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Introduction 

 

Since the very beginning of European Young Engineers Conference, since the 

first meeting of Students Scientific Club in 2011, we were wondering, how we can 

develop our work and how to provide a new, attractive and easy way to exchange 

knowledge and experience between young people. People who, like us, are passionate 

for creation, search for answers, create innovative solutions for current issues. In short 

– people of Science. 

It may sound pompous, after all, there are many other conferences for young 

scientists, but we believe that, thanks to EYEC’s scope, friendly atmosphere and high 

level of presented research, it is the best way to start or continue your scientific career. 

 

It is already 6th edition of EYEC and we still did not materialized half of our 

ideas. Every year we try to give you something new: interesting guest speakers, 

additional workshops or accompanying contests. It is also 4th time we give you our 

EYEC Monograph. In this book you can find the most promising, important and 

reviewed papers of European Young Scientists. We hope, that this book you are 

holding right now, will be the first step in great career of each and every of participants 

of our conference. 

 

The Monograph, as well as conference, covers following matters: 

• process engineering, 

• chemical engineering, 

• biomedical & bioprocess engineering, 

• nanotechnologies & nanomaterials, 

• material engineering, 

• process apparatus, 

• process kinetics and thermodynamics, 

• environmental protection, 

• other engineering disciplines. 

 

We hope you will find the papers within this book highly interesting and 

important, as we do. 

 

 

Organizing Committee 

Editorial Team of EYEC Monograph 
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Scientific Committee 

 

The Editorial Team of EYEC Monograph is extremely grateful for the effort 

and work of Scientific Committee put on the reviewing process of all the manuscript 

published in this book. Right after authors, without Your work this book would not 

be created. Thank you. 

Organizing Committee 

Editorial Team of EYEC Monograph 

 

Prof. Eugeniusz Molga, PhD (WUT, Poland)  – Chairman

 

Prof. Tomasz Ciach, PhD 

(WUT, Poland) 

Prof. Marc-Oliver Coppens, PhD 

(UCL, UK) 

Prof. Paweł Gierycz, PhD  

(WUT, Poland) 

Prof. Leon Gradoń, PhD  

(WUT, Poland) 

Prof. Marek Henczka, PhD  

(WUT, Poland) 

Prof. Gyӧrgy Marosi, PhD  

(BME, Hungary) 

Prof. Wojciech Piątkiewicz, PhD 

(ISTe-NRI, Poland) 

Prof. Tomasz Sosnowski, PhD  

(WUT, Poland) 

Prof. Andrzej Stankiewicz, PhD 

(TUDelft, Holland) 

Anna Adach, PhD (WUT, Poland) 

Agata Bąk, PhD (WUT, Poland) 

Alessandro Benedetti, PhD  

(Mareco CNR-IENI, Italy) 

Marta Bojarska, PhD (UDE, Germany) 

Jakub Bujalski, PhD 

(Yara Int., Norway) 

Robert Cherbański, PhD  

(WUT, Poland) 

 

Katarzyna Dąbkowska, PhD  

(WUT, Poland) 

Jakub Gac, PhD (WUT, Poland) 

Anna Jackiewicz, PhD (WUT, Poland) 

Magdalena Jasińska, PhD  

(WUT, Poland) 

Joanna Jankowska-Śliwińska, PhD  

(IBBE-PAS, Poland) 

Naresh Kasoju, PhD (IBME, UK) 

Zoltan Kovacs, PhD (BME, Hungary) 

Andrzej Krasiński, PhD  

(WUT, Poland) 

Piotr Machniewski, PhD  

(WUT, Poland) 

Łukasz Makowski, PhD (WUT, Poland) 

Artur Małolepszy, PhD (WUT, Poland) 

Marta Mazurkiewicz-Pawlicka, PhD 

(WUT, Poland) 

Marcin Odziomek, PhD (WUT, Poland) 

Wojciech Orciuch, PhD (WUT, Poland) 

Agata Penconek, PhD (WUT, Poland) 

Wojciech Pilarek, PhD (WUT, Poland) 

Bruno Bastos Sales, PhD  

(Avans, Holland) 

Paweł Sobieszuk, PhD (WUT, Poland) 

Piotr Wieciński, PhD (WUT, Poland) 

Anna Zalewska, PhD (WIChiR, Poland) 
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Scientific Commission 

 

Łukasz Makowski, PhD DSc 

 

He graduated from the Faculty of Chemical 

and Process Engineering of the Warsaw University of 

Technology in 1997. In 2003 he has received a PhD 

degree in Chemical Engineering, PhD thesis was titled 

“Application of the closure hypothesis and CFD for 

description of complex chemical reactions in the 

systems with turbulent flow”. In 2013 he has received 

DSc (habilitation) in Chemical Engineering titled 

„Effects of mixing in selected problems of product 

engineering processes”. During of his work he was 

repeatedly manager or participant in many research grants funded by public resources 

for science or industry, for instance: State Committee for Scientific Research and 

National Science Centre as well as projects in 6th and 7th Framework Programme of 

the European Union, Bayer Technology Services GmbH, Unilever, CIECH Group 

Companies – ZACHEM, OLPP, Miejskie Przedsiębiorstwo Wodociągów i 

Kanalizacji w m.st. Warszawie, Cosmetic Packaging Factory Pollena S.A. He is co-

author of 72 papers published in periodicals and conference materials. 

 

Anna Jackiewicz-Zagórska, PhD 

 

She graduated from the Faculty of Chemical and 

Process Engineering of the Warsaw University of 

Technology in 2004. Her master thesis was appreciated by 

the Award of the Ignacy Łukasiewicz Grant Fund of PGNiG 

S.A. for the best Master’s thesis. In November 2010, she 

received a PhD degree and her Doctoral thesis entitled 

“Investigation into filtration of aerosol particles in 

inhomogeneous fibrous filters” was distinguished by the 

Faculty Council and by the jury awarding the Fiat grants. Dr 

Anna Jackiewicz has been employed by the Warsaw 

University of 17 Technology as Assistant Professor since 2011. She is the supervisor 

of the filtration laboratory at the Department of Integrated Processes Engineering.  

Dr Anna Jackiewicz is co-author of 55 papers published in periodicals and 

conference materials. She has presented her research results at 15 international and 11 

national conferences. She received scholarships for distinguished Ph.D. students in 

the field of science and research and scholarship for young scientists awarded by the 
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Centre for Advanced Studies, Warsaw University of Technology, and by the Marshal 

of the Mazowieckie province. In 2011, she was granted an individual Award of the 

Rector of the Warsaw University of Technology for scientific achievements. Her 

profile was presented at the exhibition entitled “Maria Skłodowska-Curie in the 

Service of Science Yesterday and Today” at the European Parliament in Brussels. 

Since 2012 Dr Jackiewicz is the manager of the Leader III project from the National 

Centre for Research and Development. She was awarded first place in the project 

called “Internship as a success of a scientist”, intended to strengthen the cooperation 

between researchers and enterprises.  

Her scientific interests: separation processes of gas-solid and liquid particles, 

filtering media design, modeling of filtration in fibrous filters, techniques for aerosol 

generation and detection, materials science. 

 

Oleksandr Ivashchuk, PhD 

 

Lecturer of the Department of Chemical 

Engineering at Lviv Polytechnic National University 

(Lviv, Ukraine). 

He received his PhD degree in 2008 for the 

research of the catalytic liquid-phase cyclohexane 

oxidation – he has developed effective catalytic systems 

for the process (binary system, catalytic complex solutions 

and individual catalysts). 

For ten years he has been worked on the 

implementation of 6 research themes of the organic 

products technologies (researching of catalytic oxidization of liquid hydrocarbons, 

sonochemistry intensification of catalytic oxidization of cyclohexane, development of 

homogeneous catalysts, intensification of diesel fuel with organic compounds etc.) at 

Lviv Polytechnic National University (Lviv, Ukraine). In 2012 he has received an 

academic status of Senior Research Fellow. Now he works with computer simulation 

in the chemical technology and engineering. 

Dr. Ivashchuk  is a co-author of 78 scientific works, including 3 patents and  

5 electronic textbooks. He is a Secretary of scientific conferences «Chemistry and 

Chemical Technology», «Chemical Technology and Engineering» (Lviv Polytechnic 

National University, Ukraine). 

Dr. Ivashchuk  is also the Head of Young Scientists' Council of the Institute 

of Chemistry and Chemical Technologies at Lviv Polytechnic National University. 

 

Aldona Zalewska, PhD 

 

I am an assistor professor of Chemistry since July 2014. I have been employed 

in the Department of Inorganic Chemistry and Solid State Technology of the Faculty 
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of Chemistry of Warsaw University of Technology as research and teaching assistant 

professor since 1997, when I earned my PH.D.  

My scientific-research activity covers many issues connected with polymer 

electrolytes for application in lithium batteries, as well as research methods. My 

scientific achievements constitute 37 papers of the ISI Master Journal List of the 

Institute of Scientific Information.  In total, I participated in the realization of  

8 research projects as a contractor, main contractor and Project Manager. My teaching 

activity is associated with the Faculty of Chemistry of Warsaw University of 

Technology and covers giving lectures and supervising class exercises, laboratory 

courses and diploma theses. I received common awards for scientific activities such 

as scholarship from the Foundation of Polish Science in 1997, Rector`s of the WUT 

collective (in 1999) and personal award (in 2001) for scientific achievements, 

personal award for didactical achievements (in 2008/2009), “Złota kreda” award for 

the best academic teacher granted by Student Self government on WUT. 

 

Alessandro Benedetti, PhD 

 

Researcher in the MARECO CNR-IENI sea 

marine station, located in Bonassola (SP, Liguria, 

Mediterranean sea) also responsible for management of the 

CePAS-Bonassola office, a public structure by the 

Bonassola Municipality and CNR-IENI for the divulgation 

of sea environment peculiarities consisting in stormy 

waves formation and watching. 

He received his PhD in Environmental Science 

from Università degli Studi di Milano). Dr Benedetti’s 

research is currently related to surface and material 

behavior in different seawater environments (e.g. effects of different seawater 

environments on superhydrophobic surfaces, Al and Fe alloys, cathodic protection of 

steel in shallow euphotic seawater). 

He is also involved in the ‘wave watching’ activity which links science and 

education. He took part in research related to development of high resolution models 

for description/forecast of meteomarine dynamics of the Bonassola bay (cooperation 

with Univeristy of Genoa) and sea-wave motion measurement by 

accelerometric/sysmologic techniques (collaboration with National Geeophysic and 

Vulcanology Institute). 

Beside a number of scientific papers he also published a book “Wave 

Watching – lo spettacolo delle mareggiate in Liguria” (S. Gallino, A. Benedetti,  

L. Onorato. Ed. Hoepli, 2011). 
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Jakub Bujalski, PhD 

 

He graduated in 1997 from University of 

Nottingham, (UK) with a MEng in Chemical 

Engineering. In 2003 he received his PhD in Chemical 

Engineering from University of Birmingham (UK), 

titled: “Computational fluid dynamic modelling of 

stirred reactors: power, baffle stresses, mixing times 

and semi-batch precipitation”. From 2003 to 2006 he 

joined the CFD group at CSIRO Minerals (Australia) 

as a Post Doc Researcher where he worked on CFD 

modelling of hydrometallurgical mineral extraction 

processes. 

From 2006 he is based in Norway as a Principal Engineer in the Process 

Modelling and Control Department at the Yara International’s Innovation Research 

and Development Centre. His current focus is on the use of CFD in the fertiliser 

process industry to optimise the existing plants as well as new equipment design. He 

is an author of over 100 internal research reports focusing on improvements in the 

production of fertilisers and a number of conferences and journal publications. His 

current research interests are in CFD modelling of large scale industrial processes with 

a special focus on the nitrophosphate fertiliser process. 
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Special Guests 

 

Prof. Jörg Vienken, PhD 

 

Jörg Vienken graduated in Chemical 

Engineering at the Technical University of 

Darmstadt and received a Doctoral Degree in 

Biophysics and Bioengineering from the 

Technical University of Aachen, both in 

Germany. He was then appointed the position of 

an Associate Professor at the Institute for 

Biotechnology of the University of Würzburg, 

Germany. 

In 1985, he switched to the medical 

device industry and worked for 11 years at AKZO NOBEL Membrana in Wuppertal 

as Director for Clinical Research and Science Services, followed 1996 by a position 

as Vice President BioSciences in Fresenius Medical Care in Bad Homburg, Germany 

which he held until his retirement in 2013. From 2013 – 2015 he served as Board 

Member of Nephro-Solutions AG in Hamburg and is working since 2016 as  

a Freelance Advisor for the Medical Device Industry. 

He has been awarded the “Emil-Bücherl-Award” for life-time achievement in 

the realm of Artificial Organs from the European Society for Artificial Organs 

(ESAO) and is a distinguished fellow of ERA-EDTA, the European Dialysis and 

Transplantation Association. 

Jörg Vienken is Past President of the International Federation of Artificial 

Organs (IFAO, representing the umbrella organisation of the continental societies 

from Europe (ESAO), the USA (ASAIO) and Japan (JSAO)). He was a long lasting 

Board member of the European Society for Artificial Organs (ESAO) and served as 

its secretary treasurer between 1998 and 2006. He is also Past President of the 

Association of German Biotech Companies (VBU- DECHEMA). 

Jörg Vienken still teaches Biomaterials and Artificial Organs at several 

German and European Universities and has published more than 300 scientific 

publications and book chapters as well as 8 books. 
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David vs Goliath – Bacteria, endotoxins and biofilms 

 

Once, medical devices are introduced to the market place, they have to be free 

of both, bacteria (sterility) and their endotoxic components (absence of pyrogens). 

This is of paramount importance because we currently observe an increasing threat of 

multiresistent germs, when standard antibiotics have lost their killing activity. The 

manufacturing staff of medical devices, physicians and nurses should also focus on 

precise and careful techniques of handwashes to avoid cross-contamination. Microbial 

germs may, e.g., survive due to inadequate hand drying after handwash or an 

incautious exchange of protecting collars. 

Bacteria and endotoxins In general, bacterial strains differ in the 

composition of their cell wall and as a consequence show different results in the germ-

staining assay introduced by the Danish scientist Hans Christian Gram (1853–1938). 

This staining characterizes microbial cells as Gram[+] and Gram[-] cells. Their 

potential outweighs by far the properties of other biological cells in terms of their 

numbers, growth rates, shapes and flexibility to survive even odd situations. The 

growth rate of bacteria considerably depends on environmental conditions,  

i.e. temperature and nutrient conditions.The main toxic compound of bacterial cells 

are endotoxins (from Gram[-] cells) and exotoxins (from Gram[+] cells. Endotoxins 

(ETs) derive from the external cell membrane of Gram[-] germs and consist of  

a lipophilic head group (Lipid A) and a polysaccharide tail. This is, why they are also 

called „lipopolysaccharides (LPS)“. It is interesting to note, that the toxic behaviour 

increases with a branching of the polysaccharide chain. Endotoxin contamination can 

be assessed by either the Limulus Amoebocyte Lysate test (LAL-test) or by the release 

of cytokines after contact of ETs with mononuclear white blood cells. Both assays are 

described in many national Pharmacopoeias. They show that a direct general 

relationship between germ count and amount of possibly released endotoxins does not 

exist. Thus, endotoxin analyses without the simultaneous determination of present 

germ strains is invalid. 

Biofilms When bacteria adhere to infaces (solid/liquid; liquid/gas, gas/solid) 

they actively produce a mucous extracellular polymeric matrix (EPS) consisting of > 

thousand different compounds. This protects germs from antibacteridal agents and 

promotes the exchange of information between neighbouring cells, based on  

a phenomenon called „Quorum sensing“. Bacterial biofilms are a common cause of 

persistent infections and The desintergration of biofilms is extremely difficult. 

Treatment with chemical agents is mostly unsuccessful, and may even increase the 

the concentration of released endotoxins due to a degradation of bacteria. Under 

normal conditions only physical forces may help fort he removal of biofilms. 

  



21 

 

Artificial Membranes for Life Sciences: Lessons learnt from dialysis 

applications 

 

Membranes for haemodialysis represent a unique success in medical device 

application. It spans a time frame form haemodialysis as an experimental therapy to 

today´s routine application. In the early 1980ies, the number of dialysis patients 

worldwide depended on the availability/production capacity of dialysis membranes 

and increased accordingly. Today, due to the continuous increasing patient numbers, 

reaching a figure of 2,5 million in 2016, capillary membranes for dialysis have 

become a commodity with an annual production of more than 600 million km. This is 

equivalent to four times the distance between the Earth and the Sun. During the 

optimisation of membrane production and application, a series of learning curves had 

to be adopted which might yield some information for the use of membranes in other 

realms of clinical application. 

Membrane performance: Recent years have seen a shift in the dialysis 

market from low- to high flux membranes. They differ in their ultrafiltration coefficient 

(UFC) or their hydraulic permeability. This can be explained by the still unknown 

profile of uremic retention solutes to be removed. The target of current concepts is, 

therefore, the removal of molecule families rather than of individual moieties. High 

ultrafiltration rates using the principle of solvent drag are, thus applied with 

hemodiafiltration as a major treatment modality. Blood compatibility of dialysis 

membranes has been successfully achieved by the selection of appropriate polymers. 

It is interesting to note, that polymers bearing hydroxyl-groups provoke the activation 

of the complement system and may stimulate adverse events. The golden polymer 

standard for haemodialysis has turned out to be poly-sulfone and its derivatives. All 

membrane manufactures in the world are now using this polymer due to its versatile 

character. 

Membrane leachables: Survival of patients suffering from end stage kidney 

disease and treated by haemodialysis therapy has increased in recent years. Thus, the 

long term and repeated exposure of patient blood to foreign surfaces, i.e. membranes, 

tubing and device housing opens the door for leachables form the polymer bulk to be 

eluted to blood circulation. Among them are plasticizers and polymer compound, such 

as bis-phenols. These molecules are also called endogenous hormones, because they 

may interfere with receptors for sexual hormones and initiate unwanted signals to cells 

and tissue. Research focus of recent years has been directed towards their removal or 

avoidance. 

Membrane sterilisation procedures: Membranes belong to the category of 

medical devices and have to sterile and pyrogen free prior to final clinical application. 

Five sterilisation techniques are currently used for this purpose, i.e., ethylene oxide, 

steam, - and ß-irradiation, as well as aldehydes (formalin, glutardialdehyde). Clinical 

adverse events have been observed when some sterilisation techniques have interfered 
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with individual membrane polymers. Knowledge on these possible adverse events is 

thus crucial.   

Membranes, as scaffolds for biological cells: Current in vitro and in vivo 

research is directed towards the development membrane devices to be used as 3D 

scaffolds for the culture of biological cells. As a consequence, investigations of 

surface properties, in terms of polymer purity, membrane design and §D geometry are 

of paramount importance. 

Membranes for the use in haemodialysis have proven their versatility for 

many different applications. Results and related experience of in vitro investigations 

and of clinical application on such devices may serve as a common background for 

membrane applications in life sciences. 
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Prof. Tomasz Sosnowski, PhD 

 

Vice-Dean for Scientific Affairs of the Faculty of 

Chemical and Process Engineering at Warsaw University 

of Technology. 

He received his PhD (in 1997) and DSc degree 

(habilitation, 2006) from Warsaw University of 

Technology for the research related to dynamic interfacial 

phenomena and their relevance for hydrodynamics and 

mass transfer in the human respiratory system. He was a 

post-doc fellow at Lovelace Respiratory Research 

Institute in Albuquerque, USA (1999-2000) where he 

worked on aerosol systems for drug delivery by inhalation. From that time problems 

of chemical engineering applications in biomedicine have remained his main field of 

scientific activity. Prof. Sosnowski is an author of more than 60 scientific papers in 

JCR journals and more than 200 other scientific publications (journal papers, book 

chapters, conference communications). In 2010 he published a book “Respirable 

aerosols and inhalers” (in Polish; 2nd edition in 2012) which was focused on the 

application of engineering methods in designing medical inhalers, analysis of aerosol 

flow and particle-lung interactions. He is a co-author of 3 granted patents and several 

patent applications. He is also a scientific expert of European Medicines Agency 

(EMA – London), a member of the Managing Commitee of the European Initiative 

COST MP1106, and a member of the Committee of Chemical and Process 

Engineering, Polish Academy of Sciences (PAN). 
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Aerosol and health – the engineer’s perspective 

 

Aerosols present in the atmosphere are often responsible for adverse health 

effects. Particulates with various sizes, known as PM10, PM2.5 and PM1, contribute 

to formation of environmental smog which has significant social and economic 

consequences. Protection of the respiratory system against inhaled aerosols becomes 

a vital issue although it cannot totally reduce the risk of lung diseases, which must be 

then effectively treated. Such therapy often uses the same way of drug delivery, that 

is the inhalation of medical aerosols. All mentioned issues can be controlled only by 

gaining knowledge on aerosol flow, regional deposition inside air filters and in the 

respiratory system, and, finally, on the mechanism of direct interactions of deposits 

with the lung surface. These problems remain within the domain of physics and 

engineering, therefore must be identified and solved by scientific methodology of 

these disciplines.  

The lecture will highlight all above-mentioned issues. Starting from the basic 

knowledge on aerosol dynamics, the essential information on the impact of physical 

parameters on aerosol particles’ deposition (both inside air filter and lungs) will be 

demonstrated. Then the interactions between inhaled particles and lung fluids 

(surfactant and mucus) will be discussed to show the importance of particles 

properties for the health response. Finally, the essential information on aerosol drugs 

delivered to the lungs will be given, indicating some engineering strategies which 

should be applied to increase the efficiency of aerosol therapy. 

 

Acknowledgement:  

Part of this work is related to NCN project No. 2014/13/B/ST8/00808  “Specific 

aspects of physicochemical phenomena and mass transfer in lung fluids in the 

presence of inhaled micro- and nanoparticles with complex properties”. 
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Prof. Shinji Sakai, PhD 

 

He is a full professor at the Department of 

Engineering Science, Faculty of Chemical Engineering 

of the Osaka University (Japan). Prof. Sakai received his 

PhD (2002) from Kyushu University (Japan). He has 

110 scientific publications in international journals 

since 2000, mainly in the field of biomaterial. He 

received Young Scientist Award of Chemical 

Engineering Society of Japan for a development of 

novel cell-encapsulation process using laminar flow in 

2008. He studied in Warsaw University of Technology 

for 4 months in 2015 (Prof. Tomasz Ciach’s Lab). 

His current work is a development of novel hydrogels and the processes using 

the hydrogels for biomedical applications. Especially, He is enjoying bio-printing 

using his hydrogels. 
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Tissue engineering using enzymes 

 

Recently, enzyme-mediated cross-linking attracts attention as a useful route 

for obtaining hydrogels under mild condition for cells, e.g., at neutral pH, at 

physiological temperature, and with negligible heat generation. Among the enzymes 

catalyzing hydrogelation, horseradish peroxidase (HRP) has been vigorously studied 

because of the rapid hydrogelation after 

the report for hydrogelation of aqueous 

solution of hyaluronic acid derivative. 

HRP catalyzed the coupling of phenol and 

aniline derivatives using hydrogel 

peroxidase as an oxidant (Figure 1). An 

attractive point of the hydrogelation of 

using HRP is a possibility of preparing 

hydrogels from derivatives of varieties of 

polymers by introducing phenolic 

hydroxyl moieties to them. In this 

presentation, I will talk for our studies of 

using enzymes, not only HRP but also 

other enzymes, for fabrication of tissues 

such as spherical tissues, tubular tissues, 

and the tissues containing vascular-like 

network (1-4).  
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Photograph of hydrogel obtained from 

caroboxymethyl cellulose derivative possessing 

phenolic hydroxyl moieties through 

 HRP-catalyzed cross-linking. 
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Prof. Ilya Vorotyntsev, PhD 

 

Ilya Vorotyntsev received 

his M.S. and PhD degrees in 

Physical Chemistry from 

Lobachevsky University (Russia). 

He spent several years in industry 

working on the products launch of 

ultra-high purity gases for 

semiconductors industry. In 2005, 

he joined Nizhny Novgorod State 

Technical University n.a. R.E. 

Alekseev (NNSTU) to continue his teaching and research in the membrane area. In 

2013, he became a Professor in NNSTU. His research activity covers material science, 

membrane gas separation, hybrid and integrated process. In 2016, his research group 

was awarded «Green Chemistry for Live», sponsored by UNESCO’s International 

Basic Sciences Program (IBSP) and PhosAgro in close cooperation with IUPAC.  
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Perspective of membrane gas separation applications 

 

The membrane technologies are highly demands in a wide range of practical 

application, especially in water treatment, food industry production (wine, beer, juice, 

milk etc.) The membrane gas separation is a technology with a high potential for 

implementation to the chemical industry connected with separation and purification.  

The advantages of membrane gas separation make it desirable as  

a technology with the high potential for implementation to the chemical industry 

connected with separation and purification, i.e. energy-efficiency, simplicity of 

scalability and low material consumption. Moreover, the same mass-exchange 

apparatus could be used for different processes just by change the membrane inside.  

The membrane gas separation is developed by two approaches, first is new 

membrane materials synthesis, and the second is improvements of operating system 

design, including membrane cascade schemes. In our group, we are realizing both. 

For the first time, it has been experimentally and theoretically shown that novel pulsed 

retentate approach during membrane gas separation provides higher separation 

efficiency as compared to traditional steady-state operation at the same productivity 

[1]. Through the example of polar gases high purification, it has been obtained that 

novel method of rectification under elevated pressure in conjunction with membrane 

gas separation allows significantly decrease energy intensity of the process and 

increase product yield, reducing the environmental load of the technology. The 

promising approach of acidic gases separation based on utilization of supported liquid 

membranes containing ionic liquids (ILs) as an absorbent [2]. And there where 

realized the combination of both approach in one membrane apparatus which lead us 

to the better results. 

 

Acknowledgments 

This work was financially supported by the Russian Science Foundation (project  

15-19-10057) and Grant of the President of the Russian Federation for early stage 

researchers (MD-5415.2016.8). 

 

References: 

[1] M.M. Trubyanov, etc. //Journal of Membrane Science. 2017. DOI: 

10.1016/j.memsci.2017.01.064 

[2] Akhmetshina A.I. etc. //Separation and Purification Technology. 176 (2017) 176. 

92-106. DOI: 10.1016/j.seppur.2016.11.074 

 

  

http://dx.doi.org/10.1016/j.seppur.2016.11.074


29 

 

Assist. Prof. Masaki Nakahata, PhD 

 

He is an assistant professor at Department of 

Engineering Science, Faculty of Chemical Engineering, 

Osaka University (Japan).  He received his PhD (2015) 

from Department of Science, Osaka University.  He has 13 

publications in international journals since 2011, mainly in 

the fields of supramolecular chemistry and materials 

science.  He received 9 awards including JSPS Ikushi Prize 

(2015) and Inoue Research Award for Young Scientists 

(2016).  His current research interest includes engineering 

new biomaterials based on smart molecular design. 

 

Engineering functional polymeric materials  

cross-linked by intermolecular interactions 

 

 In biological systems, biomacromolecules such as DNA and protein self-

assemble via various kinds of molecular recognition.  They form functional self-

assemblies from microscopic to macroscopic scale in a hierarchical manner.  Inspired 

by biological systems, researchers in the field of supramolecular chemistry have 

developed a series of functional self-assemblies formed by synthetic polymers.  

Especially, polymers modified with molecular recognition moieties have been studied 

intensively in recent years (Fig. 1). 

 This work focuses on functional polymer gels cross-linked by various kinds 

of molecular recognition via intermolecular interaction such as host-guest interaction, 

hydrogen bonds, anion-cation interaction, and dynamic covalent bonds.  Polymers or 

polymeric gels modified with molecular recognition moieties exhibit various 

functions such as (1) formation of a supramolecular gel, (2) self-healing due to 

reversible nature of the interaction, 

(3) macroscopic motion due to 

stimuli-responsiveness, (4) 

adhesion between gels via specific 

interaction, and (5) unique 

mechanical properties such as 

flexibility and toughness.  This 

lecture provides an overview of 

recent “supramolecular polymeric 

materials”, an emerging field in 

materials science and engineering.  Functional self-assemblies in biological systems and 

artificial systems 
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Marta Mazurkiewicz-Pawlicka, PhD 

 

Dr. Marta Mazurkiewicz-Pawlicka works at the 

Graphene Laboratory at the Faculty of Chemical and 

Process Engineering, Warsaw University of Technology. 

She finished her PhD in 2015 at the Faculty of Materials 

Science and Engineering, Warsaw University of 

Technology. Her thesis entitled “Preparation and 

characterization of palladium catalysts deposited on multi-

walled carbon nanotubes for use in a direct formic acid 

fuel cell”. She is a co-author of 27 publications in 

international journals mainly on the topic of carbon 

nanomaterials. Her research activity focuses on the preparation, modification and 

applications of different carbon nanomaterials (including carbon nanotubes, graphene 

oxide and carbon nanofibers) in alternative energy sources. 

 

Carbon nanomaterials for energy storage and conversion applications 

 

The global population is growing very fast resulting in an increase for energy 

consumption. It has been estimated that the demand for energy will double by 2050 

and triple by 2100. The growing consumption of energy increases the emission of 

greenhouse gases and environmental pollution. The supplies of the fossil fuels 

decrease drastically. In order to overcome the environmental problems and to meet 

the demand for energy, alternative solutions are being considered. Therefore, energy 

storage (supercapacitors, batteries, etc.) and conversion (solar cells, fuel cells, etc.) 

technologies have been in the main interest of many research groups. Their main 

activities focus on developing high performance and lower cost materials for these 

applications. Carbon nanomaterials, due to their excellent mechanical, electrical, 

thermal and optical properties are promising materials for these technologies. 

This presentation will focus on the recent advancements and future 

possibilities of carbon nanomaterials, such as fullerenes, carbon nanotubes, or 

graphene in the energy storage and conversion applications, especially in fuel cells, 

supercapacitors, batteries and solar cells.  
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ABSTRACT 

The ongoing degradation of the natural environment, connected mostly with 

human activity, has been a significant issue for some time now. The contamination of 

soil, water, and air is related mainly to the presence of heavy metal cations and 

inorganic anions as well as pollutants such as municipal or industrial wastewater. 

These contaminants have adverse effects on both animal and plant life, and their 

constantly rising levels have become an increasingly significant issue. The 

technologies used to purify waste need to be both efficient and environmentally 

friendly. For this reason, widely available, inexpensive and natural mineral materials 

with advantageous sorption properties are highly desired. In this regard, zeolites are 

very promising, as they can be applied to immobilize both heavy metal cations and 

certain inorganic anions. Volatile organic compounds (VOCs), which constitute 60% 

of all substances that pollute the atmosphere (including smog), pose an additional 

threat. Zeolites appear to be the perfect sorption material in the protection of both 

water and air.  

The paper presents a literature review on sorption performed using natural 

zeolites, in particular natural clinoptilolite. 

 

INTRODUCTION 

The problem of environmental pollution 

Recently, there is a growing trend of environmental degradation related 

predominantly to human activity. Pollutants such as municipal or industrial 

wastewater contribute to the contamination of soil, water, and air. Toxic and 

environmentally hazardous materials include most heavy metals and some inorganic 

anions. These substances adversely affect the environment, especially living 

organisms, causing numerous diseases. Volatile organic compounds (VOCs), which 

constitute 60% of all atmospheric pollutants, present yet another issue; 73% of such 

substances have been classified as carcinogenic compounds. They are also responsible 

for the formation of smog. These substances include combustion products such as 

aliphatic and aromatic hydrocarbons, among others. This is why it is extremely 

mailto:kamilaaa@agh.edu.pl
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important to find a solution which would allow the adverse effects connected with 

epicenters of pollution to be limited and to purify the already contaminated 

underground waters. This entails finding a solution to the problem of the simple and 

environmentally safe removal of the aforementioned pollutants, without excessive 

interference with the environment, and at the lowest viable cost. There are numerous 

methods of limiting the contamination of water, ranging from the application of a 

permeable reactive barrier (PRB), which can offer an alternative to passive and 

balanced in-situ remediation of groundwater, to the application of sorbents such as 

metallic iron [1], active carbon [2], or zeolite materials [3].  

 

Zeolites 

Zeolites are a subgroup of crystalline aluminosilicates, which have many 

catalytic, adsorption, molecular-sieve and ion-exchange properties. Owing to these 

properties, they have found application in many areas of industry, including the 

petrochemical industry [4], sorption processes [5], and environmental protection [6]. 

The last of these applications is very important because of the progressive degradation 

of the environment caused by human activity. The properties of these materials – 

especially sorption properties – stem from their structure, which is based on a three-

dimensional framework of superimposed alumina [AlO4]- and silica [SiO4] tetrahedra 

linked by shared oxygen atoms. The zeolite skeleton features  

a system of channels and cavities [7] arranged in an ordered way; their dimensions 

range from 4 to 12 Å. For this reason, these materials are classified as nanoporous 

materials; gas molecules or metal cations can freely diffuse through their structure. 

One of the possible arrangements of cavities of zeolite X can be seen in Fig. 1. 

 
Fig. 1. Cavities of X zeolite [8]. 

 

There are numerous ways of classifying aluminosilicates, and one such 

division – natural vs. synthetic – is based on their origin. So far, the existence of 67 

natural zeolites has been confirmed. They are found mainly in igneous and 

sedimentary rock. Although most natural zeolites are scarce, some are found in 

deposits that are sufficiently large to allow mining. These include clinoptilolite, 

mordenite, chabazite, analcime, erionite, phillipsite, and ferrierite. 
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Zeolites as adsorbents 

Of the many different properties of zeolites, their sorption and ion-exchange 

capacity are the most important in the context of the present work. As a result of the 

Al→Si substitution in the tetrahedral positions, the net charge of the aluminosilicate 

skeleton is negative, which is compensated by the presence of calcium, magnesium, 

sodium or potassium cations as exchangeable cations. Because of the relatively loose 

structure of the afore-mentioned skeleton, these cations have great mobility and can 

be easily removed or replaced with other cations that exhibit a stronger affinity for the 

negatively charged structure of the materials, e.g. heavy metal cations (lead, cadmium, 

nickel, copper, etc.) [9] or ammonium ions [10]. This phenomenon is known as cation 

exchange. 

Consequently, cations with this ability are called exchangeable cations to 

distinguish them from the Si and Al atoms that constitute part of the skeleton and do 

not undergo exchange under standard conditions. The ion-exchange capacity of 

natural zeolites is almost twice as high as that of clay minerals and can reach a level 

as high as 4 meq per 1 g of zeolite [11]. Due to their high cation-exchange capacity 

(CEC), these materials are widely used in processes such as the removal of heavy 

metals from aqueous solutions or the neutralization of radioactive waste. The natural 

zeolite clinoptilolite is an example of a zeolite which has excellent cation-exchange 

capacity. Its potential applications include the removal of cations from aqueous 

solutions via sorption, e.g. in the desalination of water and purification of drinking 

water [12]. As research has shown [13], clinoptilolite also strongly adsorbs the 

nitrogen in the ammonium molecule (NH4-N) in water; however, the contaminants 

found on the surface of this material or in its channels may restrict its application. 

 

Sorption mechanisms 

In the case of zeolites, sorption processes occur mainly in a solid-liquid 

system and involve several mechanisms, including adsorption and ion exchange [14]. 

Adsorption is connected with changes in the concentration of a substance on 

the surface of the adjoining phases. These changes can be connected with the strength 

of intermolecular interactions (physical adsorption – Fig. 2.) or determined by the 

development of chemical bonds (chemisorption). Physical adsorption is generally a 

reversible process with a relatively high rate, and can result in the formation of more 

than one layer of adsorbed ions on the zeolite surface. On the other hand, in the case 

of chemisorption, the binding strength of ions on the external surface of the zeolite is 

related to the formation of chemical bonds, while the process involves the formation 

of stable inner-sphere complexes. Ions form a stable bond with surface functional 

groups – mostly OH-. It is assumed that chemisorption is an irreversible process. 



34 

 

 
Fig. 2. The scheme of physical adsorption [15]. 

 

The second sorption mechanism is ion exchange, which involves the 

substitution of exchangeable ions weakly bound within the zeolite framework with 

metal ions present in the solution. This is possible due to the negative charge generated 

by the substitution of Si4+ with Al3+ in tetrahedral positions. As a result of the effect 

of the negative charge of the framework on the cations surrounded by water 

molecules, unstable outer-sphere complexes are formed; these complexes are attracted 

to the zeolite skeleton via electrostatic interactions [16]. 

Regardless of the mechanism, sorption is an equilibrium process, and the  state 

of equilibrium can be represented graphically using adsorption isotherms, i.e. plots 

illustrating the dependence of the amount of adsorbed substance on the adsorbent 

concentration in a solution at a given temperature [17]. Any point of the isotherm 

corresponds to the equilibrium concentration of ions in the solution and the zeolite. 

 

DISCUSSION 

Sorption of heavy metal cations 

Many research groups have extensively studied the issue of heavy metal 

sorption using zeolites [18]. The cation-exchange capacity of aluminosilicates is one 

of their most useful properties, allowing them to be used for heavy metal removal. 

Although this process involves both adsorption and ion exchange, the high sorption 

capacity of these materials can be attributed primarily to the latter phenomenon. The 

sorption capacity of zeolites has a tendency to decrease with increasing concentrations 

of heavy metals in water, and their selectivity is strongly affected by pH [18]. 

Despite the fact that sorption processes involving zeolites are relatively well-

known and extensively described, some issues remain unsolved. These include the 

mechanisms that control the binding and release of metal cations, the determination 

of the strength of chemical bonds formed by specific ions, and the influence of various 

factors on the process in question. One of the main mechanisms observed in the 

sorption of heavy metals is ion exchange, which is defined as  

a stoichiometric, balanced exchange of ions in the solid phase or a balanced exchange 

of ions in the liquid phase. Chemisorption or intraspheric complexation are other 
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examples of such mechanisms. The ratio of the amount of heavy metal ions exchanged 

to the amount adsorbed on the surface of the zeolite depends mostly on the type of 

heavy metal. The sorption of heavy metals using natural clinoptilolite has been given 

considerable attention. Literature data [19] indicates that in the case of the sorption of 

lead(II) and chromium(III) by means of this zeolite, chemisorption is the dominant 

sorption mechanism, while in the case of nickel(III) and cadmium(II), ion-exchange 

and chemisorption both contribute to the same degree. On the other hand [6], 

investigations of the sorption of Pb2+, Ni2+, Zn2+ and Cd2+ cations using clinoptilolite 

and erionite have proven the higher sorption efficiency of erionite, which exhibited 

the following selectivity: Pb2+ > Ni2+ > Zn2+ > Cd2+. This fact can be explained by the 

higher sorption capacity of erionite, while this particular selectivity is related to 

erionite’s ionic radius and its electronegativity [6]. 

Sorption studies are often conducted for modified materials. Panayotova [20] 

used a natural zeolite found in Bulgaria and its modified versions to conduct  

a series of experiments aimed at removing metal ions. Modifying the zeolite with 

CH3COONa and NaCl solutions improved its ability to adsorb Ni2+ ions by 25-30%. 

In the presence of Ca2+ and Mg2+ ions, the adsorption of Cd2+ became much less 

effective, while zeolites modified with NaCl and CH3COONa exhibited the highest 

sorption capacity. Other studies [21] have shown that lead ions are strongly 

immobilized by the zeolite’s structure, both in soft and hard water, and that modifying 

the zeolite with an NaCl solution leads to accelerated immobilization. 

