrared 
spectroscopy (FTIR-ATR) were performed. 

Table 1. The composition of the samples 

Sample 
acronym 

Composition of the samples without water [wt%] 

Starch Chitosan Plasticizer 

F_SC(05)_CM 66.5 3.5 30.0 

F_SC(10)_CM 63.0 7.0 30.0 

F_SC(20)_CM 56.0 14.0 30.0 

F_SC(30) CM 49.0 21.0 30.0 

F_SC(50)_CM 35.0 35.0 30.0 



366 Table of contents

References 

[1] Ebnesajjad S., Starch: Major Sources, Properties and Applications as Thermoplastic Materials, In 
Handbook of Biopolymers and Biodegradable Plastics: Properties, Processing and Applications, Elsevier, 
2013, 129–152. 

[2] Montilla-Buitrago C.E., Gómez-López R.A., Solanilla-Duque J.F., Serna-Cock L., Villada-Castillo H.S., Effect 
of Plasticizers on Properties, Retrogradation, and Processing of Extrusion-Obtained Thermoplastic 
Starch: A Review, Starch – Stärke, 2021, 73, 2100060. 

[3] Hansen B.B., Spittle S., Chen B., Poe D., Zhang Y., Klein J.M., Horton A., Adhikari L., Zelovich T., Doherty 
B.W., et al., Deep Eutectic Solvents: A Review of Fundamentals and Applications, Chem. Rev., 2021, 
121, 1232–1285. 

[4] Płotka-Wasylka J., de la Guardia M., Andruch V., Vilková M., Deep eutectic solvents vs ionic liquids: 
Similarities and differences, Microchem. J., 2020, 159, 105539. 

[5] Skowrońska D., Wilpiszewska K., Deep Eutectic Solvents for Starch Treatment, Polymers (Basel) 2022, 
14, 220. 

[6] Almeida C. M. R., Magalhães J. M. C. S., Souza H. K. S., Gonçalves M. P., The role of choline chloride-
based deep eutectic solvent and curcumin on chitosan films properties, Food Hydrocoll, 2018, 81, 456–
466. 

[7] Jakubowska E., Gierszewska M., Nowaczyk J., Olewnik-Kruszkowska E., Physicochemical and storage 
properties of chitosan-based films plasticized with deep eutectic solvent, Food Hydrocoll, 2020, 108, 
106007. 

[8] Smirnov M.A., Nikolaeva A.L., Bobrova N.V., Vorobiov V.K., Smirnov A.V., Lahderanta E., Sokolova M.P., 
Self-healing films based on chitosan containing citric acid/choline chloride deep eutectic solvent, Polym 
Test, 2021, 97, 107156. 

[9] Zhong Y., Song X., Li Y., Antimicrobial, physical and mechanical properties of kudzu starch–chitosan 
composite films as a function of acid solvent types, Carbohydr. Polym., 2021, 84(1), 335–342. 



367 Table of contents

References 

[1] Ebnesajjad S., Starch: Major Sources, Properties and Applications as Thermoplastic Materials, In 
Handbook of Biopolymers and Biodegradable Plastics: Properties, Processing and Applications, Elsevier, 
2013, 129–152. 

[2] Montilla-Buitrago C.E., Gómez-López R.A., Solanilla-Duque J.F., Serna-Cock L., Villada-Castillo H.S., Effect 
of Plasticizers on Properties, Retrogradation, and Processing of Extrusion-Obtained Thermoplastic 
Starch: A Review, Starch – Stärke, 2021, 73, 2100060. 

[3] Hansen B.B., Spittle S., Chen B., Poe D., Zhang Y., Klein J.M., Horton A., Adhikari L., Zelovich T., Doherty 
B.W., et al., Deep Eutectic Solvents: A Review of Fundamentals and Applications, Chem. Rev., 2021, 
121, 1232–1285. 

[4] Płotka-Wasylka J., de la Guardia M., Andruch V., Vilková M., Deep eutectic solvents vs ionic liquids: 
Similarities and differences, Microchem. J., 2020, 159, 105539. 

[5] Skowrońska D., Wilpiszewska K., Deep Eutectic Solvents for Starch Treatment, Polymers (Basel) 2022, 
14, 220. 

[6] Almeida C. M. R., Magalhães J. M. C. S., Souza H. K. S., Gonçalves M. P., The role of choline chloride-
based deep eutectic solvent and curcumin on chitosan films properties, Food Hydrocoll, 2018, 81, 456–
466. 

[7] Jakubowska E., Gierszewska M., Nowaczyk J., Olewnik-Kruszkowska E., Physicochemical and storage 
properties of chitosan-based films plasticized with deep eutectic solvent, Food Hydrocoll, 2020, 108, 
106007. 

[8] Smirnov M.A., Nikolaeva A.L., Bobrova N.V., Vorobiov V.K., Smirnov A.V., Lahderanta E., Sokolova M.P., 
Self-healing films based on chitosan containing citric acid/choline chloride deep eutectic solvent, Polym 
Test, 2021, 97, 107156. 

[9] Zhong Y., Song X., Li Y., Antimicrobial, physical and mechanical properties of kudzu starch–chitosan 
composite films as a function of acid solvent types, Carbohydr. Polym., 2021, 84(1), 335–342. 

24th Polish Conference of Chemical and Process Engineering 
13–16 June 2023, Szczecin, Poland 

DEEP EUTECTIC SOLVENTS AS GREEN ABSORBENTS FOR ENRICHMENT OF 
FERMENTATION GAS 

Edyta Słupek*, Patrycja Makoś-Chełstowska, Karolina Kucharska, Jacek Gębicki 

Department of Process Engineering and Chemical Technology, Faculty of Chemistry, Gdansk 
University of Technology, 80-233 Gdansk, Poland 

*corresponding author: edyta.slupek@pg.edu.pl 

The lack of strategic management of by-products and organic waste formed in the agro-food 
industry sector has been noticeable over the past decade, as it has contributed to increased 
interest in organic matter as an alternative raw material for biofuel generation [1] [2]. The use of 
organic matter is an essential element of sustainable development, which allows increased energy 
security and thus reduces the dependence of the economy in countries on energy carriers and fuel 
imports. 

Increasingly, hybrid microbial systems, which involve a combination of alcohol or dark 
fermentation and photo-fermentation processes, are being used to produce biofuels such as 
biohydrogen [3]. Simultaneous biorefining processes allow to increase production profits and the 
amount of bioenergy. In the first stage of dark fermentation, carbohydrates are converted to 
biohydrogen and organic acids, whereas alcohol fermentation leads to ethanol formulation. The 
post-processing leachate from both processes contains simple organic compounds, which could be 
exploited as a batch for the subsequent photo-fermentation process. The total biofuel yield 
obtained during the realization of the hybrid system depends on the sole carbon source supplied 
to microorganisms [4]. However, to our knowledge, even low ethanol concentrations in the batch 
for photo-fermentation can expose disinfecting properties for microbial consortia, resulting in a 
reduced yield of biohydrogen in photo-fermentation when compared with non-ethanol batches. 

In this study, new green absorbents for the separation of ethanol (EtOH) from organic acids, 
such as formic acid (FA), acetic acid (AA), and propionic acid (PA), which occur in post-fermentation 
leachates from dark fermentation and alcohol fermentation, were proposed. The authors evaluated 
the absorption capacity of four deep eutectic solvents (DESs) obtained by combining terpenes such 
as menthol (M), thymol (Th), eugenol (E), and α-carvone (α-C) with furfural (FF). The FF used for DES 
formation was obtained from the detoxification of hydrolysates formed during the pre-treatment of 
agri-food biomass. All the DESs were prepared at a molar ratio of 1:1. The basic physicochemical 
properties, including density, viscosity, and surface tension, were studied in the temperature range 
of 20−50°C. In addition, the chemical structures of the DES were characterized. 