In addition to natural zeolites, active sorbents also include iron oxides. 

Research on the synthesis of a mixture of iron oxide and clinoptilolite shows that they 

are capable of absorbing high concentrations of inorganic compounds [22]. According 

to Doula’s reports [12,23], clinoptilolite doped with iron is effective at removing 

copper and manganese from drinking water. Studies have shown that doping 

clinoptilolite with amorphous iron oxides significantly improves its sorption capacity. 

Similar effects were observed in the case of clinoptilolite doped with Mg, Mn(IV), or 

Al. The modified samples exhibited very desirable sorption properties vs. nitrate ions 

present in aqueous solutions [24]. 

 

Infrared spectroscopy as a tool for studying zeolites 

Of the many research methods used to characterize the structure of 

aluminosilicate materials, oscillation spectroscopy deserves a special mention [25]. 

Numerous attempts have been made to apply this method to describe the structure of 

zeolites. However, the detailed interpretation of the measured spectra is a very 

difficult task. The introduction of selected ions and molecules affects the chemical, 

molecular-sieve and catalytic properties of a given zeolite structure and changes the 

effective dimensions of pore systems. Subsequently, changes in the IR spectra of the 

investigated materials should also be observed. The comparison of spectra before and 

after the sorption of selected ions makes it possible to determine their influence on the 
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structure of the sorbents and may facilitate the description and elucidation of the 

phenomena taking place during sorption processes. 

Research conducted thus far shows that changes in the spectra in the range of 

bands corresponding to the lattice and pseudo-lattice vibrations induced by the 

sorption of heavy metal cations may play the role of an indicator of sorption processes 

[26]. For example, the introduction of heavy metal cations into the structure of 

mordenite [27] results mainly in a change in the integral intensity of a band at ca. 460 

cm–1, connected with occurrence of 5 member-rings (Fig. 3.). Similar changes have 

been observed for natural clinoptilolite [28]. It has been assumed that changes in the 

oscillation spectra will allow the influence of cations on the structure of sorbents to 

be determined, and will facilitate the description and elucidation of the phenomena 

that occur during sorption processes. 

 
Fig. 3. MIR spectra of mordenite after the sorption of heavy metal cations [27]. 

 

Due to the complexity of zeolite structures, a detailed interpretation of the 

vibrational spectra requires the use of certain computational methods that allow the 

accurate assignment of bands to different types of vibrations. Theoretical ab initio 

calculations are often performed for model structures, and may provide valuable 

information as to the manner in which the analyzed metals are bound and distributed 

in the zeolite structure and, subsequently, on the shape of the spectra [25]. Based on 

these results, it is possible to obtain spectra for theoretical model units and identify 

their specific oscillations and corresponding bands in IR and Raman spectra [29]. 

Identification of ring vibrations typical of supertetrahedral structural elements 

(secondary building units, SBUs) is important with regard to obtaining information 

on the zeolite skeleton. Based on the correlation between the computational and 

experimental spectra of real zeolites, it is possible to determine which ring bands are 

associated with vibrations specific to SBUs in the zeolite structure [30]. It is also 

possible to obtain information about the impact of exchangeable cations introduced 

into the structure during sorption processes on the recorded spectra. 
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CONCLUSIONS 

In summary, the unique properties of zeolite materials can be utilized in 

numerous applications. In addition, the fact that some deposits of these materials are 

available and their acquisition is not associated with large financial investments is not 

insignificant. Zeolites, especially natural ones, are very good sorbents of heavy metal 

cations. 
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ABSTRACT 

In this article, the experimental results of the preparation of polymeric 

nanoparticles with isoniazid (INH) were presented. The impact of agitation rate and 

the tacticity of the polylactide on obtained nanospheres size was examined. 

Antitubercular activity of obtained particles was studied. 

Poly(L-lactide), poly(DL-lactide), a lactide and ɛ-caprolactone block 

copolymer, polycaprolactone nanospheres with INH were received. The greater 

agitation rate, the bigger size of obtained nanospheres. It was noted that the more  

D entities content in polylactide, the larger size of the obtained spheres. The resulting 

polymer nanospheres have antitubercular activity. 

 

INTRODUCTION 

The tuberculosis recurrence caused great interest of scientists in many 

research centers [1-4]. The disease can be controlled using the known active 

pharmaceutical ingredient (API), namely correcting their release profile, while 

allowing the same to improve their therapeutic index and ultimately the overall 

effectiveness of treatment. A drug delivery system (DDS) using existing 

antituberculosis substances is a possible solution against tuberculosis. Generally DDS 

system enables the circulation time of API in blood prolongation, as well as 

therapeutic protection against rapid metabolism and side effects reduction [5-7]. 

Nanoparticles of active substances - one of DDS forms are of great interest [8-10]. 

Polymer nanospheres are promising form of DDS [11]. Due to the small size they can 

be administered intravenously without the risk of blood clots, easily penetrate the 

smallest capillaries, tissues and cells [12-14]. 

Because of the need for invention effective but safe, short term and 

comfortable therapy our team decided to develop new therapeutic system consisting 

of polymeric nanospheres with antitubercular substance - isoniazid (INH). The aims 

of this study were to obtain a polymer nanospheres containing isoniazid, to determine 

the effect of input variables on the process of encapsulation. Then to examine INH 

release profile from nanospheres and to determine INH biological activity in the 

polymer matrix. A method of nanospheres preparation emulsion solvent evaporation 

mailto:mbudnicka@ch.pw.edu.pl
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was selected, because of its simplicity, lack of sophisticated equipment and the 

possibility of obtaining spheres of relatively small size [15-18]. 

 

MATERIALS AND METHODS 

Materials 

Poly(L-lactide) (PLLA) of Mn 4 000 g∙mol–1, poly(DL-lactide) (PDLLA) of 

Mn 19 000 g∙mol–1 (30% D centers content), Mn 18 000 g∙mol–1 (50% D centers 

content), poly(lactide-b-co--caprolactone) of Mn 16 500 g∙mol–1, poly--caprolactone 

of Mn 16 000 g∙mol–1 were produced by Faculty of Chemistry of Warsaw University 

of Technology. Dichloromethane of analytical reagent grade was produced by POCH. 

Isoniazid (pyridine–4–carbohydrazide, 99%) was purchased from Fluco Analysis. 

Casein was produced by Sigma Aldrich. Poly(vinyl alcohol) (PVA) of Mw 31 000 

g∙mol–1 (PVA 4_88), Mw 130 000 g∙mol–1 (PVA 18_88) were obtained from Mowiol. 

Poly(ethylene glycol) (PEG) of Mw 400 g∙mol–1, Mw 4000 g∙mol–1 were produced by 

Fluca. Gelatin was purchased from Gellwe. Ultrapure water with 18.2 MΏcm 

conductivity was obtained using MiliQ device. 

 

Polymeric spheres preparation procedure 

Isoniazid (0.023 g) was dissolved in a solution of stabilizer (100 mL of  

a 0.01% or 0.1% or 1% wt. in water) in 250 mL round-bottom flask. The flask was 

stirred constantly at 300 or 600 or 900 rpm at 25˚C. Then the polymer solution  

(5 mL of a 1% w/v in dichloromethane) was added dropwise to the flask over approx. 

15 minutes. The flask was left open at 30˚C for 1 h to evaporate the organic solvent. 

The aqueous spheres solution was filtered through a 3G Schott filter. Spheres size was 

estimated using DLS measurements. 

 

Analytical methods 

Spheres size measurements were performed using a Zetasizer Nano from 

Malvern Instruments, provided by the Chemistry and Polymer Technology 

Department, Faculty of Chemistry, Warsaw University of Technology. 

 

Antitubercular activity of INH in the polymer matrix testing procedure 

Polymer spheres suspensions of a concetration 230; 115; 57.5; 28.8; 14.4; 7.2 

µg/mL in water were prepared. INH solutions of a 100; 50; 25; 12,5; 6,2; 3,1 µg/mL 

in water were prepared. 1 ml (suspension of spheres in water or INH solution in water) 

of each dilution was added to 20 mL of a tuberculosis bacteria (TB) medium. The 

minimum inhibitory concentration (MIC) was tested in Yumansa liquid medium with 

a 10% serum content. Strains height was read after 21 days of incubation. The study 

was performed at the Institute of Tuberculosis and Lung Diseases in Warsaw. 
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RESULTS AND DISCUSSION 

Polymeric nanospheres with INH preparation using different polymers 

Single emulsion method (o/w) was used to obtain polimeric nanospheres 

containing INH. The impact of agitation rate on the spheres preparation process was 

examined. Spheres were made of different polymers: poly(L-lactide) (PLLA), 

poly(DL-lactide) with 30% D centers content (PDLLA 3:7), poly(DL-lactide) with 

50% D centers content (PDLLA 1:1), poly(lactide-b-co--caprolactone) (PLA-b-

PCL), poly--caprolactone (PCL). The influence of the type of polimer on the spheres 

size was checked (Tab. 1.). INH concentration in the experiments was kept constant 

at approx. 50% by weight relative to the polymer. Process was carried out at constant 

temperature (25˚C). For each experiment 5 mL of a 1% w/v polymer solution in 

dichloromethane was used. The concentration of the stabilizer was 0.1% w/v, the 

average molecular weight of poly(vinyl alcohol) was 130 000 g∙mol-1. 

 

Tab. 1. The scope of the variables investigated in the INH encapsulation using different polymers. 

Variable type Variable value 

Polymer 
PLLA, PDLLA (3:7 D:L), PDLLA (1:1 D:L), 

PLA-b-PCL, PCL 

Agitation rate 300, 900 [rpm] 

Effect of agitation rate on the polymer spheres size 

The agitation rate impact (300 or 900 rpm) to the spheres diameter was 

examined. As a polymer matrix was used: PDLLA (3:7) Mn 19 000 g∙mol-1, PDLLA 

(1:1) Mn 18 000 g∙mol-1, PLA-b-PCL Mn 16 500 g∙mol-1, PCL Mn 16 000 g∙mol-1. The 

constants were: temperature (25C), PVA molecular weight  

(Mw 130 000 g∙mol-1). The resulting spheres size was compared to the results obtained 

in previous work for the PLLA spheres (Mn 4000 g∙mol-1) [19-20]. 

 
Fig. 1. Dependence of the spheres diameter on the type of polymer (PLLA, PDLLA (3:7), 

PDLLA (1:1), PLA-b-PCL, PCL) and agitation rate (300 or 900 rpm). 
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In all cases, spheres with a diameter not exceeding 270 nm were received 

(Fig. 1.). The increasing agitation rate, the bigger size of obtained particles. An 

exception was the PDLLA (3:7) spheres. The relationship confirms the compatibility 

of the results derived in previous work (for PLLA spheres). 

 

The polylactide chain construction influence on the spheres size 

The impact of polylactide tacticity on spheres size was examined. The 

constants were: temperature (25˚C), PVA moleculr weight (Mw 130 000 g∙mol-1). 

Variable was a mixing speed (300 and 900 rpm). Polylactides of three different 

stereochemical structure was applied: 

• All units had the configuration L, Mn 4000 g∙mol-1, 

• the ratio of D:L is 3:7, Mn 19 000 g∙mol-1, 

• the ratio of D:L is 1:1, Mn 18 000 g∙mol-1. 

 

 
Fig. 2. The polylactide chain construction and polimer spheres size  dependence at stirring rate 

of 300 and 900 rpm. 

 

It is difficult to conclude how the construction of the PLA affects the particles 

size for a stirring rate of 300 rpm, due to the lack of a clear trend (Fig. 2.). In case of 

the agitation rate of 900 rpm, the more D units content, the bigger spheres size. 

 

Stability studies of polymeric nanospheres with INH slurry using various 

emulsion stabilizers 

Because of polymeric nanospheres with INH slurry instability after 

preparation in previous work, what complicates further spheres characterisation, it 

was decided to perform stability studies of nanospheres slurry using various emulsion 

stabilizers. 

 

Preliminary studies of nanospheres preparation using various emulsion 

stabilizers 

PLLA, PDLLA (3:7), PCL spheres with INH preparation preliminary studies 

was conducte using a single emulsion (o/w) method. Three emulsion stabilizers: 

casein, poly(ethylene glycol) (Mn 400 g∙mol-1  (PEG 400), and Mn 4000 g∙mol-1 (PEG 
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4000)), gelatin was exaiminated. Aqueous solutions of stabilizers were used. Casein 

was solubilized with the addition of sodium carbonate (weight ratio of casein:sodium 

carbonate 2:1), due to the low solubility of casein in water. INH concentration in the 

experiments was kept constant at approx. 50% by weight relative to the polymer. The 

process temperature was kept constant at 25˚C, stirring rate of 600 min-1. 5 mL of a 

1% w/v polymer solution in dichloromethane was used. The volume of stabilizer 

solution was 100 mL. The concentration of stabilizer was 0.1% or 1% w/v (Tab. 2.). 

Tab. 2. Variables ranges in the INH encapsulation using various emulsion stabilizers. 

Variable type Variable value 

Stabilizer concentration 0.1 or 1 [% w/v] 

Stabilizer casein, poly(ethylene glycol), gelatin 

The results were compared to the outcomes gained in previous work, where 

for spheres preparation poly(vinyl alcohol) with a Mw of 30 000 g∙mol-1 (4_88 PVA) 

was used. 

 

Stability study of nanospheres slurry using a poly(vinyl alcohol) as stabilizer 

The stability of the nanospheres with INH suspension made of PLLA, 

PDLLA (3:7), PCL was examined. 0.1% (w/v) aqueous solution of poly (vinyl 

alcohol) (Mw 30 000 g∙mol-1, PVA 4_88) as a stabilizer was used. 

 
Fig. 3. Zeta potential modulus of PLLA, PDLLA (3:7), PCL nanospheres with INH suspensions using 

PVA of Mw of 30 000 g∙mol-1 as stabilizer (0.1% PVA v/w solution in water). 

 

Zeta potential modulus of suspensions of nanospheres of all tested polymers 

had values less than 30 mV. In all cases the emulsions were not stable (Fig. 3.). 

Poly(vinyl alcohol) did not allow to obtain a stable polymer nanospheres 

emulsion. Therefore it was decided to explore other stabilizers. As the polymer matrix 

in subsequent studies PLLA was choosen, which had been used in previous work. 
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The impact of emulsion stabilizer type on the PLLA nanospheres with INH 

suspensions stability 

The contribution of the emulsion stabilizer (casein, gelatin, poly(ethylene 

glycol)) on the stability of the PLLA nanospheres with INH suspensions was 

examined. The stabilizer concentration was 0.1% and 1% v/w. In order to test the 

effect of sodium carbonate (used to improve the solubility of casein) on the stability 

of a PLLA spheres suspension, the solution of casein in a weight ratio casein:sodium 

carbonate of 2:1 and 1:1 were prepared. 

 
Fig. 4. Zeta potential modulus of PLLA nanospheres with INH emulsions stabilized with 4_88 PVA, 

PEG 4000, casein, gelatin (0.1% w/v stabilizer solution in water). 

Where the stabilizers at a concentration of 0.1% w/v were used, only casein 

allowed to obtain a stable spheres emulsion (Fig. 4.). Other stabilizers e.g. PEG 4000, 

gelatin, PVA 4_88 gave unsatisfactory results. Using greater amounts of sodium 

carbonate (Na2CO2 + casein in a weight ratio of 1:1) had no significant improvement 

in stability. Therefore it was not used in the stabilizers examination at a concentration 

of 1% w/v. 

 
Fig. 5. Zeta potential modulus of PLLA nanospheres emulsions stabilized with 4_88 PVA, PEG 4000, 

casein, gelatin (1% w/v stabilizer solution in water). 
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Where the stabilizers at a concentration of 1% v/w were used, casein 

stabilized nanospheres suspension in contrast to other stabilizers showed increased 

stability. Hovever, none of the stabilizers allowed to obtain stable nanospheres 

emulsion (Fig. 5.). 

Casein solution made it possible to obtain a stable suspension of PLLA 

nanospheres with INH. It was decided to check, whether it is possible to obtain stable 

polymer spheres dispersions using other polymers. 

 

Receiving of casein stabilized polymer nanospheres 

Polymer nanospheres of PLLA, PDLLA (3:7), PDLLA (1:1), PLA-b-PCL, 

PCL with INH dispersed in the polymer matrix were received by a single emulsion 

(o/w). Aqueous solution of casein (emulsion stabilizer of 0.01% or 0.1% or 1% w/v) 

with sodium carbonate (weight ratio casein to sodium carbonate 2:1) was used. The 

process temperature was kept constant at 25°C, stirring rate of 600 min-1. 5 mL of  

a 1% w/v polymer solution in dichloromethane was used. The stabilizer solution 

volume was 100 mL, the concentration of INH was approx. 50% by weight relative 

to the polymer. The effect of casein on the nanospheres suspensions stability and the 

nanospheres size was examined. 

 

Casein impact on the stability of obtained polymer nanospheres dispersions 

The impact of an aqueous solution of casein plus sodium carbonate to the 

stability of nanospheres suspensions from PDLLA (3:7), PDLLA (1:1), PLA-b-PCL, 

PCL was examined. The results were compared to PLLA. Stabilizer concentrations of 

0.1% and 1% w/v were used. 

 
Fig. 6. Zeta potential modulus of PLLA, PDLLA (3:7), PLA-b-PCL, PCL nanospheres with INH 

emulsion stabilized with casein (0.1% w/v solution in water). 

Using 0.1% w/v aqueous solution of casein as a stabilizer there was 

polylactide and PLA-b-PCL nanospheres with INH suspensions stability 

improvement. It was not observed for polycaprolactone spheres (Fig. 6.). In addition 
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to the PLLA nanospheres, PDLLA (1:1) nanospheres suspension met the stability 

condition. 

 
Fig. 7. Zeta potential modulus of PLLA, PDLLA (3: 7), PLA-b-PCL, PCL nanospheres emulsion 

stabilized with casein (1% w/v solution in water). 

Using 1% w/v aqueous solution of casein, there was noticed polylactide 

nanosphere suspensions stability deterioration, and PLA-b-PCL nanosphere 

suspension stability improvement (Fig. 7.). PLA-b-PCL nanospheres suspension met 

the stability condition. 

 

The influence of the casein concentration on the obtained polymer nanospheres 

size 

The impact of an aqueous casein solution containing sodium carbonate on the 

size of the nanospheres obtained from PDLLA (3:7), PDLLA (1:1), PLA-b-PCL, PCL 

was examined. The results were compared to PLLA nanospheres. The casein 

concentration of 0.01% or 0.1% or 1% w/v was examined. 

The use of an 0.01% w/v casein aqueous solution did not support the 

nanospheres receiving. Finally there was visible precipitated polymer flakes. 

With an increase of casein aqueous solution concentration, the nanospheres 

size growth was observed. The exception was the PLLA nanospheres (Fig. 8.). 

Both the aqueous solution of casein at a concentration of 0.1% and 1% w/v, 

there was nanoparticle size growth with an increasing D units content in the 

polylactide chain. These observation supports previous conclusions, as the poly (vinyl 

alcohol) as emulsion stabilizer was used. 
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Fig. 8. PLLA, PDLLA (3:7), PDLLA (1:1), PLA-b-PCL, PCL nanospheres size dependence on the 

stabilizer concentration (aqueous casein solution of 0.1 or 1% w/v). 

 

Antimycobacterial activity tests of polymer nanospheres with INH 

Antimycobacterial polymer nanospheres tests were carried out on three 

strains of M. tuberculosis: H37Rv, resistant to isoniazid No. 210, sensitive to isoniazid 

No. 192. The research was conducted at the Institute of Tuberculosis and Lung 

Diseases in Warsaw. 

There was prepared eight samples of polymeric nanospheres with isoniazid 

suspensions using various polymers and stabilizers (Tab. 3.). The concentration of 

isoniazid in the samples after preparation was 230 µg/mL.  

 

Tab. 3. Stabilizers and polymers used for the nanospheres preparation for activity testing 

(formulations 1-8). 

No. Stabilizer Polymer 

1 Casein + Na2CO3 (2:1 w/w) Polycaprolactone 

2 Casein + Na2CO3 (2:1 w/w) Poly(DL-lactide) 

3 Casein + Na2CO3 (2:1 w/w) Poly(lactide-b-caprolactone) 

4 Casein + Na2CO3 (2:1 w/w) Poly(L-lactide) 

5 PVA 4_88 Polycaprolactone 

6 PVA 4_88 Poly(DL-lactide) 

7 PVA 4_88 Poly(lactide-b-caprolactone) 

8 PVA 4_88 Poly(L-lactide) 

Aqueous spheres formulations in a concentrations of (INH concentration in 

the samples): 230; 115; 57.5; 28.8; 14.4; 7.2 mg/mL were prepared. For comparison 

the activity of the INH solution in water at concentrations of 100; 50; 25; 12.5; 6.2; 

3.1 mg/mL was tested. 

Because it was screening, there was made not all spheres samples dilutions 

(ie. 3.1 mg/mL) compared to INH alone. Strains growth was read after 21 days of 

incubation (Tab. 4.). 



49 

 

In each of the nanospheres formulations inhibitory concentration of both 

resistant and susceptible to INH strains is less than 7.2 mg/mL. MIC of INH alone for 

sensitive to INH strains was less than 3.1 mg/mL and for resistant to INH was about 

6.2 mg/mL. 

The activity of nanospheres samples at a concentration of 3.1 mg/mL was not 

examined, therefore it cannot be said that their activity is worse than the activity of 

INH alone. As the test results indicate that the formulations of nanospheres with INH 

are active against M. tuberculosis, accurate test will be carried out. 

Tab. 4. Minimal inhibitory concentrations (MIC) of M. tuberculosis strains (µg/ml) 

(for samples 1-8 and INH alone). 

Sample 

Minimal Inhibitory Concentration (µg/ml) 

M. tuberculosis H37Rv 
M. tuberculosis resistant to 

INH (No. 210) 

M. tuberculosis sensitive 

to INH (No. 192) 

1 5.8 5.8 5.8 

2 <7.2 <7.2 <7.2 

3 <7.2 <7.2 <7.2 

4 <7.2 <7.2 <7.2 

5 <7.2 <7.2 <7.2 

6 <7.2 <7.2 <7.2 

7 <7.2 <7.2 <7.2 

8 <7.2 <7.2 <7.2 

INH <3.1  6.2 <3.1 

 

CONCLUSIONS 

Nanospheres with isoniazid were received. As a polymer matrix of spheres 

different polymers were used: poly(L-lactide), poly(DL-lactide), lactide and  

ɛ-caprolactone block copolymer, polycaprolactone. In all cases spheres with  

a diameter not exceeding 270 nm were obtained. It was checked that with the increase 

of the agitation rate, increases the size of obtained particles. 

The influence of polylactide tacticity on the spheres size was checked. At  

a stirring rate of 900 min-1, it is noted that with increasing D unit content, there is 

spheres size growth. 

The effect of stabilizer type (poly(vinyl alcohol), casein, poly(ethylene 

glycol), gelatin) on the polymeric nanospheres emulsion stability was examined. It 

was possible to improve the stability of poly(L-lactide), poly(DL-lactide), a block 

copolymer of lactide and ɛ-caprolactone nanosphere suspensions. There was not 

achieved the desired impact on the polycaprolactone nanospheres suspension. It was 

was studied that the more concentrated casein solution, the bigger nanospheres size. 

An exception was poly(L-lactide). 

Antitubercular activity test results showed that the obtained nanospheres with 

INH were active against M. tuberculosis. 
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ABSTRACT 

Liquid crystalline materials are used in photonics because of their special 

optical properties. The display market is dominated by nematic liquid crystals, 

however ferroelectric and antiferroelectric smectic liquid crystals are also used. They 

allow to build displays characterized by shorter times of record information and by 

better angle of imaging than nematics. It is necessary to know the parameters of 

helicoidal structure – the helical pitch and the helical twist sense for using liquid 

crystals. The knowledge of these values allows to use liquid crystalline cells at 

respectively selected thicknesses. 

 

INTRODUCTION 

 Liquid crystal state was discovered in 1888 by Austrian botanist Friedrich 

Reinitzer during heating benzoate cholesterol [1]. He observed that an obscure liquid 

was produced after the molten substance, which in higher temperature was  

a clarified liquid. Further research on this compound was performed by the German 

physicist Otto Lehman [2]. He stated that this obscure liquid is an anisotropic center. 

Phase having such properties is called a mesophase. At that time the birefringence 

was a phenomenon typical of crystalline centers, whence derives the name of the state 

of matter – liquid crystals. 

 Liquid crystalline state combines the features of liquids, such as the viscosity 

and the ability to create a free surface, and of solids, like anisotropy of physical 

properties [3]. One of the most important properties is a high optical activity, which 

is easily controlled by external interaction of electrical, thermal, magnetic and 

mechanical fields. In practice widely used feature of liquid crystals is the selective 

light reflection phenomenon. It is analogical to the Bragg law of solid crystals. The 

macroscopic chiral helix reflects the electromagnetic radiation. The helical pitch is the 

parameter, which allows to use liquid crystal mixtures in displays. The main factor 

that determines the value of the helical pitch for the system is the temperature [4]. 

 The application of liquid crystals is closely connected with their electrooptical 

properties, so that they can be used for imaging information.  The presence of liquid 

crystals enabled the miniaturization of devices, which are characterized by simplicity 

of design and reliability [5]. 



53 

 

 The aim of this work is to review the parameters of the helicoidal structure of 

chiral smectic phases and the most common research methods used to determine these 

parameters. 

 

SMECTIC PHASES 

 The orientational and positional arrangement in smectic phases is performed. 

The first type of arrangement is connected with the rotational of molecules and the 

second type – with the translational of molecules [6]. The order parameter of smectic 

liquid crystals is described by the formula: 

 

S =
1

2
〈cos |

2z

a
| cos2γ − 1〉 (1) 

 

where z is the value of coordinate directed normal to the plane of the layer, a is the 

smectic layer thickness and 𝛾 is the angle between the long axis of molecule and the 

director. 

 The smectic phases are noted by symbol Sm and large letters of the alphabet (A, 

B, C, etc.). In the smectics the molecules are arranged in layers of a certain thickness, 

which is comparable to the length of the molecule. The eleven basic smectic phases 

have been obtained. They are orthogonal phases A, B, L, E and their oblique 

equivalents C, I, J, K, F, G, and H [7]. In this work only SmC phase is described. 

 The SmC phase is an oblique analogue of orthogonal SmA phase (Fig. 1). It is 

characterized by the arrangement of the molecules in the layers. These molecules are 

additionally inclined by an angle θ from the normal to the layer. The preferred 

orientation of the molecule relative to the plane is defined by the director [8]. 

 

 

 
Fig. 1. The SmC liquid crystalline phase. 
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CHIRAL LIQUID CRYSTALLINE PHASES 

 The presence of chiral phases in liquid crystals is directly related to the structure 

of the molecule, which may not have a plane of symmetry. The appearance at least 

one asymmetric center (eg. tetragonal, substituted by four different substituents, 

carbon atom) causes the disappearance of the plane of symmetry. Another way to 

create the chiral liquid crystal is to add an optically active dopant to the non-chiral 

liquid crystal material (called liquid crystal base). The chiral phases are marked with 

a star put the letter assigned to a particular type of phase [9]. 

 

Ferroelectric phases 

 The ferroelectric SmC* phase is an equivalent of the synclinic SmC phase, whose 

structure is shown in Fig. 2a. 

 

 
Fig. 2. The arrangement of molecules in: 

a) synclinic SmC phase; b) ferroelectric SmC* phase. 

 The twice axis C2 is the only type of symmetry for this structure and causes the 

appearance of the local spontaneous polarization PS⃗⃗  ⃗ in the smectic layers along the C2 

axis by the sum of the dipole moments of the individual molecules in these layers. 

The helicoidal structure of SmC* phase causes the disappearance of spontaneous 

polarization at the transition to the subsequent layers at the distance equal to the length 

of the helical pitch (Fig. 2b). 

Meyer was the first researcher who proved experimentally ferroelectric 

properties of SmC* phase in (S)-3-[4-(4-decyloxy-benzylideneamino)-phenyl]-acrylic 
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acid 2-methyl-butyl ester (DOBAMBC) by developing the helicoidal structure using 

electric current [10]. 

 

Antiferroelectric phases 

 The antiferroelectric SmCA
* phase is an equivalent of the anticlinic SmCA phase 

(Fig. 3a), wherein directors in adjacent layers are inclined by the same angle (θ, -θ) 

with respect to the normal to the layer, but in opposite directions. 

 
Fig. 3. The arrangement of molecules in: 

a) anticlinic SmCA phase; b) antiferroelectric SmCA
* phase. 

 In the SmCA
* phase the director also rotates relative to the normal to the layer to 

form a macroscopic helicoidal structure, as in the SmC* phase. However in contrast 

to the ferroelectric phase the spontaneous polarization removes in the microscale 

(within the two smectic layers). It is caused by the opposite orientation of spontaneous 

polarization vectors in adjacent layers (Fig. 3b). 

 The first compound (4’-octyloxy-biphenyl-4-carboxylic acid 4-(1-met 

hyl-heptyloxycarbonyl)-phenyl ester, MHPOBC) with the antiferroelectric phase was 

obtained by professor Furukawa [11]. 

 

PARAMETERS OF HELICOIDAL STRUCTURE 

 The helix is one of the most representatives chiral forms in nature. It is 

characterized by two parameters – helical pitch and helical twist sense. The values of 

these parameters determine different possible applications of the chiral phases. In the 

following sections the parameters of helix and methods of measurements them will be 

described. 
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Helical pitch 

 The distance, at which director rotates 360° during the transition to the next 

liquid crystal layer, is the helical pitch (p). The helical pitch dependence of the 

temperature in the chiral smectic phases is important in both the thermodynamic 

description and in the possibilities of applications of these phases in displays  

[12-14]. The value of helical pitch influences the electrooptical properties and 

determines the use of cells with different thicknesses. 

 According to the work of Ji Li and others [15], the helical pitch is dependent on 

the temperature in different way in the liquid crystalline materials (Fig. 4). 

 

 
Fig. 4. The helical pitch dependence on the temperature for liquid crystal materials [15]. 

The value of helical pitch may rapidly increase during the transition from SmA phase 

to SmC*, then decreases slowly (Fig .4a) or after rapidly growth the helical pitch may 

not change with decreasing temperature (Fig. 4b). In the direct transition from SmA 

phase to SmCA
* reduction of the temperature causes increase of the helical pitch in 

the antiferroelectric phase and then after passing through a maximum causes decrease 

of this value (Fig. 4c). Another case shows that after the transition from SmA to 

SmCA
* the value of the helical pitch decreases during cooling (Fig. 4d). The helical 

pitch in the liquid crystal materials with a phase sequences  

SmA – SmC* – SmCA
* changes in many different ways with temperature. The helical 

pitch may suddenly appear in the ferroelectric phase and then it decreases with 
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decreasing temperature (Fig. 4e) or in the initial phase increases and upon cooling 

decreases (Fig. 4f) or increases with decreasing temperature (Fig. 4g). In all of these 

cases there is rapidly change of the value of helical pitch in the antiferroelectric phase. 

In the SmCA
* phase may be a discontinuity of the helical pitch which is a phenomenon 

associated with the inversion of helical twist sense (Fig. 4h). The value of helical pitch 

can also be independent of the temperature in the SmC* and SmCA
* phases (Fig. 4i). 

 

Helical twist sense 

 The other parameter characterizing the helicoidal structure is the helical twist 

sense, which is defined as positive for a right-handed or clockwise twist  

(Fig. 5b) and negative for a left-handed or anticlockwise twist (Fig. 5a). 

 

 
Fig. 5. The helical twist sense: a) left-handed; b) right-handed. 

The helical twist sense of the chiral liquid crystalline phases depends on the absolute 

configuration of the asymmetric carbon atom and its position relative to the rigid core 

of molecule. According to the Gray and McDonnell theory [16] the carbon atom at R-

type of absolute configuration in the odd position relative to the rigid core rotates the 

polarization plane to the right (dextra) – Rod. A similar situation is obtained for S-

type of absolute configuration in the even position – Sed. However, the left-handed 

helix will be created, when the asymmetric carbon atom has  

R (S)-type of absolute configuration in, respectively, the even (odd) position – Rel 

(Sol). This theory was extended by Goodby and Chin [17] who combined the helical 

twist sense with the spontaneous polarization. 
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 These theories are general in nature, but there are exceptions to them. It is 

connected with the inversion of the helical twist sense phenomenon depending on the 

temperature. There are few theoretical explanations of the helical twist sense inversion 

within one phase of a single compound. The most popular is that the change of the 

concentration of different conformers promote opposite handedness [18-22]. 

 

METHODS OF MEASUREMENTS 

 The measurements of the helicoidal structure parameters in chiral smectic phases 

are the most difficult measurements for this class of materials. In this work the most 

popular methods of measuring the helical pitch and the helical twist sense will be 

described: based on the selective light reflection phenomenon and based on the 

polarimetry technique, respectively. 

 

Measurement of helical pitch 

The phenomenon of selective light reflection for chiral liquid crystals is 

similar to the X-ray reflection for solid crystals. The Bragg’s law is: 

 

mλ = 2dsinθ (2) 

 

where m is a positive integer, λ is the wavelength of incident wave, d is the interplanar 

distance and θ is the scattering angle. 

 The macroscopic helicoidal structure presented in the chiral liquid crystals has 

the ability to selectively reflecting electromagnetic waves (Fig. 6). 

 
Fig. 6. The geometry of electromagnetic wave scattering in a layer of chiral liquid crystal. βp is the 

angle od incidence, βz is the agle of refraction, β is the angle of scattering and p is the helical pitch. 

The interplanar distance is replaced with the helical pitch, so the Bragg’s formula for 

the selective light reflection phenomenon is: 

 

mλ = 2psinβ (3) 

The electromagnetic wave passing through a layer of chiral liquid crystal refracted. 

The angle of scattering is dependent on the refractive index according with the Snell’s 

law: 



59 

 

sinβ = nsinβp (4) 

Hence, the equation of the Bragg’s law for the chiral liquid crystals is: 

mλ = 2npsinβp (5) 

Assuming the order of reflection and that the electromagnetic wave is the parallel to 

the helicoidal axis, the equation is: 

λ = 2np (6) 

In the case of antiferroelectric smectic phase, due to the overlap condition of the 

reflectance of the pitch (
p

2
), the formula is: 

λ = np (7) 

The average refractive index for liquid crystals is about 1.5 [23]. 

 Prof. Kuczyński [24] noted the strong influence of the surface forces (anchoring 

forces) for helicoidal structure in the case of methods based on the planar arrangement 

of molecules. In such system the interaction of molecules with the boundary surface 

is very high. In this method the homeotropic arrangement of molecules is used. This 

situation is much more favorable, since the anchoring forces are weaker and have 

smaller influence on the helicoidal structure. 

 

Measurement of helical twist sense 

 The helical twist sense measurement for chiral smectic liquid crystals is based 

on the phenomenon of twisting the polarization light plane by the chiral liquid crystal 

with the helix axis parallel to the light beam. This method was described by Kuczyński 

and coworkers [25] and illustrated in Fig.7. 

 
Fig. 7. The angle of rotation of plane polarized light (αS) as a function of the electromagnetic 

wavelength (λ), where λS is the wavelength of selective reflection. For λ>λS rotation of the plane of 

polarized light is in accordance with the helical twist sense (area II). 

For λ<λS situation is reserved (area I) [25]. 

The knowledge of the selective reflected wavelength for the tested chiral liquid crystal 

is very important in this method. For λ<λS the right-handed helix selectively reflects 

right-handed circular polarized light and transmits left-handed part. However for λ>λS 

situation is reversed. The problem is, when the selective reflected wavelength is close 

to the wavelength of an electromagnetic radiation source. In this case the angle of the 
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twisting polarized plane for two electromagnetic wavelengths smaller or larger than 

the selective reflected wavelength (λ1, λ2 for area II or λ’
1, λ’

2 for area I) must be 

examined. In the case of the area I: |αS(λ1)|<|αS(λ2)|, and for the area II: |αS(λ'1) 

|>|αS(λ'2)|. 

The homeotropically aligned material is putted between crossed polarizers 

and the top polarizer is rotated relative to the bottom one. The clockwise rotation 

indicates a left-handed helix, and anticlockwise causes right-handed helix [26]. 

 

CONCLUSIONS 

 The described methods of measurements of helical pitch and helical twist sense 

are the best for chiral smectic liquid crystals (ferroelectric SmC* and antiferroelectric 

SmCA
*) because of their helicoidal structures and the necessity of the homeotropic 

arrangement. These methods are characterized by the smallest impact of the boundary 

surfaces to the helix of molecules, good reproducibility of results and the availability 

of research equipment. The knowledge of the helicoidal parameters of liquid 

crystalline materials is very important and used in the creation of displays. 
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ABSTRACT 

Micromixing investigations are conducted using different experimental 

methods. One of them is the iodide-iodate reaction method, so-called Villermaux-

Dushman method. Due to reaction kinetics, which is not fully known, usually one 

‘standard set’ of reactants concentrations is applied. Subsequently, optical densities 

of obtained mixtures are compared. 

The proposed approach is based on experimental results of optical densities 

of mixtures generated by the cyclone type micro mixer. Mixing was investigated using 

different concentration sets at the same hydrodynamic conditions. Molar ratios of 

reactants were maintained. Obtained results allowed calculating values of 

micromixedness ratio. Application of higher concentrations of reactants ended up in 

lower apparent micromixedness ratio. 

This paper presents the new protocol to compare micromixedness ratios 

obtained using different concentrations of reactants. The presented method is 

applicable for continuous-flow systems in microdevices where different reactants 

concentrations have been used. It was found that calculated micromixedness ratio is a 

function of the concentration ratio to the power of −3.73. 

Thanks to the presented protocol it is possible to broaden the range 

of investigated hydrodynamic conditions: higher reactants concentrations at higher 

flows as well as lower ones when mixing is less intensive can be applied and still 

calculated micromixedness ratios are comparable. The method allows the calculation 

of exit iodine concentrations, without the explicit knowledge of the actual kinetic data. 

 

INTRODUCTION 

Mixing is one of processes used de facto in every branch of industry. It is 

defined as the reduction of inhomogeneity in order to achieve a desired process result 

[1], where inhomogeneity can be observed in temperature, concentration and phase 

distribution. Mixing is investigated not only because of its significant cost in chemical 

and related industries, which process with huge amounts of bulk materials, to reduce 

operating costs, but also because of the influence of mixing on selectivity. 

Micromixing has also an impact in precipitation processes, where it can lead to 

variation of the geometric parameters in the obtained crystals [2]. These can be crucial 

criteria in the formulation of pharma products. 

mailto:michalfedoryk@gmail.com
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The iodide iodate reaction method is used widely to investigate mixing not 

only in laboratory-scale apparatus [3−5] but also in microdevices [6−8].  

Since the measured optical density cannot describe mixing quantitatively [9−10], in 

many investigations the same concentrations of reactants have been applied in 

different hydrodynamic cases. Therefore the range of measureable cases has been 

limited by chosen concentration set often denoted as ‘standard’  

In this paper the procedure of comparing results obtained using continuous 

flow micromixers with different reactant concentrations is described. 