The absorption capacity of DES and the vapor-liquid partition coefficients (K) were determined 
for ethanol and selected organic acids. K was calculated using Equation (1): 

 
𝐾𝐾𝐾𝐾 = 𝐶𝐶𝐶𝐶𝑔𝑔𝑔𝑔

𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿
          (1) 

 
which describes the partitioning between the vapor (Cg) and liquid (CL) phases according to a 

thermodynamically controlled equilibrium constant. K values were measured using static 
headspace gas chromatography (SH-GC). The DESs samples were thermostated for 24h at 25 and 
50°C. The effect of temperature changes on the solubility of EtOH in the individual DES was 
determined in the tested range. The absorption process aims to transfer EtOH, FA, AA, and PA from 
the gas to the DES phase by intense contact of the polluted stream with the DES. Mass transfer 
depends mainly on the partition coefficient. In this study, EtOH was shown to have a significantly 
higher affinity for all DES than FA, AA, or PA (Figure 1). The K values obtained for EtOH were 
significantly lower than those obtained for organic acids. The partition coefficient values were 
respectively 0.0027 to 0.0064 and increased in proportion to the solubility of EtOH in the hydrogen 
bond acceptor (HBA). Additionally, studies have indicated that lowering the temperature had a 
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beneficial effect on the absorption of EtOH and other organic acids. However, increasing the 
temperature favorably affects the intended process of separation of ethanol from organic acids, as 
the affinity of EtOH for DES decreases only slightly, in contrast to organic acids. 

Fig. 1. Partitioning coefficients of EtOH, FA, AA, PA in DES in temperatures 25 and 50⁰C 
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In industrial practice, mixing process is one of the most common processes. We can find its 
application in many industries like chemical industry, food industry and many others. Mixing is 
usually carried out in an apparatus consisting of a tank with proper volume of fluid and a 
mechanical stirrer [1]. As studies show almost 95% of industrial applications of mixing processes 
are carried out in apparatus built as mentioned earlier [2], but this type of mixer does not suit well 
every case that we may encounter in engineering practice. It is why a new design of mixing device 
must be developed. In response to the demand, other types of mixing apparatus, such as static 
and reciprocating mixers appeared. 

In this study, mixing time was used to analyse and compare five different variants of 
reciprocating agitator plate geometry.  

Fig. 1. Analysed geometries 

The geometries differed in terms of perforation ratio and the size of reciprocating agitator 
plates, as illustrated in Figure 1.  

Fig. 2. Experimental setup, 1- tank; 2- stirrer; 3- 
tracer dosing place, 4,5,6,7 - EPP-1t conductivity 

probe; 8- CX-601 multifunction device; 9- 
computer 

To obtain results, measurements of 
homogenization time for every variant were 
made. Data was obtained through tracer 
studies (brine was used as a tracer) carried out 
using a conductivity probe (EPP-1t) and a cx-
601 multifunction device. The above-
mentioned data allowed us to determine the 
mixing time using t95 method [2] according to 
Equation (1) 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝜎𝜎𝜎𝜎2 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 �1
4

[(𝐺𝐺𝐺𝐺𝑛𝑛𝑛𝑛1 
′ − 1)2 + (𝐺𝐺𝐺𝐺𝑛𝑛𝑛𝑛2 

′ − 1)2 +

(𝐺𝐺𝐺𝐺𝑛𝑛𝑛𝑛3 
′ − 1)2 + (𝐺𝐺𝐺𝐺𝑛𝑛𝑛𝑛4 

′ − 1)2]�        (1) 

Where:  
σ – change value, 
n – measuring probe number, 
𝐺𝐺𝐺𝐺𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 
′ – normalized probe response. 
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To obtain results, measurements of homogenization time were taken for each variant. Data was 
obtained through tracer studies using brine as the tracer. Tracer studies were conducted using a 
conductivity probe (EPP-1t) and a CX-601 multifunction device. The data allowed us to determine 
the mixing time using the t95 method [2], according to Equation (1). 
 

𝛩𝛩𝛩𝛩 = 𝑓𝑓𝑓𝑓�𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝𝑝𝑝−𝑧𝑧𝑧𝑧 � → �
𝑡𝑡𝑡𝑡95 ∙ 𝜐𝜐𝜐𝜐
𝐷𝐷𝐷𝐷2 � = �

(4 ∙ 𝐴𝐴𝐴𝐴 ∙ 𝑓𝑓𝑓𝑓) ∙ 𝑑𝑑𝑑𝑑𝑧𝑧𝑧𝑧
𝜐𝜐𝜐𝜐

� 
(2) 

 
Where:  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝𝑝𝑝−𝑧𝑧𝑧𝑧  – Reynolds number for reciprocating mixer [-] 
A –amplitude [m] 
f – frequency [Hz] 
𝑑𝑑𝑑𝑑𝑧𝑧𝑧𝑧 – equivalent diameter of the stirrer [m] 
𝜈𝜈𝜈𝜈 – kinematic fluid viscosity [m2*s-1] 
𝑡𝑡𝑡𝑡95 – mixing time [s] 
D – tank diameter [m]. 
 
This operation made it possible to make the mixing time dependent on the turbulence and to 
compare different geometries of the agitator.  
Obtained results allowed to conclude that the values of mixing time for the strongly perforated 
variants of the stirrer plate were much higher than in the case of solid plates for low turbulence in 
the apparatus 
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To obtain results, measurements of homogenization time were taken for each variant. Data was
obtained through tracer studies using brine as the tracer. Tracer studies were conducted using a
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𝑑𝑑𝑑𝑑𝑧𝑧𝑧𝑧 – equivalent diameter of the stirrer [m]
𝜈𝜈𝜈𝜈 – kinematic fluid viscosity [m2*s-1]
𝑡𝑡𝑡𝑡95 – mixing time [s]
D – tank diameter [m].

This operation made it possible to make the mixing time dependent on the turbulence and to
compare different geometries of the agitator.
Obtained results allowed to conclude that the values of mixing time for the strongly perforated
variants of the stirrer plate were much higher than in the case of solid plates for low turbulence in
the apparatus
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The properties of functional materials can be characterized according to various criteria, 
depending on their intended use. One of them is the value of configurational entropy, S, defined 
by Boltzmann as S = k ∙ lnW, where k - Boltzmann constant and W is the number of real microstates 
corresponding to a given macrostate [1]. Entropic materials are those for which S >1.61 R, where 
R is the gas constant [2]. The search for material structures for separation processes, e.g. sorption, 
is aimed at creating nanostructured porous materials, e.g. zeolites, MOFs, nanoporous sponges 
and others [3]. The difference in the sorption entropy of the states of a porous structure controls 
the free energy of the system. It is the driving force behind the process. It can be controlled by 
changing the local porosity of the system. The distortions in the structure that arise in the material 
processing are a source of frustration (controlled use of chaotic events) that affects ion deposition, 
[4]. The essence of the second law of thermodynamics using the concepts and definitions of 
macroscopic quantities does not facilitate the analysis of phenomena occurring on a molecular 
scale where the tools of statistical physics are the basis. In particular, this applies to the 
understanding of the concept of entropy associated with the state of disorder, loss of information, 
or the arrow of time. Shannon [5] points out that entropy is formally identical to information, and 
Gell-Mann [6] argues that entropy should be seen as a measure of the lack of information. These 
concepts facilitate the approach to understanding the properties and designing of high-entropic 
materials with a given functionality, i.e. defined differences in the entropic states of the structure 
for the process under consideration. Increasing the entropy difference of states enhances the 
efficiency of the process. Another factor affecting separation is the chemical composition of the 
surface. This assumption inspired our research. 

Halloysite is an interesting, cheap, and available raw material for creating high-entropic 
structures. It is one of the clay minerals that exhibits properties typical for this type of natural 
material – good mechanical strength, relatively large pore volumes, high surface area, and 
chemical inertness. The halloysite belongs to the kaolin-group minerals. The general formula can 
be expressed as Al2Si2O5(OH)4‧2H2O in hydrated form. The crystal structure of halloysite is defined 
as a two-layer structure formed by a corner-sharing [SiO4] tetrahedral layer and an edge-sharing 
[AlO6] octahedral layer [7, 8]. Halloysite, due to its original layered structure and chemical structure, 
is susceptible to the possibility of delamination and reaching high values of specific surface area. 
The aim of the  work  was to study the sorption properties and biological activity of the raw and 
modified material. Our preliminary theoretical considerations confirm the potential possibility of 
obtaining the expected results. 

The atomic scale ab initio calculations revealed a significant difference in adsorption energy 
between the external siloxane surface, and cross-sectional interlayer surface, resulting in 
adsorption anisotropy. A low energy barrier facilitates the interlayer migration of heavy metals into 
the halloysite interior significantly increasing its sorption capacity. Thus, the experiments confirmed 
the theoretical prediction, which indicated a high sorption potential of halloysite towards heavy 
metals. 

The elemental composition of raw halloysite along with purified material was performed using 
X-ray fluorescence spectrometer. The morphology of the halloysite samples was investigated using
scanning electron microscopy imaging with energy dispersive an X-ray (EDX). The specific surface
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area was determined by fitting to BET isotherm for the nitrogen adsorption-desorption process 
(3Flex, Micromeritics, USA). 

Solutions known for their etching properties (strong, oxidizing acids and alkali) were chosen 
for the experiments to alter the halloysite microstructure. The primary goal of this modification was 
to improve sorption by increasing specific surface area and changing morphology (i.e. contributions 
of micropores in the structure). 

The adsorption properties of the material i.e. raw and modified halloysite particles were 
evaluated in a batch stationary system. Magnetic stirring of the sorbent suspension was involved, 
and all tests were conducted at room temperature. A precisely defined amount of sorbent (mass 
per volume of water contaminated with heavy metal ions) was prepared in beakers. The initial 
concentration of contaminants in water, the mass of sorbent particles per volume of water, and 
process time were determined based on the preliminary research results carried out in the past. 

Table 1. Comparison of parameters for raw and modified halloysite 

Halloysite 
type 

BET specific 
surface area 

[m2/g] 

Contribution of pores with 
diameter in range 0-3 nm 

[%] 

Content of mineral 
contamination* [%] 

Max. sorption 
capacity of 
Pb2+ ions 
[mg/g] 

Raw 32.25 4.40 11.17 1.03 
Modified 162.3 17.30 4.21 24.32 

* content of metal impurities determined based on SEM-EDX analysis

Results presented in Table 1 contain a comparison of chosen structural parameters relevant 
for the adsorption process. It can be noticed that proper etching of the halloysite leads to a 
significant increase of the specific surface area and thus improves sorption capacity of lead ions 
from aqueous solution. Etching process affects the sample morphology, but also its chemical 
composition by removing the mineral contamination, which can potentially cease the transport of 
ions in the interlayer area of multi-walled halloysite nanotubes (HNT). Antibacterial properties of the 
samples depend on the amount of oxidizing additions in the structures (i.e. titanium dioxide, ferric 
oxide). Inhibition of microorganism growth significantly relates to the contribution of particular 
additions. Hence, untreated halloysite is still very effective for the inhibition of bacterial growth 
(bacteriostaticity). 

Conducted experiments confirmed potential applications in water purification technologies as 
a new, functional material with adsorption properties, especially in terms of heavy metal ion 
separations. Additional treatment enhances surface morphology and structure of the mineral. The 
confirmed antibacterial effects of halloysite make it suitable to consider it to be an efficient material 
for various water treatment applications. 
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area was determined by fitting to BET isotherm for the nitrogen adsorption-desorption process 
(3Flex, Micromeritics, USA).

Solutions known for their etching properties (strong, oxidizing acids and alkali) were chosen
for the experiments to alter the halloysite microstructure. The primary goal of this modification was
to improve sorption by increasing specific surface area and changing morphology (i.e. contributions
of micropores in the structure).

The adsorption properties of the material i.e. raw and modified halloysite particles were
evaluated in a batch stationary system. Magnetic stirring of the sorbent suspension was involved,
and all tests were conducted at room temperature. A precisely defined amount of sorbent (mass
per volume of water contaminated with heavy metal ions) was prepared in beakers. The initial
concentration of contaminants in water, the mass of sorbent particles per volume of water, and
process time were determined based on the preliminary research results carried out in the past.

Table 1. Comparison of parameters for raw and modified halloysite

Halloysite
type

BET specific 
surface area 

[m2/g]

Contribution of pores with
diameter in range 0-3 nm

[%]

Content of mineral 
contamination* [%]

Max. sorption
capacity of 
Pb2+ ions
[mg/g]

Raw 32.25 4.40 11.17 1.03
Modified 162.3 17.30 4.21 24.32

* content of metal impurities determined based on SEM-EDX analysis

Results presented in Table 1 contain a comparison of chosen structural parameters relevant
for the adsorption process. It can be noticed that proper etching of the halloysite leads to a
significant increase of the specific surface area and thus improves sorption capacity of lead ions
from aqueous solution. Etching process affects the sample morphology, but also its chemical
composition by removing the mineral contamination, which can potentially cease the transport of
ions in the interlayer area of multi-walled halloysite nanotubes (HNT). Antibacterial properties of the
samples depend on the amount of oxidizing additions in the structures (i.e. titanium dioxide, ferric
oxide). Inhibition of microorganism growth significantly relates to the contribution of particular
additions. Hence, untreated halloysite is still very effective for the inhibition of bacterial growth
(bacteriostaticity).

Conducted experiments confirmed potential applications in water purification technologies as
a new, functional material with adsorption properties, especially in terms of heavy metal ion
separations. Additional treatment enhances surface morphology and structure of the mineral. The
confirmed antibacterial effects of halloysite make it suitable to consider it to be an efficient material
for various water treatment applications.
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The presence of pharmaceuticals and personal care products (PPCPs) in the environment is of 
increasing importance because of their documented effects on wildlife, ecosystems, and humans. 
Ibuprofen (IBP) is one of the most commonly used painkillers and anti-inflammatory drugs. Studies 
conducted in many countries around the world have shown the presence of ibuprofen in both 
surface waters and treated wastewater [1]. 

Among various AOP processes, photocatalysis utilizing sunlight is considered a promising 
technology for energy production and environmental remediation. The separation of 
photogenerated charges and utilization of sunlight are key factors that influence photodegradation 
efficiency. In contrast, peroxymonosulfate (PMS)-based AOP technology has become a convenient 
and effective method for the removal of persistent organic pollutants owing to its strong oxidative 
ability and mild reaction conditions [2]. Many methods or materials (semiconductors, transition 
metal ions, metal oxides, and non-metallic carbon materials) can be used to activate PMS [2]. Some 
of these methods, such as ultrasonication, UV irradiation, and electrochemical oxidation, are 
limited by the high energy consumption and complexity of the operation system. Transition metal-
based and carbon-based catalysts are considered promising for environmental remediation 
because of their low cost, low toxicity, high catalytic efficiency, and magnetic recovery. 
Carbonization of N-containing aromatic polymers, e.g. polypyrrole, is a promising route to obtain N-
doped carbon materials with low cost [3]. Additionally, the presence of spinel cobalt ferrite in the 
hybrid photocatalyst allowed for its easy magnetic separation from an aqueous pharmaceutical 
solution.  

Fig. 1. Main challenges in designing photocatalysts for PPCP degradation 
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In this regard, the main aim of the present study was preparation of carbonized 
polypyrrole@CoFe2O4/TiO2 magnetic photocatalyst for efficient ibuprofen degradation in the 
conjunction with PMS under simulated solar light. Fig. 1 presents the main challenges in designing 
photocatalysts for PPCP degradation, which were considered in this work. PMS can produce in-situ 
highly reactive sulfate radical (SO4•−) and other ROSs (e.g., •OH) that can oxidize and decompose 
organic pollutants. In this work, both carbonized N-doped polymer and cobalt ferrite activated PMS 
[2,3]. The properties of the as-prepared photocatalysts were tested using X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), Fourier transform 
infrared spectroscopy (FTIR), specific surface area (BET) measurements, photoluminescence 
spectroscopy (PL), and diffuse reflectance spectroscopy (DRS). The effects of PMS concentration 
(1-10 mM), and solution pH (3-9) on the degradation of ibuprofen in aqueous solution with the 
PMS/light system were studied in detail. Carbonized polypyrrole@CoFe2O4/TiO2 magnetic particles 
revealed improved ibuprofen degradation, which reached 70 % of ibuprofen mineralization after 60 
min in PMS/UV-Vis light system. 
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The design of multifunctional carrier systems delivering various therapeutic drugs has 
attracted a considerable interest in scientific investigations. [1] Surface functionalization of 
microcarriers with various functional groups gives an opportunity to develop a variety of 
multipurpose systems. The effective strategy of microparticle surface engineering is the layer-by-
layer (LbL) self-assembly technique that allows to design multilayered microcarriers with functional 
coatings. [2, 3] The design of new polyelectrolytes (PEs) bearing different antimicrobial moieties as 
building blocks for the construction of LbL microcapsules is a highly efficient approach to develop 
functional materials with antimicrobial features. 