 

MATERIALS AND METHODS 

Iodide-iodate reaction method 

Among several chemical reactions systems used to investigate mixing 

[11−12], the iodide iodate reaction method seems to be relatively cheap, as for 

reactants cost, and fast in application. This method [13] uses different reaction rates 

of neutralization (Eq. 1) and comproportionation, so-called Dushman reaction (Eq. 2), 

which occur in parallel. 

 𝐻2𝐵𝑂3
− +𝐻+    ⇆    𝐻3𝐵𝑂3 (1)  

 5𝐼− + 𝐼𝑂3
− + 6𝐻+    ⇆    3𝐼2 + 3𝐻2𝑂 (2)  

 𝐼2 + 𝐼
−    ⇆    𝐼3

− (3)  

Neutralization is supposed to be so fast as to appear instantaneous, while 

comproportionation is a fast reaction, but slow in comparison to neutralization. Thus, 

efficient mixing results preferably in neutralization (Eq. 1); therefore, more iodine is 

created in non-ideal mixing processes. 

 Iodine reacts with iodide excess (Eq. 3) to form triiodide, which is measured 

spectrophotometrically. 

 

Cyclone type micro mixers 

The structure of cyclone type mixers manufactured at the IMVT is shown in 

Fig. 1. The drawing presents the shape of the hole in the mixing inlay. Firstly, feed 

solutions flow into inlet pockets (1) which are located opposite to the end of the flange 

connection. Fluid bends there and enters the inlet channel (2), of the cross-section of 

a square 200 [μm] × 200 [μm],  which is tangentially connected with the cylindrical 

mixer chamber (3) of the diameter equal 500 [μm] and the height equal  

4 [mm]. Thanks to that localization, a swirl motion is created inside the mixing 

chamber to improve the mixing process. Afterwards, the mixture flows out through 

the tangential outlet channel (4) of the cross-section of a square 300 [μm]×300 [μm] 

and the outlet pocket (5). 
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Fig. 1. A sketch of investigated mixer: 1 − inlet pocket, 2 – inlet channel, 3 – mixing chamber, 

4 − outlet channel, 5 – outlet pocket. 

Simplicity of the design allows varying structural parameters of this class of 

mixers such as height and diameter of mixing chamber, number and width of inlets, 

angle of connection inlet channel–mixing chamber, and number of mixing chambers. 

That makes cyclone type mixers very flexible and broadens their possible application. 

An influence of some of mentioned parameters has been investigated and compared 

with results of CFD simulations [14]. 

 

Experimental set-up 

 
Fig. 2. Scheme of the set-up; numbering described in the text. 

 

Mixing experiments were conducted using dedicated set-up, which scheme is 

shown in Fig. 2. Buffered solution of iodide and iodate salts (hereinafter Villermaux 

solution) as well as acid solution have been prepared fresh every day. Reactants are 



66 

 

kept in separate vessels (1). Demineralized water allows rinsing the set-up by 

switching two valves (2). Four 40 [µm] filters (3) prevent pumps and the mixer from 

solid parts. Solutions are pumped by two independently operated micro-gear pumps 

(4) (mzr-7206, HNP Mikrosysteme). The flow generated by one pump has an 

influence on the other pump; therefore, both voltages are adjusted parallelly and 

recurrently. First amounts of solutions flowing through the Coriolis mass flow meter 

(5) (Promass 63, Endress+Hauser) allow achieving densities of liquids and, after 

simply calculation, mass flow rates corresponding with declared volumetric flow 

rates. Pressure is measured on-line by pressure transducers (6) (Type E913, Bourdon 

Haenni) located approx. 0.5 [m] before the mixer. The mixture outflowing from the 

micromixer (7) is collected in a vessel (8). Absorbance of resulting mixture is 

measured ex-situ. For each steady state, a few milliliters of outflowing mixture is 

collected in quartz cuvette to be analyzed by spectrophotometer (9) (HP 8453) 

connected with the computer (10). Results (i.e. absorbance spectra) are sent in a digital 

form to the dedicated software, where the maximal value of the optical density of the 

peak located around a wavelength of 353 [nm] is determined by the operator of the 

experimental set-up. 

 

Obtained optical density as raw data to further calculations 

Determination of the triiodide ion concentration 𝒄𝑰𝟑
− 

Obtained values of absorbance were used to calculate concentrations of 

triiodide ion in resulting mixtures 𝑐𝐼3−. According to the Beer-Lambert law, optical 

density 𝑂𝐷 is proportional to optical path length 𝑙, molar extinction coefficient 𝜀𝑂𝐷, 

and concentration of substance 𝑐. It can be written as Eq. 4: 

 𝑂𝐷 = 𝜀𝑂𝐷 ∙ 𝑙 ∙ 𝑐𝐼3− (4)  

where: 

𝑂𝐷 [-] optical density, 

𝜀𝑂𝐷 [dm³/(mol∙cm)] molar extinction coefficient, 

𝑙 [cm] optical path length, 

𝑐𝐼3− [mol/dm³] concentration of triiodide. 

A concentration of triiodide ion is to be calculated; therefore, Eq. 4 should be 

rearrangement into form of Eq. 5: 

 
𝑐𝐼3− =

𝑂𝐷

𝜀𝑂𝐷 ∙ 𝑙
 (5)  

Values of optical density and optical path length are known for each 

measurement. The value of molar extinction coefficient of triiodide ion 𝜀𝑂𝐷 at peak 

located around wavelength equal approx. 𝜆 ≈ 353 [nm] was determined by several 

teams of researchers, whose results are available in literature. Some reports are listed 

in Tab. 1. 
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Tab. 1. Values of molar extinction coefficients of triiodide ion obtained by different authors. 

Year Reference 
𝜆 

[nm] 

𝜀𝑂𝐷 

[dm³/(mol∙cm)] 

1951 [15] 353 26400 

1984 [16] 350 25750 

2005 [17] 350 23200 

2011 [8] 353 26047 

2012 [18] 352 27600 

2015 [19] 353 25750 

 

As can be seen (Tab. 1), values of molar extinction coefficient obtained by 

different groups differ, as well as the chosen wavelength of the center of the peak. 

Due to this fact, an average value of molar extinction coefficient equal  

𝜀𝑂𝐷 = 25791 [dm3/(mol∙cm)] was used in further calculations. 

 

Determination of the segregation index 𝐗𝐒 and micromixedness ratio 𝛂 

In order to describe micromixing quantitatively, known concentrations of 

chemicals were used to calculate segregation index 𝑋𝑆 and further – micromixedness 

ratio 𝛼. 

Segregation index is a quantity whose values lie between 0 and 1. One can 

distinguish two extreme cases: total segregation, when 𝑋𝑆 = 1 and perfect mixing on 

molecular level, when 𝑋𝑆 = 0. All other cases are described as partial segregation and 

values of segregation index can be calculated from general relation (Eq. 6) [4]: 

 
𝑋𝑆 =

𝑌

𝑌𝑆𝑇
 (6)  

where: 

𝑋𝑆 [-] segregation index, 

𝑌 [-] yield of iodine 

𝑌𝑆𝑇 [-] iodine yield in theoretical reference case of total 

segregation. 

The value of 𝑌 is described by Eq. 7 [4]: 

 
𝑌 =

2 ∙ (𝑛𝐼2 + 𝑛𝐼3−)

𝑛𝐻+0
 (7)  

where: 

𝑛𝑖 [mol] mole number of i-th chemical. 

Subscript 0 indicates initial value, before mixing. 

 For the continuous flow system used for investigation of mixing process in 

microstructured cyclone type mixer, Eq. 7 can be rewritten: 

 
𝑌 =

2 ∙ �̇�𝑉𝑖𝑙𝑙𝑒𝑟𝑚𝑎𝑢𝑥(𝑐𝐼2 + 𝑐𝐼3−)

�̇�𝑎𝑐𝑖𝑑 ∙ 𝑐𝐻+0
 (8)  



68 

 

 

where: 

�̇�𝑖 [m3/s] volumetric flow rate of the solution, 

𝑐𝑖 [mol/m3] concentration of i-th chemical. 

The value of 𝑌𝑆𝑇 can be calculated using a method by Guichardon[4]:  In fact 

𝑌𝑆𝑇 would be a function of the geometry of the mixing vessel, but for simplicity this 

formula, given by Guichardon was used: 

 

𝑌𝑆𝑇 =

6 ∙ 𝑐𝐼𝑂3−0
𝑐𝐻2𝐵𝑂3−0

6 ∙ 𝑐𝐼𝑂3−0
𝑐𝐻2𝐵𝑂3−0

+ 1

=
6 ∙ 𝑐𝐼𝑂3−0

6 ∙ 𝑐𝐼𝑂3−0
+ 𝑐𝐻2𝐵𝑂3−0

 (9)  

 The micromixedness ratio 𝛼 is simply connected with segregation index 𝑋𝑆 

(Eq. 10). The model for 𝛼 is to divide the entire volume into two parts: one which is 

perfectly mixed (𝑐𝐼2 = 0) and the other one which is completely segregated. Their 

ratio then is a measure of the mixing deficit. The micromixedness ratio 𝛼 is defined 

therefore as [20]: 

 
𝛼 =

𝑉𝑃𝑀
𝑉𝑆𝑇

=
1 − 𝑋𝑆
𝑋𝑆

 (10)  

where: 

𝛼 [-] micromixedness ratio, 

𝑉𝑃𝑀 [-] volume fraction of perfectly mixed fluid, 

𝑉𝑆𝑇 [-] volume fraction of fluid with total segregation. 

 

Determination of the iodine concentration 𝒄𝑰𝟐  

 Concentration of iodine 𝑐𝐼2is necessary to determine the value of 𝑌 and thus 

𝑋𝑆 and 𝛼. It can be calculated thanks to mass balance and knowledge of the 

equilibrium constant. Mass balance of iodine (chemical element) based on reaction of 

comproportionation (Eq. 2) is shown in Eq. 11: 

 
𝑐𝐼− = 𝑐𝐼−0 −

5

3
∙ (𝑐𝐼2 + 𝑐𝐼3−) − 𝑐𝐼3− (11)  

 On the other hand, the equilibrium constant for reaction (Eq. 3) is described 

by Eq. 12: 

 
𝐾𝐵 =

𝑐𝐼3−

𝑐𝐼2 ∙ 𝑐𝐼−
 (12)  

where: 

𝐾𝐵 [dm3/mol] equilibrium constant. 

 The dependence of this constant of temperature has been determined [16]. 

Values of equilibrium constant can be calculated using Eq. 13: 

 

𝐾𝐵(𝑇) = 10
(
555
𝑇
+7.355−2.575⋅𝑙𝑜𝑔10(𝑇))

 
(13)  
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In Eq. 13 temperature values should be given in Kelvins [K]. 

 By combining mass balance equation (Eq. 11) and equilibrium equation 

(Eq. 12), one can obtain a quadratic equation (Eq. 14) with concentration of iodine 𝑐𝐼2 

as the unknown: 

 
−
5

3
∙ 𝑐𝐼2

2 + (𝑐𝐼−0 −
8

3
∙ 𝑐𝐼3−) ∙ 𝑐𝐼2 −

𝑐𝐼3−

𝐾𝐵
= 0 (14)  

 The solution of Eq. 14, easy obtainable analytically, must be positive and 

must make physical sense. Thus, the concentration of iodine 𝑐𝐼2can be calculated 

according to Eq. 15: 

 

𝑐𝐼2 =

−(𝑐𝐼−0 −
8
3 ∙ 𝑐𝐼3

−) − √(𝑐𝐼−0 −
8
3 ∙ 𝑐𝐼3

−)
2

− 4 ∙ (−
5
3) ∙ (−

𝑐𝐼3−

𝐾𝐵
)

2 ∙ (−
5
3
)

 

𝑐𝐼2 = 0.3 ∙ 𝑐𝐼−0 − 0.8 ∙ 𝑐𝐼3− − 0.3 ∙
√(𝑐𝐼−0 −

8

3
∙ 𝑐𝐼3−)

2

−
20 ∙ 𝑐𝐼3−

3 ∙ 𝐾𝐵
 

(15)  

Steps described above allow the calculation of the segregation index 𝑋𝑆 and 

micromixedness ratio 𝛼 using known parameters of raw solutions as well as measured 

absorbance of the outflowing mixture. 

 

Concentrations of mixed solutions 

Five pairs of solutions have been mixed using microstructured cyclone type. 

Concentrations of inlet solutions have been standardized by Institute for Micro 

Process Engineering, Karlsruhe Institute of Technology [10]. Standard set of 

concentration, abbrev. IMVT-1SC, (Tab. 2) is the basis of this system. Sets of other 

concentrations could be obtained by multiplying the amount of each chemical by the 

same number. For example, set IMVT-3SC used for this work contains chemicals of 

concentrations three times higher than declared in IMVT-1SC. NaH2BO3 has been 

made from equimolar mixture of sodium hydroxide (NaOH) and boric acid (H3BO3). 

 

Tab. 2. Standard concentration sets. Values in [mol/dm3]. 

 Solution 1 Solution 2 

 NaH2BO3 KI KIO3 H2SO4 

IMVT-1   SC 0.0455 0.0159 0.0032 0.0150 

IMVT-3   SC 0.1364 0.0478 0.0095 0.0450 

IMVT-3.5SC 0.1591 0.0558 0.0111 0.0525 

IMVT-4   SC 0.1818 0.0638 0.0127 0.0600 

IMVT-4.5SC 0.2046 0.0717 0.0143 0.0675 

IMVT-5   SC 0.2273 0.0797 0.0159 0.0750 
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As can be seen, molar ratios of reactants are as follows: 

[𝐻2𝐵𝑂3
−] ∶ [𝐼−] ∶  [𝐼𝑂3

−] ∶  [𝐻+] 

     14.3   ∶     5   ∶     1    ∶   4.7  

Equal volumetric streams have been applied to maintain equal molar streams 

of reactants. Solutions have been mixed in room temperature equal approx. 20 [°C]. 

 

RESULTS AND DISCUSSION 

For each experiment the absorbance per 1 [cm] at peak near wavelength equal 

𝜆=353 [nm] has been recorded. For each measurement concentrations of reactants in 

the feed solutions and their densities have been known. What is more, the way of 

mixer and flange assembling has been noticed. Due to negligible difference in 

viscosity µ and density 𝜌 of feeds, and constant width of inlet channels 𝑑 and velocity 

of the liquid 𝑣 on mixer inlet caused by application the same volumetric flow rates, it 

can be assumed, that Reynolds number 𝑅𝑒 = 𝜌𝑑𝑣/𝜇 for inlets channels is equal for 

each case, and further, hydrodynamic conditions inside mixing chamber is the same 

for each case. 

 

Experimental results 

The set-up described in before was investigated using aqueous solutions, 

using different concentrations sets: IMVT-3SC, IMVT-3.5SC, IMVT-4SC, IMVT-

4.5SC, and IMVT-5SC. Due to lengths of available cuvettes for spectrophotometer, it 

has not been possible to use lower concentrations (height of the peak comparable with 

measuring error while using the longest cuvette) as well as higher ones (optical density 

higher than 1 [-] while using the shortest one). Five equal volumetric streams have 

been applied: 2×0.5 [dm3/h], 2×1.0 [dm3/h], 2×1.5 [dm3/h], 2×2.0 [dm3/h], and 2×2.5 

[dm3/h]. Hydrodynamic conditions in the mixing chamber have been investigated 

using different concentration sets; therefore different optical densities have been 

measured. Thanks to obtained results, micromixedness ratios 𝛼 have been calculated 

according to the procedure described above and are presented in Fig. 3. 

As can be seen (Fig. 3), observed 𝛼 is not independent of concentration. 

Possible explanation of this phenomenon is the fact that the yield of iodine is not 

correlated with reactants concentration by linear function, since the order of reaction 

(Eq. 2) is higher than 1 [21]. However, we attempt to show a way to compare  

𝛼 values observed with different concentration sets. 

It can be seen that obtained micromixedness ratios lies on the straight lines of 

different slopes, but of zero value around 0.6 [dm³/h]. Five hydrodynamics cases have 

been described by micromixedness ratios which have been dependent on the used 

concentrations set. It can be observed, that difference in calculated 𝛼 is decreasing 

with increasing concentrations. To check the influence of reactants concentration on 

results, obtained data are presented on the plot with a concentration factor on the 

abscissa (Fig. 4). The concentration factor indicates how many times concentration of 



71 

 

every reactant has been raised in comparison to standard concentration set IMVT-

1SC. In other words, it is the number n in notation IMVT-nSC. Both axes present 

logarithms of described values. 

 

 
Fig. 3. Micromixedness ratios obtained using different concentrations sets. 

 

 

 
Fig. 4. Concentration influence on micromixedness ratio. 
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The fact that lines showing dependency of logarithm of micromixedness ratio 

ln (𝛼) on the concentration are parallel allows introducing the method of prediction of 

𝛼 in other concentration set than used. For example, the black arrow in Fig. 4 shows 

the prediction of micromixedness ratio obtained thanks to feed solutions with 

reactants concentrations described as IMVT-3SC (marked o−observed) to the 

situation, when IMVT-4SC would have been applied (marked p−predicted).  

 

Correlation between results obtained using different concentrations 

As can be seen in Fig. 4, points can be approximated using linear regression. 

The calculated average coefficient of determination R2 is equal 0.995. Points 

representing higher flows fit better to straight lines (R2 = 0.997 and more) than for the 

lowest flow rate (R2 = 0.983). It can be pointed out, that measuring errors could have 

been higher while the lowest flow rate has been investigated. The accuracy of mass 

flow meters decreases when measured flow is lower than 0.1% of nominal [22], but 

remains of order of magnitude of few percent. Applied mass flow meters have been 

characterized by nominal flow of 100 [kg/h]. More significant impact could have been 

induced by uneven work of pumps which have been operated at very low voltages. 

The operating voltage change of the smallest possible unit has caused flow change 

sometimes of 0.02 [kg/h]. As a result, the relative error between indicated and 

obtained flow rates could have been larger, and asymmetry of flows could have caused 

larger relative error.  

When approximating every series independently, 5 slightly different slopes 𝑘 

are obtained, which average is equal 𝑘 = −3.729 with standard deviation of 0.087 

(2.3% of mean value). To confirm this result, all series has been also estimated 

parallelly in order to try to obtain a better fitted slope value. For this reason, all points 

have been calculated using the formulas of straight lines with one slope. Using Solver 

in MS Excel the sum of squared residuals has been minimized to obtain the new slope 

value, which was the same as for 3 significant figures. Values calculated in described 

method have been compared with measured ones (Fig. 5.). What is more, mentioned 

transformation from IMVT-3SC into IMVT-4SC has been presented in this figure. 

Due to this operation result obtained using IMVT-3SC can be compared with results 

obtained using IMVT-4SC. 
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Fig. 5. Comparison of measured micromixedness ratio and estimated averaged values. 

 

Average differences between measured and approximated values have been 

presented in Tab. 3. The most significant residua can be observed for the lowest flow 

rate. One of possibilities that could explain this phenomenon is lower accuracy of 

measured micromixedness ratio, as discussed above. 

 

Tab. 3. An accuracy of data approximation. 

Total volumetric flow 

rate 
[dm³/h] 5 4 3 2 1   

Average residuum 
[% of measured 

value] 
4.1 3.5 1.6 2.1 8.1 3.9 mean 

 

Obtained slope can be used to predict micromixedness ratios in different 

concentration set. Let us assume that subscript p denotes predicted value in new 

concentration set, while subscript o denotes obtained or used value. The symbol n 

denotes concentration coefficient described above. The linear dependency between 

old and new micromixedness ratio presented in log-log plot can be written as Eq. 16: 

 𝑙𝑛(𝛼𝑝) − 𝑙𝑛(𝛼𝑜) = 𝑘 ∙ [𝑙𝑛(𝑛𝑝) − 𝑙𝑛(𝑛𝑜)] (16)  

Using logarithm properties, Eq. 16 can be written as Eq. 17: 

 𝑙𝑛 (
𝛼𝑝
𝛼𝑜
) = 𝑘 ∙ 𝑙𝑛 (

𝑛𝑝
𝑛𝑜
) (17)  
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Eq. 17 can be rearranged in order to obtain an equation to predict 

micromixedness ratio value for different concentration sets (Eq. 18): 

 
𝛼𝑝 = 𝛼𝑜 (

𝑛𝑝
𝑛𝑜
)
𝑘

 (18)  

with 𝑘 = −3.73 determined above. 

 

Inlet configuration impact 

While operation, the mixer inlay is enclosed inside the dedicated flange 

adapter made of stainless steel. Outlet from the mixing inlay is located asymmetrically 

and, as a result, the inlay can be connected with the bottom part of the adapter only in 

one way. Due to symmetry of the inlet side of the mixer inlay (two same-shaped inlet 

chambers located opposite one another) it is possible to adjust the top adapter 

connector in two ways. Additionally, two feeds can be supplied alternatively to two 

flange inlets. As a result, it is possible to mount the mixing unit in four configurations, 

which are schematically presented in Fig. 6. Numbering of used configurations is 

detailed in Tab. 4. These were named in order to check if any inlet configuration 

impact can be observed. 

 

 
Fig. 6. Possible inlet configurations caused by the symmetries in mixer inlay and flange adapter. 
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Tab. 4. Numbering of inlet configurations. 

Configuration 1 
Acid solution 

in inlet P3 

number opposite to 

the number 

Configuration 2 
Villermaux solution 

in inlet P3 

number opposite to 

the number 

Configuration 3 
Villermaux solution 

in inlet P3 

number opposite to 

the name 

Configuration 4 
Acid solution 

in inlet P3 

number opposite to 

the name 

 

For each point value of micromixedness ratio has been calculated according 

to the way presented in chapter “Obtained optical density as raw data to further 

calculations”. Values obtained in four different configurations have been averaged 

and the obtained mean value has been used in further calculations. Possible inlet 

configuration impact in that type of apparatus was described in detail in [14]. In this 

work none significant systematic error was observed. 

 

CONCLUSIONS  

Presented method to compare micromixedness ratios has been developed 

based on results of investigation of mixing in the cyclone type micromixer with iodide 

iodate reaction method. It is applicable for continuous-flow systems in microdevices 

where different reactants concentrations have been applied. One of requirements of 

the usage is maintaining molar ratios of reactants.  

The method allows the calculation of exit iodine concentrations, without the 

explicit knowledge of the actual kinetic data. 

Optical densities obtained using differently assembled mixing unit have been 

averaged to calculate mean micromixedness ratio for each flow and concentration set. 

It was applied in order to avoid configuration impact. 

Thanks to presented protocol it is possible to broaden the range of investigated 

hydrodynamic conditions: higher reactants concentrations at higher flows as well as 

lower ones when mixing is less intensive can be applied and still calculated 

micromixedness ratios are comparable. 

One using described method should keep in mind that the larger difference 

between used concentrations, the higher possible error. 
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NOTATIONS 

 

  

𝛼 [-] micromixedness ratio 

𝜀𝑂𝐷 [dm³/(mol∙cm)] molar extinction coefficient 

µ [Pa∙s] fluid viscosity 

𝜌 [kg/m³] fluid density 

𝑐𝑖 [mol/m3] concentration of i-th chemical 

𝑑 [m] width of the inlet channel 

𝐾𝐵 [dm3/mol] equilibrium constant of reaction (Eq. 3) 

𝑘 [-] 
coefficient or exponent in micromixedness ratios 

comparison (constant) 

𝑙 [cm] optical path length 

𝑛 [-] concentration factor (in notation IMVT-𝑛SC) 

𝑛𝑖 [mol] number moles of i-th chemical 

𝑜 [-] observed value of 𝛼 

𝑂𝐷 [-] optical density 

𝑝 [-] predicted value of 𝛼 

𝑅𝑒 [-] Reynolds number 

𝑇 [K] temperature 

𝑣 [m/s] velocity of the liquid in the inlet channel 

�̇�𝑖 [m3/s] volumetric flow rate of the solution 

𝑉𝑃𝑀 [-] volume fraction of perfectly mixed fluid 

𝑉𝑆𝑇 [-] volume fraction of fluid with total segregation 

𝑋𝑆 [-] segregation index 

𝑌 [-] 

the ratio of acid mole consumed in reaction of 

comproportionation (Eq. 2), which is equal the 

yield of iodine 

𝑌𝑆𝑇 [-] 
iodine yield in theoretical reference case of total 

segregation 
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ABSTRACT 

 New, simple method of determining necessary conditions of dead zone formation 

is proposed. The method was compared with a procedure discussed earlier in 

literature. The method efficiency was tested on a basis of few well know reaction 

systems (one-reagent reaction, multi-reagent reaction, consecutive reaction, parallel 

reaction  and consecutive – parallel reaction) with power law and Langmuir-

Hinshelwood kinetic equations. The new method application  

is simpler than the formers and allows to detect and fill some gaps in presented in 

literature results. Due to simplicity the method can be especially recommended for 

complex reactions systems.  

 

INTRODUCTION 

Great number of organic and inorganic compounds is manufactured  

on solid-state catalysts. In these heterogeneous reaction systems, mass transfer of 

reactants first takes place from the bulk fluid to the external surface of the pellet. Then 

the reactants migrate from the external surface into and through the pores within the 

pellet, with reaction taking place only on the catalytic surface of the pores. So that 

both transfer of the reactants into a catalyst pellet and reaction rate have an influence 

on a rate of processes running on solid-state catalyst [1]. If  diffusion is much slower 

than reaction rate, i.e. diffusional resistances are large, concentration of reactants 

towards the pellet center decreases rapidly. For sufficiently strong diffusional 

limitations, concentration of a reagent in a pellet center drops down to zero – in a 

pellet center appears zone without reaction (so called `dead zone`)[2,3,4]. In 

consequence, efficiency of catalyst process decreases. So that it is significant task to 

predict operation conditions of reactor for which such zone could appear in catalyst 

pellet.  

Determination of the conditions of dead zone formation is quite hard task, for 

this reason they have not been fully formulated. Sufficient conditions can be 

determined only for few simplest cases. Therefore, most frequently necessary 

conditions have been presented [5,6,7]. If they are not satisfied, dead zone cannot be 

formed. Despite, that fulfilling of necessary condition does not guarantee that dead 

zone appears, knowledge of necessary conditions is very important from practical 

point of view. It enables to exclude the cases for which dead zone cannot be formed.

mailto:ich_gk@prz.edu.pl
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 Andreev [8] developed general method of determining necessary conditions of 

dead zone formation and applied them to few well know reaction systems (one-reagent 

reaction, multi-reagent reaction, consecutive reaction, parallel reaction  and 

consecutive – parallel reaction) with power law and Langmuir-Hinshelwood kinetic 

equations. His procedure seems to be a bit complex. So that recently we developed 

our own procedure [9] of determining necessary conditions of dead zone formation. 

It will be called further “integral” method, because it bases on testing convergence of 

integrals.  

Our method was  tested for the same reaction systems as has been presented 

by Andreev. Obtained results were in most cases the same as those presented in [8]. 

It confirm that our conception was errorless and it can be used for other reaction 

systems which have not been considered in literature so far. But we detected also an 

exception. Application of our algorithm for multi-reagent systems allowed to obtain 

more precise relationships. This case will be described in details in present paper. 

 

NECESSARY CONDITIONS OF DEAD ZONE FORMATION   

FOR TWO-REAGENT REACTION 

Further considerations will focus on two-reagent reaction of the form: 

                                               oductsbBaA Pr                        (1) 

with kinetic equation related to compound A: 

                                                   
m

B

n

AA CCkR                                    (2) 

For mentioned  reaction rate of vanishing of compound B could be write as follow: 

                                                 
m

B

n

AB CCk
a

b
R                       (3) 

Concentration of compound A and compound B can drop down to zero inside 

the pellet, so that dead zone can by formed by A or by B or by both compounds 

simultaneously. To simplify our investigations, let`s assume now that only necessary 

conditions of dead zone formation by compound A would be further considered. 

 

Prater-like relationship between concentrations of compounds A and B 

 It is purposeful to present Prater-like relationship between concentrations of 

compound A and B at first.  

Steady-state mass-balance set of equations for components A, B in pellet of 

various geometry (α=0 flat, α=1 cylindrical, α=2 spherical) has a form: 

 

                             
m
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A
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eA CCk
dr

dC
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D  )(

1 


                         (4) 
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with boundary conditions on external surface of catalyst: 

                                        SAA CRC ,)(  , SBB CRC ,)(                                (5),(6) 

where: 

DA, DB – effective diffusities of  reagents respectively A i B, 

r – position in the pellet, 

R – pellet radius. 

 

Assuming that concentration of compound A vanishes to zero at r0 (dead zone for 

compound A form the range  0rr
0

 ), following conditions for concentration of 

compound A at point r0 should be fulfilled: 

                                                ,0)(
0
rCA 0

0






rr

A

dr

dC
                          (7),(8) 

Because reaction does not occur in the range 0
0

 rr , concentration of compound 

B does not change in this range. So that following condition for compound B is also 

fulfilled: 

                                                       0

0






rr

B

dr

dC
                                         (9) 

Equations set (4) with conditions (5),(6),(7),(8),(9) completely describe dead zone 

formation by compound A in this system.  

We can transform set (4) to: 
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                     (10) 

Than from set (10) we derive: 
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     (11) 

Dividing equation (11) by  rDeB  
and integrating it from r0 to r gives: 
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                  (12) 

Next, introducing Eq (8), (9) to (12) leads to: 

                                 
dr

dC
r
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dC
r

D
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eB
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and after dividing by rα and second integrating it from R to r we obtain: 

                                rd
dr

dC
rd

dr

dC

D

D

a

b r

R

B
r

R

A

eB

eA

                                (14) 

Introduction of Eq (5),(6) into equation (14) gives: 

                                SBBSAA

eB

eA CCCC
D

D

a

b
,, )(                             (15) 

Equation (15) is an analog of well-known Prater equation.   

It could be rewritten as follow: 

                          
SBBSBA

eB
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             (16) 

Denote:  

                                           
a

b

C

C

D

D
W

SB

SA

eB

eA

A 
,

,
                                (17) 

Finally we can write down relations between concentration of compound B and 

concentration of compound A: 

                             SBAA

SA

SB

AB CWC
C

C
WC ,

,

,
)1(                       (18) 

For r = r0 we obtain: 

                                          SBAB CWrC ,)1()(
0

                              (19) 

We can draw some interesting conclusions: 

 if WA > 1,  0)(
0
rCB – so that this case has no physical meaning 

 if WA = 1,  0)(
0
rCB  – it means that concentration of compounds A, B 

simultaneously vanishes to zero at  r0 

 if WA < 1, 0)(
0

rBC , concentration of compound B is always greater than zero 

inside pellet. 

Integral method  

Our procedure in general form was described in [9] in details. Now we will 

present fundamentals of integral method on the basis of two-reagent reaction.  

Mass balance equation for compound A (first equation in set (4)) could be 

rewritten in dimensionless form, as follows: 
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where: 
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#  , Thiele modulus:  
eAsA

n

sB

n

sA

DC

CCkR






,

,,

2

  

Next, relation between dimensionless concentrations of compounds B and A could be 

written on a basis of equation (18), as follows: 

                                   )1(##

AAAB WCWC                                   (21) 

After introducing equation (21) to equation (20), one can finally obtain: 
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  (22) 

where:  

                                
m

AAA

n

AA CWWCCR )])1[()( ###                      (23) 

is dimensionless reaction rate in terms of compound A concentration. 

One can now derived necessary conditions of dead zone formation by 

compound A in two-reagent system from convergence of following integrals: 
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In our opinion, the comparison test [10] is the simplest way of examination of 

convergence of integrals (24) and (25). 

If WA< 1, it is easily to show that integrals (24) and (25) are converged if and 

only if: 

                                                   11  n                                          (26) 

So that for this case necessary conditions obtained by Andreev. [8] remain valid.  

However, if WA = 1 will be assumed, equation (22) and integrals  (24) and 

(25) can be easily simplified to (27), (28) and (29), respectively: 
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In this case integrals (28) and (29) are convergent if and only if when: 

                                                      11  mn                                         (30) 

One can notice that for WA = 1:  

 dimensionless concentrations of compound A and B is equal through whole 

pellet (see equation (21)) 

 compound A and B simultaneously form dead zone 

 necessary conditions of dead zone formation for this case should have  

a form of inequalities (30), rather than (26) 

Eq. (30) shows that if WA = 1, conditions of dead zone formation significantly 

differs from those for WA < 1. Andreev [8] completely omitted the case of WA = 1. In 

our opinion, the mentioned gap appeared, because an isolation of particular cases by 

Andreev`s method is quite hard task. To show it, let`s present Andreev`s algorithm. 

 

Andreev`s method  

 Andreev evolved his method by applying mean-value theorem  

to mas- and thermal-balance equations of catalyst pellet. In this way he obtained 

procedure based on calculations of  two appropriate function limits [8].  

After application of   this general procedure to kinetic equation (2), one can obtain 

following formulas: 
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where C*
B is a compound B concentration at a position in catalyst where CA=0. 

After reorganization formulas (3) and (4) take a form: 
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Next, assuming that C*
B > 0, conditions (33) and (34) could be rewritten as follows: 

                                                        01n                                                      (35) 

                                                        01n                                                      (36) 

and finally:                         

                                                        1n1                                                    (37) 

Eq. (37) correspond to (26) and this is the only condition presented  

in [8] for multi-reagent reaction. However, more detailed analysis of relations  

(5) and (6) shows that if C*
B would be equal to 0, exponent m would have also an 

influence on fulfillment of these equalities. C*
B = 0 means that both compounds should 

form dead zone simultaneously. Such situation was not included in Andreev`s 

investigations.   

In our opinion, the weak side of Andreev`s procedure lies in fact that 

particular cases of solution can be easily omitted, if we consider more complex 

process. We showed, that the Andreev`s method allows to detect the case  

of WA=1, but its detection is more difficult. Finding of the particular cases was much 

more easier when integral method was used. For this reason, the integral method can 

be especially recommended for complex reactions systems.  

 

CONCLUSIONS 

The analysis of obtained result leads to the following conclusions: 

 Integral procedure is simple, precise and  fast method to examine necessary 

conditions of dead zone formation. 

 Integral method is easier in application than presented earlier in literature.  
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ABSTRACT 

The results of the preparation of semi-permeable membranes using inversion 

phase method were presented. The membranes were made of poly-L-lactide or poly-

ε-caprolactone. The influence of classic pore precursor on the morphology of 

membranes was analysed. The results showed that addition of pore precursor 

promotes the growth of the number and size of pores. The influence of the kind of 

pore precursor for each polyesters is different. For this reason, for each of the 

polyesters should be selected suitable pore precursor. 

 

INTRODUCTION 

In the recent years, the most interesting field of tissue engineering are 

scaffolds. There are three-dimensional structures, which are used for regenerate 

damaged tissues [1–3]. Exist many form of scaffolds, very popular are nano-non-

wovens, self-assembly hydrogels scaffolds, acellural scaffolds and porous scaffolds 

[4, 5]. Porous scaffolds are solid materials, which frequently occur in form of semi-

permeable membranes. This form allow to delivery of nutrients to the cells and 

evacuation of metabolites outside the scaffold [6–8].  

Popular materials for production of porous scaffolds are polymers, natural and 

synthetic [10, 11]. In first group, are polymers naturally occurring in organisms, e.g. 

gelatin, chitozan or collagen. Second group, includes mainly biodegradable polymers, 

e.g. polylactide (PLA), poly-ε-caprolactone (PCL), polyglycolide (PGA) or their 

copolymers. This polyesters are characterised by biocompatibility and 

biodegradability and are well-tolerated by organisms [12, 13]. Moreover, these 

compounds and their degradation products are non-toxic to the organism cells. 

Additionally, they are subject to hydrolytic decomposition, first to the building 

monomers which are physiologically present in organisms of mammals and 

subsequently to CO2 and water, products of physiological metabolism which are easily 

excreted from the organism. These polyesters differ in degradation time which, for a 

given polymer, increases with the length of carbon chain. Thanks to this characteristic, 

it is possible to control, to some extent, degradation time of the whole scaffold by 

choosing appropriate polymer with a specific molecular weight [13–14].  

mailto:akruk@ch.pw.edu.pl


88 

 

The main role of the scaffolds is mimic to natural extracellural matrix (ECM). 

ECM is a necessary element of tissue, it provides support for cells. The properties of 

scaffolds must be similar to properties of ECM of regenerated tissue. For this reason, 

the morphology and mechanical properties of scaffold must be adjust to the type of 

treated tissue [15, 16]. 

Exist many method of obtaining porous scaffolds. One of the most popular is 

inversion phase method. This technique is based on pouring of the membrane-forming 

polymer solution onto an inert base (e.g. glass plate) and on subsequent immersion 

thereof in coagulation bath consisting of insoluble polymer. After polymer 

coagulation, the membrane is taken out of the coagulation bath and dried. Variant of 

this method is addition of pore precursors to polymeric solution. For this purpose, 

other polymers (e.g. polyvinylpyrrolidone, poly(ethylene glycol)) or non-organic salts 

with appropriate crystal diameter are mainly used. Pore precursors are washed out 

from the structure of the already coagulated membrane [17–19].  

In this work, the influence of pore precursors which are common used in the 

inversion phase method on the morphology of the polyesters membranes were 

compared. Shown that in this method there is not universal pore precursor and for the 

each polymer, proper pore precursor should be selected. In the literature we can find 

many works about inversion phase method, but they don’t show comparison of 

influence of pore precursors on the morphology of the membranes depending on used 

polyesters.  

 

MATERIALS AND METHOD  

Materials 

Poly-L-lactide (PLLA) of Mn 86 000 g/mol NW 2003D was distributed by 

Nature Works. Poly-ε-caprolactone (PCL) of Mn 80 000 g/mol was distributed by 

Sigma Aldrich. Polyvinylpyrrolidone (PVP) of Mn 10 000 g/mol, poly(ethylene 

glycol) (PEG) of Mn 20 000 g/mol and Pluronic® F-127 were distributed by Sigma 

Aldrich. Chloroform and methanol were distributed by POCh SA. Ultrapure water 

with 18.2 MΏcm conductivity was obtained using MiliQ device. 

 

Preparation of the membrane-forming solution 

The solutions of poly-L-lactide or poly-ε-caprolactone with the addition of 

pore precursors (PVP, PEG, Pluronic® or NaCl) and without them, were prepared. 

Firstly, solution of polyesters in chloroform with 350 cP viscosity were obtained. 

Polymers were dissolved in organic solvent during 24 h with constant stirring using a 

magnetic stirrer without heating. Pore precursors (in 1:1 weight ratio to polymer) were 

added after complete dissolution of polyesters. Subsequently the stirring was 

continued for the next 24 h. In the case of addition of NaCl, firstly crystals of salts 

were crushed in a mortar.  
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Preparation of membranes 

The polyesteres solutions in chloroform with addition of pore precursors and 

without it, were poured onto a glass base. Thickness of solution on a base was  

0,4 mm. The membranes were gelled in methanol and subsequently washed in water. 

The membranes were dried after polymer coagulation and removal of pore precursor. 

 

Analytical methods 

The viscosity of polylactides solutions in chloroform was analysed using 

viscosimetric method in a capillary viscometer. The viscosity was measured by  

a flow time of a given quantity of liquid by a suitably calibrated capillary tubes with 

a known pressure difference. 