The main goal of the present work was to fabricate hydrogel microparticles functionalized with 
antimicrobial PEs and loaded with resveratrol (RES) as a chemotherapeutic agent. Thus, 
poly(diallyldimethylammonium chloride) (PDADMAC) was decorated with different percent degrees 
of substitution (n) of an antimicrobial agent such as thymol (THYM). The synthesis of functionalized 
PDADMAC was carried out using selective demethylation of PDADMAC followed by requaternization 
using THYM derivatives. We fabricated RES-loaded microcapsules composed of alginate (ALG) or 
chitosan (CHIT) core and LbL coatings consisting of the prepared PDADMAC derivatives as an outer 
layer with antimicrobial function. The structure of prepared PEs was characterized with 1H NMR and 
FTIR analysis. The particle size and morphology of the microparticles were characterized with SEM. 
The encapsulation efficiency of RES and its release profile from the microcarriers were studied 
using UV-Vis spectrophotometry. The antimicrobial properties of decorated PDADMAC and coated 
microparticles were assessed against Escherichia coli and Staphylococcus aureus using broth 
microdilution method. The design and use of new advanced functionalized polyelectrolytes as outer 
coatings of carriers allowed the formation of microcapsules with desirable antimicrobial function. 
The constructed multipurpose systems with the controlled manner release of bioactive agent could 
be a promising tool in drug delivery technology.    
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Nowadays, up to 75% of small-molecule anticancer drugs originate from natural plant-derived 
products. In the modern pharmaceutical industry, plants are used as renewable feedstock for 
potential anticancer drug agent production [1]. The application of in vitro techniques for transgenic 
(i.e., hairy) root cultures provides the possibility to maintain plant biomass with plentiful options for 
parameter optimization and to exceed natural productivity observed in wild plants. Furthermore, 
the in vitro cultures of plant biomass provide significant advantages against conventional methods, 
overcoming limitations imposed by native metabolism pathways, environmental factors, or legal 
issues [2]. Systems for plant cells and tissues in vitro cultures also allow precise control of culture 
microenvironment, influencing biomass growth and the yielding of secondary metabolites [3]. In 
plants, secondary metabolites play an important role in defense against bacterial or fungal 
infections and adaptation to a constantly changing environment. They are biosynthesized de novo 
in response to various biotic and abiotic stress factors, and this phenomenon might be applied to 
stimulate the production of plant-derived metabolites in cultures of plant biomass [4].  

Biomass immobilization is a practical technique recognized as a high-potential solution for 
scaling up in vitro cultures of hairy roots. Such a technique provides a suitable microenvironment 
for plant biomass propagation by protecting fragile transgenic roots from shear forces caused by 
the agitation of the culture system [5]. Also, the immobilization of plant biomass enhances the 
productivity of valuable metabolites. Due to metabolic pathway characteristics, hairy roots are 
characterized by enhanced growth kinetics and intensified production of secondary metabolites 
with altered phytochemical profiles [6].  

The aim of this study was to investigate proliferation of Ringera graeca transgenic roots in vitro 
cultured on 3D-printed scaffolds made of poly(lactic acid) (PLA). Transgenic roots were maintained 
for 28-days in 6 independent systems, i.e. (i) non-immobilized biomass (as reference), and as 
biomass immobilized on PLA constructs varied in morphology: (ii) solid scaffold, (iii) solid scaffold 
with 3mm gaps, (iv) scaffold with 60-degree mesh, (v) scaffold with 90-degree mesh and (vi) 
disintegrated PLA. For each system, the increase of fresh biomass was qualitatively determined.  

The scaffolds made of PLA (φ = 4 cm, 0.3 cm of thickness) were separately placed in 250 cm3 
Erlenmeyer flasks containing 50 cm3 of hormone-free DCR medium. Next, 1 g of 28-day R. graeca 
transgenic roots were poured onto the upper surface of the tested constructs. All culture systems 
were incubated at 24°C in dark conditions for 28 days on the oscillatory shaker at 105 rpm.  

The proliferation of R. graeca hairy roots was identified by the fresh biomass (FB28) increase 
values determined with: 

 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹28 = 𝑚𝑚𝑚𝑚28 𝑚𝑚𝑚𝑚0
−1 [-] (1) 

where m28 is fresh biomass weight on the 28th day of culture, and m0 is biomass inoculum weight.  
The values of specific growth rate (µ), which characterize the R. graeca roots growth rate in 

studied systems, were determined according to the following equation: 

 µ = (ln𝑚𝑚𝑚𝑚28 − ln𝑚𝑚𝑚𝑚0) (𝛥𝛥𝛥𝛥𝑡𝑡𝑡𝑡)−1 [h-1] (2) 

where Δt is the time of culture.  
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the agitation of the culture system [5]. Also, the immobilization of plant biomass enhances the 
productivity of valuable metabolites. Due to metabolic pathway characteristics, hairy roots are 
characterized by enhanced growth kinetics and intensified production of secondary metabolites 
with altered phytochemical profiles [6].  

The aim of this study was to investigate proliferation of Ringera graeca transgenic roots in vitro 
cultured on 3D-printed scaffolds made of poly(lactic acid) (PLA). Transgenic roots were maintained 
for 28-days in 6 independent systems, i.e. (i) non-immobilized biomass (as reference), and as 
biomass immobilized on PLA constructs varied in morphology: (ii) solid scaffold, (iii) solid scaffold 
with 3mm gaps, (iv) scaffold with 60-degree mesh, (v) scaffold with 90-degree mesh and (vi) 
disintegrated PLA. For each system, the increase of fresh biomass was qualitatively determined.  

The scaffolds made of PLA (φ = 4 cm, 0.3 cm of thickness) were separately placed in 250 cm3 
Erlenmeyer flasks containing 50 cm3 of hormone-free DCR medium. Next, 1 g of 28-day R. graeca 
transgenic roots were poured onto the upper surface of the tested constructs. All culture systems 
were incubated at 24°C in dark conditions for 28 days on the oscillatory shaker at 105 rpm.  

The proliferation of R. graeca hairy roots was identified by the fresh biomass (FB28) increase 
values determined with: 
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where Δt is the time of culture.  

The values of FB28 noted for R. graeca hairy roots proliferated on scaffolds made of PLA after 
28 days of culture are compared in Fig. 1A. The highest value of FB28 was observed for the PLA 
scaffold with 90-degree mesh. However, almost the same FB28 value was noticed for the PLA 
scaffold with 60-degree mesh and the disintegrated scaffold. For other integrated PLA constructs, 
the FB28 value was similar to the values obtained for the reference system.  

 
Fig. 1. The values of FB28 (A) and µ (B) characterize in vitro proliferation of R. graeca hairy roots  

cultured in the reference system and on scaffolds made of PLA 

In the case of µ values (Fig. 1B.), the highest value of this parameter was noticed for the PLA 
scaffold with 60-degree mesh, but those values were almost the same as those obtained for the 
PLA scaffold with 90-degree mesh and the disintegrated PLA. For both solid PLA constructs, the µ 
values were at the same level as the value for the reference system. 

In conclusion, both PLA scaffolds with mesh and the disintegrated PLA scaffold promote the 
proliferation of R. greaca transgenic roots. This may be caused by the mechanical protection 
properties of meshed constructs inside those transgenic roots which can elongate under favorable 
conditions without significant impact of shear forces destroying their fragile structure. 
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Cardiovascular diseases are a very important issue due to their high mortality rate. They are 
one of the most common causes of death worldwide. Nowadays, they are mainly treated with native 
vein or artery segment transplantation, which is not always possible. Due to that fact, we need to 
design artificial vessels. Currently, synthetic materials can be successfully used as vascular 
prostheses when the graft diameter exceeds 6 mm [1]. However, there is still a problem with 
manufacturing functional small-diameter vascular prostheses due to formation of blood clots which 
can cause vessel occlusion.  

One of the methods which can solve this problem is bioprinting. This method allows to create 
designed constructs that can mimic native tissue. It is realized by usage of biocompatible materials 
with all the advantages of classical 3D printing. The advantage of this method is the ability to control 
process parameters and therefore the structure and properties of designed components. This 
process is extremely precise and repeatable which makes it easy to implement it in biological 
applications [2]. Using bioprinters we can design products which can have complex 
microarchitecture, including layer composition, porosity and morphology of printed components. 
What is also important, bioprinting makes it possible to use living cells suspended in bioink. All 
these advantages make this process promising for use in the manufacturing of vascular 
prostheses.  