The morphology of cross-sections for membranes and both surfaces was 

analysed using Scanning Electron Microscopy (SEM) Hitachi TM1000. Samples of 

the membranes were immersed in ethanol and then fractured in liquid nitrogen. After 

drying, the membrane samples were coated with 7–10 nm thick gold layer using 

K550X Sputter Coater. Samples coated with gold were analysed in 300x 

magnifications using 15 kV acceleration voltage. 

 

RESULTS 

Semi-permeable membranes made from poly-L-lactide or poly-ε-

caprolactone were obtained. For the each polyester influence of classic pore 

precursors on morphology of the membranes was examined. As a pore precursors 

polivinylpyrrolidone, poly(ethylene glycol), Pluronic® and NaCl were used. 

 

Membranes obtained without addition pore precursors 

The membranes obtained from PLLA without pore precursors (Fig. 1) on the 

lower surface (located on the side of the glass plate used as a base) contain rare pores, 

2–5 µm in diameter. In the cross-section were observed pores, in size 5–15 µm. At 

the lower surface, pores were smaller, about 5 µm. At the upper surface, pores were 

bigger, 10–15 µm in diameter. The upper surface was more porous, than lower one. 

The pores were in size 3–10 µm. On the both surfaces pores were coated with a thin 

covering layer. 

On the lower surface of the PCL membranes obtained without addition of pore 

precursors (Fig. 2) were observed rare pores, in size 1–5 µm. In the cross-section were 

observed pores, 15–25 µm in dimeter. On the lower surface, pores were bigger,  

20–30 µm. The upper surface was more porous, than lower one. Moreover, the pores 

were bigger, their size were in range 15 to 25 µm. The other pores on this surface were 

coated with a thin covering layer. 
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Fig. 1. SEM photomicrographs of PLLA membranes obtained without pore precursor. A – lower 

surface, B – upper surface, C – cross-section 

 

 
Fig. 2. SEM photomicrographs of PCL membranes obtained without pore precursor. A – lower surface, 

B – upper surface, C – cross-section. 
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Membranes obtained with addition of PVP 

The PLLA membranes obtained with addition of PVP as a pore precursor 

(Fig. 3) on the lower surface contained rare pores, about 5 and 25–40 µm in diameter. 

In the cross-section were observed pores in size 15–20 µm. At the both surfaces pores 

were bigger, 20–30 µm. On the upper surface occurred multiple pores, in size 5–10 

and 15–20 µm.  

The PCL membranes obtained with addition of PVP as a pore precursor  

(Fig. 4) on the lower surface contained rare pores, about 5 and 25–40 µm in diameter. 

In the cross-section were observed pores in size 30–60 µm. At the lower surface pores 

were bigger, 55–75 µm, and at the upper surface smaller, 20–30 µm. The upper 

surface pores was more porous than lower one, size of the pores was in range  

5–15 µm. 

 

 
Fig. 3. SEM photomicrographs of PLLA membranes obtained with addition of PVP. A – lower surface, 

B – upper surface, C – cross-section. 
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Fig. 4. SEM photomicrographs of PCL membranes obtained with addition of PVP. A – lower surface, 

B – upper surface, C – cross-section. 

 

Membranes obtained with addition of PEG 

The PLLA membranes obtained with addition of PEG as a pore precursor 

(Fig. 5), on the lower surface contained pores coated with a thin covering layer. In the 

cross-section were observed pores in size 5–10 µm. At the lower surface pores was 

bigger, in size about 15 µm. Between them occurred smaller pores, below 5 µm in 

diameter. The upper surface contain multiple pores in size 5–10 µm. Part of the pores 

was covered with a thin covering layer.  

On the lower surface of the PCL membranes obtained with addition of PEG 

(Fig.6) pores were coated with a thin covering layer. In the cross-section size of the 

pores was 15֪–30 µm. At the lower surface pores were bigger, 55–70 µm in diameter. 

At the upper surface pores were smaller, in size 15–20 µm. On the upper surface were 

observed rare pores, 10–25 µm in diameter. Most of these pores were coated with  

a thin covering layer. 
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Fig. 5. SEM photomicrographs of PLLA membranes obtained with addition of PEG. A – lower surface, 

B – upper surface, C – cross-section. 

 

 
Fig. 6. SEM photomicrographs of PCL membranes obtained with addition of PEG. A – lower surface, 

B – upper surface, C – cross-section. 
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Membranes obtained with addition of Pluronic® 

The PLLA membranes obtained with addition of Pluronic® as a pore 

precursor (Fig. 7) on the lower surface contained rare pores, in size 5–15 µm. Other 

pores on this surface were coated by covering layer. In the cross-section were 

observed pores 5–15 µm in diameter. At the lower surface pores were bigger, in size 

20–30 µm. The upper surface contained multiple pores, 5–15 µm in diameter.  

The PCL membranes obtained with addition of Pluronic® as a pore precursor 

(Fig. 8) on the lower surface contain rare pores, in size about 5 and 15–30 µm. In the 

cross-section were observed pores, 15–25 µm in diameter. At the lower surface pores 

were bigger, in size 30–50 µm and were oblong in shape. The upper surface contained 

pores10–15 µm in diameter. 

 

 
Fig. 7. SEM photomicrographs of PLLA membranes obtained with addition of Pluronic®. A – lower 

surface, B – upper surface, C – cross-section. 
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Fig. 8. SEM photomicrographs of PCL membranes obtained with addition of Pluronic®. A – lower 

surface, B – upper surface, C – cross-section. 

Membranes obtained with addition of NaCl 

The PLLA membranes obtained with addition of NaCl as a pore precursors 

(Fig. 9) on the lower surface contained rare pores, 10–15 µm in diameter. Other pores 

on this surface were coated with a thin covering layer. In the cross-section pores were 

in size 5–10 µm. Between them was observed pores 30–40 µm in diameter. On the 

upper surface occurred rare pores, in size 10–15 µm.  

On the lower surface of PCL membranes obtained with addition of NaCl as  

a pore precursor (Fig. 10) occurred rare pores, about 30 µm in diameter. Other pores 

on this surface were covered with a thin covering layer. In the cross-section were 

observed pores in size 10–15. Between them were present bigger pores, 30–50 µm in 

diameter. The upper surface contained pores in size 5 –15 and about 30 µm. 
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Fig. 9. SEM photomicrographs of PLLA membranes obtained with addition of NaCl. A – lower 

surface, B – upper surface, C – cross-section. 

 
Fig. 10. SEM photomicrographs of PCL membranes obtained with addition of NaCl. A – lower surface, 

B – upper surface, C – cross-section. 
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DISCUSSION 

The all results, contained size of the pores on the both of surfaces and in the cross-

section were summarized in the Table 1.  

Table 1. Morphology of the membranes in dependence on used pore precursor. 

 PLLA PCL 

 
lower 

surface 

cross-

section 

upper 

surface 

lower 

surface 

cross-

section 

upper 

surface 

without pore 

precursors 

rare pores,  

2–5 µm 
5–15 µm 3–10 µm 

rare pores,  

1–5 µm 
15–30 µm 15–25 µm 

PVP 

rare pores,   

 ̴ 5 and  

25–40 µm 

15–30 µm 5–20 µm 
̴ 5 and  

25–40 µm 
20–75 µm 5–15 µm 

PEG 
practically no 

pores 
5–15 µm 5–10 µm 

practically no 

pores 
15–70 µm 10–25 µm 

Pluronic® 
rare pores,  

5–15 µm 
5–30 µm 5–15 µm 

rare pores 

15–30 µm 
15–50 µm 10–15 µm 

NaCl 
rare pores, 

10–15 µm 

5–10 and 

30–40 µm 

10–15 

µm 

rare pores,  

 ̴ 30 µm 

10–15 and 

30–50 µm 

5–15 and  

 ̴ 30 µm 

The polyesters membranes obtained by inversion phase method are 

charaterised by asymmetric structure. The lower surface is not very porous. In the 

cross-section occurred multiple pores. The upper surface is more porous than lower 

one. This structure prevents the falling out of the cells by less porous surface and 

allows entry of cells into the porous cross-section by porous surface. 

Effect of one kind of pore precursor on morphology of membranes for each 

polyester is different. Addition of poly(ethylene glycol) for PCL membranes  favor 

the formation of bigger pores, while for PLLA promotes the formation smaller pores, 

compared to the method without pore precursor.   

The addition of PVP as a pore precursor is favorable for the morphology of 

the PLLA and PCL membranes. In the membranes obtained with the addition of PVP, 

the upper surface is much more porous, than lower one. Moreover, the pores in the 

cross-section are larger in size. In the case of PCL membranes good results give too 

addition of PEG as a pore precursor. Effect of addition of other pore precursors is 

disadvantageous, porosity of surface and size of the pores in cross-section of the 

membranes are insufficient for cell cultures. 

 

CONCLUSION 

The influence of the addition of the pore precursors on the morphology of 

semi-permeable membranes was examined. The membranes were made from poly-L-

lactide or poly-ε-caprolactone.  

The results show that membranes obtained without pore precursor have 

insufficient morphology for tissue engineering. The cross-section should contain open 

pores about the diameter above 10 µm. Surfaces, expect on of them should have 
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multiple pores about diameter, because it allow for entry of cells to cross-section of 

the membranes. In membranes obtained without pore precursor one of the surfaces is 

not enough porous and cells have difficultly access to inside of the membranes. For 

this reason it is necessary to modify the methods for the preparation of membranes, 

which consists of addition of a pore precursor. 

For each polyester should be selected kind of used pore precursor. Certain 

pore precursor for one polyester could promote occur bigger pores, and for other 

polymer – smaller pores (e.g. PEG and PLLA and PCL membranes).  

The PCL membranes, compare to the PLLA contain bigger pores in cross-

section, either in the case of using addition of pore precursor or not. This polyesters 

differ in mechanical properties and degradation rate, therefore depending on desired 

properties should be selected polymer. The studies of mechanical properties and 

degradation rate of discussed membranes are continued. 
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ABSTRACT 

The paper presents a laboratory investigation of high-temperature resistant 

optical fiber couplers and interferometers for an application in interferometric optical 

fiber sensors constructions. The measured optical fiber couplers as well as Mach-

Zehnder interferometers have been performed to operate in a wide temperature range 

up to 750oC. In order to test their main parameters a special measuring system has 

been constructed. Requirement of high-temperature resistant fiber optic sensors 

operating properly up to the temperature equals 750oC is dictated by industry needs. 

Mechanical or electronic systems are not able to function in such wide range of the 

temperature.  

 

INTRODUCTION 

Rapid growth of a fiber optic telecommunication definitely has exceeded an 

optimistic prediction of many scientists. A new generation of sensors has emerged 

due to the telecommunication and optoelectronics development. The fiber optic 

sensors represent a family of the optoelectronic devices that can be used to measure a 

lot of physical quantities, for instance: displacement, pressure, temperature, flow rate 

and chemical composition of substances [1 - 3]. 

The requirement of the high-temperature fiber optic sensors operating 

properly up to the temperature equals 750oC is dictated by industry needs. The 

mechanical or electronic systems are not able to function in such wide range of the 

temperature. Widespread piezoelectric sensors used to measure vibration, acceleration 

or substance flow have limitations due to, inter alia, the Curie temperature. For 

instance, the power plants requires liquid flow sensors which operate stable and 

properly in cooling circuits or driving a turbine generator. Diameters of the pipes, 

electromagnetic field generated by a generator, vibrations caused by the operation of 

equipment should not effect on the measurements correctness. Sensors operating in 

such environmental conditions have to be stable in the wide temperature range. 

The wide operating temperature range of the sensor affects its versatility, it 

simplifies system design and reduces the number of components used to 

measurements. Instead of using two different sensors (for the low and high 
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temperature range) it is more advantageous to assembly one stable sensor system. It 

simplifies control, calibration as well as collected data analysis.  

The analysis of the optical components for optical fiber sensors based on the 

Mach-Zehnder interferometer demands taking into account lots of factors which 

influence on the device operating. The optical fiber couplers have to assure an precise 

50% distribution of the beam and do not change the parameters of the beam 

polarization. However, the output polarization state depends on beam’s birefringence, 

its rate-of-turn, optical fiber orientation as well as modes coupling anisotropy [4]. The 

conditions of interference have to be fulfilled in order to obtain maximal value of an 

interference fringes contrast. The most significant interference conditions are 

following: coherence of interfering waves, properly selected optical paths in the 

interferometer arms as well as Fresnel-Arago conditions [5] regarding the polarization 

state of the interfering beams.  

In the paper the investigation of the high-temperature optical fiber couplers 

and interferometers have been presented. The measurements have been carried out in 

the temperature range from 23oC to 800oC. The analysis of the carried out 

experimental tests gave opportunity to verify thermal stability of the selected elements 

and their application in the high-temperature resistant interferometric sensors.  

 

INVESTIGATED OPTICAL FIBER COMPONENTS  

Two types of the optical fiber couplers and two types of the optical fiber 

Mach-Zehnder interferometers operating in the various range of temperature have 

been investigated. As the low-temperature resistant optical fiber coupler (Fig. 1) 

operating in the temperature range between -40°C to 85°C the commercially available 

coupler X (FIBRAIN, Poland) has been used with following parameters [6]: coupling 

ratio: 50%, wavelength: 780 nm, channels directionality: <=0.7 dB, maximal insertion 

loss: <=3.7 dB, work temperature: -40oC - 85oC. Its construction consist of a standard 

single mode fiber. An area of coupling have been protected by a metal tube with 

dimensions: length L=55m, diameter φ = 3 mm. The single mode fiber was connected 

using a glue EPO-TEK. Additionally, an interior of the tube is filled by a silicone 

elastomer set of Sylgard- operating range -45oC - 200°C [7]. 

 
Fig. 1. Low-temperature resistant commercial fiber optic coupler. 

The second type of the coupler – high-temperature resistant optical fiber 

coupler (Fig. 2) – has been constructed using glass elements, a special glue 

characterized by operating temperature up to 1371oC and a single-mode optical fiber 

covered by a copper. The copper cover was applied in order to a thermal protection 

[8-10]. 
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Fig. 2. High-temperature resistant optical fiber coupler used during measurements. 

The measured Mach-Zehnder interferometers have been constructed using the 

above described low-and high-temperature resistant optical fiber couplers. 

 

MEASURING SETUP 

In order to determine the coupling ratio, insertion losses as well as 

interference fringes contrast of the optical fiber elements in function of the 

temperature and input beam polarization state the special measuring system has been 

constructed. This system consist of (Fig. 3): computer (gathering and processing of 

collected data), polarimeter (observation of polarization state of the beam launched 

into coupler/interferometer as well as optical power meter), induction heater  

(it allowed to obtain the temperature range of 23°C - 800°C), programmable 

temperature controller with thermoelement (control of the temperature inside the 

heater chamber), two FC/APC adapters (optical fibers connection minimalizing back 

reflections, maximal value of attenuation – 0.15 dB [11]), polarization adjuster 

(adjustment of the various polarization state of the input beam), semiconductor laser 

Vertical Cavity Surface Emitting Laser (VCSEL) (source of light, 850 nm 

wavelength), power supplier (laser power supply), function generator (modulation of 

the optic fiber interferometers), oscilloscope (observation of the sinusoidal signal of 

the interferometers), photodetector (measurement of the optical power of output 

interferometer). 

The electromagnetic radiation emitted by the VCSEL is transmitted through 

the optical fiber terminated with the FC/APC adapter. Then, using the fiber optic 

adapter the beam is launched into the fiber polarization adjuster. The polarization 

adjuster consists of the optical fiber wound on the three loops and a special controller 

frame (Thorlabs). It enables to change the polarization state by changing positions of 

the loops. The polarization state is controlled by the polarimeter. After the selected 

polarization state obtainment the optical fiber is connected to one of the X coupler 

port or interferometer arm. The measured optical fiber element is placed in the 

induction heater. The outputs of the optical elements are connected to the polarimeter 

(in case of optical fiber couplers measurements)/photoedetector and oscilloscope (in 

case of optical fiber interferometers measurements) in order to measure the output 

optical power as well as observe polarization state/sinusoidal signal. 
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Fig. 3. Block diagram of the measuring setup. 

The modulation by wavelength of the light source has been applied during the 

Mach-Zehnder interferometers investigation. The frequency change of the laser 

emission (ν) causes a phase shift in an output signal of interferometer [2]. It is well 

known that frequency of the laser emission can be change in a small range by the 

supplying current change. The phase shift (ϕ) induced by the change of the laser 

emission frequency can be described by the following dependence [2]: 

 dϕ =
2πΔLnef

c
dν (1) 

where: nef – the effective refractive index of the mode, ΔL – optical path length 

difference of the interferometer, c – speed of light in vacuum. The function generator 

allows to modulate the supplying current of the VCSEL. The modulation was 

performed using sawtooth curve with 1 kHz frequency. 

The described above measuring setup allows to determine the temperature and 

polarization characteristics of the optical fiber couplers and interferometers.  

Fig. 4 presents particular steps of the research. During the measurements one applied 

the six selected polarization states: left-handed circularly, right-handed circularly, 

vertically linear, horizontally linear, left-handed elliptical and right-handed elliptical 

polarized light. 

 

 
Fig. 4. Block diagram of the carrying out measurements algorithm. 
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RESULTS 

The major parameters of the optical fiber coupler, regarding their technical 

application, are the coupling ratio and insertion losses (simplifying - losses). A good 

quality commercial optical fiber coupler is characterized by the losses lower than  

1 dB. The operation of the optical fiber sensors without any disturbances requires the 

stability of coupling ratio in entire work temperature range.  

a)  c)  

b)  d)  
Fig. 5. Coupling ratio and losses versus temperature for the: a),b) low-temperature resistant coupler; 

c),d) high-temperature resistant coupler. 

Fig. 5. presents the temperature characteristics of the low-and high-

temperature resistant optical fiber couplers. The obtained characteristics for the low-

temperature coupler (Fig. 5a and 5b) indicated that the coupler had 52% coupling ratio 

and about 1 dB value of losses up to the temperature equals 300oC. The coupler has 

been damaged in the temperature equals 400oC. The experimentally obtained 

operating temperature (approximately 300oC) in comparison to manufacturer’s data 

(85oC) had exceeded the assumed value. 

Many elements used in optical systems is characterized by dependency of 

losses versus polarization of the optical signal. This phenomenon is named 

Polarization Dependent Loss (PDL) [12]. The measuring system presented in the  

Fig. 3 allowed to change the polarization state of the input signal. The low-

temperature coupler have not shown the dependency of polarization state both in the 

case of the coupling ration and the value of measured losses. The determined mean 

square deviation of the coupling ratio and losses is lower than 5% during various 

polarization state of input beam (excluding temperature equals 400oC when the 

coupler was damaged).  

The temperature characteristics for the high-temperature resistant coupler has 

been presented in the Fig. 5c,5d. In the temperature range from 23oC to 500oC the 
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coupling ratio is equal approximately to 50%. Nevertheless, after the temperature 

equals 500oC the coupling ratio evidently increased. It is the temperature at which the 

intense oxidation process of the copper occurs. The characteristic of the coupling ratio 

versus temperature above the temperature 500oC can be explained by the damage of 

the optical fiber protective copper layer which introduces the high thermal stresses.  

The losses dependence as well as values of the mean square deviation 

indicated that the polarization state does not influence on the high-temperature 

resistant coupler’s parameters. The value of losses in the temperature range from 23oC 

to 800oC varies in the range from 2.11 dB to 2.65 dB. For the commercial coupler the 

losses did not exceed 1 dB up to the temperature equals 300oC. The higher value of 

the losses is caused by stresses introduced the by high-temperature glue. The glue 

introduced additional stresses and microbending in the area of gluing. 

a)  b)  

c)  d)  

Fig. 6. Interference fringes contrast and losses versus temperature for the: a),b) low-temperature 

resistant interferometer; c),d) high-temperature resistant interferometer. 

 Interferometric fiber optic sensors designed to detect external physical factors 

are characterized by the high sensitivity. The effect named polarization-induced 

fading (PIF) [13] can be observed when an interferometer is constructed using a 

standard optical fiber. This phenomenon causes the fading by the polarization state 

fluctuations. It can produce wide limitations. Therefore, the thermal and polarization 

characteristic of the Mach-Zehnder optical fiber interferometers have been determined 

and presented in Fig. 6. The low-temperature resistant interferometer obtained value 

of interference fringes contrast in range of 89.99% –95.52% which is acceptable 

value. The contrast does not depend on the temperature in the range from 23oC to 

200oC where mean square deviation does not exceed 2% during various input 

polarization state. It indicated that contrast is not depend on polarization state. 
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The measured losses of the low-temperature resistant interferometer do not 

exceed 3 dB which it is the acceptable value taking into account that low-temperature 

resistant optical fiber coupler had losses about 1 dB. The temperature equals 300oC 

caused damage of the interferometer.  

In case of the high-temperature resistant interferometer the value of contrast 

is on the same level (about 55%) up to the 500oC temperature. The rapid and linear 

decrease of the contrast one can observed after the temperature equals 600oC. The 

values of mean square deviation distinctly exceeded the value of the measurement by 

50% which is caused by various input polarization state of the beam. This 

phenomenon can be explained by application of the high-temperature resistant glue 

which induced the birefringence of the single-mode optical fiber by introducing 

stresses.  

The graph in Fig. 5d can be split into two characteristic ranges. The first one 

including the temperature range from 23oC to 500oC has linear course and the losses 

are equal about 6dB. The course of the second one including the temperature range 

from 500oC to 800oC increases exponentially to the value 11.82 ± 0.83 dB for  

T = 800oC. The low value of the mean square deviation (lower than 10%) indicated 

that the various polarization states do not have effect on the losses of the high-

temperature resistant interferometer. The losses of the high-temperature resistant 

interferometer are higher than the losses of low-temperature resistant interferometer 

it can be caused by the special high-temperature glue which could introduce 

microbending.  

 

CONCLUSION  

The main parameters of the optical fiber couplers and Mach-Zehnder 

interferometers have been investigated. The thermal and polarization characteristics 

for low-and high-temperature resistant optical elements have been drawn. The curve 

of coupling ratio versus temperature for the low-temperature resistant optical coupler 

in the temperature range of 23oC - 300oC has linear course and the value of the 

coupling ratio equals 52%. The low-temperature resistant coupler showed thermal 

stability and lack of input polarization state influence on the main parameters. The 

high-temperature resistant optical coupler was stable up to the temperature 500oC. The 

output optical power fluctuated in the temperature above 500oC due to the oxidation 

of the copper which covered the optical fiber for the protection. The parameters of the 

both couplers did not change during the various polarization states of the input beam.  

The low-temperature resistant interferometer operated without fluctuations in 

the temperature range from 23oC to 300oC. The interference fringe contrast had value 

in the range from 89.99% to 95.52%. This interferometer was stable during the 

temperature and polarization state changes. The contrast and losses characteristics 

were not disturbed to the temperature equals 300oC and by various input polarization 

states.  
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The high-temperature resistant interferometer was very sensitive to the 

polarization state of the input signal due to the induced birefringence of the optical 

fiber. The birefringence of optical fiber (in the place of glue impact)  causes arbitrary 

changes of the propagating light. It causes disturbances of the interference conditions 

and consequently influences on the value of the interference fringes contrast.  

In order to eliminate polarization influence on the interferometer operation it 

is possible to apply a special photonic optical fiber or an automatic polarization 

controller.  

The paper pointed out the main disadvantages of the high-temperature 

resistant elements for the sensor construction which have to be eliminated before their 

application in industry. Nevertheless, the investigated optical fiber elements give 

promising opportunity to construct a new high-temperature resistant optical fiber 

sensors. 
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ABSTRACT 

The paper presents theoretical and experimental studies of selected 

parameters of a promising laser for an optical fiber sensor application. Main 

advantages of the vertical-cavity surface-emitting lasers (VCSELs) include extremely 

low threshold current (below 1 mA), low cost, single transversal and longitudinal 

mode operation, an ability to use an operating current for a wavelength modulation. 

These features made the laser sources very attractive for application in interferometric 

fiber optic sensors (in contradiction to edge emitting semiconductor lasers). In the 

paper Author presented laboratory results which confirm an opportunity to modulate 

VCSELs’ wavelength by the operating current. Moreover, the VCSELs’ polarization 

stability has been verified due to their future application in interferometric optical 

fiber sensors application.  

 

INTRODUTION 

 A standard optical fiber interferometric sensor consists of three basic 

elements: source of the light, interferometer and electronic detection system [1].  

An industrial application of these sensors requires not only a high sensitivity but also 

a minimization of costs and dimensions. Unique properties and parameters of the 

semiconductor lasers - VCSELs - such as low threshold current (below 1 mA), mass 

production, opportunity to modulate wavelength by operating current make VCSELs 

appropriate sources of light for the optical fiber sensors construction in comparison to 

other standard lasers [2-4]. Moreover, VCSELs offer quasi-single mode operation, 

high efficiency, easy integration with electronic circuits as well as high power per unit 

area. The dimension minimization of sensors by using VCSELs is big advantage as 

well [2,4,5]. VCSELs are commonly used for a keyboard mouse construction which 

obtained much higher speed than standard optical keyboard mice. There are also an 

narrow area of production of specialized VCSELs for spectroscopy [6]. The 

application of VCSELs in the interferometric optical fiber sensors [7-10] requires an 

assumption that the environmental and work conditions do not effect on their 

parameters. Polarization state or wavelength changes induced by the temperature or 

operating current could be adversely affect a performance of the sensor and introduce 

incorrect recordings [1]. The paper reviews theoretically and experimentally an 

operating current influence on the wavelength and polarization state of the VCSELs 
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output signal. The aim of the studies is to confirm the VCSELs’ polarization stability 

as well as wavelength modulation by the operating current. The polarization state of 

laser output beam is very significant in the interferometric sensors in order to fulfill 

the Fresnel-Arago [7] conditions what reflect an interference fringes contrast. The 

sensitivity in the interferometric sensors depends on the fringes contrast. The 

polarization switching in VCSELs is commonly observed between the two orthogonal 

linearly polarized states in a fundamental mode [11, 12]. This phenomenon is result 

of their cylindrical symmetry and surface emission. Nowadays, there are solutions to 

control the polarization of VCSELs output light by affecting the transverse guiding 

and/or introducing mode-selective loss or gain as well as introducing different kinds 

of anisotropy [13, 14]. In order to verify the polarization stability the two VCSELs 

have been investigated, one of them was with “polarization locking” and the second 

one was without this option. Presented investigation verifies the VCSELs’ application 

for the optical fiber sensors construction which requires polarization stability.  

 

THEORETICAL BACKGROUND 

Definition of a threshold current 

Threshold current is a current flowing through a laser diode at which laser’s 

amplification achieves value sufficient for a lasing. When the current is lower than 

the threshold value, the recombination of electrons and electron holes will not cause 

the lasing and the emitting light is incoherent.  

 

Emission spectrum of semiconductor lasers 

 The laser emission spectrum depends mostly on the temperature and the 

operating current [15]. The changes of the temperature strongly effect on the behavior 

of the laser that it has become the method of a tuning. In order to obtain  

a narrow spectrum and reduce the number of modes the operating current must first 

increase above the threshold, below which the spectrum is broad (Fig. 1). A pumping 

signal increase causes moving the wavelength to the red part of the spectrum. 

The operating current increase causes a heating of the junction, and it produces 

refractive index growth, moving the gain to the longer wavelengths. The higher 

temperature increases the wavelength, so that it contributes to the decline in the width 

of band gap (Fig. 2). 
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Fig. 1. Light intensity of a semiconductor laser 

depending on the operating current: [4] 

a) I = 100 mA, P = 10 mW, b) I = 80 mA,  

P = 4 mW c) I = 67 mA, P = 67 mW. 

Fig. 2. Spectrum of semiconductor 

laser versus temperature [4]. 

 

 

Mathematical description of the polarization beam 

Definition of the fundamental parameters defining the polarization of the light beam 

An ellipticity e is determined as a quotient of minor and major axis of an 

polarization ellipse e = a/b. The ellipse describes propagation of the light wave in  

z direction. The angle of the ellipticity is more universal value which is defined by the 

following relationship [7]: 

ɛ = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑏

𝑎
)      (1) 

For circular polarization, |ɛ| = 45˚. The azimuth is the angle between the Ex axis and the 

major axis of the ellipse.  

 
Fig. 3. Definition of azimuth and ellipticity in the polarization description [16]. 

 

Another very important parameter describing the light polarization is the degree of 

polarization (DOP). It is defined as the quotient of the polarized light beam intensity to 

the total intensity of the light beam. 

𝐷𝑂𝑃 =
𝐼𝑝

𝐼0
         (2) 

where: Ip – intensity of the polarized light beam, I0 – total intensity of the light beam. 
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MATERIALS AND METHODS  

The two types of VCSLEs have been selected for experimental studies. They 

operate at the wavelengths around 850 nm and have manufactured by ULM Photonics 

based on GaAs/AlGaAs quantum-well. In the paper they are named VCSEL-1 and 

VCSEL-2. “Polarization locking” is the basic difference between them. The VCSEL-

1 is equipped with “polarization locking” and should have stable polarization of the 

output beam. Tab.1 presents the main parameters of the investigated VCSELs.  

 

Tab. 1. Main parameters of the investigated VCSELs. 

Parameter Unit 
Manufacturer’s data 

VCSEL-1 VCSEL-2 

Threshold current mA 0.99 0.65 

Max. optical power mW 0.35 0.44 

Max. operating current mA 2.87 3.02 

Temperature ˚C 25 25 

Wavelength nm 850 850 

 The lasers were coupled to the standard SMF-28 single mode optical fiber. The 

integrated structure of the VCSEL with the optical fiber is shown in Fig. 4a. Fig. 4b 

presents the construction diagram of the coupling module. 

a) 

 
b) 

 
Fig. 4. Laser coupling module: a) Technical realization of coupling laser module with the optical fiber, 

b) Schematic diagram of the laser coupling module with the optical fiber. 

 

THE MEASURING SYSTEM  

 There was constructed the measuring system shown in Fig. 5 in order to 

measure the changes in polarization features and wavelength of emitted light by the 

VCSELs.  
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Fig. 5. Block diagram of the measurement system to study the polarization features of VCSEL. 

It consists of: computer (gathering and processing of collected data), 

polarimeter (observation of polarization state of the beam), VCSEL (source of light, 

850 nm wavelength), power supplier (laser power supply). In order to determine the 

dependence of laser wavelength as a function of the operating current the polarimeter 

was replaced by the Optical Spectrum Analyzer (OSA). Polarimeter (ThorLabs) has 

precision values of ellipticity and azimuth  ±. The optical unit of the polarimeter 

consists of the: rotating quarter-wave plate, fixed polarizer, and photodiode (see  

Fig. 6). The wave plate transforms the input polarization depending on the actual 

rotating angle. Then, the polarizer only transmits the portion of the light with its 

polarization parallel to the transmission axis. As a result, the polarization modulation 

is converted into an amplitude modulation. The photodetector supplies a current that 

is proportional to the optical power. The Fourier transformation is used to calculate 

accurately all polarization relevant parameters like SOP, DOP, azimuth, ellipticity, 

Stokes vectors, etc. 

 
Fig. 6. Scheme of rotating wave plate technique [17]. 

 

 The external sensor head IR1 type enables measurements in the range 

wavelength from 700 ÷ 1000 nm. The measured laser was connected to the 

polarimeter with the aid of FC/PC connector. The optical fiber was put freely in order 
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to eliminate stresses and bends which could cause micro-crack and introduce 

damping.  

 Changing of the passage of current through the VCSEL structure provided 

the possibility of adjusting the generator power (ThorLabs). Range of measurement: 

from 0.2 ÷ 2.0 mA.  

 

RESULTS 

Dependence of laser wavelength as a function of the operating current 

VCSEL emission spectrum depends considerably on the current flowing 

through the structure. It is also a method of tuning the wavelength of these devices. 

The most significant aspect is to exceed the threshold current, which gives 

considerable stability and more efficient operation of the lasers. It is a requirement to 

obtain the laser’s action, which gives coherent electromagnetic radiation.  

 Both lasers (VCSEL-1 and VCSEL-2) have demonstrated similar dependence of 

wavelength as a function of the operating current at temperature equals 20oC.  Graphs 

have a linear character in the range from 1.1 ÷ 2.0 mA and  

1.5 ÷ 2 mA for VCSEL-1 and VCSEL-2, respectively  (Fig. 7). Changes in 

wavelengths are in the range of 0.02 ÷ 0.05 nm/100 μA. 

a)

 

b)

 

Fig. 7. Dependence of wavelength as a function of the operating current at temperature 20˚C for: 

a) VCSEL-1, b) VCSEL-2.  

 

Changes of polarization parameters of VCSELs as function of the operating 

current 

 The VCSEL application in the sensor-systems basing on the interferometer 

requires linear and stable polarization state of the output beam. Measurements of the 

VCSELs’ polarization features are very significant due to the polarization switching 

in VCSELs which is commonly observed between the two orthogonal linearly 

polarized states in fundamental mode. Polarization experimental characteristics 

obtained for the VCSEL-1 are presented in Fig. 8 and Fig. 9.  In Fig. 8 are shown 

changes of the degree of polarization, while in Fig. 9a and Fig. 9b are shown the 

changes of parameters describing the polarization ellipse. 
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Fig. 8. Degree of polarization of VCSEL-1 depending on the operating current. 

 The degree of polarization is at first very low, not exceeding 50 %. Then the 

value increases. One can observe jump this value when the operating current is 900μA. 

There is the point where stimulated laser emission prevails over absorption and 

spontaneous emission, the laser action begins. This point has considerably higher 

value of the measurement uncertainty. There is the highest instability of the VCSEL. 

This indicates that the laser during the transition from incoherent recombination 

emission to the emission of coherent and polarized laser light shows the highest 

instability. After crossing 900 μA the characteristic is stable and has linear course. 

a)

 

b)

 

Fig. 9. Influence of the operating current on the polarization state for VCSEL-1: 

a) azimuth, b) ellipticity. 

 In Fig. 9a and 9b there are the same distinctive ranges as presented in Fig. 8. The 

initial changes of polarization are caused by majority of the spontaneous emission 

over stimulated emission. The characteristics are stable when the operating current 

has value over 900 μA. Discrepancies in characteristics, however, are not big and 

occur in the range between 8˚ for azimuth and 4˚ for ellipticity. 

The experimental results for laser VCSEL-2 are presented in Fig. 10 and in 

Fig. 11. The characteristics of the parameters polarization for the second laser have 

different courses than for the previous one. 

Ith 
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Fig. 10. Degree of polarization of VCSEL-2 depending on the operating current. 

 The characteristic of degree of polarization for VCSEL-2 has also clearly two 

ranges of laser operation, below and above the threshold current. Above threshold 

current, the value of degree of polarization changes with increasing of the operating 

current and reaches about 80%. One of the reason of this behavior may be a 

coexistence a few wavelengths for this laser. 

a)

 

b)

 

Fig. 11. Influence of the operating current on the polarization state for VCSEL-2: 

a) azimuth, b) ellipticity. 

In Fig. 11a one can indicate the characteristic point when the laser exceeded 

the threshold, i.e. 300 μA. The further course of the characteristics of the azimuth is 

stable, the maximal changes reach 7˚. However, characteristic of ellipticity is very 

irregular. These differences could be due to the use of the longer input optic fiber of 

the second laser or richer emission spectrum. Moreover, many scientists attributed the 

VCSEL's polarization switching to thermal effects induced by the self-heating of the 

laser's current [11]. In the case of VCSEL-1 during long-term operation in various 

operating current polarization instability was not observed. Therefore, VCSELs with 

“polarization locking” property can be used for optical fiber mass construction.  

 

 

 

Ith 
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CONCLUSIONS 

In this work the theoretical and experimental analysis of the innovative 

semiconductor source of the light have been presented. Nowadays the VCSEL  is 

highly appreciated and used in a wide application field. These devices offer high 

efficiency and opportunity for improving capabilities, such as: lower value of 

operating current, higher optical power per area unit, higher reliability  

(>107 h MTTF), possibility to operate in high temperature range, scalability, low 

costs, increasing the efficiency of coupling fiber, possibility to integrate the 1 - and  

2-dimensional array for parallel optical interconnects.  

Measurements carried out indicated that the VCSELs can be modulated by 

operating current changing. The obtained changes of the wavelength are in the range 

of 0.02 ÷ 0.05 nm/100 μA. 

The laser with the polarization locking (VCSEL-1) has stable 100% degree of 

polarization during operation, while the laser without polarization locking (VCSEL-

2) has unstable 80% DOP. VCSELs equipped with “polarization locking” allow for 

commercial fiber sensors mass constructions. Results of the research indicated that 

VCSELs are appropriate light sources for the optical fiber sensors construction only 

when they are equipped with polarization control. Moreover, the modulation of 

wavelength by the operating current is possible. Author reported the optimized 

(concerning polarization stability, efficiency and low power consumption) working 

conditions of the tested VCSELs allowing for their low-cost commercial application 

in optical fiber sensors. 

 

REFERENCES 

[1] Bahrampour A. R., Tofighi S., Bathaee M, Farman F., Optical Fibe Interferometers 

and Their Applications, Interferometry - Research and Applications in Science and 

Technology, Padron I. (Ed.), ISBN: 978-953-51-0403-2, InTech, 2012, Available 

from: http://www.intechopen.com/books/interferometry-research-and-applications-

in-science-and-technology/optical-fiber-interferometer-and-their-applications.  

[2] Bugajski M., Technology of semiconductor nanostructures applied to the 

production of photonic devices, VII Scientific Conference "Electron Technology" 

ELTE, Polanica Zdrój (in polish), 2000, 589-597. 

[3] Sarzała R., Czyszanowski T., Wasiak M., Dems M., Piskorski Ł., Nakwaski W., 

Panajotov K., Numerical Self-Consistent Analysis of VCSELs, Advances in Optical 

Technologies, 2012, 2012, doi:10.1155/2012/689519. 

[4] Ziętek B., Lasers, Scientific Publishing Nicolaus Copernicus University, Toruń (in 

Polish), 2009. 

[5] Ziętek B., Optoelectronics, Scientific Publishing Nicolaus Copernicus University, 

Toruń (in Polish), 2005. 

[6] Zappe H. P., Monti di Sopra F., Gauggel H. P., Gulden K. H., Hovel R., Moser 

M., High-spectral-purity VCSELs for spectroscopy and sensors, Laser Diodes and 

LEDs in Industrial, Measurement, Imaging, and Sensors Applications II; Testing, 



117 

 

Packaging, and Reliability of Semiconductor Lasers V - Proc. SPIE 3945, 2000, 106, 

doi:10.1117/12.380526. 

[7] Goldstein D., Polarized Light, Marcel Dekker Inc., 3rd edition, ISBN 

9781439830406, 2010. 

[8] Culshaw B., Dakin J. Eds., Optical Fiber Sensors: Systems and Applications, 

Artech House, Boston, 1989, 2. 

[9] Grattan K., Meggit B., Optical fiber sensors technology. Fundamentals. Kluver 

Academic Publishers, Boston, Dordrecht, London, 2000, 1-44. 

[10] Ghatak A., Thyagarajan K., An Introduction to Fiber Optics, Cambridge 

University Press, 1st edition, ISBN 9781139174770, 1998. 

[11] Yen Tsu-Chiang, Li Yueh-Chen, Wu Yu-Heng, Analogy between the Ising 

Model and the Polarization Switching of Vertical-cavity Surface-emitting Lasers, 

PIERS Proceedings, Prague, Czech Republic, 2015, 2069- 2073. 

[12] Tan M. P., Kasten A. M., Strand T. A., Choquette K. D., Polarization Switching 

in Vertical-Cavity Surface-Emitting Lasers With Anisotropic Cavity Geometry and 

Injection, IEEE Photonics Technology Letters, 2012 24, 9. 

[13] Ostermann J. M., Michalzik R., Polarization Control of VCSELs, Springer Series 

in Optical Sciences, 2012, 166, 147-179. 

[14] Gustavsson J.S., Haglund A., Soderberg E., Vukusic J., Modh P., Jedrasik P., 

Larsson A., Mode and polarisation control in VCSELs using shallow surface 

structures, IET Optoelectron., 2007, 1,  5. 

[15] Islam Khan N., Hayder Choudhury S., Ahmed Roni A., A comparative study of 

the temperature dependence of lasing wavelength of conventional edge emitting stripe 

laser and vertical cavity surface emitting laser, International Conference on Data 

Communication Networking and Optical Communication System, 141-1452011, DOI: 

10.5220/0003512101410145. 

[16] Azzam R. M., Bashara N.M., Ellipsometry and Polarized Light, North Holland 

Publication, Amsterdam, 1979. 

[17]http://www.jaybao-eo.com/image/page/download/Polarimeter.pdf, 20.03.2017. 

  



118 

 

The four-channel polarimeter to examining the selected optical elements 
Marlena Kwiatkowska  

Institute of Technical Physics. Faculty of New Technologies and Chemistry. Military 

University of Technology. Warsaw. POLAND 

e-mail: marlena.kwiatkowska@wat.edu.pl 

 

Keywords: polarymetry. polarimeter. Stokes vector. Mueller matrix 

 

INTRODUCTION  

The study of polarization parameters of various types of optical materials is a 

very important step in enabling their more late application. Full information 

describing a set of polarization properties of any material contained in the so-called 

Mueller matrix. Full information describing a set of polarization properties of any 

material contained in the Mueller Matrix. It requires obtaining measurements of 

Stokes vectors six distinctive polarization states. At this target polarimetric system are 

applied. One such system is a four-channel polarimeter that allows you to measure the 

Stokes vector elements of different centers and optical elements using the system of 

four photodetectors. The most important feature built the four-polarimeter is possible 

to register the state and degree of polarization of the light beam passing through the 

test elements in a moment of time. Cannot be used in most measuring devices. An 

essential element of verification of the quality of operation of this system is its proper 

calibration and comparative studies of the system standard. Therefore the present 

study will be presented measurement calibration system built with commercially 

available from Thorlabs polarimeter acting based upon the quarter-rotating. 

 

THEORERICAL BASES AND THE DESCRIPTION OF MEACURING 

METHOD  

The source of much optical information is rating polarization properties of the 

various optical elements based on the determination of the Mueller matrix of the 

optical element. Implementing the vector of Stokes S is necessary for the definition 

of the Mueller matrix. This vector describes the properties of polarized light beam and 

stores it in the following form [1]:  

 

                                                      S =  (

S0
S1
S2
S3

)                                                                  (1) 

 

Every components of this vector informs about the intensity of the light beam: 

𝑆0 the quantity of the intensity included in wave with horizontal or vertical 

polarization, 𝑆1 the quantity of the intensity move in polarization about angle +45° 

and -45°, 𝑆2 the quantity of the intensity connected with polarization right and left 

https://mail.wat.edu.pl/owa/redir.aspx?REF=aVZJhlcES5LtNNTIphsmNzqtGIQbE2ee4ksat-iuGbolu0NfPEnUCAFtYWlsdG86bWFybGVuYS5rd2lhdGtvd3NrYUB3YXQuZWR1LnBs
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circular.  In order to connect elements of this vector with parameters of the 

polarization of the light beam one should introduce him in the following form: 

                                               𝑆 = (

𝑆0
𝑆0𝑃𝑐𝑜𝑠2𝜓𝑐𝑜𝑠2𝜒
𝑆0𝑃𝑠𝑖𝑛2𝜓𝑐𝑜𝑠2𝜒
𝑆0𝑃𝑠𝑖𝑛2𝜒

)                                               (2) 

Where: P is a symbol of the degree of polarization and ψ, χ define state of polarization 

and they are associated with the measured vector S in the following way:  

                    𝑃 =  
√S1

2 + S2
2 + S3

2

S0
                        0 ≤ P ≤ 1                                       (3) 

                    ψ =
1

2
arctan (

S2
S1
)                           0 ≤ ψ ≤ π                                      (4) 

                        χ =
1

2
 arcsin (

S3
S0
)                    −

π

4
≤ χ ≤

π

4
                                     (5) 

Knowing the above definition of the Stokes vector and a method for 

identifying the parameters of the polarization of the light beam it is possible to present 

as the input Stokes vector S is transformed by optical element. This element is 

represented by the Mueller matrix producing the Stokes vector output S’. [2,3], 

S' MS. 

It is assumed that the relationship between the respective components of the 

vector S and the elements of the matrix M are linear. Mueller matrix is a sixteen-

element square matrix which from the point of view of measurement of optical 

components contains information about the basic parameters of the optical medium 

[3]. 

In this work to determine the elements of the Stokes vector four-channel 

polarimeter and polarimeter of the ThorLabs company has been used. Position for the 

measurement was composed of a light source a generator of the state polarization the 

polarization analyser and detector. Between the generator and the analyser there was 

set up an examined element what was shown in the picture 1.  In case of the 

examination liquid crystal cell system is equipped with the functional generator for 

controlling the liquid crystal by the electric field. Four-channel polarimeter consist of 

three beam-splitter cubes. three polarizers oriented at an angle of + 45° and one at 90° 

quarter-wave plate oriented at an angle 90° and four detector at the end of each 

channel. The detector is a semiconductor sensor for converting the signal light into an 

electric signal. This property allows the measurement of the intensity of the light beam 

at the output of the system. 
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Fig. 1. The measurement station to determine the parameters of Stokes vector. 

 

Principle effect of the above arrangement is following: the beam emitted from 

helium-neon laser illuminates the generator of the state of the polarization which is 

used for a synthesis of the desired state of the polarization. Generated state of the 

polarization of the light after the passage through the examined element is changing. 

These changes are being measured by the appropriately built system of the analyser 

of the polarization. Each detector is connected to an analogue card company Natural 

Instrument. This card has four separate analog inputs what the allowing simultaneous 

reading of results from each of them. The use of various optical elements for building 

each channel of polarimeter is used to get the complete Stokes vector of the analysed 

light beam. The intensity of the beam measured on each channel is proportional to the 

Stokes parameter - 𝑆0.  In addition the second channel contains information about the 

parameter 𝑆1. third parameter 𝑆2 and 𝑆3. and the fourth channel of 𝑆3.  These relations 

are described below [4, 6]:  

                                                    𝐼𝐷1 = 𝑎0𝑆0                                                                 (6) 

                                            𝐼𝐷2 =  𝑏0𝑆0 + 𝑏1𝑆1                                                          (7) 

                                       𝐼𝐷3 = 𝑐0𝑆0 + 𝑐1𝑆2 + 𝑐2𝑆3                                                       (8) 

                                           𝐼𝐷4 = 𝑑0𝑆0 + 𝑑1𝑆3                                                        (9) 

Where: I is the intensity of light beam measured on individual detectors. a. b. c. d – 

are coefficients of proportionality. S0. S1. S2. S3  - parameter of Stokes.  

From appointed parameters of Stokes were calculated Mueller matrices for 

the selected optical elements. The individual elements of the matrix were calculated 

from the following formulas [7]: 

𝑚00 = 
𝐼1𝐻 ∗  𝑆0𝐻 + 𝐼1𝑉 ∗ 𝑆0𝑉

𝑆0𝐻 + 𝑆0𝑉
 

 

𝑚10 = 
𝐼1𝐻 ∗  𝑆1𝐻 + 𝐼1𝑉 ∗ 𝑆1𝑉

𝑆0𝐻 + 𝑆0𝑉
 

 

𝑚01 = 
𝐼1𝐻 ∗  𝑆0𝐻 − 𝐼1𝑉 ∗ 𝑆0𝑉

𝑆0𝐻 + 𝑆0𝑉
 

 

𝑚11 = 
𝐼1𝐻 ∗  𝑆1𝐻 − 𝐼1𝑉 ∗ 𝑆1𝑉

𝑆0𝐻 + 𝑆0𝑉
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𝑚02 = 
𝐼1 (+45) ∗  𝑆0(+45) − 𝐼1(−45) ∗ 𝑆0(−45)

𝑆0(+45) + 𝑆0(−45)
 

 

𝑚12 = 
𝐼1 (+45) ∗  𝑆1(+45) − 𝐼1(−45) ∗ 𝑆1(−45)

𝑆0(+45) + 𝑆0(−45)
 

 

𝑚03 = 
𝐼1𝑅 ∗  𝑆0𝑅 − 𝐼1𝐿 ∗ 𝑆0𝐿

𝑆0𝑅 + 𝑆0𝐿
 

 

𝑚13 = 
𝐼1𝑅 ∗  𝑆1𝑅 − 𝐼1𝐿 ∗ 𝑆1𝐿

𝑆0𝑅 + 𝑆0𝐿
 

 

𝑚20 = 
𝐼1𝐻 ∗  𝑆2𝐻 + 𝐼1𝑉 ∗ 𝑆2𝑉

𝑆0𝐻 + 𝑆0𝑉
 

 

𝑚30 = 
𝐼1𝐻 ∗  𝑆3𝐻 + 𝐼1𝑉 ∗ 𝑆3𝑉

𝑆0𝐻 + 𝑆0𝑉
 

 

𝑚21 = 
𝐼1𝐻 ∗  𝑆2𝐻 − 𝐼1𝑉 ∗ 𝑆2𝑉

𝑆0𝐻 + 𝑆0𝑉
 

 

𝑚31 = 
𝐼1𝐻 ∗  𝑆3𝐻 − 𝐼1𝑉 ∗ 𝑆3𝑉

𝑆0𝐻 + 𝑆0𝑉
 

 

𝑚22 = 
𝐼1 (+45) ∗  𝑆2(+45) − 𝐼1(−45) ∗ 𝑆2(−45)

𝑆0(+45) + 𝑆0(−45)
 

 

𝑚32 = 
𝐼1 (+45) ∗  𝑆3(+45) − 𝐼1(−45) ∗ 𝑆3(−45)

𝑆0(+45) + 𝑆0(−45)
 

 

𝑚23 = 
𝐼1𝑅 ∗  𝑆2𝑅 − 𝐼1𝐿 ∗ 𝑆2𝐿

𝑆0𝑅 + 𝑆0𝐿
 

 

𝑚33 = 
𝐼1𝑅 ∗  𝑆3𝑅 − 𝐼1𝐿 ∗ 𝑆3𝐿

𝑆0𝑅 + 𝑆0𝐿
 

Results of measurements 

To build a four-channel polarimeter and the establishment of procedures for 

determining the Stokes parameters will examine the impact of the light beam from the 

selected optical elements. In the course of the study examined how they look Mueller 

matrix for elements such as a polarizer quarter-wave plate. Matrix are appointed from 

the parameters the Stokes obtained from four-channel polarimeter and polarimeter of 

Thorlabs company. 

 

Polarizer 

The designated matrix shows that the polarizer does not change phase as the 

parameters m22, m23, m32, m33 take the oscillating close to zero. It is possible to notice 

also that the examined polarizer is a linear polarizer. Significant values appear in the 

first two columns of the matrix. Values in the first two columns are calculated from 

the Stokes parameters related to the state of linear polarization of the vertically and 

horizontally.  

 

Tab. 1. Mueller matrix for polarizer. 

Mueller Matrix (four-channel 

polarimeter) 
Mueller Matrix (ThorLabs polarimeter) 

 

(

𝟎. 𝟒𝟎𝟒 𝟎. 𝟒𝟎𝟕 −𝟎. 𝟎𝟐𝟎 −𝟎. 𝟎𝟎𝟏
𝟎. 𝟒𝟐𝟐 𝟎. 𝟒𝟐𝟐 −𝟎. 𝟎𝟐𝟐 𝟎. 𝟎𝟏𝟏
−𝟎. 𝟏𝟐𝟓 −𝟎. 𝟏𝟓𝟑 𝟎. 𝟎𝟏𝟎 −𝟎. 𝟎𝟏𝟐
−𝟎. 𝟎𝟏𝟐 −𝟎. 𝟏𝟎𝟑 −𝟎. 𝟏𝟐𝟎 −𝟎. 𝟎𝟎𝟏

) 

 

(

0.430 0.429 0.034 0.004
0.429 0.429 0.034 0.004
−0.002 −0.002 −0.005 −0.004
−0.018 −0.018 0.003 −0.005

) 
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Quarter-wave plate 

Tab. 2. Mueller matrix for quarter-wave plate. 

Mueller Matrix (four-channel polarimeter) Mueller Matrix (ThorLabs polarimeter) 

 

(

𝟎. 𝟗𝟔𝟕 −𝟎. 𝟎𝟎𝟏 𝟎. 𝟎𝟎𝟗 −𝟎. 𝟏𝟐𝟒
𝟎. 𝟎𝟐𝟔 𝟎. 𝟎𝟎𝟏 −𝟎. 𝟎𝟏𝟕 𝟎. 𝟗𝟒𝟗
−𝟎. 𝟏𝟑𝟕 −𝟎. 𝟎𝟎𝟓 𝟎. 𝟖𝟕𝟓 −𝟎. 𝟎𝟒𝟒
−𝟎. 𝟎𝟎𝟔 −𝟎. 𝟗𝟏𝟐 −𝟎. 𝟏𝟐𝟕 −𝟎. 𝟎𝟐𝟒

) 

 

 

(

0.892 0.024 0.013 −0.001
−0.037 −0.033 −0.083 0.917
0.018 −0.011 0.914 0.088
−0.026 −0.895 0.002 −0.039

) 

 

From the calculated Mueller matrix can be deduced what angle relative to the 

incident beam has been set quarter-wave plate. The location of significant values 

shows that the test element is set at an angle of -45°. For such a case the significant 

values appear in m00. m13. m22. m31 and the last parameter is with the minus sign.  

 

EXAMINATION OF THE IMACT OF THE LIQUID CRYSTAL CELL ON 

THE STATE OF POLARIZATION OF LIGHT 

Four-channel polarimeter built to test how the properties of polarized light 

beam after passing through the liquid crystal. Measuring station for testing a liquid 

crystal cell it is not converted in relation to the previously performed measurements. 

It consists of a generator and analyzer of the polarization state of light. Analyzer of 

the polarization state are four-channel polarimeter and polarimeter of Thorlabs. 

Examine the liquid crystal requires the preparation of a special measuring cell  

(a scheme of the cell shown in the following figure). During the experiment used cells 

measuring a thickness of 15 μm.  

 
Fig. 2. Scheme of the liquid crystal cell [5]. 

 

In the nematic liquid crystal the molecules form a localized area with  

a specific orientation. When the electrodes will connected to a voltage less than 5V 

the liquid crystal molecules will be arranged with their long axes at an angle (from 0° 

to 90°) to the direction of the electric field. When application of a maximum allowable 

voltage (5V) causes the molecules are arranged in parallel with the electric field 

vector. When the forces of the electric field is removed the molecules of the substance 

nematic return to their initial order. [5]  
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Therefore to make the appropriate measurements had to be measuring cell 

filled with nematic liquid crystal connected to functional-arbitrary generator in order 

to work with external electric field. Designated Stokes vectors for the light beam after 

passing through the measuring cell allowed to determine the Mueller matrix. Matrices 

have been determined for each voltage electric field. Obtained so twenty-eight matrix 

which graphically presented on Fig. 3. 

Analyzing the graphs which are graphical presentation of Mueller matrix it 

can be seen that the measurements made using four-channel polarimeter are very close 

to measurements measured using a reference polarimeter.  

 

 
Fig. 3. Graphical representation of Mueller matrix calculated from the Stokes parameters measured by 

the four-channel polarimeter (black line) and polarimeter ThorLabs (grey line). 

 

CONCLUSION 

Analysing of the results of measurements made using a built polarimeter four-

channel for testing of selected optical elements can provide the following conclusions: 

examine the impact of individual components of the four-channel polarimeter on the 

change the polarization of the light beam it helped build a system capable of providing 

the full Stokes vector for the analyzed light beam from the get intensity from four 

detectors of the polarimeter. At using the four-channel polarimeter was examined 

influence of optical elements so as the polarizer and quarter-wave plate for the change 

of the polarization of the light beam through by them. The impact of individual centers 

on the optical beam of light was presented in the form of a Mueller matrix. Built 

measuring system made it possible to examine the liquid crystal cells in a static mode. 

Obtained in measuring Mueller matrix are presented in graphical form. Analysis of 

the results from the measurement of static allowed noted that the liquid crystal to 

change the phase of the light beam passed therethrough. Matrices designated from 
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Stokes parameter set for a four-channel polarimeter compared with the results of 

reference polarimeter allowing to note that these results are in good agreement.  
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ABSTRACT 

 The hydrodynamic studies of the novel construction of external loop  

airlift reactor were presented. The novel approach for hydrodynamic processes in the 

airlift reactor was based on the application of the rotating magnetic field (RMF). The 

values of the mixing time and the liquid circulation velocity were obtained using the 

tracer response method. The main aim of the presented work was to investigate the 

influence of RMF frequency, the gas flow rate and the location of the RMF generators 

on the hydrodynamic parameters.  

 

INTRODUCTION 

The airlift reactors are classified as one of the important group of bubble 

devices. These apparatus are commonly applied for gas-liquid processes, such as 

production of organic acids, manufacturing pharmaceutics, antibiotics and enzymes 

or water purification [3]. The airlift reactors have a wide range of applications in both 

chemical engineering and biotechnology processes such as sulfur dioxide absorption 

[4], production of bacterial cellulose [6], biomass production from natural gas [18], 

bio-oxidation of minerals [15], antibiotics production [2], nitrification/denitrification 

process [17], batch phenol biodegradation [10], gibberellic acid production [7] and 

gluconic acid fermentation [16]. These devices offer simple and effective mixing in 

two-phase systems involving gases and liquids. The airlift reactor offers advantages 

of no moving parts, low shear power consumption and good mixing quality.  

Typically, the airlift reactor consists of two vertical regions: the riser, 

equipped with gas distributor, and the unaerated zone called the downcomer. These 

regions are connected with a gas-liquid disengagement section and 

a horizontal bottom section. In the case of this reactor, the liquid circulation is the 

result of the difference of the hydrostatic pressures between the aerated and unaerated 

sections.  

The hydrodynamic studies are the important part of the experimental research 

that enable the understanding of the processes inside the airlift reactors. The 

experimental relations describing the hydrodynamic parameters such as mixing and 
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circulation time or liquid circulation velocity in the internal [11, 12] and external loop 

[5, 8, 18] airlift reactors are often presented in the literature.  

Thus far, several studies have suggested that the magnetic field influenced the 

hydrodynamics in airlift reactors. Hristov [9] presented the interesting set of the 

examples of the magnetically assisted airlift and bubble columns. Al-Qodah and Al-

Hassan [1] performed the hydrodynamic and mass transfer studies in the magneto 

stabilized airlift fermenter. In the later work, Al-Qodah and Lafi [2] developed the 

model that enabled to describe the antibiotic production in magneto three phase airlift.  

The novel approach for hydrodynamic processes in the airlift reactor was 

based on the application of a rotating magnetic field (RMF). Rakoczy and Masiuk 

[14] published research results in the field of a mixing process under the action of  

a transverse rotating magnetic field. Przybył et al. [13] proved that the mixing system 

with the RMF generator may be successfully applied instead of a mixer for liquids. 

The main aim of this work was to present the experimental studies of the 

influence of the RMF on the mixing time and liquid circulation velocity in the novel 

construction of the external loop airlift reactor.   

 

MATERIALS AND METHODS 

The investigations were performed using the experimental set-up shown in 

Fig. 1.  

All the experiments were carried out in the external loop airlift reactor with 

the inside diameters of the riser and downcomer equal to 0.102 m and the height of 

0.94 m, respectively. The disengagement section with the width of  

0.285 m and the length of 0.80 m were filled with the tap water to the height of  

0.05 m. Air was injected into the riser zone by means of the sparger. The gas flow rate 

was varied between 2 and 14 dm3∙min-1. The superficial gas velocity in  the riser UGR 

was changed in the range between 0.004-0.0285 m∙s-1. The superficial gas velocity 

was calculated from the ratio of the flow rate of the gas and the cross-section of the 

riser column (this geometrical parameter of the tested airlift column was equal to  

0.0082 m2).  

The hydrodynamic characteristics were obtained using tracer injection 

method. As a tracer, 300 ml saturated sodium chloride solution was injected on the 

surface of the liquid in the downcomer. The conductive probes were located in the 

probe taps in the downcomer section. The distance between the probes was equal to 

0.65 m. The conductivity of the liquid were measured simultaneously and recorded 

by the multifunctional meters CX-701.  
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Fig. 1. Scheme of experimental apparatus: 1 – riser, 2 – downcomer, 3, 4 – T-connector,  

5 – sparger, 6, 7 – RMF generator, 8 – housing, 9 – disengagement section, 10 – connector,  

11 – pump, 12 – heat exchanger, 13 – internal coil, 14, 17 – electronic control box,  

15, 18 - transistorized inverter, 16, 19 – personal computer. 

The main part of this work was the investigation of the effect of the RMF 

(location of magnetic field generator and frequency) on the hydrodynamic parameters. 

The rotating magnetic field was generated by the stators of the three-phase 

asynchronous electrical engines located in the riser and the downcomer section, 

respectively. This kind of magnetic field induces a time-averaged azimuthal force, 

which drives the flow of the electrical conducting fluid in circumferential direction. 

The magnetic field lines rotate in the horizontal direction with the rotation frequency 

of the field. The RMF frequency f was changed in the range 10-50 Hz. The RMF with 

the magnetic induction B is controlled by means of the alternating current frequency 

equal to the frequency of the RMF. The values of the magnetic induction at different 

points inside the generator of magnetic field are detected by using the microprocessor 

magnetic induction sensors connected with the Hall probe and a personal computer. 

Basing on the records of the magnetic induction random signals the mean values of 

the parameter B at each sampling point was calculated. As follows from the analysis 

of the experimental data, the values of the magnetic induction are spatially distributed 
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and independent at the time. The spatial distribution of the magnetic field in the 

applied generator of the magnetic field is showed in Fig. 2. 

a) b) 

  
Fig. 2. The typical example of the contour patterns of the spatial distribution of the magnetic field 

induction in the cross-section of the RMF generator: a) f = 10 Hz; b) f = 50 Hz. 

On the basis of the experimental measurements, the maximal and averaged 

values of the magnetic field were obtained. These values are dependent on the value 

of the RMF frequency (see Table 1). 

 

Tab. 1. The maximal and averaged values of the magnetic field 

as a function of the RMF frequency. 

RMF frequency, f 
Maximal value of 

magnetic field, Bmax 

Averaged value of 

magnetic field, Bmean 

10 Hz 40 mT 24 mT 

30 Hz 51 mT 28 mT 

50 Hz 62 mT 34 mT 

All hydrodynamic parameters were determined based on the tracer response 

curve. The example of the curve obtained from the experimental data shown  

in Fig. 3.  
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Fig. 3. The example of the tracer response curve. 

The mixing time, defined as a time when the conductive of the liquid reach 

the 99% homogenization. First, the values of the conductivity of liquid were 

normalized and obtained from the following relationship (1): 

 𝐶𝑖 =
𝐶(𝑡)−𝐶0 

𝐶∞− 𝐶0
 (1) 

where: C(t) is the conductivity of the liquid in the time t, C∞ is the final conductivity 

value, C0 is the initial conductivity value of the liquid. 

The data can be conveniently replotted in terms of a probe log variance as a 

function of time. To obtain an overall mixing time for the system, the two probe 

responses must be combined and the relationship for two probes were defined as (2): 

 𝑙𝑜𝑔𝜎2 = 𝑙𝑜𝑔 {
1

2
[(𝐶1 − 1)

2 + (𝐶2 − 1)
2]} (2) 

where: C1 and C2 is the normalized experimental data for the first probe and the second 

probe, respectively.  

The liquid circulation velocity were determined as the quotient of the distance 

between the probe taps (0.65 m) and the time interval between the parallel peaks 

recorded for two conductive probes located in the downcomer. The relationship 

describing the liquid circulation velocity is following (3): 

 𝑈𝐿𝐷 =
∆𝑠

∆𝑡
  (3) 

where: Δs is the distance between the probe taps, Δt is the time interval between peaks 

(see Fig. 3.).  
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RESULTS 

Liquid circulation is a consequence of the different values of bulk densities of 

the liquid in the riser and the downcomer section. The liquid velocity is directly related 

to the gas hold-up in the both sections, also size and velocity of the bubbles. Moreover, 

the liquid circulation velocity has a significant effect on the heat transfer coefficients, 

gas-liquid mass transfer, shear forces and liquid turbulence in the airlift reactors [7].  

Furthermore, the mixing time is the parameter that enable the comparison of 

different type reactors and their hydrodynamic properties. Chaves et al. [7] proved 

that in the airlift reactors the mixing process consists of two components: backmixing 

as a result of recirculation, and axial dispersion in the riser and the downcomer due to 

the turbulent flow inside the reactor and different velocities of the gas and liquid 

phases.  

Fig. 4. show the liquid circulation velocities in the downcomer and the mixing 

time as a function of superficial gas velocity in the riser. The graphs represent the data 

obtained for the measurements without the effect of the exposition of rotating 

magnetic field.  

Fig. 4. The dependence of: a) tM = f(UGR) and b) ULD = f(UGR). 

The main part of the research concerned the investigation on the effect of the 

localization of the rotating magnetic field generators (in the riser or the downcomer 

section) on the values of the mixing time and the liquid circulation velocities.  

The experimental data of these parameters as a function of superficial gas 

velocity in the riser for the RMF frequencies varied in the range 0 – 50 Hz (the 

averaged values of the magnetic induction were changed in the range from  

0 mT and 34 mT) were plotted and shown in the Fig. 5.         

a) b) 
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Fig. 5. The dependence of: a) tM = f(UGR) and b) ULD = f(UGR)  

for the RMF exposition in the riser section. 

  The strong influence of the superficial gas velocity on the tested 

hydrodynamic parameters is presented in Fig. 4 and 5. The rapid decrease of the 

mixing time and the increase of the liquid circulation velocity with the augmentation 

of UGR were stated. Moreover, the research proved the effectiveness of the rotating 

magnetic field application. The decline of the mixing time (equivalent to the mixing 

process enhancement) results from the increase of the magnetic field intensity. The 

more noticeable effect of the RMF on the liquid circulation velocity measurement in 

the external loop airlift reactor is presented in Fig. 5b. This study showed that the 

maximal values of the ULD were obtained for the RMF frequency in the riser section 

equal to 30 Hz. This effect is probably resulted from the significant volume of the gas 

phase in the riser section due to the injection of air that could impede the RMF 

influence. 

  The liquid circulation velocities in the downcomer and the mixing time for 

the RMF exposition in the riser section were fitted to the correlations summarized in 

the Table 2. 

Tab. 2. The equations for the mixing time and liquid circulation velocity 

for the RMF exposition in the riser section. 

Parameter 
RMF frequency/averaged 

value of magnetic field 
Equation R2 

Mixing time tM 

0 Hz (0 mT) 𝑡𝑀 = 12.70 𝑈𝐺𝑅
−0.45 0.995 

10 Hz (24 mT) 𝑡𝑀 = 13.12 𝑈𝐺𝑅
−0.45 0.981 

30 Hz (28 mT) 𝑡𝑀 = 9.95 𝑈𝐺𝑅
−0.49 0.969 

50 Hz (34 mT) 𝑡𝑀 = 9.89 𝑈𝐺𝑅
−0.49 0.982 

Liquid 

circulation 

velocity ULD 

0 Hz (0 mT) 𝑈𝐿𝐷 = 0.46 𝑈𝐺𝑅
0.34 0.911 

10 Hz (24 mT) 𝑈𝐿𝐷 = 0.85 𝑈𝐺𝑅
0.41 0.953 

30 Hz (28 mT) 𝑈𝐿𝐷 = 0.86 𝑈𝐺𝑅
0.39 0.813 

50 Hz (34 mT) 𝑈𝐿𝐷 = 0.28 𝑈𝐺𝑅
0.16 0.600 

where: R2 is the coefficient of determination 

a) b) 
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It was observed that the gas-liquid mixture in the downcomer has different 

flow structure than in the riser. The lower hold-up of the gas phase in the liquid, the 

lack of the inlet flow of air and the higher density of the fluid are the main factors 

determining the circulation in the airlift reactors. The observations suggested that the 

exposition of RMF in the downcomer can influence on the hydrodynamic parameters 

in another way than in the riser. The results obtained for the generation of the rotating 

magnetic field in the downcomer section are presented in the Fig. 6. Similarly, the 

RMF frequencies were varied in the range 0 – 50 Hz (the averaged values of the 

magnetic induction were changed in the range from 0 mT and 34 mT).          

Fig. 6. The dependence of: a) tM = f(UGR) and b) ULD = f(UGR) for the RMF exposition in the 

downcomer section. 

 

Tab. 3. The equations for the mixing time and liquid circulation velocity 

for the RMF exposition in the downcomer section. 

Parameter 
RMF frequency/averaged 

value of magnetic field 
Equation R2 

Mixing time tM 

0 Hz (0 mT) 𝑡𝑀 = 12.70 𝑈𝐺𝑅
−0.45 0.995 

10 Hz (24 mT) 𝑡𝑀 = 12.95 𝑈𝐺𝑅
−0.45 0.994 

30 Hz (28 mT) 𝑡𝑀 = 13.48 𝑈𝐺𝑅
−0.43 0.914 

50 Hz (34 mT) 𝑡𝑀 = 15.03 𝑈𝐺𝑅
−0.39 0.839 

Liquid 

circulation 

velocity ULD 

0 Hz (0 mT) 𝑈𝐿𝐷 = 0.46 𝑈𝐺𝑅
0.34 0.911 

10 Hz (24 mT) 𝑈𝐿𝐷 = 0.72 𝑈𝐺𝑅
0.37 0.923 

30 Hz (28 mT) 𝑈𝐿𝐷 = 0.57 𝑈𝐺𝑅
0.37 0.705 

50 Hz (34 mT) 𝑈𝐿𝐷 = 0.85 𝑈𝐺𝑅
0.34 0.682 

where: R2 is the coefficient of determination 

 

The effect of the exposition of the RMF in the downcomer section on the 

mixing time and the liquid circulation velocity is more evident in comparison to the 

results shown in the Fig. 5. This fact could be determined by the lack of the air 

injection in this section. The mixing time decreased with the increase of the frequency 

of the RMF but, above all, the liquid circulation velocity was maximalized by the 

application of the RMF. It was stated that the higher values of the RMF induction 

generated in the downcomer section, the faster liquid circulation.  

a) b) 
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In the Tab. 3. the correlation describing the mixing time and the liquid 

circulation velocity for the location of the RMF generators in the downcomer are 

presented. 

CONCLUSIONS 

 Summarizing, the use of the RMF-assisted airlift reactor described in the 

current study allows to significantly increase the liquid circulation velocities. Another 

significant observation is the positive effect of RMF on the hydrodynamic condition 

in the tested reactor, confirmed by the mixing time. Therefore, it can be concluded, 

that the use of the RMF may provide a novel technique for improving hydrodynamic 

processes and when fully developed may find application in the bioprocessing 

applications.  
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ABSTRACT 

 The paper presents the results of manufacturing temperature sensor of  

a micrometer size based on taper technology, using a standard single mode 

telecommunication fiber SMF28. The materials of variable state of matter dependent 

on temperature in order to change light beam propagation were used.. Measurements 

were made in the wavelength range 800-1700nm. We used a supercontinnum light 

source and the main conclusion is that we can used these sensors in a whole range of 

wavelengths. Previous studies was in a small range 1270-1370nm for 

superluminescent diode [1]. Achievements of external losses for such sensor are 

below 0.2 dB. Obtained threshold temperature is equal to the conversion temperature 

of used materials for whole spectrum of investigated range. 

 

INTRODUCTION 

In the past decades development of optical fiber technology gave the 

possibility of manufacturing new elements with the diameter of several micrometers 

[2, 3]. The fundamental requirement for all projected and manufactured optical fiber 

elements is to secure light propagation inside the arrangements and make it highly 

replicable. In this way the in-line elements are very useful, especially for protecting 

all the system miniaturization. There are many ways to obtain such results. Now many 

investigations are focused on photonic crystal fibers (PCF) [4-6]. Unfortunately, this 

technology is still expensive regarding the cost of PCF and requires the use of 

advanced technology to make possible the connection of PCF with most of standard 

measurement equipment [6]. Many of works in PCF technology are concentrated to 

fill the air holes with a different type of material like liquid crystal [7, 8], but it also 

requires an additional set-up for filling holes.  

 Another way to obtain satisfactory results is the implementation of an optical 

fiber taper technology [9,10] The tapering technology is relatively easy and gives the 

possibility of continuous monitoring of the changes in the light propagation through 

the fiber during its tapering [10, 11]. Tapering process allows to change optional 

boundary condition of fibers without necessity of drawing new fibers. The theoretical 

and experimental investigation of changing core diameter and cladding diameter, as 

well as refractive index profile along the taper region [9-11] shows that there is a 

possibility to use a biconical optical fiber taper as basic element to manufacture an 

mailto:joanna.musial@wat.edu.pl
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advanced sensor from different factors [12]. Since the taper allows to control light 

beam propagation in the fiber, it gives very interesting possibility of connecting such 

structure with external material characterized by variable state of concentration [1]. 

Thus, different interferometric temperature sensors using the phenomenon of 

multimodal interference in tapered region and based on an optical fiber taper have 

been proposed [13, 14]. Another way of sensors’ designing is covering the taper waist 

with noble metal layers [12, 15] (platinum, gold etc.). Such case uses the principle of 

reflection and change of the boundary condition. Application of an additional material 

in the taper waist area caused increased the sensor sensitivity to detect parameters 

such as temperature [1, 13, 14], chemical and biological factors [15].  

In this paper as an additional material we used wax and paraffin. These 

materials are characterized by phase transitions liquid-solid at various temperatures. 

The result of this combination was a threshold sensor. The purpose of this study was 

to verify that the sensor operates in a wide range of wavelengths 800-1700nm. 

 

TECHNOLOGY OF TAPERED OPTICAL FIBER 

This paper presents results of manufacturing the in-line threshold temperature 

optical fiber sensor based on biconical optical fiber technology [1, 8]. The 

manufactured sensor is made in a low cost technology using an SMF28 made by 

Corning®. As an external material which influence the propagation were chosen 

paraffin and wax with the melting temperature higher than 61C. In the first part of 

the paper the applied technology with its main advantages is presented. This part also 

contains information on manufactured tapers, parameters which influence propagation 

properties, and characteristics of manufactured tapers, especially insertion losses. 

Second part of the described manufactured sensors along with description of 

measuring set-up using supercontinnum source Fianium secures measuring in a wide 

wave range between 800 nm and 1700 nm. Used as a detector the optical power meter 

precisely marks the melting temperature and, thus, the manufactured sensor 

sensitivity. Conclusions of the presented experimental results contain additional 

information about advantages of such sensors with special attention put on their use 

in mass production. 

The set-up for manufacturing advanced optical fiber taper elements used 

elongation process of a fiber in a low-pressure gas burner. Process of elongation is 

provided in melting temperature obtained by a heating part of the fiber region in  

a propane-oxygen flame. The fiber elongation is realized by an axial stretching at two 

points located symmetrically to the heating point. Figure 1 presents the functional 

scheme and the picture of the set-up named FOTET II (Fiber-Optic Taper Element 

Technology) which was developed in the laboratory of the Institute of Technical 

Physics, Military University of Technology. 
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Fig. 1. The scheme of FOTET II set-up for manufacturing advanced elements based on an optical fiber 

taper. 

The main advantage of this arrangement in comparison with commercially 

available stations as GPX-3400 (Vytran) and CW 5000 (Lightel) is a possibility of 

being used in manufacturing of different biconical tapers (with the length of the taper 

main region from point up to 200 mm and the waist diameter of several micrometers) 

[8, 10] for all types of fibers including standard telecommunication fibers, photonic 

crystal fibers, as well as plastic fiber. The process of the fiber elongation can be 

controlled by the flame movement connected with speed of two stretching engines. 

The system of a taper elongation was designed to avoid the fiber’s damage (especially 

breaking) and to get a perfect biconical taper which was achieved by permanent 

monitoring of the light propagation through the fiber and by application of a special 

anti-gravitation unit for controlling the flame distance from the taper. 

For our investigation’s purpose the most interesting are tapers with a long 

taper waist region. For manufacturing temperature sensors as is schematically 

presented in Fig. 2, we made a taper of the whole length of elongation equal to 

30.50±0.16 mm. The diameter of waist region was equal to 6.0±0.5 μm. The 

manufactured tapers were to receive very low insertion losses which can be achieved 

by a proper shape of the whole taper region (adiabatic type) including the area of 

connection of an upstretched fiber with the taper waist region. The achievement losses 

of the manufactured tapers were equal to 0.18±0.02 dB. 

 
Fig. 2. Scheme of the optical fiber temperature sensor with a mark of the main elements [6]. 

Possibility to obtain a taper with the diameter of several micrometers (which 

is equal to the core of an SMF28®) makes that the optical beam is propagating in the 

whole taper waist region and in some parts outside of it. In the taper the air stays in a 

cladding. The leaking-out of beam is defined by the depth of penetration parameters 



138 

 

dp. These parameters depend on a refractive index of the outside material which 

surrounds the taper and can be written as [14]: 

𝑑𝑝 =
λ

√2π(n1
2sin2θint − nout

2 )
 (1) 

Where n1, nout are the refractive indices of the taper and the outside material, 

θint is the angle of an input wave with the wavelength λ. 

Our idea was connected with the use of a leaking beam from the taper and 

how changing material of cladding influenced it. In order to protect in structure 

propagation condition, it is good to use materials with a refractive index close to the 

refractive index of glass and additional parameters which will be changed in  

a chosen temperature. For the measurement’s purpose we chose very well-known 

materials like wax and paraffin. Both of them change their state of matter from 

constant to liquid in a temperature above 61C. Such transition changes propagation 

parameters in an optical fiber taper. The propagation should be impossible for solid 

state which is connected with overall leaking of the beam from the taper region - 

material is non-transparent. For liquid state material is transparent and the refractive 

index is lower than the taper structure’s which protects classic optical fiber 

propagation at total reflection condition. 

 

RESULTS 

All prepared structures of temperature sensors were measured several times 

to prove that there will be no damage during changing state of matter for heating and 

cooling of wax. Additionally, we used two laser source SC450 and SM1550nm and 

two detectors: OSA AQ6319 Yokogawa and Power Meter PM300 Thorlabs. 