Bioink, which is to be used in bioprinting, has to be biocompatible, i.e. it needs to have low 
cytotoxicity, no inflammatory response and allow transport of substrates to and from cells. Because 
bioink needs to be extruded from the printing head, it needs to have proper viscosity in conditions 
of pressure and temperature which are not destructive to the cells. On the other hand, bioinks need 
to be cross-linked to preserve the shape of product. That is why it is important to use the appropriate 
cross-linking method specific to the composition of the chosen bioink [3].  In case of artificial blood 
vessels, mechanical strength of the product should be high enough to withstand pressure induced 
by the blood flow. These are the key conditions to be met in production of vascular prostheses.  

In this work, we decided to study the influence of bioink viscosity on the mechanical strength 
of the product and compare it with polymer constructs. As bioinks we used alginate, methacrylated 
alginate and collagen bioinks, each in four different concentrations, obtaining twelve different 
bioink compositions. We examined viscosity of hydrogels with rotational rheometer. Then we chose 
bioprinting process parameters for each bioink and polymer. All constructs were printed using Bio 
X bioprinter (CellInk, Sweden). In the case of polymers, we have used the thermoplastic head, to 
achieve higher temperatures needed to melt them. Because of their biocompatibility we focused 
on investigations on different polyurethane types. As those are the first studies of bioprinting of 
these products, we decided to print square-shaped constructs. To better compare the mechanical 
properties, all of printed constructs had the same dimensions for each bioink composition. 
Eventually, we examined mechanical strength and porosity for all printed constructs using for 
example scanning electron microscopy.  

These studies helped us in further selection of bioinks for vascular prosthesis bioprinting. The 
viscosity and mechanical strength are the key parameters in this process. Therefore, it is necessary 
to use only those materials which can be successfully extruded using typical bioprinters and for 
which the printed products are able to withstand the conditions typically connected with blood flow. 
Even though it was not analyzed in this study, it is possible that polymer scaffolds are needed in 
some printing strategies to provide the mechanical support for the bioprinted structure. Therefore, 
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applications [2]. Using bioprinters we can design products which can have complex 
microarchitecture, including layer composition, porosity and morphology of printed components. 
What is also important, bioprinting makes it possible to use living cells suspended in bioink. All 
these advantages make this process promising for use in the manufacturing of vascular 
prostheses.  

Bioink, which is to be used in bioprinting, has to be biocompatible, i.e. it needs to have low 
cytotoxicity, no inflammatory response and allow transport of substrates to and from cells. Because 
bioink needs to be extruded from the printing head, it needs to have proper viscosity in conditions 
of pressure and temperature which are not destructive to the cells. On the other hand, bioinks need 
to be cross-linked to preserve the shape of product. That is why it is important to use the appropriate 
cross-linking method specific to the composition of the chosen bioink [3].  In case of artificial blood 
vessels, mechanical strength of the product should be high enough to withstand pressure induced 
by the blood flow. These are the key conditions to be met in production of vascular prostheses.  

In this work, we decided to study the influence of bioink viscosity on the mechanical strength 
of the product and compare it with polymer constructs. As bioinks we used alginate, methacrylated 
alginate and collagen bioinks, each in four different concentrations, obtaining twelve different 
bioink compositions. We examined viscosity of hydrogels with rotational rheometer. Then we chose 
bioprinting process parameters for each bioink and polymer. All constructs were printed using Bio 
X bioprinter (CellInk, Sweden). In the case of polymers, we have used the thermoplastic head, to 
achieve higher temperatures needed to melt them. Because of their biocompatibility we focused 
on investigations on different polyurethane types. As those are the first studies of bioprinting of 
these products, we decided to print square-shaped constructs. To better compare the mechanical 
properties, all of printed constructs had the same dimensions for each bioink composition. 
Eventually, we examined mechanical strength and porosity for all printed constructs using for 
example scanning electron microscopy.  

These studies helped us in further selection of bioinks for vascular prosthesis bioprinting. The 
viscosity and mechanical strength are the key parameters in this process. Therefore, it is necessary 
to use only those materials which can be successfully extruded using typical bioprinters and for 
which the printed products are able to withstand the conditions typically connected with blood flow. 
Even though it was not analyzed in this study, it is possible that polymer scaffolds are needed in 
some printing strategies to provide the mechanical support for the bioprinted structure. Therefore, 

it is important to know if all types of polyurethanes are printable to be used as such scaffolds and 
how it affects the properties of whole structures. 

 
Funding: 

The work was supported by the National Science Centre, Poland (grant no. UMO-
2020/39/I/ST5/01131). 

References 

[1] Xiangkui R., Yakai F., Jintang G., Haixia W., Qian L., Jing Y., Xuefang H., Juan L., Nan M., Wenzhong L., 
Surface modification and endothelialization of biomaterials as potential scaffolds for vascular tissue 
engineering applications, Chem. Soc. Rev., 2015, 44(15), 5680−5742. 

[2] Sundaramurthi, D., Rauf, S., Hauser, C., 3D bioprinting technology for regenerative medicine 
applications., Int. J. Bioprint., 2016, 2(2), 9−-26. 

[3] Decante G., Costa J.B., Silva-Correia J., Collins M.N., Reis R.L., Oliveira J.M., Engineering bioinks for 3D 
bioprinting, Biofabrication, 2021, 13, 032001 



380 Table of contents

24th Polish Conference of Chemical and Process Engineering 
13–16 June 2023, Szczecin, Poland 

MEMBRANE BIOFOULING CAUSED BY BACILLUS CEREUS BACTERIA  

Piotr Woźniak*, Marek Gryta 

West Pomeranian University of Technology in Szczecin, Pułaskiego 10, 70-322 Szczecin, Poland 
*corresponding author: Piotr.Wozniak@zut.edu.pl 

The presence of microorganisms inside the membrane installation causes membrane 
biofouling. It is the result of deposition and growth of microorganisms on membrane surfaces. 
Biofouling is regarded as not only the attachment/growth of microbial cells but also as the 
adsorption of organic matter produced by microorganisms, such as soluble microbial products and 
extracellular polymeric substances (EPS) [1, 2]. It is generally accepted that polysaccharides and 
proteins are the major components of EPS which show high adhesion ability to the presence of both 
hydrophilic and hydrophobic sites. 

Chemical disinfection has been proposed to control biofouling during membrane processes. 
However, bacteria embedded in a biofilm are more resistant to biocides than the same bacteria in 
a dispersed state [3]. Thus, some bacteria survive disinfection, and water systems usually cannot 
be kept sterile over a long period. Moreover, dead biomass provides nutrients and suitable surfaces 
for further growth of cells imported with raw water and simulates regrowth of incompletely killed 
biofilm organisms. 

In the examined case, the ultrafiltration installation was washed with solutions of phosphoric 
acid (0.5%), alkaline membrane cleaner P3 Ultrasil 11 (pH = 10.8), 75% propanol alcohol solution 
and then rinsed with DI water several times. A polyethersulfone (PES) membrane was assembled 
in the installation and stabilized with DI water at a pressure of 3 bar. After a few days, a significant 
drop in the permeate flux was observed. As shown by SEM studies, this finding was caused by 
biofouling (Fig. 1). 

 

 
Fig. 1. SEM image of PES membrane covered by organic deposit with bacteria cells 

Microbial identification was performed with mass spectrometry using a MALDI Biotyper®(MBT) 
instrument from Bruker (Bruker Daltonik GmbH, Bremen, Germany). Bacterial species were 
determined by comparing the mass spectrum of the microorganism under study with IVD's MBT 
mass spectra reference library of 4194 species. 

In addition to the dominant bacterium (Bacillus cereus - Fig. 2), several other types were 
detected, such as Acidovorax temperans, Chryseobacterium gambini, Stenotrophomonas 
maltophilia, Pseudomonas aeruginosa and Ochrobactrum anthropic.  
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Microbial identification was performed with mass spectrometry using a MALDI Biotyper®(MBT) 
instrument from Bruker (Bruker Daltonik GmbH, Bremen, Germany). Bacterial species were 
determined by comparing the mass spectrum of the microorganism under study with IVD's MBT 
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In addition to the dominant bacterium (Bacillus cereus - Fig. 2), several other types were 
detected, such as Acidovorax temperans, Chryseobacterium gambini, Stenotrophomonas 
maltophilia, Pseudomonas aeruginosa and Ochrobactrum anthropic.  

.  
 

Fig. 2. Bacillus cereus bacterial colony growth in the Columbia LAB-AGAR™ Base medium 
 

Bacillus cereus is a well-known foodborne pathogen capable of causing two types of 
gastrointestinal diseases and emesis. These bacteria multiply very quickly and show resistance to 
chemicals and elevated temperatures [3]. Therefore, limiting membrane biofouling caused by the 
above-mentioned bacteria is extremely difficult. 
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Ibuprofen, or (RS)-2-[4-(2-methylpropyl)phenyl]propanoic acid, is one of the most commonly 
used drugs in the group of non-steroidal anti-inflammatory drugs. This drug has a wide spectrum of 
action: analgesic, anti-inflammatory, and antipyretic. Although it can be considered relatively safe, 
especially with long-term use, it can cause many side effects, particularly those affecting the 
gastrointestinal tract and the cardiovascular system or kidneys [1]. In addition, ibuprofen is 
characterised by poor solubility in water, which reduces the permeability of the active substance 
through biological membranes [2, 3].  

New NSAID derivatives with improved solubility and increased bioavailability are sought. 
Modifications of NSAIDs are also intended to increase the drug's plasma half-life. Preparations 
belonging to this group of drugs have a negative effect on the digestive tract; they can cause 
damage to the gastric mucosa. Designing new NSAID derivatives is aimed at minimising side effects 
in the digestive system [4, 5]. Most drugs are administered orally or enterally. One way to reduce 
gastrointestinal side effects is to develop transdermal drug delivery systems [6].  

As a result of the research, ibuprofen derivatives were obtained in the form of conjugates with 
amino acid alkyl esters with potential pharmacological use. These compounds were obtained as a 
result of the reaction of the amino acid alkyl ester hydrochloride with ibuprofen (reaction scheme 
– Figure 1).
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Fig. 1. Reaction scheme for the preparation of amino acid ester ibuprofenates 

The obtained products were identified using nuclear magnetic resonance spectroscopy (1H-
NMR, 13C-NMR) and infrared spectroscopy (FTIR/ATR). Physicochemical properties such as 
rotation of polarised light, thermal stability, melting points, water solubility, and lipophilicity were 
determined. In addition, the biodegradability, skin permeability, and skin accumulation of the 
obtained conjugates were determined. The modification of non-steroidal anti-inflammatory drugs, 
in the form of an amino acid alkyl ester salt is aimed at increasing the solubility and permeability 
through biological membranes. The transformation of non-steroidal anti-inflammatory drugs from 
the acid form to the amino acid salt form is also intended to reduce the occurrence of side effects 
on the digestive system and the phenomenon of polymorphism. 
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Graphene is a material that finds applications within multiple branches of most versatile 
industries thanks to its outstanding properties both electrical [1] and mechanical [2]. However, 
methods of producing high-quality graphene with high yield are not yet fully developed. One way of 
producing flake graphene is direct exfoliation of graphite. This process can be conducted in organic 
solvents like N-methylpyrrolidone (NMP), N,N-dimethylacetamide (DMA), γ-butyrolactone (GBL) and 
1,3-dimethyl-2-imidazolidinone (DMEU) [3], but also in supercritical fluids like methanol, water or 
carbon dioxide [4]. Supercritical carbon dioxide (scCO2) is the most promising solvent due to its 
relatively low critical parameters, environmental friendliness and physicochemical properties (low 
surface tension, high diffusivity, low kinematic viscosity). The scheme of graphene production using 
direct exfoliation in scCO2 is shown in Fig. 1. In the considered process, scCO2 acts not only as a 
solvent but also as an intercalating compound furthermore improving the efficiency of graphite 
exfoliation.  

 
Fig. 1. Steps of flake graphene production from graphite using scCO2 

Although graphene production using scCO2 has many advantages, there are areas that are in 
dire need of improvement. Graphene production yield is low and the ultrasonication process takes 
multiple hours to complete. In this work, in order to improve the efficiency of graphite exfoliation, 
the addition of external intercalating compounds in the method of direct graphite exfoliation in 
scCO2 coupled with ultrasounds (US) was investigated. The intercalation stage was conducted 
directly before exfoliation via ultrasounds in scCO2 in the same apparatus as the main process. As 
intercalating substances 2-naphthol and vanillin were used. The exfoliation process was also 
carried out with the addition of cosolvent – ethyl alcohol. The investigation of flake graphene 
production using scCO2 was conducted using the experimental system shown in Fig. 2. 

 
 

Fig. 2. Scheme of experimental system (NV – needle valve, BV – ball valve, S – sonotrode) 
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Fig. 3. SEM images of graphene material at magnitude 500 X 

In Fig. 3 scanning electron microscope (SEM) images of the obtained material — multilayer 
graphene are presented. The results, based on Raman spectroscopy, indicate more efficient 
exfoliation when, as intercalating compound, vanillin was used than in the case of 2-naphthol. 
When intercalation was coupled with ethyl alcohol as the cosolvent, exfoliation was more efficient 
with the addition of 2-naphthol than vanillin. Cosolvent influence in the process of exfoliation is not 
straightforward as shown by results. 

The research was funded by National Science Centre, Poland – grant “Identification of mechanisms 
and investigations of flake graphene production by direct exfoliation using supercritical carbon 
dioxide”, project number 2019/35/D/ST8/02977. 
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In Fig. 3 scanning electron microscope (SEM) images of the obtained material — multilayer
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exfoliation when, as intercalating compound, vanillin was used than in the case of 2-naphthol.
When intercalation was coupled with ethyl alcohol as the cosolvent, exfoliation was more efficient
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The aim of this study was to investigate the effect of the type of raw material – graphite on the 
efficiency of graphene production by direct exfoliation using supercritical carbon dioxide. In the 
process, supercritical CO2 acts as a solvent, an intercalating agent and an agent for the separation 
of carbon layers in graphite. The use of supercritical CO2 allows the elimination of organic solvents, 
dangerous to the environment and human health, used in the classical direct exfoliation method. 
In addition, CO2 has relatively low critical parameters (T = 31.1°C and P = 7.4 MPa), is non-toxic 
and non-flammable, and upon expansion transforms into a gaseous state leaving no impurities in 
the final product. 

In the experiments, natural graphite and expanded graphite were used as the starting material 
for flake graphene production. The direct exfoliation process using supercritical CO2 was carried 
out with simultaneous ultrasonication. The experimental system for flake graphene production 
using scCO2 is shown in Fig. 1. The following material characterization techniques were used to 
determine the efficiency of the investigated flake graphene production method: scanning electron 
microscopy (SEM) and Raman spectroscopy.   

Fig. 1. Scheme of the experimental system for the flake graphene production using scCO2 

Figures 2 and 3 present SEM images of starting materials and materials after exfoliation. The 
experimental results showed that a higher efficiency of flake graphene production was obtained by 
using expanded graphite compared to natural graphite. Natural graphite is characterized by a 
structure of closely packed carbon layers, and as a result, CO2 molecules find it more difficult to 
penetrate the spaces between the carbon layers. Expanded graphite has far greater interlayer 
spaces, into which the carbon dioxide molecules penetrate more easily, thus facilitating the 
delamination process compared to natural graphite. It was found that the exfoliation of expanded 
graphite in supercritical CO2 results in the formation of graphene nanoplatelets. 
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Fig. 2. SEM images of natural graphite and material after the exfoliation process 

 
Fig. 3. SEM images of expanded graphite and material after the exfoliation process 

 
The research was funded by National Science Centre, Poland – grant “Identification of mechanisms 
and investigations of flake graphene production by direct exfoliation using supercritical carbon 
dioxide”, project number 2019/35/D/ST8/02977. 
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Fig. 3. SEM images of expanded graphite and material after the exfoliation process 

 
The research was funded by National Science Centre, Poland – grant “Identification of mechanisms 
and investigations of flake graphene production by direct exfoliation using supercritical carbon 
dioxide”, project number 2019/35/D/ST8/02977. 
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The thriving industrial and service sectors are providing us with ever-improving development of 
available technologies, but they also bring with them negative effects in the form of environmental 
pollution. In order to reduce the adverse environmental impact of the uncontrolled development of 
polluting industries, catalytic systems based on nanomaterials characterized by sorptive and 
catalytic properties are used to support the remediation process. 

This paper presents a methodology for obtaining catalytic systems based on microsilica, iron 
oxide structures and iron nanoparticles, and verifies their applications in environmental purification 
processes and prevention of environmental pollution under model conditions. The obtained 
catalytic systems were characterized by physicochemical analyses, which confirmed the presence 
of speciated forms of iron and their catalytic properties. The first of the systems (SiO2-Fe) was 
obtained according to the scheme in Figure 1. The core in all three systems is microsilica, while the 
role of the coating is played by iron nanoparticles, the surface of which was functionalized by using 
an extract obtained in the Soxhlet apparatus from apple peels-rich in polyphenolic compounds, 
responsible for the reducing and stabilizing properties of the system. 