Below are presented the results of a manufactured temperature sensor for two 

most popular materials, wax and paraffin, which have different melting temperature 

but similar refractive index in the liquid state. In Figures 3 and 4 are presented spectral 

characteristics in a wide range of 800 -1700 nm (from Fianium source). From the 

spectra characteristics we can conclude that for the whole transmission range a 

threshold change of power in the presented sensors can be observed. As it can be 

noticed for both materials over 70°C, there is no difference of power and the sensors 

keep stable. In Figure 5 are presented hysteresis of change of power obtained from a 

single mode laser and an optical detector for wavelength 850nm, 1310 nm and 1550 

nm. Rapid increase of power (change of state of matter from constant to liquid) for 

the temperature of 62-64C can be observed what corresponds to the parameter of 

melting of chosen materials. As it can be observed for paraffin, we obtained more 

rapidly changes of optical transmission than in wax. A difference between chosen 

wavelengths may be a mistake of a measurement system OSA - time of taking whole 

range take few seconds in which time the temperature is changing. The difference in 

rapidity can also be observed in solidification process in these materials. Decrease of 
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optical power in cooling process is not so rapid as in heating process for wax. As for 

the second material – paraffin a sudden change of power from maximum to no 

propagation in the cooling process can be observed.  

Obtained results from supercontinnum source allow us to check the influence 

on a wide range. As it can be noticed, the change of power is evenly for the whole 

range. 

 
Fig 3. Spectral characteristics for the temperature sensor for SC source cooling and heating process in 

the range 800 – 1700 nm external material Wax. 

 
Fig 4. Spectral characteristics for the temperature sensor for SC source, cooling and heating process - 

external material Paraffin. 

 

Fig 5. Hysteresis of heating and cooling of the temperature sensor with Wax and Paraffin. 

 

 

 



140 

 

CONCLUSION 

Manufacturing of temperature sensor based on biconical optical fiber taper 

connected with material of variable state of matter is possible and allow to obtain very 

good results. The realized investigation shows that use of the additional material does 

not increase losses in width range (800-1700 nm). Results presented in this article 

show that by using wax or paraffin we can obtain the threshold temperature sensor. 

Achievement of external losses for sensor are below 0.2 dB. Obtain threshold 

temperature is equal to the conversion temperature of used materials. In our 

observation and theoretical simulation we can also predict that there is a possibility to 

make a whole scale of temperature sensors by using different types of material.  
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ABSTRACT 

The aim of this work was synthesis and analysis ZnO naonoparticles  

and examination their influence on optical properties of selected photonic crystal 

fiber. Special attention has been focused on the synthesis of ZnO NPs. There were 

developed two synthesis methods of ZnO NPs,  As a result of these synthesis there 

were obtained in propan-2-ol: monodisperse colloid I with average size of NPs 

30 nm±8 nm ZnO NPs and polydisperse colloid II with ZnO NPs average size: 180, 

630 and 1200 nm. Based on both colloids were prepared samples to tests. Each sample 

was a piece of 20-30cm long PCF filled by ZnO based nanofluid spliced  

on both sides with standard single mode fiber (SMF 28e Corning) and forms patch 

cord. The patchcord was illuminated by light from supercontinuum generator  

and it was measured optical power spectrum after passing the patch cord. Introducing 

NPS to the PCF’s changed these characteristics. The light propagation in PCF filled 

with monodisperse ZnO colloid I in the whole spectral range was more advantageous 

in comparison to the propagation in PCF filled with propan-2-ol. Whereas 

polydisperse ZnO NPs filling resulted in a slight decrease in the transmission of light 

in the whole tested spectral range, however additional absorption peaks appeared at 

the wavelength 791nm. The presence of these peaks is probably caused by the larger 

size of ZnO NPs.  

 

INTRODUCTION 

 Development of optoelectronics gave the transmission technology a wide variety 

of new opportunities. In the past few years, the rapid progress could be seen in the 

optical fibers’ technology and optoelectronic converters. At the beginning of 20th 

century the filling of air opening in special optical fibers was discovered. In literature 

connected with the examined issues we can find many articles about the filling of air 

opening in special optical fibers by the following substances: alkanes [1], liquid 

crystals [2], water [3], liquids with nanoparticles [4], organic mixtures [5], polymers 

[2], immersive liquids [6]. The filling of the fibers allowed to design and manufacture 

photonic optical fibers’ converters or sensors.  
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 Nowadays, many studies are made in order to improve advanced sensors’ 

systems. Miao and others [7], showed air holes filled with liquid and nanoparticles 

Fe3O4 in 10 nm size. The cross section of PCF, where the pitch was – 6.36µm,  

the average diameter of air hole was – 3.67µm, core diameter was – 8.8µm (fabricated 

by Yangtze Optical Fiber and Cable Co. Ltd., China). One of the practical aims of the 

study is to find the potential application of this device as an intensity-modulated 

sensing element or a tunable all-in-fiber gain equalization filter with an adjustable 

slope. In this experiment made for Fe3O4 spectral characteristics are in the temperature 

range from 20 to 100oC. As a result of the experience was observed a linear relation 

between temperature and power transmission of PCF fiber-filled nanoparticles. Thus, 

it can therefore be used as the based-intensity temperature sensor, and other adjustable 

photonics device [7]. 

Moreover, the available literature contains a number of articles describing  

the photonic fiber filling various substances, and the spectral analysis is carried out at 

the selected temperature range. 

Among different metal oxide nanoparticles, ZnO NPs are an attractive 

material because of wide band gap 3.37 eV, large bond strength, and large exciton 

binding energy (60 meV) at room temperature. Therefore, ZnO NPs have found many 

applications as gas [8], chemical and bio-sensors, storage, optical and electrical 

devices, window materials for displays or solar cells. 

In this study, we present the analysis of the influence of the ZnO NPs filling 

on the light propagation in microstructured fibres in a broad spectral range. Only 

nanoparticles having a low and high polidysperse index were chosen as  

a filling of the fibre LMA-10. They were placed in photonic crystal fibres LMA-10. 

 

EXPERIMENTAL 

Materials 

As single-mode photonic crystal fiber (PCF) was selected a Large Mode Area 

(LMA-10) fiber. According to the producer (NKT Photonics) the core and cladding 

material of the LMA-10 fiber was silicon coated by acrylic single layer. The LMA-10 

core, outer cladding and coating diameters were 8 ± 0.5µm, 125 ± 2 µm and 250 ± 10 

µm, respectively. Transmission spectra and transmission power and measured for a 

wavelength range of 400 nm – 1700 nm. 

 

Chemicals 

Zinc acetate dihydrate 99% p.a., (from  Lach-Ner); sodium hydroxide 98.8%  

p.a-basic., (Chempur) and 2-Propanol 99,7% pure p. a.-basic, (Chempur) were used 

as received and without  further purification. 

 

Synthesis 

Mono- and polydisperse ZnO nanoparticles were prepared similarly to those 

described in the literature [Hale2005, Jacobsson 2011]. In order to prepare mono- and 
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polydisperse ZnO nanoparticles two different sets of experiments have been done. In 

one (synthesis I), two solutions A and B were mixed at the same time,  

ZnO particles began to grow as monodisperse nanoparticles (colloid I). In the other 

set of experiments (synthesis II) A solution to B was added in portions (2.5 ml) with 

vigorous stirring. In this case ZnO are formed as polydisperse nanoparticles (colloid 

II). Both colloids were stable over one month. 

In the case of the solution A preparation, 0.02 mol NaOH are dissolved in 

16 mL of 2-propanol at 65°C. Then the solution was cooled in an ice bath to 0°C.  

In a similar way, solution B was obtained: 0.22 mmol Zn(OAc)2∙2H2O are dissolved 

in 16 mL of 2-propanol under vigorous stirring at 65°C. The prepared solution  

was diluted with 168 mL of chilled 2-propanol and cooled in an ice bath to 0°C.  

As described above, the solution A was added to B and slowly heated in a water bath 

to 65°C. 

CHARACTERIZATION METHODS  

Dynamic Light Scattering measurements 

DLS measurements of size and size distribution of ZnO nanoparticles in the 

colloids were performed with the use a Nano ZS zetasizer system (Malvern 

Instruments). During all measurements the parameters were as follows: laser 

wavelength of 633 nm (He–Ne), scattering angle of 173° (fixed—without changing 

possibility), measurement temperature of 25°C, medium viscosity of 2.040 mPa·s 

(25°C), and medium refractive index of 1.377, and material refractive index of 2.000. 

The sample was loaded into quartz microcuvette (Hellma, the optical path length – 

10.00 mm), and five measurements were performed, for which the mean result was 

recorded. 

Scanning Electron Microscope (SEM) images 

Scanning Electron Microscopy (SEM) images were performed using a Nova 

NanoSEM 450 Schottky Field Emission Scanning Electron Microscope (FESEM) 

produced by FEI. The images of LMA-10 fiber were acquired in secondary electrons 

mode using TLD detector  (magnifications 12 000x and 20 000x). LMA-10 filling 

preparation and transmission spectra measurements. 

Before the filling of air openings and conducting the analysis, the photonic 

fibre must undergo mechanical treatment and transmit introduced chemical substance 

on suitable distance  from the front of the fibre  and then it is possible to prepare 

photonic line. This line was constructed with the LMA 10 fibre with ZnO NPs filling 

and it is 2 cm long. The networks, prepared in this way, underwent  

the spectral examination. In order to conduct this analysis, photonic fibre, must  

be weld with telecommunication fibres. The two ends of the PCF are spliced  

to standard single-mode fibers SMF 28. The SMF 28 are spliced to light from  

a supercontinuum (FIANIUM SC-450) source which is coupled into this devise.  
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The transmission spectrum is measured by an optical spectrum analyzer (ANDO 

AQ6315B).  

RESULTS AND DISCUSSION 

The results obtained for ZnO NPs colloid prepared in synthesis I are shown  

in Fig. 1. Analysis of the results confirms that the ZnO NPs are monodisperse. 

Polydisperse index (PdI) was 0.075 and the size of ZnO NPs in the investigated 

colloids was (30 ± 8) nm. 

  
(a) (b) 

Fig. 1. Histogram ZnO NPs size depending on the intensity of the scattered light (a)  

and the volume of the light scattering of nanoparticles (b). 
 

Tab. 1. DLS measurements of ZnO NPs. 

ZnO NPs size d [nm] 
PdI 

Intensity (%) Volume (%) 

32 ± 8 nm (100%) 28 ± 8 nm (100%) 0.075 

 

Analysis of the size of the nanoparticles chart demonstrate that the colloid is 

one population of nanoparticles with average size of 30 nm. On the basis of the ratio  

of PdI it can be concluded that the resulting nanoparticles are monodisperse  

with a small size scatter 

DLS measurements for ZnO NPs colloid obtained in synthesis II are not 

shown here. However, the PdI was 0.686 indicating that the tested colloid was 

polydisperse. In that case it is not possible to determine the size of the nanoparticles 

from DLS technique because of the presence of the larger particles which will 

dominate the light scattering signal and mask the presence of the smaller particles. 

However, the size was determined from SEM images of the LMA-10 photonic fibers 

cut in the presence of filling (Fig. 2 b,c,d). 

SEM measurements show that the LMA-10 fiber in the place of cutting is smooth 

(Fig. 2a) while the LMA-10 with polydisperse ZnO NPs filling is covered with a large 

number of nanoparticles with different sizes (Fig. 2 b,c). A population of 100 

nanoparticles of ZnO was measured from image 2c and plotted the histogram  

(Fig. 2d). Analysis of the obtained result indicates that in the investigated polydisperse 

ZnO NPs received from colloid II, three populations of nanoparticle sizes are visible: 

around 180 nm (the most numerous), 630 nm and 1200 nm. In the case of bigger 
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nanoparticles (630 nm and 1200 nm), only single nanoparticles of this size were 

observed on the surface of LMA-10. 

  

 

 

 

Fig. 2. SEM images of the cross sections of : (a) empty LMA-10 and (b,c) LMA-10 filled by 

polydisperse ZnO NPs, (d) ZnO NPs size distribution measured from (c) SEM image NPs 

(b) and (c) were released of LMA-10 after cutting it in the place of the filling. 

Air holes of microstructured fibers can be placed various substances that 

affect the propagation of light waves. In the experiment, the LMA fibers 10 holes were 

filled with ZnO nanoparticles with low and high sizes’ polydispersity ZnO NPs are 

three-dimensional structures, which, due to its relatively small size (100 nm) have 

unique optical and electrical properties. 

As we can see in Fig. 3 a, structures of the spectral band are in the range of 

visible light. Band gaps observed for the ZnO nanoparticles with low polydispersity 

coincide with the size of the bands observed for the propan-2-ol, wherein  

the nanoparticles were synthesized (thus the absorption bands in the visible range 

originate from the solvent). Moreover, it should be noted that a better wave 

transmission for a fibre filled with ZnO NPs (low PdI) in relation to the solvent 

(propan-2-ol) filled photonic fiber. 

However, if we examine Fig. 3 b it can be concluded that the structure is  

a spectral band in the visible range from 350 nm to 600 nm. Furthermore, one can 

a b 

c d 
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observe two distinct energy gaps in the range of 450 nm to 500 nm and in the range 

of 500 to 600 nm - corresponding to the energy gaps observed for propan-2-ol and 

and two absorption peaks at a wavelength of 586 and 791 nm (Fig. 3 c), observed for 

ZnO NPs with a size high polydispersity of the entire sample volume. It seem that  

it is caused by presence of ZnO NPs in size about 630 nm. According to Struk [9] 

studies the thickness increasing of the ZnO layers in range from 490 to 554 nm caused 

the wavelength shifting from 508.95 to 555.85 nm and from 659.21  

to 727.13 nm.  In realation to Struk investigations we observed red shifting  

of absorption peaks due to larger size of ZnO NPs (630 nm) in comparison to ZnO 

layers (554 nm). 

 

 
 

 
Fig. 3. A plot of the transmission wavelength for the fiber filled with ZnO NPs in propan-2-ol with:  

a low polydispersity size and the propan-2-ol (Fig. 3a), a high polydispersity index and the propan-

2-ol (Fig. 3b) and a high polydispersity in the wavelength range of 780 nm to 810 nm. 
 

The presence of ZnO nanoparticles in size of 30 nm inside of PCF does not 

result in appearance absorption peaks in investigated spectral range due to the size of 

ZnO NPs which coincides with the bands observed for the propan-2-ol.  

Studies concerning transmission of ZnO NPs with a high PdI are the most 

promising because of the recorded 586 and 791 nm absorption bands in terms of 

application in special fibers and they require further studies related to the 

determination of temperature thresholds. 
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CONCLUSIONS 

To sum up, with the increase in the size of the ZnO nanoparticles,  

the lowering of the transmission curve in the visible range is observed. Moreover, 

studies of transmission of ZnO NPs with a high PdI are more promising (registered 

absorption band 791 nm) from the point of view of the application  

of the special fibers and they require further studies related to the determination  

of temperature thresholds. Additional absorption band registered in the solution  

of nanoparticles of high PdI may be due to the large sample size polydispersity.  

As a result is a precise size of nanoparticles in the synthesis of ZnO with a high 

polydispersity could cause the appearance of additional absorption bands. 

On the basis of the above analysis we can unequivocally state that the 

introduction of nanopartcles into the LMA 10 fiber resulted in a significant change 

inattenuation of the wave from 400 nm to 1700 nm, in which were carried out studies 

of wave propagation for all the presented above solutions of ZnO NPs. 
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ABSTRACT 

Liquid crystalline (LC) materials are widely used in displays and photonic 

devices. Some applications of LC materials require high values of birefringence (∆n) 

[1-4]. In the case of rod-like LC molecules, designing molecules with long conjugated 

π electron systems can generate higher values of ∆n (Fig. 1). 

FF

RR
 

Fig. 1. General structure of 1,4-bis[4-(alkyl-1-yn-1-yl)phenyl]-2,3-difluorobenzene. 

 

One of the molecular design approaches is based on 4-(alkyl-1-yn-1-yl)-

phenyl-4-yl unit as a nonpolar terminal endcap of the molecule. 4-(Alkyl-1-yn-1-yl)-

bromo/chlorobenzenes with longer alkyl part (for alkyl longer than four) can be 

synthesized via direct Sonogashira cross-coupling of terminal alkynes with 1-bromo-

4-iodobenzene. The situation becomes more complicated in the case of shorter 

homologues since the terminal alkynes are gases at normal conditions and direct 

protocol cannot be employed. 

In this work we presented short literature review of synthetic methods useful 

for synthesis of arylacetylenes and our preliminary results in synthesis of  

4-(alkyl-1-yn-1-yl)-bromo/chlorobenzenes, either short and longer chained systems 

(Fig. 2.). Thus obtained intermediates are convenient semi-product in synthesis of rod-

like Liquid Crystals. 
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Fig. 2. Synthetic pathways of 4-(alkyl-1-yn-1-yl)-bromo/chlorobenzenes. 

SYNTHETIC METHOD REVIEW 

Sonogashira coupling 

One of the method of sp2-sp carbon – carbon bond formation is a Sonogashira 

reaction. This method was first reported in 1975 by K. Sonogashira and co-workers 

[5]. Nowadays, is one of the most important reaction used in synthesis of many useful 

molecules from pharmaceuticals and natural products to nanostructures [6-8]. This 

coupling require an aryl or vinyl halides or triflates and a terminal acetylenes as a 

substrates and two catalysts: palladium catalyst and copper(I) iodide as a co-catalyst 

(Fig. 3.) [9]. 

R1 + X R2

cat. [Pd(0)]
base

Cu(I) co-catalyst
R1 R2

R1 = Aryl, Heteroaryl, Alkyl, SiR3

R2 = Aryl, Heteroaryl, Vinyl

X = I, Br, Cl, OTf  

Fig. 3. General reaction for Sonogashira coupling. 
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4-(Alkyl-1-yn-1-yl)-bromo/chlorobenzenes with longer alkyl chain (for alkyl 

longer than four atoms of carbon) can be synthesized via direct Sonogashira cross-

coupling of terminal alkyne with 1-bromo/chloro-4-iodobenzene (Method I, Fig. 2.). 

The reactivity difference of bromine/chlorine vs. iodine in the case of Sonogashira 

reaction, is sufficient to ensure effective mono-functionalization from the iodo-side. 

In the case of homologue C4 in alkyl chain, direct approach of Sonogashira coupling 

is more complicate due to gaseous state of but-1-yn at normal conditions and direct 

protocol cannot be employed [10].Terminal alkynes low boiling points are presented 

at Fig. 4.  

-84 oC -23 oC 8 oC 40 oC 71 oC  
Fig. 4. Boiling points of C2-C6 terminal alkynes. 

 

Catalytic Nitrile-Alkyne Cross-Metathesis  

Only one literature report presented synthesis of this 4-(but-1-yn-1-yl)-

bromobenzene (Fig. 5.) [11].This compound was obtained only as by-product (yield 

18%) in catalytic cross-metathesis reaction of an alkyne  

(hex-3-yne) with a nitrile (4-bromobenzonitrile) catalyzed by tungsten complex. This 

approach is unfavourable for multigram synthesis. 

Br C C

CH3

Br N
H3C CH3

+

Br Br

NW(OC(CF3)2CH3)3(DME)
+

 
Fig. 5. Catalytic cross-metathesis reaction. 

Decarboxylative coupling of sp – sp2 carbons of aryl halides with alkynyl 

carboxylic acids.  

First example of decarboxylative coupling of sp carbon and sp2 carbon in the 

presence of Pd2(dba)3 and phosphines ligands (e.g. dppf, PtBu3, PCy3), were reported 

in 2008 by S. Lee and co-workers [12, 13].One year later Mao and co-workers 

described copper-catalyzed decarboxylative coupling of aryl halides with alkynyl 

carboxylic acids performed in water (Fig. 6., Tab. 1) [14]. 

 

R'+R I

CuI (2 % mol)

PPh3 (4% mol)
COOH

K2CO3, H2O

100oC, 24 h, Ar

R R'

 

Fig. 6. General Scheme of decarboxylative coupling of aryl iodides and alkynoic acids. 
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Tab. 1.Scope of copper-catalyzed decarboxylative coupling of aryl iodides and alkynoic acids 

performed in water or DMSO [14]. 

Entry R-I R' COOH Yielda(%) Yieldb (%) 

1 Br I
 

COOH

 

94 92 

2 MeO I
 

COOH

 

99 99 

3 Cl I
 

COOH

 

88 94 

4 Me I
 

COOH

 

95 95 

5 I
 

COOH

 

95 89 

6 MeO I
 

Me COOH 86 23 

7 F I
 

COOH
 

97 72 

8 Cl I
 

COOH
 

99 92 

Reaction conditions: aryl iodide (0,3 mmol), alkynoic acid (0,4 mmol), CuI (2 mol %), PPh3 (4 mol %), 

K2CO3 (0,9 mmol), solvent (3 mL), 100 oC, 24 h, under Ar; a- DMSO as the solvent, b – water as the 

solvent. 

The presented results show that high yields were obtained in almost all cases 

when reactions were performed in water but also in DMSO (Table 1). 2-Octynoic acid 

and phenylpropiolic acids are excellent reagent for decarboxylative coupling. Only in 

one case when 2-butynoic acid was used, product was obtained in 23 % yield (water 

as solvent) (Table 1, Entry 6). This research show many advantages of 

decarboxylative coupling: reactions performed in water without co-solvent, excellent 

comparable yields of reactions, copper catalyst system without palladium complexes. 

According to this research and another publications, this synthetic route is promising 

alternative to terminal alkynes in synthesis of 4-(alkyl-1-yn-1-yl)-phenyl-4-yl units 

[15]. This approach will be also considered in our work in the future. 

 

Deprotonation – alkylation 

Terminal alkynes are weak acids (pKa=25). The use of a conjugated base lead 

to formation of alkynide ion. Later use of this ion as a nucleophile in nucleophilic 

substitution (SN2) reaction with primary alkyl halide lead to displace  

a halide ion from the primary alkyl halide (Fig. 7.) [16-18]. 

 



153 

 

R2CHR1 R1
1. Base

2. Electrophile R2-X

R1 = Hal

R2 = Alkyl  

Fig. 7. General scheme of deprotonation-alkylation reaction of terminal alkyne. 

RESULTS AND DISCUSSION 

Bromobenzenes with alkynyl chain C5 and C6 

For longer chained systems (above 4 atoms of carbon in aliphatic chain) we 

have used Sonogashira cross-coupling of terminal acetylenes with aryl halide (Fig. 8.) 

[19]. Up to this time we were able to obtained 4-(hex-1-yn-1-yl)-bromobenzene with 

good yield 81% and 4-(hex-1-yn-1-yl)-bromobenzene with yield 94%. 

IBr Br RHC R

Sonogashira 
reaction

R = C3H7, yield: 94% 

R = C4H9, yield: 81%

+
DBU, TEA, THF

CuI, (PPh3)2PdCl2

 

Fig. 8. Sonogashira cross-coupling reaction of terminal acetylenes with aryl halide. 

 

Bromo/chlorobenzenes with alkynyl chain C2 

1-bromo/chloro-4-ethynylbenzene was obtained with two-step synthesis  

(Fig. 9.). 

Br I

OH

Br OH

Si

Sonogashira reaction

CuI, PdCl2(PPh3)2
DBU, TEA, THF

Cl I

Cl Si

NaH, toluene K2CO3, MeOH

Br

(Cl)

Method I Method II

 

Fig. 9. Synthetic pathways of 1-bromo/chloro-4-ethynylbenzenes. 
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According to Method I the reaction of 1-bromo-4-iodobenzene with 2-methyl-

3-butyl-2-ol leads to the formation of protected phenylacetylene derivative. Next 

synthetic step, that is the hydrolysis of intermediate product by catalytic amount of 

sodium hydride in toluene as a solvent. Method II (consist of two steps first) is 

Sonogashira cross – coupling of 1-chloro-4-iodobenzene with ethynyltrimethylsilane 

and second step is deprotection of trimethylsilyl group of an alkyne in presence of 

potassium carbonate and methanol as a solvent [20]. 

Bromo/chlorobenzenes with alkynyl chain C3 and C4 

As a starting material in synthesis of bromo/chlorobenzenes with alkyl chain 

C3 and C4 we used 1-bromo/chloro-4-ethynylbenzenes (Fig. 10.). 

CH3

CHBr

Br

1. Base

2. MeI
CH3

CH

1

2

3

 
Fig. 10. Deprotonation – alkylation of 1-bromo-4-ethynylbenzenes. 

Initially, our research involved four types of bases such as: lithium 

diisopropylamide (LDA), n-buthyllithium, sodium hydride and isopropylmagnesium 

bromide. Methyl iodide and ethyl bromide were used as alkyl halides. Results are 

presented in the Table 2 below. The best result were obtained when lithium 

diisopropylamide was used. For the yield improvment two equivalent of base was 

used (yield increased from 48% to 72 %). In the case, when n-BuLi was used, as  

a result of reaction we observed not only desired product 4-(1-prop-1-yn-1-

yl)bromobenzene, but also terminal acetylene and debrominated product. It shows that 

this organolithium base is too strong for deprotonation of -C≡CH group, the 

bromine/lithium exchange start to occur.  
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Tab. 2. Results of deprotonation – alkylation of 1-bromo-4-ethynylbenzenes. 

Entry Base Reaction conditions 
Products, yield (%) 

1 2 3 

1 
LDA  

(1,3 equiv.) 

1. 0 oC, 1 h / THF 

2. 0 oC - rt, 2 h 
48 - - 

2 
LDA  

(2,0 equiv.) 

1. 0 oC, 1 h / THF  

2. 0 oC - rt, 2 h 
72 - - 

3 
n-BuLi 

(1,3 equiv.) 

1. -78 oC, 30 min / THF 

2. -78oC-rt, 1 h 
31 40 6 

4 
n-BuLi 

(0,9 equiv.) 

1. -78 oC, 30 min / THF 

2. -78 oC-rt, 1 h 
47 2 6 

5 
NaH 

(1,1 equiv.) 

1. 66 oC. 3,5 h THF 

2. rt, then 66 oC, 2 h 
- - - 

6 
NaH 

(1,1 equiv.) 

1. 100 oC. 3,5 h / DMF 

2. Rt, then 40 oC, 2 h 
- - - 

7 
iPrMgBr 

(3,0 equiv.) 

1. rt, 1 h / THF 

2. rt, 2 h 
- - - 

 

The best results were obtained when chloro derivative was used as  

a substrate (Fig. 11., Tab. 3). 

RCHCl Cl
1. n-BuLi

2. Electrophile R-X

R = Me, EtR-X = MeI, EtI  
Fig. 11. Deprotonation – alkylation of 1-chloro-4-ethynylbenzenes. 

Tab. 3. Results of deprotonation – alkylation of1-chloro-4-ethynylbenzenes. 

Entry Reaction conditions Yield(%) 

1 
1. n-BuLi (1,15 equiv.), -70 oC, 30 min / THF 

2. MeI (2,0 equiv.), -70 oC, then rt, 1 h- 
R = Me, 89 

2 
1. n-BuLi (1,15 equiv.), -70 oC, 30 min / THF 

2. EtI (2,0 equiv.), -70-rt, then 66 oC, 4h 
R = Et, 91 

 

EXPERIMENTAL PART 

All reactions were performed under nitrogen atmosphere. The purity and 

structures of the final products and intermediates, were confirmed by spectral 

methods. The mass spectra were obtained by gas chromatograph (Agilent6890N 

equipped with flame ionization detector GC-FID and mass selective detector MSD). 

All 1H NMR spectra data were recorded on Varian 500 spectrometer in CDCl3 as  

a solvent at room temperature. Purity of obtained compounds was also monitored by 

thin layer chromatography (TLC) performed with precoated silica gel plated and 

visualized by UV light. 

CONCLUSION 

According to the synthetic method review presented above it can be 

concluded that 4-(alkyl-1-yn-1-yl)-bromo/chlorobenzenes can be obtained using four 
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methods: a) Sonogashira cross-coupling reaction between aryl or vinyl halides or 

triflates and a terminal acetylenes b) decarboxylative coupling of sp – sp2 carbons of 

aryl halides with alkynyl carboxylic acids c) in catalytic cross-metathesis reaction of 

an alkyne with a nitrile (only as a by-product) d) in deprotonation-alkylation reaction 

of terminal alkynes. For longer chained systems, above 4 atoms of carbon in aliphatic 

chain, Sonogashira coupling is good method to synthesis of 4-(alkyl-1-yn-1-yl)-

bromo/chlorobenzenes. For shorter homologues of 4-(alkyl-1-yn-1-yl)-

bromo/chlorobenzenes deprotonation – alkylation reaction is promising. In 

deprotonation – alkylation reaction of 1-bromo/chloro-4-ethynylbenzenes four bases 

were used. The best results were obtained when chloroderivative was used as  

a substrate. N-Buthyllithium is too strong base for deprotonation of -C≡CH in vicinity 

of bromoaryl group of 1- bromo-4-ethynylbenzene but for 1-chloro-4-ethynylbenzene 

this base gives excellent results. Obtained intermediates are convenient semi-product 

in synthesis of rod-like Liquid Crystals. 

 

REFERENCES 

[1] Kula P., Dziaduszek J., Herman J., Dąbrowski R., Highly birefringent Liquid 

Crystals and mixtures, SID Symposium Digest of Technical Papres, 2014, 45, 100-

103, DOI: 10.1002/j.2168-0159.2014.tb00028.x 

[2] Pauluth D., Tarumi K., Advanced liquid crystals for Television, Journal of 

Materials Chemistry, 2004, 14, 1219-1227, DOI:10.1039/B400135B 

[3] Węgłowska D, Kula P., Herman J., High birefringence bistolane liquid crystals: 

synthesis and properties, Royal Society of Chemistry, 2016, 6, 403-408, DOI: 

10.1039/c5ra15291g 

[4] Dąbrowski R., Kula P., Herman J., High birefringence Liquid Crystals, Crystals, 

2013, 3, 443-482, DOI:10.3390/cryst3030443 

[5] Sonogashira K., Tohada Y., Hagihara N., A Convenient Synthesis of Acetylenes: 

Catalytic Substitutions of Acetylenic Hydrogen with Bromoalkenes, Iodoarenes, and 

Bromopyridines, Tetrahedron Letters, 1975, 50, 4467-4470 

[6] Bakherad M., Recent progress and current applications of Sonogashira coupling 

reaction in water, Applied Organometallic Chemistry, 2013, 27, 125-140, 

DOI:10.1002/aoc.2931 

[7] Yin L., Libscher J., Carbon – Carbon Coupling Reactions Catalyzed by 

Heterogenous Palladium Catalysts, Chemical Reviews, 2007, 107, 133-173, 

DOI:10.1021/cr0505674 

[8] Sonogashira K., Development of Pd – Cu catalyzed cross- coupling of terminal 

acetylenes with sp2 –carbon halides, Journal of Organometallic Chemistry, 2002, 653, 

46-49, DOI: 10.1016/S0022-328X(02)01158-0 

[9] Chinchilla R., Nájera C., Recent advances in Sonogashira reaction, Chemical 

Society Reviews, 2011, 40, 5084-5121, DOI:10.1039/C1CS15071E 



157 

 

[10] Koralovič A., Schnürch M., Mihovilovic M., Tanden Catalysis: From Alkynoic 

Acids and Aryl Iodides to 1,2,3-Triazoles One Pot, The Journal of Organic Chemistry, 

2011, 76, 2613-2618, DOI:10.1021/jo1024927 

[11] Geyer A. M., Gdula R. L., Wiedner E. S., Johnson M. J. A., Catalytic Nitrile-

Alkyne Cross Metathesis, Journal of the American Chemical Society, 2007, 129, 

3800-3801, DOI:10.1021/ja0693439 

[12] Moon J., Jeong M., Nam H., Ju J., Moon J. H., Jung H. M., Lee J., One-Pot 

Synthesis of Diarylalkynes Using Palladium –Catalyzed Sonogashira Reaction and 

Decarboxylative Coupling of sp Carbon and sp2 Carbon, Organic Letters, 2008, 10, 5, 

945-948, DOI:10.1021/ol703130y 

[13] Li T., Sun P., Hailong Y., Zhu Y., Yan H., Lu L., Mao J., Copper Catalyzed 

decarboxylative Coupling  of aryl halides with alkynyl carboxylic acids performed in 

water, Tetrahedron, 2012, 68, 6413-6419. DOI 10.1016/j.tet.2012.06.003 

[14] Moon J., Jang M., Lee S., Palladium Catalyzed Decarboxylative Coupling of 

Alkynyl Carboxylic Acids and Aryl Halides, The Journal of Organic Chemistry, 2009, 

74, 1403-1406,DOI:10.1021/jo802290r 

[15] Park K., Lee S., Transition metal-catalyzed decarboxylative coupling reactions 

of alkynyl carboxylic acids, RSC Advances, 2013, 3, 14165-14182, 

DOI:10.1039/C3RA41442F 

[16] Clayden J., Greeves N., Warren S., Wothers P., Organic Chemistry, OUP Oxford, 

2001 

[17] Fujihara T., Tani Y.. Semba K., Terao J. Tsuji Y, Copper – Catalyzed 

Silacarboxylation of Internal Alkynes by Employing Carbon Dioxide and 

Silylboranes, Angewandte Chemie International Edition, 2012, 51, 11487-11490, 

DOI 10.1002/anie.201207148 

[18] Weiss H. M., Touchette K. M., Angell S., Khan J., The concerted addition of HBr 

to aryl alkynes; orthogonal pi bond selectivity, Organic & Biomolecular Chemistry, 

2003,1, 2152-2156,  DOI: 10.1039/B300045A 

[19] Schimada T. Bajrachatya G. B., Yamamoto Y., Aqua palladium Complex:  

A Stable and Convenient Catalyst for the Intermolecular Hydroamination of Alkynes, 

European Journal of Organic Chemistry, 2005, 1, 59-62, 

DOI:10.1002/ejoc.200400568 

[20] Wang Y., Huang B., Sheng S., Cai M., A novel and efficient synthesis of terminal 

arylacetylenes via Sonogashira coupling reactions catalysed by MCM-41-supported 

bidentate phosphine palladium(0) complex, Journal of Chemical Research, 2007, 12, 

728-732, DOI 10.3184/030823407X275928 

  



158 

 

Cracking of precipitation hardened alloys induced by Nd-YAG 

laser beam 
*Łukasz Rakoczy1, Anna Zielińska-Lipiec1, Lechosław Tuz1, Krzysztof 

Pańcikiewicz1, Tomasz Góral 2 

1AGH University of Science and Technology, Faculty of Metals Engineering and 

Industrial Computer Science, Department of Physical and Powder Metallurgy, Team 

of Heat Treatment and Welding, Av. Mickiewicza 30, 30-059 Cracow 
2AGH University of Science and Technology, Faculty of Mechanical Engineering and 

Robotics, Department of Manufacturing Systems, Team of Manufacturing 

Techniques  

e-mail: lrakoczy@agh.edu.pl  

 

Keywords: Nd-YAG, laser beam, cracking, high strength materials 

 

ABSTRACT 

 The paper presents the microstructural investigation of nickel based 

superalloys after surface modification by Nd-YAG laser beam. Selected materials 

belong to the group of precipitation strengthened by intermetallic phase γ'. Light 

microscopy observation of alloys in as received condition showed substantially high 

microstructural inhomogeneity created upon crystallization of casting. During 

solidification, the alloying elements segregate heavily between the phases. Dendrite 

cores were strictly occupied by precipitations of intermetallic γ' phase surrounded by 

γ-matrix. In interdendritic regions eutectic island γ/γ' and primary carbides were also 

observed. Volume fraction of undesired eutectic islands is the greatest in the 

superalloy MAR-M247, which indicates that segregation of alloying elements was the 

highest in comparison with Rene 77 and Inconel 713C. High content of γ'-formers Al 

and Ti indicates that superalloys are highly susceptible to hot cracking in heat affected 

zone (HAZ). Analysis of induced cracking revealed liquation of γ' and primary 

carbides along grain boundaries that occurred during surface modification which 

contributed to hot cracking in HAZ.  

INTRODUCTION 

 Certain groups of material have a remarkable ability to maintain mechanical 

properties at elevated service temperatures. These are the high-temperature materials. 

Their uses are many and varied, whereas good examples include the elements for gas 

turbines, rockets and heat exchangers. For these applications, the performance 

characteristics are limited by the operating conditions which can be tolerated by the 

materials used. For example, the thrust and fuel economy displayed by the modern 

aeroengine are strongly dependent upon, and limited by the high-temperature strength 

of the nickel-based superalloys used for its hottest sections [1-3]. Over the latter part 

of the twentieth century, a concerted period of alloy and process development enabled 

the performance of the superalloys to be improved dramatically. Presently, SC (single 
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crystal) superalloys are being used in increasing quantities in the gas turbine engine; 

if the very best creep properties are required, then the turbine engineers turn to them, 

although it should be recognized that the use of castings in the directionally solidified 

and equiaxed forms is still practiced in many instances. Considering the high 

manufacturing cost for new components, it is becoming commercially important to 

develop less expensive processes such as welding/joining or repair and buildup 

techniques for damaged parts [4-6]. It is well known that superalloys precipitation 

strengthened by γ' posses low weldability, due to these alloys are susceptible to 

microfissuring in HAZ during welding. These difficulties are connected with 

considerable content of γ'-formers such as aluminum and titanium (above 6% wt. 

Al+Ti). Moreover cracking results from competition between stress generation and 

material is resistance to cracking. Liquation cracking in heat affected zone is caused 

by thermal welding strain and substantially low ductility of base metal due to melting 

along grain boundaries. Additionally, cracking is attributed to shrinkage stresses 

connected with rapid re-precipitation of intermetallic γ'-phase during cooling upon 

welding. According to [7] constitutional liquation of γ' have the greatest impact on 

liquation cracking in Inconel 738. Investigation performed in K3 nickel based 

superalloy revealed in turn that M5B3, eutectic island γ/γ' and MC-type carbides cause 

liquation cracking along grain boundaries during [8]. This research was initiated to 

perform a study of the susceptibility to cracking of nickel based superalloys MAR-

M247, Rene 77 and Inconel 713C. 

 

MATERIALS AND METHODS 

 Base metals used in this research were three CC (conventionally cast) 

superalloys with chemical composition presented in table 1. In order to observed 

susceptibility to hot cracking the surface of alloys was modified by Nd-YAG laser 

beam. Process was carried out with the use of ALS 100 laser workstation. 

Subsequently metallographic samples were prepared. Observations were conducted 

on the face on unetched specimens and etched in 10% CrO3 and Kalling reagent. The 

microstructure were examined and analyzed using Leica light microscope and FEI 

Nova NanoSEM scanning electron microscope. In table 2 parameters of surface 

modification are presented. 

Tab.1. Chemical composition of investigated nickel based superalloys. 

Alloy/Element Co Cr Al Mo Ti Ta Hf W Nb C Ni 

MAR-M247 9.92 8.4 5.58 0.64 0.92 3.12 1.11 10.19 - 0.13 Bal. 

Rene 77 14.55 14.43 4.16 3.98 3.37 - - 0.05 - 0.06 Bal. 

Inconel 713C 0.27 13.31 6.13 4.2 0.89 - - - 2.45 0.12 Bal. 

 

Tab.2. Selected parameters of surface modification. 

Voltage 

[V] 

Impulse 

time 

[ms] 

Frequency 

[Hz] 

Diameter 

of beam 

[mm] 

Power 

[W] 

Energy 

[J] 

222 20 3 0.8 75,6 25,21 
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RESULTS AND DISCUSSION  

 In figure 1a-c distribution and morphology of primary carbides is presented. 