 

 
Fig. 1. Schematic of the preparation of catalytic system 1 in the form of SiO2-Fe 

 The second catalytic system (Figure 2) is based on microsilica onto which Fe2O3 nanoparticles, 
synthesized using a microwave reactor have been deposited. 
 

 
 

Fig. 2. Schematic of the preparation of catalytic system 2 in the form of SiO2-Fe2O3 

The engineering for obtaining the third catalytic system (Figure 3) was based on the 
structure of system 2- Fe2O3 onto which Fe was applied in an analogous manner to system 1. 

 

 
Fig. 3. Schematic of the preparation of catalytic system 3 in the form of SiO2-Fe2O3-Fe 
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The performance of the obtained systems was verified under model conditions-catalytic 
reactions, in the process of thermal oxidation of soot. In this work, three by-products of incomplete 
combustion of fuels were used in the form of: carbonizate obtained by pyrolysis of rubber granules, 
technical soot- type N550 and furnace soot. In order to determine the best conditions for soot 
oxidation, a series of experiments was carried out with varying parameters for running the process, 
i.e. temperature, contact time: soot-catalytic system and % catalyst content. It was shown that 
catalytic systems based on speciation forms of iron nanoparticles and iron oxides exhibit catalytic 
properties in soot oxidation by lowering oxidation temperature and reducing contact time: catalyst-
soot.  
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Borophene is a relatively recently discovered compound made up of boron atoms, which align 
into a 2D lattice - similar to graphene. Since its discovery in 2015, numerous studies have been 
carried out to find practical applications of this new material in different fields [1,2]. Boron atoms 
are a common dopant for anticorrosion coating of iron alloys [3]. Therefore, it becomes natural to 
investigate borophene and its anti-corrosion properties. This work aimed to investigate the 
anticorrosion behaviour of borophene-polymer (BP) composite under conditions mimicking highly 
oxidative human body environment. As a reference, the bulk boron-polymer (bBP) coating was 
investigated. BP and bBP composites were prepared by dispersing boron and borophene in the 
solution of poly(lactic acid) (PLA) with a further coating of Mg AZ91 alloy disk (Ø 14 mm) via spin 
coating. The parameters such as borophene and PLA concentrations, rotation speed and coating 
thickness were optimised. Moreover, the scanning electron microscopy (SEM) analysis was 
conducted both before (to control the layer homogeneity and possible defects detection) and after 
the electrochemically induced corrosion test (to observe the corrosion effects and coating 
condition). An electrochemical corrosion test was conducted via a three-electrode system, where 
only coated surface was exposed to the electrolyte (3.5 % NaCl). The electrochemical test revealed 
that BP coating surpasses bBP through a decrease of corrosion current density (Icorr) in the 
passivation region. Further analysis composed from the Tafel plot, electrochemical impedance 
spectroscopy (EIS), Raman spectroscopy and X-ray diffraction (XRD) revealed the possible corrosion 
mechanism and anticorrosion properties of borophene.  
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Surface hydrophobization is an emerging problem, especially when a very thin and transparent 
layer is needed for light sources, solar panels and (photo)catalysts. Moreover, the obtained layer 
may be easily washed out by organic solvents or even water when it is not sufficiently anchored to 
the surface. On the other hand, a thin and resistant hydrophobic layer may significantly reduce 
unwanted processes connected with oxidation of metal or organic surfaces leading to e.g. corrosion 
or chemical degradation. Therefore, silicone surfactants are known for their exceptional 
performance properties, especially in the field of ultra low surface tension (i.e. below ca. 20 mN/m), 
excellent emulsifying action as well as controlled adsorption at specific interfaces and surfaces [1-
4]. That is why the mentioned compounds will gain attention especially in the fields of surface 
hydrophobization from aqueous and solvent-borne systems as well as stimuli responsive surfaces, 
where traditional surfactants exhibit inferior performance. 

The aforementioned issue may be solved by the development of reactive silicone surfactants 
capable of anchoring to the surface followed by polymerization to form a thin, insoluble layer [2]. In 
contrast to insufficiently hydrophobic hydrocarbon-based surfactants and hardly biodegradable 
perfluorocarbon derivatives the abovementioned silicone surfactants may constitute a good 
compromise between appropriate water-repelling action, reactivity and environmental reasons [4]. 
Due to unique self-assembly properties of amphiphilic compounds, the deposition of surfactants at 
the particular surfaces, e.g. glass, metal or polymer, may constitute spontaneous process 
characterized by very low energy demand [5]. The adsorbed surfactant molecules may bond to the 
surface by formation of either covalent or ionic bonds with appropriate groups present on the 
surface, e.g. hydroxyl or carboxylic acid ones. If surfactant molecules comprise polymerizable 
groups, the formed layer may be sufficiently bonded to the surface (step-by-step reactions with 
surface moieties) and cross-linked (post-deposition surface polymerization) to provide appropriate 
durability. Taking into account the most common and easily tunable polymerizable group, i.e. a 
double carbon bond, we utilized it as the reactive moiety for our surfactants. In order to study 
usefulness of positively and negatively charged substances toward adsorption at specific surfaces 
e.g. glass and metal two groups: cationic and anionic surfactants have been developed (see Fig.
1.).

Fig. 1. Scheme of the designed and synthesized surfactants 

The theoretical considerations indicate that cationic surfactants will be preferably adsorbed at 
negatively charged surfaces (e.g. glass), while anionic ones – at positively charged surfaces 
(e.g. metals), followed by formation of ionic bonds (see Fig. 2.) [5, 6]. On the other hand, the 
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Surface hydrophobization is an emerging problem, especially when a very thin and transparent
layer is needed for light sources, solar panels and (photo)catalysts. Moreover, the obtained layer
may be easily washed out by organic solvents or even water when it is not sufficiently anchored to
the surface. On the other hand, a thin and resistant hydrophobic layer may significantly reduce
unwanted processes connected with oxidation of metal or organic surfaces leading to e.g. corrosion
or chemical degradation. Therefore, silicone surfactants are known for their exceptional
performance properties, especially in the field of ultra low surface tension (i.e. below ca. 20 mN/m),
excellent emulsifying action as well as controlled adsorption at specific interfaces and surfaces [1-
4]. That is why the mentioned compounds will gain attention especially in the fields of surface
hydrophobization from aqueous and solvent-borne systems as well as stimuli responsive surfaces,
where traditional surfactants exhibit inferior performance.

The aforementioned issue may be solved by the development of reactive silicone surfactants
capable of anchoring to the surface followed by polymerization to form a thin, insoluble layer [2]. In
contrast to insufficiently hydrophobic hydrocarbon-based surfactants and hardly biodegradable
perfluorocarbon derivatives the abovementioned silicone surfactants may constitute a good
compromise between appropriate water-repelling action, reactivity and environmental reasons [4].
Due to unique self-assembly properties of amphiphilic compounds, the deposition of surfactants at
the particular surfaces, e.g. glass, metal or polymer, may constitute spontaneous process
characterized by very low energy demand [5]. The adsorbed surfactant molecules may bond to the
surface by formation of either covalent or ionic bonds with appropriate groups present on the
surface, e.g. hydroxyl or carboxylic acid ones. If surfactant molecules comprise polymerizable
groups, the formed layer may be sufficiently bonded to the surface (step-by-step reactions with
surface moieties) and cross-linked (post-deposition surface polymerization) to provide appropriate
durability. Taking into account the most common and easily tunable polymerizable group, i.e. a 
double carbon bond, we utilized it as the reactive moiety for our surfactants. In order to study
usefulness of positively and negatively charged substances toward adsorption at specific surfaces
e.g. glass and metal two groups: cationic and anionic surfactants have been developed (see Fig.
1.).

Fig. 1. Scheme of the designed and synthesized surfactants.

The theoretical considerations indicate that cationic surfactants will be preferably adsorbed at
negatively charged surfaces (e.g. glass), while anionic ones – at positively charged surfaces
(e.g. metals), followed by formation of ionic bonds (see Fig. 2.) [5, 6]. On the other hand, the

opposite behavior may also occur due to formation of reversible ester bonds between carboxylate 
groups in hydrophilic fragments of surfactant molecules and surface hydroxyl moieties (see Fig. 2.). 