Chemical composition of alloys suggests that in microstructure MC-type carbides are 

presented. According to [9-10] carbide formers in MAR-M247 are Hf and Ta, in Rene 

77 Ti, whereas in Inconel 713C Nb and Ti. The smallest volume fraction of primary 

carbides is observed in Inconel 713C. Generally, carbides precipitate directly from 

liquid during solidification process and take a form from blocky shape to chinese 

script. Formation of carbides along the grain boundaries aims to enhance mechanical 

properties, namely creep resistance at elevated service temperature. In figure 1d-f 

dendrite core fulfilled by γ' cubic particles and interdendritic regions are clearly 

visible. During solidification segregation of chemical elements took place and so in 

interdendritic regions carbides and eutectic γ/γ' are presented.  

In figure 2 the microstructure of superalloys near fusion line is presented. 

Crystallization crack in fusion zone propagated along grain boundaries is observed in 

MAR-247 (Fig. 2a). Above mentioned area is characterized by cellular and cellular-

dendritic structure with small undissolved primary carbides. Near arms of chinese 

script carbide in HAZ eutectic reaction  occurred which is visible as re-solidified film. 

Microstructure of Rene 77 and Inconel 713C alloys near fusion line is shown in  

Fig. 2b and 2c respectively. The fragments of the fusion zone revealed cellular 

structure and thin layer of planar growth. The heating rate and cooling was high and 

so primary carbides do not dissolved similarly like in MAR-M247.  

a)                                        b)                                       c)                                                            

 
 d)                                       e)                                        f) 

 
Fig.1. Base metal in as received condition: a), d) MAR-M247; b), e) Rene 77; 

c), f) Inconel 713C. LM. 
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 a) b) 

  
  c) 

 
Fig. 2. Heat affected zone microstructure: a) MAR-M247; b) Rene 77; c) Inconel 713C. LM. 

In fig. 3 the presence of hot cracks in fusion zone and HAZ can be observed. 

They ran along the grain boundaries and characterized by different length. In 

superalloys MAR-M247 and Rene 77 carbides along cracks edge are observed, 

thereby indicating that the primary carbides have been also partially dissolved. In the 

first alloy brittle fracture of the secondary carbides are also observed. In the alloy 

Inconel 713C crack was probably initiated in the fusion zone and then developed via 

fusion line to the HAZ. In heat affected zone cracking propagated due to weakening 

of the grain boundaries by non-equilibrium liquid film. The necessary condition to 

cracking in SWC is presence of liquid film along grain boundaries upon cooling 

during welding. In nickel-based superalloys liquid in HAZ is created via constitutional 

liquation phenomena of intermetallic phase γ'. This phenomena was firstly proposed 

by Pepe and Savage in 18Ni maraging steel and then observed by other investigators 

in nickel based superalloys. It has been attributed to liquation of second phases in 

alloy (below solidus temperature), due to a eutectic reaction between second phase 

particle and the matrix. As a result nonequilibrium film (enriched in Al and Ti) along 

grain boundaries is produced. Constitutional liquation of second phase takes place 

during rapid heating of the base metal up to eutectic temperature or higher. During 

cooling from welding temperatures rapid re-precipitation of γ' particles occur which 

induces relatively large shrinkage. 
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 a)                                                  b) 

 

                                   

  

 

 

 

 

 

 

 

 

 c) 

 
Fig. 3. Heat affected zone liquation cracking: a) MAR-M247; b) Rene 77; c) Inconel 713C. SEM. 

CONCLUSIONS  

 The microstructure of nickel based superalloys MAR-M247, Rene 77 and 

Inconel 713C modified by Nd-YAG laser beam were investigated using light and 

scanning electron microscopy. The materials in as received condition were 

characterized by considerable microstructural inhomogeneities originating from the 

segregation of alloying elements during the casting solidification. Presence of hot 

cracks in gas turbine elements is definitely not acceptable as the crack may grow 

during long term service. Understanding of liquation phenomena and cracking 

morphology in HAZ could provide insight on how to improve reliability of 

components. Microstructural investigation allow to state that cracks in superalloys 

MAR-M247 and Rene 77 were initiated by the constitutional liquation phenomena of 

γ' phase and primary carbides. Whereas in Inconel 713C crystallization crack 

developed from fusion zone via fusion line and propagate along weakened grain 

boundaries in HAZ.  
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ABSTRACT 

The effect of adsorption of polyvinylpyrrolidone (PVP) (with weight 55 kDa) 

on suspension stability was studied. The studies were carried out in different range of 

silica concentration (2.3%, 3.1% and 3.4%) and in the absence and presence of PVP. 

For stability determination of investigated systems,  turbidimetry method was applied. 

The obtained results indicate that suspensions without polymer were characterized by 

the smallest stability, whereas the systems with addition of PVP and the same dilution 

were successively stable and had big influence on the silica stability.  

 

INTRODUCTION  

Studies on the stability of colloidal systems in the presence of polymers play 

a crucial role for both, theoretical and practical reasons. Polymers are characterized 

by stabilization-flocculation properties in colloidal systems [1-8] and therefore they 

are widely used in many industrial branches including chemical, pharmaceutical, 

food, automotive technology and electrical engineering. Such big demand for efficient 

stabilizers and flocculants of colloidal suspensions in industry and agriculture makes 

studies on the stability mechanism in the presence of macromolecular compound very 

relevant. Thus, it can be concluded that polymers, according to their valuable 

properties, offer very useful and important applications in industry. 

Silica is a very good material, which because of its valuable properties like 

high purity, well-defined surface area, low chemical reactivity or durability 

enhancement of products is widely used in pharmaceutical, paint and cosmetic 

industry. It is also good dispersant which can be used in pigments instead of 

surfactants [9].  

Polymer chains can modify the surface properties of colloidal particles 

leading to their steric stabilization or destabilization by bridging flocculation or charge 

neutralization. Stability of highly dispersed systems depends on not only the amount 

of adsorbed polymer, but mainly on the conformation of both, adsorbed on the solid 

surface and nonadsorbed in the bulk solution macromolecules. Among many factors 

influencing on polymer chains conformation, the most important is the type of 

polymer functional groups.  
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The polyvinylpyrrolidone (PVP) is a vinyl nonionic polymer soluble in water 

which can be obtained from monomer N-vinylpyrrolidon by free radical 

polymerization of vinyl monomers (Fig. 1) [10]. 

 
Fig. 1. Scheme of polyvinylpyrrolidone (PVP) synthesis. 

It finds application, both, as flocculant and stabilizer of colloidal systems. 

Furthermore, PVP can be used as an ingredient in pharmaceuticals (especially tablets) 

and as a filler or binder in cosmetics and hygiene products: shampoos, hair 

conditioners or tooth pastes [11-17]. Because of the protective effect on the epithelium 

of the cornea and conjunctiva, it can be also used in ophthalmology and other medical 

applications [18-20].  

In the precipitation process, chemical precipitants, coagulants, and 

flocculation are used for particles size increase by aggregation. The precipitation 

process can generate particles with appropriate parameters for exact application which 

are stabilized in suspension by electrostatic surface charges. The electrostatic charges 

create clouds of counter-ions which are formed around particles. Because repulsive 

forces prevent aggregation process, effectiveness of subsequent solid-liquid 

separation processes is reduced. 

Addition of flocculent leads at first to coalescence or flocculation process and 

it is possible for sedimentation to occur what leads to the clarification of suspension. 

As coalescence or flocculation occur, the particles mass increase and their fluttering 

is faster. The flocculation depends on the opportunity for particles contact, which 

varies with the overflow rate, the velocity gradients in the system, the concentration 

and particles sizes. The effects of these variables can only be accomplished by 

sedimentation tests. 

The motivation of the current research was to determine the influence of PVP 

(55 kDa) on the silica oxide suspension stability. In order to characterization of the 

conformation of adsorbed polymer chains the following experiments were carried out: 

suspension stability measurements (turbidimetry methods) and aggregates size 

determination using Zetasizer 3000. 
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EXPERIMENTAL 

Materials 

The samples of silica (M=60.08 g/mol, d=2.6 g/cm3, SBET= 294.6±8.7m2/g, 

adsorption average pore size by BET is 101.3Å) obtained by Chuiko Institute of 

Surface Chemistry, National Academy of Science of Ukraine, Kiev, Ukraine were 

used in the experiments as an adsorbent. The polyvinylpyrrolidone (PVP) (Sigma 

Aldrich, Mw=55.00 kDa) was used in the studies as an adsorbate. All measurements 

were carried out in the 37°C and pH=4.5-5. 

 

Preparation of the suspensions 

The base polymer solution was prepared by dissolving 1 g of polymer into 99 

g of distilled water. For this purpose the PVP solution was placed in magnetic shaker 

(Magnetic Stirrer type MMG, Polamed) for about 20 min. The basic suspension of 

silica in water was prepared adding 1.5 g of SiO2 to 35 cm3 of distilled water. In this 

case the solid content was 4.1%. Later this system was placed into ultrasounds for 5 

minutes. Basic suspension was used for preparation of three system characterized by 

solid contents: 2.3; 3.1 and 3.4% (by dilution with water). 

To obtain suspension with polymer with following solid contents: 2.3; 3.1 and 

3.4% (the same as for system without PVP), 30, 13 and 8 cm3 of starting polymer 

solution was mixed with 35 cm3 of basic silica disperssion. Finally, all suspensions 

with polymer were dilluted by adding 2 cm3 of distilled water. All symbols of 

examined systems used in manuscript are placed in Table 1. The pH of the samples 

with and without PVP were measured using pH meter (Seven Multi, Mettler Toledo). 

The average pH of the samples in the absence of PVP was 4.5, whereas that of the 

samples in the presence of polymer was 5.  

 

Tab. 1. Characteristics of examined silica suspension without and with addition of 

polyvinylpyrrolidone (PVP). 

Sample symbol 

Silica content 

in suspension 

[%] 

Polymer 

amount added 

to the solution 

[cm3] 

Suspension 

dillution with 

water 

SiO2_2.3 2.3 - - 

SiO2_2.3/PVP 2.3 30 - 

SiO2_2.3/PVP/diluted 2.3 30 + 

SiO2_3.1 3.1 - - 

SiO2_3.1/PVP 3.1 13 - 

SiO2_3.1/PVP/diluted 3.1 13 + 

SiO2_3.4 3.4 - - 

SiO2_3.4/PVP 3.4 8 - 

SiO2_3.4/PVP/diluted 3.4 8 + 
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Principles of measurements 

The stability measurements of the silica suspensions with and without PVP 

were carried out using a Turbiscan LabExpert with a TLABCooler cooling module. The 

apparatus possesses an electroluminescence diode which emits collimated light beam 

(λ=880 nm) passing through the suspension. The apparatus has two synchronized 

detectors. A transmission detector records light passing through  

a probe under angle of 0º in relation to the incident light direction. The second one is 

a backscattering detector registers the light scattered under angle of 135º. The 

obtained data are stored and converted by a computer program. The results are 

presented in the form of curves, which show the intensities of transmission (TS) and 

scattering as a function of time.  

The samples were put in a flat-bottom cylindrical glass measurement cells 

(turbiscan bottles) and scanned from the bottom to the top. The optical properties of 

the dispersion along the height of the samples placed in the cell were investigated. 20 

cm3 of examined suspension was introduced into turbiscan bottle (7 cm long) and then 

placed in the thermostated measurement chamber. The stability measurements were 

performed at 37°C. The changes in the suspension stability were monitored for 15 

hours (single scans were collected every 15 minutes). Schematic presentation of light 

transmission through stable and unstable suspension is presented in Figure 2. 

 
Fig. 2. Schematic representation of measuring bottle containing suspension. 

 

Stability estimations 

The samples stability can be estimated and compared using the Turbiscan 

Stability Index (TSI). This parameter takes into account all single measurements 

during experiments and the TSI value is obtained from their average. All processes 

taking place in the sample, including sedimentation and clear layer formation as well 

as particle settling, were summed up. TSI index was calculated with the special 

computer program, Turbiscan Easy Soft with the following formula: 
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𝑇𝑆𝐼 = √
∑ (𝑥𝑖 − 𝑥𝐵𝑆)

2𝑛
𝑖=1

𝑛 − 1
 (1) 

where: xi– average backscattering for each minute of measurement, xBS– average x1, 

n– number of scans (repetitions of single measurement during total time of the 

experiment). 

The TSI values change in the range from 0 to 1. The higher the TSI value is, 

the more unstable system is. TSI is equal 1 for the suspension with very low stability. 

 

Measurements of the aggregate size 

The aggregate size of the examined suspension with and without polymer was 

measured with Zetasizer 3000 (Malvern Instruments), using the microelectrophoresis 

method. Each result was taken from three independent measurements. Moreover, each 

independent measurement was consisted of five measurements of the same sample. 

The measurement error did not exceed 2%. The Zetasizer range provides both 

exceptionally high performance and entry level systems that incorporate combinations 

of a particle size analyzer, zeta potential analyzer, molecular weight analyzer, protein 

mobility and microrheology measurements. 

To measure the size of the particles, samples were placed in the chamber of 

Zetasizer 3000 and lighted by the laser which was used as the source of light. Than, 

the intensity of scattering light by particles was measured and obtained data were sent 

to the computer which was calculating particles size. Zetasizer System is determining 

size of the particles measuring the speed of Brown movement of the particles using 

DLC technique (Dynamic Laser Scattering) and then recalculates it for the size of 

particles. Obtained from the measurements function of correlation is used for 

calculations of the particles size. Next, Zetasizer Software is using algorithms and 

particles size is determined. 

 

RESULTS AND DISCUSSION 

The explanation of stabilization-destabilization properties of investigated 

suspensions requires defining conformation of polymer chains in the bulk and 

adsorbed on the solid surface.  

Fig. 3, 4 and 5 present the turbiscan profiles of PVP on the SiO2 surface 

obtained at three examined solid concentrations 2.3; 3.1 and 3.4%. The relative 

position of transmission curves in different time cycles of the experimental indicate 

dynamic of processes occurring in the investigated systems. The level of suspension 

in measurement bottle is along the x axis and transmitted light intensities are along 

the y axis. The value of 40 mm on the x axis observed in figures is the mark to which 

the investigated suspension was poured in measuring bottle. 

1h 
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Fig. 3. Transmission curves for silica suspensions without PVP:  

A) SiO2_2.3; B) SiO2_3.1; C) SiO2_3.4. 

 

Tab. 2 presents changes of the stability parameters (TSI) on the top, bottom 

and global of sample characterizing the systems under investigation. 
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Tab. 2. TSI values of silica suspensions in the absence and presence of PVP. 

Sample TSIglobal TSItop TSIbottom 

SiO2_2.3 9.9 15.9 7.4 

SiO2_2.3/PVP 8.3 22.9 5.4 

SiO2_2.3/PVP/diluted 5.0 5.0 5.5 

SiO2_3.1 18.7 24.7 15.6 

SiO2_3.1/PVP 1.5 2.2 2.0 

SiO2_3.1/PVP/diluted 11.2 22.2 2.9 

SiO2_3.4 22.2 26.5 18 

SiO2_3.4/PVP 0.7 1.6 0.5 

SiO2_3.4/PVP/diluted 2.1 5.2 1.0 

Based on the obtained results it can be concluded that decrease of the silica 

content (samples without addition of polymer) leads to increase of system stability. It 

is supported by TSIglobal values which for SiO2_2.3; SiO2_3.1 and SiO2_3.4 amount 

9.9; 18.7 and 22.2 (Tab. 2), respectively. Figs. 3A-C show how the distance between 

the first and the last measurement has similar value if the silica concentration is 

reduced. The main mechanism occuring in those samples is flocculation which leads 

to the changes of particle size (Tab. 3). 

Tab. 3. Sizes of silica particles in the absence and presence of PVP. 

Sample Effective aggregate size [nm] 

SiO2_2.3 196.3 

SiO2_2.3/PVP 100.5 

SiO2_2.3/PVP/diluted 175.8 

SiO2_3.1 285.7 

SiO2_3.1/PVP 380.3 

SiO2_3.1/PVP/diluted 210.9 

SiO2_3.4 280.0 

SiO2_3.4/PVP 372.3 

SiO2_3.4/PVP/diluted 384.6 

Analyzing the lowest concentration, 2.3%, it can be observed that presence of 

PVP does not improve so largely the stability like in the case of other investigated 

systems with different concentrations. TSIglobal for the sample without polymer 

amounts 9.9, whereas for SiO2_2.3/PVP and SiO2_2.3/PVP/diluted is lower and 

amounts 8.3 and 5.0 (Tab. 2), respectively. In this case the stability of SiO2_2.3 and 

SiO2_2.3/PVP are similar. The highest stability was observed for diluted suspension 

with addition of polymer which is about two times higher than for the sample 

SiO2_2.3. In the Figs. 4A and 5A are presented scans registered by Turbiscan for 

samples SiO2_2.3/PVP and SiO2_2.3/PVP/diluted which show the formation of small 
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particles (flocculation) (Tab. 3) from 2 mm to 30 mm of the bottle (Fig. 4C). The TS 

values range from 15 to 50% what is caused by clarification process. For 

SiO2_2.3/PVP/diluted (Fig. 5C) the same process occurs but observed in the turbiscan 

profiles changes are smaller and TS values change from 27 to 34% what is related 

with smaller sizes of the particles so stability of this suspension is higher than for 

SiO2_2.3/PVP. With the time the changes of profiles indicate that suspensions with 

PVP are destabilized according to clarification process. The TSI value increases in 

upper part of tube (35-40 mm zone). 

 

 

 
Fig. 4. Transmission curves for silica suspensions with polymer:  

A) SiO2_2.3/PVP; B) SiO2_3.1/PVP; C) SiO2_3.4/PVP. 
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Fig. 5. Transmission curves for silica suspensions with polymer after dilution:  

A) SiO2_2.3/PVP/diluted; B) SiO2_3.1/PVP/diluted; C) SiO2_3.4/PVP/diluted. 

 

The addition of PVP to SiO2_3.1 improves stability of investigated samples. 

TSI changes from 18.7 (SiO2_3.1) to 1.5 and 11.2 for SiO2_3.1/PVP and 

SiO2_3.1/PVP/diluted (Tab. 2), respectively. In Fig. 4B the average TS in the  

0-35 mm zone changes only from 1 to 1.75% what indicates that the stability is high 

but on the top TS values are higher and change from 1.75 to 4.4%. It suggests small 

clarification on the top. The most stable sample was obtained for system 

SiO2_3.1/PVP for which TSI vale amounts 1.5. The same suspension but diluted is 
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characterized by worse stability (TSI=11.2). On the top clarification process occurs 

and is similar to not diluted sample (Fig. 5B).  

Taking into account SiO2_3.4 concentration, it can be observed that the 

highest value of TSIglobal, 22.2 (Tab. 2), was obtained for the sample without addition 

of PVP polymer. It shows that stability of this sample is the worst from all studied 

SiO2_3.4 systems. Fig. 3C presents that the first measurement was registered at 40% 

and the last at 65%. However, completely different situation was noticed for 

SiO2_3.4/PVP suspension for which TSIglobal value is the smallest in comparison to 

suspensions SiO2_3.4 and SiO2_3.4/PVP/diluted. It confirms that addition of polymer 

significantly improves stability of dispersion.  

Figure 4 reports effect of PVP addition on stability of silica/polymer 

suspensions. All samples with addition of polymer are more stable than those with 

only silica content. They are stable in almost every place in the bottle particles 

flocculation does not appear and TS values are in the range 0.2-0.5%. On the other 

hand, on the top of the bottle 35 mm clarification process takes place and TS signals 

reaches 40%. In the case of systems with PVP but diluted it can be observed that their 

stability is higher than systems with the absence of polymer but worse than not diluted 

suspensions so addition of distilled water does not improves stability of silica/PVP 

systems. The TS signals (Fig. 5A) range from 4 to 7% and also at the top clarification 

appears. 

The addition of PVP leads to the highest stability in the case of sample 

SiO2_3.4/PVP which is correlated with bigger sizes of the aggregates. On the other 

hand, the smallest aggregates were observed for the samples with the lowest 

concentration. Higher content of solid in the suspension makes collision of colloidal 

particles more probable and leads to aggregation. 

 

CONCLUSIONS 

The influence of the polyvinylpyrrolidone (PVP) on stabilization-

destabilization properties of the silica suspensions was studied. The turbidimetric 

results as a form of transmission curves, as well as calculated stability parameters 

indicate that the solid suspension without the polymer is highly unstable at 37ºC and 

pH=5. The most stable sample was SiO2_3.4/PVP for which the lowest value of 

TSIglobal and big size of the aggregates about 372 nm were obtained. On the other hand, 

dilution of suspensions only in the case of SiO2_3.4/PVP/dilution leads to stability 

improvement. For samples with higher concentrations the opposite effect is observed. 

The studies showed that for the lowest concentration 2.3%, the main observed 

phenomena of destabilization was flocculation with bigger size particles and further 

clarification. For concentration 3.1%, both, clarification and flocculation processes 

occurred indicating changes in particle size in the system. On the other hand, for 3.4% 

the main mechanism of destabilization was clarification observed on the top. 

 

 



174 

 

REFERENCES 

[1] Pettersson A., Marino G., Pursiheimo A., Rosenholm J.B., Electrosteric 

stabilization of Al(2)O(3), ZrO(2), and 3Y-ZrO(2) suspensions: Effect of dissociation 

and type of polyelectrolyte,  Journal of Colloid and Interface Science, 2000, 228, 73. 

[2] Mewis J., Vermant J., Rheology of sterically stabilized dispersions and latices, 

Progress in Organic Coatings, 2000, 40, 111. 

[3] Guldberg-Pedersen H., Bergström L., Stabilizing ceramic suspensions using 

anionic polyelectrolytes: adsorption kinetics and interparticle forces, Acta Materialia, 

2000, 48, 4563.  

[4] Das K.K., Somasundaran P., A kinetic investigation of the flocculation of alumina 

with polyacrylic acid, Journal of Colloid and Interface Science, 2004, 27, 102-109.  

[5] Kamibayashi M., Ogura H., Otsubo Y., Viscosity behavior of silica suspensions 

flocculated by associating polymers, Journal of Colloid and Interface Science,  2005, 

290, 592.  

[6] Runkana V., Somasundaran P., Kapur P.C., A population balance model for 

flocculation of colloidal suspensions by polymer bridging, Chemical Engineering 

Science, 2006, 61, 182-191. 

[7] Yu J., Wang D., Ge X., Yan M., Yang M., Flocculation of kaolin particles by two 

typical polyelectrolytes: A comparative study on the kinetics and floc structures, 

Colloids and Surfaces A: Physicochemical and Engineering Aspects, 2006, 290,  

288-294.  

[8] Kamibayashi M., Ogura H., Otsubo Y., Shear-thickening flow of nanoparticle 

suspensions flocculated by polymer bridging, Journal of Colloid and Interface 

Science, 2008, 321, 294-301.  

[9] Wawrzkiewicz M., Wiśniewska M., Gun’ko V.M., Zarko V.I., Adsorptive 

removal of acid, reactive and direct dyes from aqueous solutions an d wastewater 

using mixed silica-alumina oxide, Powder Technology, 2015, 278, 306-315. 

[10] Haaf F., Sanner A., Straub F., Polymers of N-vinylpyrrolidone: Synthesis, 

characterization and uses, Polymer Journal, 1985, 17, 143-152. 

[11] Roos A., Creton C., Novicov M.B., Feldstein M.M., Viscoelasticity and tack of 

poly(vinyl pyrrolidone)-poly(ethylene glycol) blends, Journal of Polymer Science 

Part B, 2002, 140, 2395.  

[12] Majumdar D., Blanton N.T., Schwark W.D., Clay-polymer nanocomposite 

coatings for imaging application, Applied Clay Science, 2003, 23, 265.  

[13] Shively L.M., Droplet size distribution within oil-in-water emulsions prepared 

from solid state dispersions, Journal of Colloid and Interface Science, 1993, 155, 66.  

[14] Hou Y., Kondoh H., Shimojo M., Kogure T., Ohta T., High-yield preparation of 

uniform cobalt hydroxide and oxide nanoplatelets and their characterization, Journal 

of Physical Chemistry B, 2005, 109, 19094.  

[15] Gao Y., Wang F., Liao S., D.Yu, Sun N., Active catalyst for the 

hydrodechlorination of perchlorobenzene, Reactive and Functional Polymers, 2000, 

44, 65.  



175 

 

[16] Li Y., Boone E., El-Sayed M.A., Size effects of PVP-Pd nanoparticles on the 

catalytic Suzuki reactions in aqueous solution, Langmuir, 2002, 18, 4921.  

[17] Laruelle S., Dewaele G.S., Vidal D.A., Torcheux L., The curing reaction study 

of the active material in the lead-acid battery, Journal of Power Sources, 1999, 77, 

83.  

[18] Higa Z.O., Rogero O.S., Machado D.B.L., Mathor B.M., Lugao B.A., 

Biocompatibility study for PVP wound dressing obtained in different conditions, 

Radiation Physics and Chemistry, 1999, 55, 705.  

[19] Lopes M.A.C., Felisberti I.M., Mechanical behaviour and biocompatibility of 

poly(1-vinyl-2-pyrrolidinone)-gelatin IPN hydrogels, Biomaterials 2003, 24, 1279.  

[20] Devine D.M., Higginbotham C.L., Synthesis and characterisation of chemically 

crosslinked N-vinylpyrrolidone (NVP) based hydrogels, European Polymer Journal, 

2005, 41, 1272. 

  



176 

 

Preparation of methyl ester of L-serine 
*Agnieszka Sebai1, Agnieszka Gadomska-Gajadhur1, Paweł Ruśkowski1, Małgorzata 

Konopka1, Ludwik Synoradzki1 

1Laboratory of Technological Processes, Faculty of Chemistry, Warsaw University of 

Technology, Warsaw, POLAND 

e-mail: asebai@ch.pw.edu.pl 

 

Keywords: serine, amino acid ester, DOE 

 

ABSTRACT 

It was decided to prepare the product – a methyl ester of L-serine through 

esterification reaction using thionyl chloride and then deprotection of amine group of 

obtained salt. The first reaction was completed with a satisfying yield. The second 

step was more challenging. Small size of side-product made it incredibly difficult to 

purify. The best results were obtained using triethylamine. The product has a form of 

yellow, adhesive wax and is a substrate for further purposes, which is to modify 

materials for polymeric scaffolds. The deprotection reaction was optimized using 

design of experiments (DOE). 

 

INTRODUCTION 

Amino acids are essential for human life. They are the building blocks for 

proteins and play an important role in biochemistry. All amino acids are optically 

active (except for glycine) and naturally occur only as L-stereoisomers. Serine (1) is 

an amino acid containing hydroxyl group in side chain, which, if included, increases 

the hydrophilicity of materials and bioavailability of drugs. It is also crucial for 

catalytic properties of numerous enzymes. It is a precursor of other amino acids (like 

glycine, cysteine, tryptophan) and many other metabolites in bacteria [1]. Esters in 

general are more reactive in condensation reactions than corresponding carboxylic 

acids, thus we decided to synthetize methyl ester of serine (3). It is also a common 

method of protection of carboxylic group in amino acids [2]. Amino acids normally 

occur in form of zwitterions, due to having both acidic side (C-end, carboxylic group) 

and basic one (N-end, amine group). Protection group destabilizes zwitterion 

equilibrium and as a result the unprotected end is more reactive.  

Serine is an amino acid bearing a free hydroxyl group in the side chain. It 

makes it a very attractive substrate for further synthesis. One of the potential 

applications is the synthesis of new functional materials, such as biomaterials for 

tissue engineering, polydepsipeptides or polypeptides with controlled sequence [3].  
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MATERIALS AND METHODS 

Commercially available solvents and reagents were used without previous 

purification. DOE calculation were performed with the use of Microsoft Excel 

program. IR spectra were collected on ALPHA spectrometer (Bruker) in FTIR-ATR 

methodology. 1H NMR spectra were collected on Varian Mercury-400BB: frequency 

400 MHz; TMS standard; CD3OD, CDCl3 solvents. 

GC-FID analyses were performed on HP 6980 apparatus with nonpolar 

column HP1, 30 m length, 0.32 mm, stationary phase thickness 0.25 μm; propellent 

gas flow (helium) 1 mL/min; temperature of the chamber 250°C; temperature of the 

oven 100°C with 10°C/min growth.  

GC-MS analyses were performed on 6890N chromatograph (Agilent 

Technology) with nonpolar column HP 1MS, 30 m length, 0.25 mm, stationary phase 

thickness 0.25 μm; propellent gas flow (helium) 1 mL/min; temperature of the 

chamber 250°C; temperature of the oven 100°C with 10°C/min growth; the detector: 

mass spectrometer MS 5973 Network (Agilent Technology) with quadrupole mass 

analyst. 

 

RESULTS 

Methyl ester of L-serine (3) was prepared in two-step method (Fig. 8). The 

first step was esterification of L-serine (1) that yielded hydrochloride salt (2) using 

reaction with thionyl chloride in methanol. It is well known method of obtaining 

methyl esters. The second step was deprotection of amine group. Three main methods 

of amine group deprotection were found in literature. Those methods utilized sodium 

bicarbonate, zinc powder or triethylamine. All of the abovementioned methods, 

modified by authors, were employed in order to determine the most efficient one. 

 

Fig. 8. Preparation of methyl ester of L-serine (3).  

Synthesis of (L)-serine methyl ester hydrochloride (2)  

The synthesis was conducted twice. The first time was encouraged by 

literature [4]. Thionyl chloride was added dropwise into cooled (0°C) methanol and 

then serine (1) was added in one portion. The mixture was refluxed for 12 hours. 

Product was crystallized from methanol. The IR spectrum did not confirmed the 

presence of methyl ester hydrochloride of serine (2).  

Second time thionyl chloride was added dropwise into cooled methanol, but 

the temperature was controlled and did not exceed 10°C. 1 was added in small 

portions. After that the flask was spontaneously warmed to room temperature, then 

the temperature was increased until the mixture clarified (reflux temperature, ca. 

1 2 3 
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65°C). The reaction was stirred at these conditions until all gas by-products (HCl, 

SO2) were gone (about 0.5 hour). Obtained product (2) was crystallized from 

methanol. It has a form of white crystals.  

The IR spectrum was prepared (Fig. 1). A new band of ester C=O stretching 

vibrations (1745 cm-1) occurs. At the same time a carboxyl acid C=O  

(1577 cm-1) was significantly less intense. The spectra proved that the reaction was 

completed and the product (2) was obtained with 71.9% yield. 

 

Fig.1 . IR spectra of L-serine (1, black) and its methyl ester hydrochloride (2, grey). 

1H NMR spectrum was also made (Fig. 2.). The signal at 3.85 ppm, from 

methyl group of ester proves further that the product was obtained. The broad signal 

at 4.91 ppm comes from the residual water (there was no need to use dry methanol). 

Fig.2. 1H NMR spectrum of reagent 2; dark area is the solvent – CD3OD. 
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Synthesis of (L)-serine methyl ester (3) with zinc powder 

The zinc powder deprotection method has many advantages. Those include 

mild conditions and short reaction times. The reaction was performed four times at 

different conditions (Tab. 1).  

Tab. 1. The conditions of amine group deprotection using zinc powder. 

Attempt 
Time 

[min] 
Temperature Solvent Purification 

I 15 RT THF THF, MeOH 

II 20 reflux, then RT THF THF, MeOH 

III 15 RT CH2Cl2 - 

IV 30 RT THF Et2O, MeOH 

The hydrochloride 2 was dispersed in tetrahydrofuran (THF), zinc powder 

was added and the mixture was stirred vigorously (600 rpm, magnetic stirrer). The 

substrate dissolved but the mixture was not clear due to the zinc residue and the by-

product – zinc chloride. The residue was filtered out on Schott funnel under normal 

pressure. Then the filtrate was evaporated to half volume and precipitate was filtered 

out. This step were repeated a few times. As the last step methanol (MeOH) was added 

and remaining solids were filtered out. However, probably due to small particle size, 

some solids remained in the filtrate.  

We decided to test whether the increase in temperature will solve the problem, 

but the results were not satisfying, so we changed the solvent according to literature 

procedure [5]. In this case the product (3), which is a yellow, adhesive wax did not 

dissolve in dichloromethane. Moreover it adhered to zinc chloride and unreacted zinc. 

As a result, pure product was not obtained. 

Another purification method was tested, using precipitation of contaminants 

with diethyl ether (Et2O). After filtration zinc chloride did not remain in the filtrate, 

but the IR spectrum showed that yield of the reaction was low. Anticipated bands from 

C=O in ester (about 1740 cm-1) and N-H in primary amine (ok. 1650 cm-1), usually 

strong, were hardly noticeable.  

 

Synthesis of (L)-serine methyl ester (3) with NaHCO3(aq)  

Deprotection reaction using sodium bicarbonate was tested in two variants. 

First variant was motivated by literature [6]. The substrate 2 was dispersed in THF 

and then the aqueous solution of sodium bicarbonate was added. The mixture was 

stirred vigorously (600 rpm, magnetic stirrer) for 2 hours. Then the phases were 

separated with the addition of sodium chloride for better phase separation. Sodium 

chloride is also a by-product of the reaction. The organic phases were combined and 

dried using magnesium sulphate. MgSO4 was filtered out and the filtrate was 

evaporated. The reaction yield was very low.  

The other variant used dry sodium bicarbonate. The reaction conditions were 

similar, however the solvent was changed to a mixture of methanol and THF. Then 
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solids were filtered out and the solvent was evaporated. Product was contaminated by 

sodium chloride and unreacted sodium bicarbonate. Repetitive purification steps were 

conducted but crystals of sodium chloride still remained in the product.  

 

Synthesis of (L)-serine methyl ester (3) with triethylamine  

The third method of obtaining product 3 was using triethylamine (TEA). 

Triethylamine hydrochloride is the main by-product of this reaction.  

Ester hydrochloride (2) was dispersed in acetonitrile. The mixture was cooled 

down to 0°C and triethylamine solution in acetonitrile was added dropwise. Then 

reaction mixture was stirred at RT for 2 hours. Subsequently, reaction mixture was 

kept at –18°C for two days. White, needle-like crystals of triethylamine hydrochloride 

were filtered out. The filtrate was evaporated and  white crystals were filtered out. 

The process was repeated a few times but contaminant still occurred.  

Another attempt was made, this time with dichloromethane and chloroform, 

because those solvents dissolve triethylamine hydrochloride but do not dissolve 

product 3. Triethylamine was added dropwise to a cooled dispersion of 2 in 

dichloromethane. Then reaction was refluxed for 1.5 hour (T=40°C). Unfortunately 

even after cooling down the product still did not precipitate. Solvents were evaporated 

and product was purified by precipitation in methanol. The product was still 

contaminated but IR spectrum showed that ester 3 was obtained (Fig. 3.). Strong band 

at 1654 cm–1 occurs, that is a band of N-H flexible oscillation in primary amines. It 

proved that amine group had been deprotected. The 1735 cm–1 strong band came from 

C=O stretching oscillation in ester. Broad band at about 3235 cm–1 originates from 

overlapped stretching oscillations of O-H and N-H bonds. 

 
Fig. 3. IR spectra of methyl ester of L-serine (3, black) and its hydrochloride (2, grey). 
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To further prove that the product 3 was obtained the gas chromatography 

analysis was performed (GC). The GC method was coupled with mass spectrometer 

detector (GC-MS) and flame ionisation detector (GC-FID). The 2.326 min signal was 

assigned to L-serine methyl ester (Fig. 4.). The first peak was from the solvent – 

methanol. Rest of the signals might have come from triethylamine hydrochloride or 

product of reaction of 3 on the chromatography column. The GC-FID analysis shows 

that the sample contained 69.1% of product 3. 

Fig. 4. GC-MS chromatogram of the product 3 after triethylamine treatment. 

1H NMR analysis was attempted. Unfortunately there was problem with 

solubility. The best solvent – methanol – when changed to deuterated, no longer 

dissolved the product. The other available deuterated solvents caused only partial 

dissolution and obtained spectra were low quality, unsuitable for interpretation. 

The isolation of pure product was troublesome and finding the best 

purification method was time-consuming. That way the main goal of optimisation 

process became to obtain the purest product, not the highest reaction yield. The 

triethylamine method allowed to meet that goal. 

After successful deprotection in dichloromethane we decided to use 

chloroform based on the literature procedure [7]. Triethylamine was added dropwise 

to dispersion of 2 in chloroform at room temperature. Then reaction was refluxed for 

5 hours (T=60°C). After standard purification with tetrahydrofuran and methanol the 

product 3 was obtained, unfortunately with low yield and purity.  

The temperature effect on the deprotection in dichloromethane was also 

tested. The reaction was kept at room temperature at all times (also during TEA 

addition), however the resulting reaction yield was still low. 

The preparatory trials results are collected in Tab. 2. The best results were 

obtained for dichloromethane as a solvent and for adding triethylamine at 0°C. 
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Tab. 2. Preparatory trials for serine methyl ester hydrochloride deprotection using triethylamine.  

Number of 

trial 
Solvent 

TEA 

added to 

cooled 

solution? 

Reaction 

time [h] 

Temperature 

[°C] 

Yield 

(GC-FID) 

[%] 

I CH2Cl2 Yes 2 reflux 69.1 

II CHCl3 No 5 reflux 45.7 

III CH2Cl2 Yes 3 room 33.8 

Optimisation through DOE 

The process of deprotection of serine methyl ester hydrochloride using 

triethylamine was optimized through design of experiments (DOE) [8]. It allows to 

obtain a mathematical model that gives more information about the impact of the 

process’ conditions. Those conditions were identified and illustrated as so called 

“black box” (Fig. 5.). The optimization’s main criterion was to maximize the 

conversion. 

 

Fig. 5. Structure of the deprotection of methyl ester of serine hydrochloride process – “black box”.  

Based on previous attempts for this method the range of the input variables 

was established (Tab. 3). The natural values of variables were coded into (–1;1) range. 

Codification allows further comparison of the influence on the output.  

Tab. 3. The area of the experiments and codification of the input. 

Natural variable 
Codification 

–1 0 +1 

z1 Temperature /°C 26 33 40 

z2 Time /h 1 2 3 

The factorial 22 plan with three experiments in the centre was constructed 

(Tab. 4). Experiments were conducted from the same batch of substrates and in 

random order. The conversion was determined via GC-FID analysis.  
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Tab. 4. Factorial 22 plan with interactions and results of experiments, 

both obtained and calculated. 

Signature 

Coded variables Results 

x0 x1 x2 x1*x2 

obtained 

y1 

calculated 

ŷ1 

% 

SEBKA020 1 -1 -1 1 41.5 41.5 

SEBKA021 1 -1 1 -1 53.7 53.7 

SEBKA022 1 1 -1 -1 36.4 36.4 

SEBKA023 1 1 1 1 53.3 53.3 

SEBKA024 1 0 0 0 67.7 46.2 

SEBKA025 1 0 0 0 45.6 46.2 

SEBKA026 1 0 0 0 51.5 46.2 

Factorial plan assumes that the analysed process can be described by a linear equation: 

𝑦1  =  𝑏0𝑥0 + 𝑏1𝑥1  + ⋯ + 𝑏n𝑥n (1) 

If interactions between variables are considered then the equation is expanded 

with products of pair of variables xi in all combinations.  