Fig. 2. Schematic representation of polymerized silicone surfactants on surface with hydroxyl groups (left), 
negatively charged surface (middle) and positively charged surface (right) 

The main aim of our studies was to develop and optimize synthetic routes and deposition 
methodologies for ionic surfactants with reactive groups as well as carefully analyze obtained  
hydrophobized surfaces. The structure of the obtained reactive surfactants was confirmed with 
NMR spectroscopy, while the hydrophobic surfaces were analyzed utilizing applicable methods, e.g. 
contact angle, impendency and calorimetric measurements, X-ray photoelectron spectroscopy with 
ion sputtering and thermogravimetry. The expected outcome comprises fully scalable methodology 
for easy and reproducible surface hydrophobization toward sufficient water repellency and 
corrosion inhibition. 

The performed studies enabled to obtain compounds with appropriate adsorption 
characteristics from both organic and aqueous solutions. Furthermore, polymerization on the 
surface can be performed in various conditions due to moderation of the double bond 
characteristics. Both cationic and anionic surfactants exhibited selective and permanent 
adsorption on glass and metal as a result of reactions with surface moieties or ionic interactions. 
The outcome of the studies constitutes a significant weakening of the wettability which may lead to 
metal corrosion resistance or achieving water-repellent glass. The performed careful analyses 
enabled to identify the crucial steps significantly affecting the performance properties of the 
studied surfactants and surfaces.  
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Progressive pollution of the aquatic environment related to the presence of emerging 
contaminants results from their resistant nature towards conventional wastewater treatment 
processes. Artificial sweeteners used as sugar substitutes, commonly added to beverages, 
personal care products, dental creams and pharmaceuticals, are not readily metabolized in our 
body and may be excreted into the environment as a mixture of the parent compound and its 
metabolites. Therefore, residues of artificial sweeteners have been detected in the most diverse 
aquatic environments, being recognized as emerging contaminants [1]. Especially aspartame, 
potassium acesulfame, sodium saccharin and sodium cyclamate have been reported as the most 
persistent sweeteners [2].  

In this regard, in the present study, a combination of the photocatalytic process with 
peroxymonosulfate (PMS) activation was proposed for efficient photocatalytic degradation of 
aspartame, potassium acesulfame, sodium saccharin, and sodium cyclamate - a mixture of artificial 
sweeteners frequently present in wastewater and surface waters worldwide. 

TiO2 nanosheets with exposed {0 0 1} facets were synthesized using the fluorine-free 
lyophilization technique as a green concept for synthesis and used for the photodegradation of 
artificial sweeteners under simulated solar light. The synergetic effect of photocatalysis with the 
sulfate radical-based process was investigated. In comparison to hydroxyl radicals, sulfate radicals 
(•SO4–) possess a higher redox potential of 2.6–3.1 V NHE and selectivity, longer half-life (30–40 µs), 
and are more suitable for organic pollutant degradation regardless of operating conditions (activity 
in a broader pH range).  

It was found that the mixture of studied artificial sweeteners containing 20 mg/L of each 
compound was practically not susceptible to photolysis within 60 minutes of irradiation under 
simulated solar light. In the presence of 2D titanium (IV) oxide, the artificial sweeteners were 
degraded entirely in less than 30 min, whereas the addition of 0.5 mM of peroxymonosulfate 
resulted in complete mineralization after 5 minutes of the degradation process. 

Acknowledgment 

The research was financially supported by the Gdańsk University of Technology within the RADIUM program 
(grant nr 15/RADIUM/2022.) 

References 

[1] Yang Y.Y., Zhao J.-L., Liu Y.-S., Liu W.-R., Zhang Q.-Q., Yao L., Hu L.-X., ZhangJ.-N., Jiang Y.-X., Ying G.-G.,
Pharmaceuticals and personal care products (PPCPs) and artificial sweeteners (ASs) in surface and
ground waters and their application as indication of wastewater contamination, Sci. Total Environ.,
2018, 616–617, 816−823.

[2] Ab Qayoom Naik, Tabassum Zafar, Vinoy Kumar Shrivastava, Environmental impact of the presence,
distribution, and use of artificial sweeteners as emerging sources of pollution, J. Environ. Public Health,
2021, Article ID 6624569. 

24th Polish Conference of Chemical and Process Engineering 
13–16 June 2023, Szczecin, Poland 



395 Table of contents

24 th P olish Confe re nce  of Che mical and P roce s s Engine e ring
13 –16  June  20 23 , Szczecin, P oland

PEROXYMONOSULFATE-ASSISTED PHOTOCATALYTIC DEGRADATION OF
ARTIFICIAL SWEETENERS IN WATER

Jakub Smoliński, Anna Zielińska-Jurek*
Department of Process Engineering and Chemical Technology, Faculty of Chemistry, Gdańsk

University of Technology, Narutowicza 11/12, 80-233 Gdańsk, Poland
*corresponding author: annjurek@pg.edu.pl

Progressive pollution of the aquatic environment related to the presence of emerging
contaminants results from their resistant nature towards conventional wastewater treatment
processes. Artificial sweeteners used as sugar substitutes, commonly added to beverages,
personal care products, dental creams and pharmaceuticals, are not readily metabolized in our
body and may be excreted into the environment as a mixture of the parent compound and its
metabolites. Therefore, residues of artificial sweeteners have been detected in the most diverse
aquatic environments, being recognized as emerging contaminants [1]. Especially aspartame,
potassium acesulfame, sodium saccharin and sodium cyclamate have been reported as the most
persistent sweeteners [2].

In this regard, in the present study, a combination of the photocatalytic process with
peroxymonosulfate (PMS) activation was proposed for efficient photocatalytic degradation of
aspartame, potassium acesulfame, sodium saccharin, and sodium cyclamate - a mixture of artificial
sweeteners frequently present in wastewater and surface waters worldwide.

TiO2 nanosheets with exposed {0 0 1} facets were synthesized using the fluorine-free
lyophilization technique as a green concept for synthesis and used for the photodegradation of
artificial sweeteners under simulated solar light. The synergetic effect of photocatalysis with the
sulfate radical-based process was investigated. In comparison to hydroxyl radicals, sulfate radicals
(•SO4–) possess a higher redox potential of 2.6–3.1 V NHE and selectivity, longer half-life (30–40 µs), 
and are more suitable for organic pollutant degradation regardless of operating conditions (activity
in a broader pH range).

It was found that the mixture of studied artificial sweeteners containing 20 mg/L of each
compound was practically not susceptible to photolysis within 60 minutes of irradiation under
simulated solar light. In the presence of 2D titanium (IV) oxide, the artificial sweeteners were
degraded entirely in less than 30 min, whereas the addition of 0.5 mM of peroxymonosulfate
resulted in complete mineralization after 5 minutes of the degradation process.
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With recent development of new energy sources and electrical transportation technologies, 
there has been an increasing need for more efficient, cheaper, and environmentally friendly energy 
storage such as biomaterial-derived supercapacitors.  

Sunflower (Helianthus annuus L.) seed shells are a cheap and common biowaste with little 
to none use outside of animal food supplementation but have interesting structural traits 
including high natural porosity and primarily consisting of cellulose fibres, which are 
favourable from an electrochemical standpoint. Therefore, they were chosen to produce highly 
potential porous carbon as electrodes for symmetrical supercapacitors. 

 Shells were dried, carbonized in 5 different temperatures ranging from 500 to 900°C and 
subsequently activated using molten KOH.  

Fig. 1. SEM images of carbonized sunflower seed shell 

Acquired biomaterial has been characterized with high specific surface by nitrogen adsorption 
analysis with sample carbonized in 500°C having the highest one: 2530m2/g. Material was then 
analyzed with Raman spectroscopy to determine the graphitization level and FT-IR spectroscopy to 
identify functional groups within the carbon structure. The carbonized shells were also analyzed for 
impurities by thermogravimetric analysis and X-ray powder diffraction to identify main 
contaminants. The results showed that materials carbonized at higher temperatures had better 
overall purity. 



396 Table of contents

 
 

Fig. 2. TEM images of porous carbon carbonized at 800°C 

The final step of physicochemical analysis was to examine the material’s morphology using 
transmission electron microscopy (TEM) and scanning electron microscopy (SEM). Electrodes were 
then assembled with PVDF (polyvinylidene fluoride) as the binder and tested for their 
electrochemical properties using variable scan speed cyclic voltammetry (CV), galvanostatic 
charge/discharge (GCD) cycling, and electrochemical impedance spectroscopy (EIS). 
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