Coefficients were calculated using the matrix method. T-Student significance 

test was performed. The value of repetitiveness variation was 87.05 and was 

calculated from the three experiments in the centre of the plan (in the same 

conditions). The aberration of the coefficients was 4.67. The tcrit for two freedom 

levels and 95% confidence interval is 4.30. T parameters for all coefficients (accept 

for the b0 coefficient) were smaller than tcrit, thus they are insignificant.  

The calculated output values (for equation with all coefficients with 

interactions) outside of the plan centre were similar to obtained. The equation is as 

follows: 

𝑦1  =  46.24 –  1.38𝑥1  +  7.29𝑥2  +  1.17𝑥1𝑥2 (2) 

The adequacy statistical test (the F test) was taken. The residue variance is 488.49. 

The Fcrit parameter for 2 and 4 freedom levels and 95% confidence interval is 199.50. 

The parameter for the equation is F=5.61, which is smaller than Fcrit thus the equation 

is adequate.  

The equation (2) shows that the reaction time has the most influence on the 

output, because the x2 coefficient module has the biggest value. The longer the 

reaction time, the better is the result. Decreasing the reaction temperature is also 

beneficial. The interaction coefficient is positive. This means that the best results are 

obtained for long processes kept in high temperature or for shorter reaction times and 

low temperatures simultaneously. The area of response for all variables is shown in 

Fig. 6. 
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Fig. 6. The influence of time of the reaction (x1) and the temperature (x2) of the process on the 

conversion (y) – the area of response. 

The insignificance of coefficients stems from wide divergence in the centre 

of the plan (about 20%, which determines high standard deviation). Better results 

should be obtained after repeating the experiment in those conditions few more times 

to exclude output errors. It is also possible that linear equation is not applicable in this 

situation. In that case the factorial plan should be stretched to rotatable plan. Then a 

few more experiments, so called star points, are required.  

 

CONCLUSIONS 

Amino acids are essential for human life. They are the building blocks for 

proteins and play an important role in biochemistry. Methyl ester of L-serine was 

synthesized through esterification using thionyl chloride and then deprotection of 

amine group of obtained salt. The first reaction was completed with a satisfying yield. 

The second step was more difficult, due to small side-product particle size and the 

form of the product – yellow, adhesive wax.  

The best results were obtained using triethylamine in dichloromethane as a 

solvent. The influence of solvent and the temperature of the process were examined. 

The deprotection reaction was optimized using design of experiments (DOE) method. 

The factorial plan 22 was employed. Almost all coefficients turned out to be 

insignificant due to wide divergence in the center of the plan. Assuming that all 

coefficients are significant, the equation turned out to be adequate. Mathematical 

model shows that the best results are obtained for long processes in high temperatures 

or for shorter reaction times in low temperatures. Further optimisation experiments 

are necessary.  

Serine methyl ester is a substrate for further purposes, which is to modify 

material for polymeric scaffolds. 
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ABSTRACT 

Surfactants (surface active agents) are extensive group of organic compounds, 

which is widely used in many industries and everyday life.  Thanks to their specific 

structure surfactants have very high surface activity. Among the characteristics of 

surface active agents the chief position occupies micellization process. The 

micellization process is the most important one from properties, which surfactant 

have. This process is based on formation of colloidal aggregates. It begins in the 

aqueous surfactant solution, when the certain concentration called critical micelle 

concentration (CMC), is reached. One of the method, in which we can determine the 

CMC value is spectrofluorimetry. The aim of presented study was the determination 

of the critical micelle concentration of nonionic surfactant, Tween 20, at different 

temperatures, with use pyrene as a fluorescence probe. 

 

INTRODUCTION 

 Surfactants are substances, which are composed of two parts in opposite 

behavior towards to water. This behavior makes the surfactants amphiphilic. They 

consist of hydrophilic “head” and hydrophobic “tail” [1]. The polar part of surfactant 

has an affinity to water, therefore it is responsible for the dissolution of the compounds 

in these medium. The most frequently hydrophilic groups are carboxylic, hydroxylic, 

sulfonic and quaternary nitrogen [2]. The hydrophobic part is responsible for the 

affinity of surface active agents for non-polar solvents, for example the oils. 

Hydrophobic groups are build of aliphatic chain, contain from 8 to 18 carbon atoms 

or an aromatic ring [3]. 

 From the practical point of view surfactants are often classified according to their 

use. However, this is not very useful, because many surfactants have several 

applications. The most accepted classification of surfactants is based on their 

dissociation in water. We can divide them to two groups: ionic surfactants (including 

cationic, anionic, amphoteric and zwitterionic) and nonionic [4]. 

 Nonionic surface active agents has polar „head” which consist of the group that 

do not dissociate in water. This surfactants have low sensitivity to the pH of 

environment in which they are used (excluding strongly acidic and strongly alkaline 

solutions). The exceptions of this rule are nonionic surfactants containing ester group 

in the molecule. Also nonionic surface active agents  have a low sensitivity to the 

presence of electrolytes, which leads to a slightly changes of physicochemical 
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properties of these compounds. The solubility of nonionic surfactants is inversely 

proportional to the temperature [4]. 

There is a lot of classifications of nonionic surfactants. The most important are: 

-  based on their behaviour in water [5]: 

• compounds soluble in water; 

• compounds, which form dispersions in water that means they are soluble 

incompletely;  

• compounds, which do not form dispersions and they are insoluble in water, but they 

can be soluble in fats. 

- in terms of chemical structure and a method of obtaining [6]: 

• nonionic surface active agents of natural origin – in this group we can distinguish 

mainly saponin, as well as glycolipids; 

• condensation products of polyols with hydrophobic compounds - derivatives of 

substituted alcohols, glycols, glycerol, pentaerythritol and sugar alcohols. Of 

particular attention in this group compounds called Spans – this surfactants are 

obtained from D-sorbitol.  

• block copolymers of alkylene oxides – in this group we are chiefly distinguish 

pluronics;  

• products of polyoxyetylation hydrophobic compounds - prepared by condensation 

of compounds, which have active hydrogen with ethylene oxide or propylene oxide. 

Fatty alcohols, fats, alkyl phenol, amines and fatty amides, fatty acid esters of sucrose 

or sorbitolu are mostly used in the polyoxyetylation reaction. 

 In the group of nonionic surfactants, derivatives of D-sorbitol can be 

distinguished two subgroups - Spans and Tweens. Span is the trade name of the 

surfactants obtained by the dehydration of D-sorbitol, followed by esterification of 

the anhydro-fatty acids which was obtained. Thus obtained surfactants have good 

solubility in oils and a very weak solubility in water [4]. Tween is a general trade 

name of surfactants that can be obtained by ethoxylation compounds type Span. These 

are the mixtures of substituted ethylene oxide esters of sorbitol and its anhydrides – 

monocyclic sorbitan and  bicyclic sorbide with fatty acid esters (lauryl, palmitic, 

stearic, and oleic). These compounds, unlike Spans, are well soluble in water [4]. 

 Tween 20 (polyoxyethylenesorbitan monolaurate), T20, is a surface active agent, 

which is obtained during the polyoxyetylation of sorbitan monolaurate. This 

surfactant, because of its low toxicity, can be used as a detergent in many fields of 

industry, science, and pharmaceuticals. Tween 20 differs from the other Tweens in 

length of chain  polyoxyethylene and the kind of fatty acid from which the ester group 

is made [7]. In the food industry Tween 20 is used as a wetting agent in the production 

of ice drops and also as an emulsifier in the production of ice cream and soft drink. 

Tween 20 as a food additive is identified in accordance with the international system 

INS (International Numbering System) as E432. Tween 20 is also used in the 

biological sciences as a cleaning agent in immunoassays, e.g. ELISA. It solubilized 

also membrane proteins and it helps stabilize the purified protein derivative (PPD) 
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during tuberculin test. In the pharmaceutical industry it is used to stabilize emulsions 

and suspension [8]. 

 

Critical Micelle Concentration 

Asymmetric structure of the surfactants causes their high surface activity. 

They are able to lower the surface tension of aqueous solutions and the interfacial 

tension at the interface of two immiscible liquids [1]. The second important property 

of surfactants is their ability to form micelles (colloidal aggregates). In dilute solutions 

surfactants are present as monomers. With the increase of surfactant concentration in 

the solution, they start to "saturate" the interface. The micellization process begins, 

when the complete saturation of the interface happened, surfactant molecules are still 

present in the solution, and this occurs at a certain concentration value, called the 

critical micelle concentration (CMC). Aggregates of surfactants above the CMC value 

are thermodynamically stable and they remain in equilibrium relative to individual 

surfactant molecules [9,10]. 

 
Fig. 1. Scheme of the micellization process in aqueous surfactant solution. 

 

There are many methods of determining the CMC, they are based mostly on 

observation of certain properties, such as surface tension, conductivity, or osmotic 

pressure [11]. The fluorescence spectroscopy can be a good technique for determining 

the critical micelle concentration [12]. Unfortunately, in few molecules of the 

chemical compounds occur the groups which have the natural fluorescence, so the use 

of the fluorescence probes are important for the reaserchers [13]. Pyrene is very often 

used fluorescent probe in analysis of surface active agents. This substance is built 

from a system of four coupled aromatic rings. At room temperature pyrene is a 

crystalline colourless substance, which can be obtained by separation of the soot. It is 

a weakly toxic compound, but highly carcinogenic, especially dangerous for kidney 

and liver [14]. The emission spectra of pyrene can be observed a five characteristic 

peaks at 372, 379, 383, 388 and 393nm [15]. 

For the first time the possibility of applying pyrene to determine the critical 

micelle concentration proposed Thomas and Kalyanasundaram. They used in their 

work I1/I3 parameter, which is the ratio of intensity of the first peak to the third from 

the emission spectra of pyrene as a function of surfactant concentration [15]. Since 

micellization 

air 

water 
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then, this method of determining the critical micelle concentration has become  

a valuable tool for many researchers. 

Thus, the aim of presented study was to determine the critical micelle 

concentration of nonionic surfactant Tween 20 by fluorescence spectroscopy using 

pyrene, on the basis of I1/I3 parameter. 

 

MATERIALS AND METHODS  

A nonionic surfactant, Tween 20 and pyrene was used without previous 

purification (Sigma Aldrich). The aqueous solutions of Tween 20 (CT20=10-6-10-2 M) 

with the pyrene (Cpyrene=6·10-6 M) was prepared. The emission spectra of pyrene were 

recorded on Hitachi spectrofluorimeter FL-2700 (excitation wavelength λex=335nm) 

at the temperature range 293-318K. The solutions were thermostatted for 30 minutes 

in Lauda ECO Silver thermostate at each temperature. Then, by determining the 

parameter I1/I3 critical micelle concentration of Tween 20 in aqueous solutions was 

designated and the analyzed in the presented range of temperature. 

 

RESULTS 

Emission spectra of pyrene in aqueous solution of Tween 20 are shown in Fig. 

2a-f. In the emission spectra of pyrene, as noted in the introduction, can be observed 

five characteristic peaks. The intensity of the pyrene’s peaks increase with the increase 

of surfactant concentration in the solution. Simultaneously, the increase of 

temperature causes a decrease of the intensity of those peaks. 
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Fig. 2. Emission spectra of pyrene (Cpyrene=6·10-6M) in Tween 20  solutions (CT20=10-6M–10-2 M) 

solutions at different temperatures (a-293K, b-298K,  c-303K, d-308K, e-313K, f-318K). 

 On the basis of the emission spectra at all temperatures the values of I1/I3 

parameter were assigned. They are shown in the Fig. 3. 
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Fig. 3. A plot of the values of I1/I3of aqueous solutions of Tween 20 versus the logarithm of the 

concentration of surfactant, log CT20. 

In the analyzed aqueous solutions of surfactant Tween 20 with increase of its 

concentration the values of I1/I3 parameter decrease. It is interesting that the values of 

I1/I3 parameter increase in the range of 10-5 to 10-4M concentration of Tween 20 with 

the increase of temperature. Above 10-4M concentration the values of this parameter 

decrease until they reach almost constant value. 

Based on I1/I3 parameter, which is presented in Fig. 3, the values of the critical 

micelle concentration of Tween 20 were determined and the results are shown in 

Tab. 1. 

Tab. 1. The CMC values of Tween 20 at different temperatures (T). 

T [K] 293 298 303 308 313 318 

CMC [mol/dm3] 1,62·10-4 1,82·10-4 2,46·10-4 2,53·10-4 2,69·10-4 
3,09·10-

4 

 

Tab. 1. shows that with the increase of the temperature the CMC of the Tween 

20 increases, based on I1/I3 parameter.  

Effect of temperature on the CMC of surfactants solution depends on their 

chemical structure. The increase of the temperature causes the decrease of the degree 

of hydration for the surfactant hydrophilic group. This help in the process of micelles 

formation. Simultaneously, increase the temperature causes the destruction of the 

water structure around the hydrophobic group, which does not promote micellization. 

This two presented processes are opposite to each other, so the statement that the CMC 

increases or decreases depends on the temperature range and the structure of the 

surface active agent [1]. For most of the surfactants described in the literature CMC 

decreases with increase of the temperature [9,16]. 

The increase of the CMC of Tween 20 with the increase of the temperature 

may be result from the decreasing the interactions between the oxyethylene groups 

and the water molecules caused by changes in the conformation of polyoxyethylene 

chains, and thus a change of its hydration. Presented values of the CMC in (Tab. 1) 
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indicate of such phenomena, which probably occur in the examined solutions of 

surfactant. 

 

CONCLUSIONS 

The most important conclusion of the measurements is that the temperature 

will have an impact on values of the critical micelle concentration of the surfactants. 

The knowledge of the values of the surfactant CMC allows for suitable application of 

surfactant in the industry. 
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ABSTRACT 

In the last years the polyphenols have reached the interest of researchers, 

because of their extremely interesting properties. These group of compounds has 

found the applications in medicine, pharmacy, and food supplementation. So the 

processes of obtaining polyphenols from plants is a necessity and very interesting for 

the topic of the research. The main focus of this paper is the characterization of 

polyphenols and one of the methods for obtaining these biologically active substances 

from plant origin (the object of interest are the polyphenols) – alcohol extraction. Also 

the ethanol and propanol extraction of biologically active plant based compound as 

quercetin will be shortly described. 

 

INTRODUCTION 

 For the last ten years researchers have become interested in polyphenols and their 

applications. The main reason for this are the antioxidant properties of polyphenols, 

their probable anticancer properties and also great wealth in our diet. Moreover, 

polyphenols are found in medicinal plants, which are rich in active substances. This 

substances can modulate the activity of a wide range of enzymes and cell receptors. 

Till now the polyphenols are used in pharmacy as the dietary supplements. 

Unfortunately the natural polyphenols, mostly flavonoids, are poorly soluble in water, 

so in the pharmaceutical industries are using the synthetic ones. The researchers are 

looking for the new methods of obtaining the natural polyphenols from vegetables and 

fruits, which can be absorbed almost completely in human body [1]. 

The extraction is one of the basic methods of obtaining active substances from 

the plant material. It can be carried out under different conditions (hot, cold, with a 

variety of factors enabling i.e.: microwaves, ultrasound). This techniques are used to 

obtained polyphenols (particularly flavonoid). The simplest extraction, which can be 

used, is alcohol extraction. In this process the alcohol is used as solvent, in which the 

polyphenols are soluble [2]. So, the aim of presented article is to find the best 

concentration of ethanol and propanol, which can be used in alcohol extraction to 

obtain quercetin. 
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CHARACTERIZATION OF POLYPHENOLS 

Structure and groups 

 Polyphenols are naturally occurring organic compounds, which can be found 

largely in plants. Polyphenols are secondary metabolites of plants and they are mostly 

responsible for the defense against ultraviolet radiation or pathogens. Polyphenols 

occur naturally in food and they may contribute to the color, bitterness, flavor, 

astringency, oxidative stability and odor [3,4]. 

 Polyphenols contain at least two hydroxyl groups, which are attached to the 

aromatic ring. They can be divided into four main groups (Fig. 1), with the additional 

subgroups. On the basis of the number of the phenol rings, which they contain, and 

based on structural elements, which bind the rings to each other [3,4]. 

 

Fig. 1. Scheme of main groups of polyphenols [3,4]. 

Flavonoids 

Favonoids represent the most studied group of polyphenols. The substances 

from this group have the basic structure, which consists of two aromatic rings bounded 

together by three carbon atoms that form an oxygenated heterocycle. For now there is 

known more than 4000 varieties of flavonoids, which have been identified. They are 

responsible mostly for colours of the flowers, vegetables and fruits, leaves. Flavonoids 

can be divided into six subclasses based on their variation in the type of heterocycle: 

flavonols, flavanones, flavones, flavanols, isoflavones and anthocyanins (Fig. 2). The 

difference in number and arrangement of the hydroxyl groups and also their extent of 

alkylation and/or glycosylation are the reasons of the individual differences between 

each subclass. The most common flavonoids are quercetin, rutin, myricetin, catechins 

etc [3,4]. 

Polyphenols

Flavonoids Stilbenes Lignans Phenolic acids
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Fig. 2. The structure of the subclasses of flavonoids [3]. 

Stilbenes 

Stilbenes are the substances, which contain two phenyl moieties. This 

moieties are connected by a two-carbon methylene bridge. Stilbenes naturally occur 

in plants and they act as antifungal phytoalexins, so they are synthesized only in 

response to infection or injury. In human diet the stilbenes occur in low quantities. 

One of the best studied stilbene, which occurs naturally is resveratrol (3,4',5-

trihydroxystilbene), which can be found largely in grapes. A product of processing 

grapes, red wine also contains significant amount of resveratrol [3,4]. 

 
Fig. 3. The chemical structure of resveratrol from the stilbenes group [5]. 

Lignans 

Lignans are the compounds, which are diphenolic and they contain  

a 2,3-dibenzylbutane structure. This structure is formed in the process of dimerization 

of two cinnamic acid residues. These substances are metabolized to enterodiol and 

enterolactone by the intestinal microflora. The dietary source, which is the richest in 

lignans is linseed. It contains secoisolariciresinol (up to 3.7 g/kg dry weight) and low 

quantities of matairesinol [3,4]. 
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Fig. 4. The structure of secoisolariciresinol (group of lignans) [6]. 

Phenolic acids 

Phenolic acids are the compounds, which can be found abundantly in foods. 

They can be divided into two classes: derivatives of cinnamic acid and derivatives of 

benzoic acid. The hydroxycinnamic acids consist mostly of p-coumaric, ferulic, 

caffeic and sinapic acids. Also they’re more common than the hydroxybenzoic acids. 

The hydroxybenzoic acid occurs in plants, but they amount is low. The exceptions are 

certain red fruits, black radish and onions, This fruits and vegetables can have 

concentrations of the hydroxybenzoic acids about tens of milligrams per kilogram 

fresh weight of vegetable or fruit [3,4]. 

 
Fig. 5. The chemical structure of p- hydroxybenzoic acid and cinnamic acid [7,8]. 

 

HEALTH BENEFITS OF POLYPHENOLS 

Researchers are evaluating more than 8000 different polyphenols, which have 

been identified. The completed studies will give the importance of these compounds 

in human diet. Epidemiological studies repeatedly shown that the diet rich in 

polyphenols prevents humans from chronic diseases [9]. The phenolic groups in the 

structure of polyphenols can accept an electron and then it can form relatively stable 

phenoxyl radicals. This processes can disrupt the chain oxidation reactions in cellular 

components [10]. The research shows that the food, which is rich in polyphenols, and 

beverages may increase the plasma antioxidant capacity. This increase of 

antioxidative capacity of plasma can be the result of either the presence of reducing 

polyphenols and their metabolites in plasma, also by effects of polyphenols on 

endogenous antioxidants. It can also be related with the effect of these compounds on 

the absorption of pro-oxidative food components (for example iron) [11]. 

Consumption of antioxidants makes the reduce of levels of oxidative damage to 

lymphocytic DNA. Researchers confirms that the antioxidants, polyphenols may 
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protect the cells from oxidation, later the damage of cells. So this group of compounds 

can protect humans from a wide range of diseases [4]. 

 

ALCOHOL EXTRACTION OF FLAVONOIDS 

Recently the new methods of obtaining biologically active substances from 

plants are developing, because of the interest in obtaining the natural substances from 

plants. This natural ones have better absorption in human’s body, so the researchers 

are looking for method in which they can obtain these substances. The polyphenols 

(mostly flavonoids) are these kind of substances, which occur in food, cosmetics, 

pharmaceuticals, or in aromatherapy. One of the easiest method of obtaining 

polyphenols from plants is alcohol extraction [12]. 

The antioxidant activity and the yield of the process of extraction mostly 

depends on the solvent polarity. It determines the qualitatively and quantitatively the 

extracted antioxidant compounds. The highest yields of the extraction process can be 

usually achieved with the short-chained alcohols such as ethanol and methanol or their 

mixtures with water. In the extraction of polyphenols from the plants there are also 

other solvents, which are widely used for example ethyl acetate or acetone. The reason 

why the water and ethanol are those most widely used is their low toxicity and high 

extraction yield. Also they give the advantage of modulating the polarity of the solvent 

by using the mixtures of ethanol and water [13]. 

 

MATERIALS AND METHODS 

 Quercetin belongs to a group of polyphenols, subgroup - flavonoids 

(3,5,7,3’,4’-pentahydroxyflovonol) and it is one of the widely used pharmaceutical 

flavonoids compound. It is also a natural plant pigment. Quercetin can be found in 

plants and in food such as tea, juices, wine or honey. Moreover flavonoids, such as 

quercetin, have an antioxidant properties. So the quercetin also have many properties, 

which have positive effect on humans health. It can be used as strong antioxidant, 

because of its ability to scavenge free radicals and bind transition metal ions. It can 

also help to protect the vessels against heart disease and the tissues from cancer. 

Quercetin has anti-inflammatory and antihistamine properties, because it helps to 

stabilize the cells that release histamine in the body [14]. 

 Two alcohols were chosen for the experiment, in which the quercetin was 

extracted. One of them is ethanol and the second one is propanol. This two alcohols 

are shorth-chain, and they have antibacterial properties, so they were used as the 

extraction solvent.  

 The alcohol-water solutions of: 

 quercetin and ethanol (CpEtOH=0% – 80%)  

 quercetin and propanol (CpPrOH=0% – 80%) 
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were prepared. Firstly the 0.004 mg portions of quercetin (Sigma-Aldrich) was 

weighted. Next the weighted amounts of quercetin were transferred into 100 ml flasks. 

And then the water, alcohol-water solutions were prepared by adding appropriate 

quantities of alcohol to obtain the desired solutions  in the flasks.  Then their 

absorption spectra were measured at 293K with the Helios γ spectrophotometer. 

 

RESULTS AND DISCUSSION 

 Fig. 6. shows the absorption spectra of quercetin in ethanol solutions with 

different concentration at 293K. The maximum peak of the quercetin in the examined 

solutions is about λ = 375 nm. The lowest absorption is observed in quercetin solution 

in water (0% of ethanol). With the increase of ethanol concentration in the solution 

the absorbance increases. So the most appropriate concentration to extraction of 

quercetin is the 80% solution of ethanol (EtOH). 

 Fig. 7. also shows the absorption spectra of quercetin, but in the solvent, 

which is propanol (PrOH) at 293K. The maximum of the absorption of quercetin is 

about λ = 375 nm. The increases of the concentration of propanol in the solution 

causes the increase of the amount of the extracted quercetin, which is confirmed on 

the Fig. 7. So the most appropriate concentration of propanol to extraction of quercetin 

is 80%. 

 Next Fig. 8. shows the comparison of obtained results of maximum 

absorbance value of quercetin in two different solvents. In both solvents, in ethanol 

and propanol, the amount of extracted quercetin increases with the increase of the 

alcohol concentration in the solution.  

 Both alcohols, propanol and ethanol, used for the extraction allow to obtain 

extracts of the examined substance - quercetin. Moreover both of used alcohols are 

used in food production, so they can be widely used to extraction of quercetin. 

 
Fig. 6. Absorption spectra of quercetin in ethanol solutions (CpEtOH= 0 - 80%). 
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Fig. 7. Absorption spectra of quercetin in propanol solutions (CpPrOH= 0 - 80%). 

 
Fig. 8. A plot of maximum absorbance (Amax) of quercetin versus the concentration of alcohol solutions 

(Cp= 0 - 80%). 

 

SUMMARY 

 Polyphenols are the compounds, which has very interesting structures and 

properties. They found the application in wide range of industry sectors. Also they 

can be obtained from plants in the process of extraction. 

 The alcohol extraction techniques have many benefits, so it is used to obtain 

polyphenols, especially flavonoids, which are biologically active plant based 

compounds.  

 Ethanol and propanol are the alcohols, which can be successfully used in 

extraction of biologically active compounds (flavonoids). Quercetin can be extracted 

with the use of this both alcohols. The most appropriate concentration  of ethanol and 

propanol to extraction of quercetin is 80%. 
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ABSTRACT 

 The applications of different carbon materials including carbon black, 

nanofibers, nanotubes and graphene have been reviewed and discussed. Carbon-based 

nanomaterials’ properties strongly depend on the material structure despite its similar 

chemical composition as well as interactions with other materials. The particular 

attention has been paid to their applications in analytical chemistry. The unique 

chemical and electrical properties of carbon-based materials make them very 

interesting for developing new types of gas sensors or sorbents. 

 

INTRODUCTION 

In the last few years carbon-based nanomaterials (CBNs) found application in 

various areas. Due to their multifunctional nature CBNs are used in electrochemical 

sensors [1,2], biochemistry [2,3] and analytical chemistry [5-7]. The objective of this 

review is to provide a snapshot of applications in aforementioned areas.  

 

STRUCTURE AND PROPERTIES OF CARBON MATERIALS 

Carbon black 

Carbon black is pure, more than 97% of elemental carbon, in the form of 

colloidal particles. It is produced in the process of incomplete combustion of 

hydrocarbons [8]. Carbon black is available in various forms, particle sizes and 

porosity [9]. It forms grape-like clusters of sizes lower than 50 nm, its surface area 

can be greater than 1500 m2∙g-1, and density much lower than 2.25 g∙cm-3, which is 

theoretical density of graphite [1,4]. 

 

Carbon nanofibers 

 Carbon nanofibers are nano-sized carbon fibers formed from hydrocarbon 

gases [10] or by carbonization of polymers [11-13]. Depending on the method of 

production they can be hollow or porous [1]. Many fiber grades are available with 

diameters from 40 to 400 nm and length of a few μm [5,13]. 
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Carbon nanotubes 

 Carbon nanotubes (CNTs) are one-dimensionally extended fullerenes. Their 

ends may be capped. Their name is derived from their hollow structure limited by 

walls formed by rolled graphene sheets. CNTs are categorized as single-walled 

nanotubes and multi-walled nanotubes made of concentric tubes of rolled 

graphene. [1,6,14] 

 CNTs were observed for the first time by Iljima [15] during an arc discharge 

of graphite electrode. In the following years the new methods of CNTs synthesis were 

developed, such as laser ablation [16] or catalytic vapour-phase deposition [17]. 

 

Graphene 

 Graphene is the two-dimensional material made of single layer of carbon atoms 

arranged in honeycomb structure. Since Novoselov et al. [18] isolated graphene for 

the first time by mechanical exfoliation, many different methods to fabricate graphene 

have been reported. The most commonly used are chemical exfoliation [19], thermal 

decomposition of silica carbide [20], chemical vapour deposition [21].  

 

APPLICATIONS OF CARBON MATERIALS 

Gas sensors 

 The properties of carbon-based materials have been used to develop gas 

sensors employing different transduction principles, such as changes in electrical or 

optical properties [1]. Lewis et al. [22] developed commercially available carbon 

black with different polymers in 14 element array of sensors. The sensor was used for 

detection of components in mixture of 19 solvents vapors. It was possible to 

distinguish both similar (n-pentane and n-hexane) and differing in chemical properties 

(methanol and benzene) compounds of the mixture. 

Due to the variety of preparation methods of carbon nanotubes there are many 

sensors for different gases. In sensor made by Lee et al. [23] carbon fibers were 

prepared in the process of electrospinning, thermal treatment, chemical activation 

using KOH solutions and addition of carbon black. That way of sensor material 

preparation led to increased electrical conductivity and sensitivity to carbon monoxide 

and nitrogen monoxide gases. Another sensor developed by Fong et al. [24], prepared 

by attachment of Pd nanoparticles to carbon nanofibers. This modification allowed 

detecting hydrogen due to its reduction reaction with Pd. Similarly to metals also 

metal oxides such as ZnO or SnO2 [25] may be attached to carbon materials in order 

to lower the limit of detection to the level of 0.1 ppb. 



204 

 

 
Fig. 1. Normalized resistance changes of ZnO/SnO2/Carbon nanofibers gas sensor upon sequential 

exposure to various dimethyl methylphosphonate (DMMP) vapor concentration [25]. 

Next carbon material used in gas sensors are carbon nanotubes. Their first 

applications were announced seminally by groups led by Kong [26] and Collins [27]. 

There are many methods of gas detection using carbon nanotubes. The main ones are 

electrical resistance measurements [27], changes in photoemission spectra [28] and 

use of doped carbon nanotubes as semiconductors in transistors [26,29]. There were 

many studies shown that functionalization of carbon nanotubes can make them 

selective to certain analytes [30]. In some cases carbon nanotubes exhibit similar 

properties to carbon nanofibers for example Pd coated carbon nanotubes are sensitive 

to hydrogen [31]. 

Graphene properties for gas sensing were described for the first time by 

Schedin et al. [32]. The gas induced concentration dependent changes in resistivity 

had different magnitudes for different gases including the sign of changes whether the 

gas was electron acceptor or donor. By removing the contaminants in graphene by 

H2/Ar mixture, responses to very small amount of gases can be measured [33]. 

However there is a need for graphene surface functionalization with B, N, Al or S in 

order to reach sub-ppb sensitivity [34]. Also the chemically modified graphenes are 

used as components of gas sensors [35,36]. 

 

Biochemistry and biomedical engineering 

Due to capability of selective binding of target molecules or proteins 

electrochemical aptasensors (ECAS) are nowadays widely applied in biochemistry. 

Introduction of high specific surface area CBNs into ECASs increased their efficiency 

[2]. Some CBNs are sensitive only to certain molecular structures. This led to 

fabrication of aptasensor used for detection of single-stranded DNA in the mixture of 

single- and double-stranded DNA [37-39]. Xu et al. [40] developed graphene-based 

aptasensor for detection of Pb2+ and K+ with limits of detection of  

2 μM for Pb2+ and 27 μM for K+, which were lower than previously reported methods. 

Carbon-based aptasensors are also widely used to thrombin detection. Besides 
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chemically modified graphenes [41] the composites of gold nanoparticles with CNTs 

[42], graphene [43,44] and reduced graphene oxide [45] are used for preparation 

of ECASs. 

Unique optical properties of CNTs such as optical transitions in near-infrared 

(NIR) region make them useful in cell and tissue labeling and imaging. Combining 

the CNTs biomarkers with NIR fluorescent microscopy and optical coherence 

tomography results a higher quality images. High affinity of some proteins or DNA 

to CNTs make them considered as drug carriers [3,46,47]. The chemically modified 

graphenes are also considered as drug carriers. Dispersability in water solutions, 

hydrophilic functional groups and structural heterogeneity of graphene oxide are 

desirable features for applications in bioengineering. Thanks to ease of chemical 

modification of graphene oxide it found application as a drug carrier and cellular 

sensor [3,48,49]. 

 

Sample preparations 

 CBNs have found a wide range of applications in sample preparation 

techniques as adsorbents due to their strong interactions such as π-π stacking, 

electrostatic forces with organic molecules. However usage of some CBNs in flow-

through methods is hampered by their tendency to aggregate, which causes pressure 

drop and deterioration of retention [5,7]. Materials with larger particle size, like 

carbon nanofibers, can overcome this problem. It make them possible to use in solid 

phase extraction (SPE) method of samples preparation of either organic or inorganic 

samples [50-52]. Despite the problem of pore clogging many types of CNTs are 

widely used in SPE for preconcentration of phenolic compounds, pesticides, 

pharmaceuticals, organometallic compounds and inorganic ions [53-57]. Another SPE 

sorbents is graphene and its oxide. To avoid their aggregation and escaping from 

cartridge graphenes were chemically bonded to aminosilica support [58,59]. 

Furthermore, CNTs may be placed on fibers and used in solid phase microextraction 

(SPME) [56,57,60]. Also graphene oxide, which may be modified with octadecylsilyl 

to lower its polarity, is used in SPME [61]. 

 

CONCLUSIONS 

There is a big number of literature supporting the use of the CBNs. Their 

unique electronic properties give them a place between other nanomaterials in 

potential applications of electrical sensors. There is need for breakthrough in 

fabrication of cheap, high quality CBNs to introduce commercial production of CBN-

based gas sensors and adsorbents. However, low quality CBNs like graphene oxide 

are also promising materials for gas sensing. [1,3] 

Despite the use of nanotechnologies in analytical chemistry it is quite new 

approach many researchers around the world have recognized the utility of CBNs. 

Their use in the construction of ECASs can improve sensitivity to analytes with low 

limits of detections. Also, owing to their adsorption abilities, CBNs have found a wide 
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range of applications in sample preparations as sorbents. Their chemical and thermal 

stability are the advantages for application of some CBNs in the SPME technique as 

fiber coating materials. [2,5-7] 
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ABSTRACT 

 The extraction of zinc(II) ions from chloride solutions through pseudo-

emulsion based membrane strip dispersion (PEHFSD) using pyridine derivates as the 

extractants was investigated. The metal ions transport was investigated as  

a function of various experimental variables: type of compound in the organic phase 

and the initial metal concentration in the feed phase. The overall mass transfer 

coefficient of permeation was calculated from the experimental data, the values being 

found in the range of 2.510-7–1.1×10-6 m/s. The recovery of Zn(II) in the stripping 

solution (H2O or 5% Na2SO4) was around 70-80% for most conditions tested. 

 

INTRODUCTION 

 Hollow fiber membranes (HF), originally was developed in the 1960s for 

reverse osmosis applications. They have been used in a variety of applications in the 

industry such as degasification of process solutions, separation of carbon dioxide, 

other gases from flue gas streams and waste water treatment [1]. Moreover the 

healthcare industry is still the biggest market of hollow fiber membranes for dialyzers 

for kidney failure [2]. A lot of researchers have studied the application (Tab. 1.) of 

hollow fiber membrane technology in various operations such as liquid-liquid 

extraction, gas separation by absorption and stripping, ozonation of water and removal 

of volatile components from water.  
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Tab. 1. Application of hollow fiber membranes [3]. 

Applications of membrane contactor technology 

Removal of dissolved oxygen in the microelectronics industry 

Removal of carbon dioxide to extend the life of ion exchange beds and improve performance 

of edi (electrodeionization) technology 

Removal of bulk oxygen and nitrogen in the make-up system 

Removal of oxygen in the polishing loop to <1ppb 

Total gas control to enhance megasonic cleaning technologies 

Removal of dissolved nitrogen from blanketed storage tanks 

Accurate total control of dissolved gasses at point of use 

Removal of voc’s from liquids 

Humidification of gasses 

Degassing inks, developers, photo resists and other emulsions in imaging and photographic 

markets 

Debubbling coating solutions used in paper manufacturing 

Carbonation, decarbonation and nitrogenation in the beverage industry 

 

Hollow fiber membrane modules are particularly useful because processes 

can be easily  up-scaled from small volume R&D applications to full-scale production. 

The same filtration conditions used to optimize R&D experiments or lab scale 

filtration can be used in full-scale production when the length of the filtration flow 

path is maintained while filter's surface area is increased by adding more fibers to 

process large volumes [4,5]. 

 The advantage of the Pseudo-Emulsion Hollow Fiber Strip Dispersion 

(PEHFSD) technique is connected to membrane extraction process, whereby a single 

membrane module is carried out simultaneously extraction and re-extraction, the 

consumption of the extractant is much smaller than in the classical extraction. 

Pseudoemulsion system is a very promising method for treatment of liquid waste 

streams with toxic or valuable metal ions [6-9]. 

 In the experiments, as the feed stream is pumped through the membrane 

cartridge, retentate, including species excluded by the membrane pores, continues 

through the recirculation loop while the permeate, including solvent and solutes 

transported through the membrane pores, is collected on the shell side of the cartridge 

(Fig. 1.). 

 
Fig. 1. Mechanism of hollow fiber process (HF). 
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A number of extractants which remove Zn(II) from chloride solutions have been 

studied, including pyridine derivates. The hydrophobic pyridylketoximes have been 

proposed as a new type of ligands to the selective removal of metal using a liquid-

liquid extraction technique [10-14]  and as a ligand in membrane transportation of 

various metal ions [9]. The basic compound, hydrophobic 1-(3-pyridyl)undecan-1-

one oxime has been proposed by Wieszczycka [19] as ligands for a selective removal 

of zinc(II) from multielemental hydrochloride feed solution in liquid-liquid extraction 

process and for the removal of zinc(II) from chloride solutions using pseudo-emulsion 

based hollow fiber strip dispersion (PEHFSD). The basic oxime (0.1 mol/L 1-(3-

pyridyl)undecan-1-one oxime dissolved in toluene with 10% v/v decan-1-ol) gave 

better results for lower concentrations of zinc (to 1 g/L) and was more effective at a 

lower concentration than TBP (2.9 mol/L) [9]. Moreover, the quaternary pyridinium 

ketoximes were investigated like selective extractants of zinc ions from chloride 

solutions [15] and molybdenum(VI) from sulfate media [16]. 

 The aim of this work was to study the possibility of using the novel extractants 

- pyridine derivatives for the recovery of Zn(II) from chloride medium using the 

PEHFSD technique. 

 

MATERIALS AND METHODS 

Reagents 

 1-(3-pyridyl)undecan-1-one oxime (3PC10), 3-[1-(hydroxyimine)undecyl]-1-

propylpyridinium bromide (3PC10-PrBr) and 3-[1-(hydroxyimine)undecyl]-1-

propylpyridinium chloride (3PC10-PrCl) (Fig. 2.) (they were used as the carriers for 

transportexperiments) were synthesized according procedure described in previous 

papers [15-18]. Toluene (ACS reagent, Chem-Lab NV, Belgium) and decan-1-ol 

(Merck, Germany) were used as components of the organic phase. Sodium chloride 

(ACS reagent, Panreac, Spain), hydrochloric acid (35%) (AR reagent; VWR, USA); 

sodium sulfate (ACS reagent, AppliChem, Germany); zinc(II) chloride (anhydrous) 

(ACS reagent, Chem-Lab NV, Belgium) were used to compose the aqueous phase. 

The organic phase used in the extraction studies contained the synthesized 

compounds (0.1 mol/L) and toluene as a diluent with a 10% (v/v) addition of  

decan-1-ol. 

The aqueous solutions before and after tests were analyzed for zinc(II) 

concentration by AAS using a Perkin Elmer - AAnalyst 200 at 213 nm in the air-

acetylene flame. 
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Fig. 2. The synthesized compounds: 1-(3-pyridyl)undecan-1-one oxime (3PC10), 

3-[1-(hydroxyimine)undecyl]-1-propylpyridinium bromide (3PC10-PrBr)  

and 3-[1-(hydroxyimine)undecyl]-1-propylpyridinium chloride (3PC10-PrCl). 

Pseudo-emulsion based membrane strip dispersion tests 

 The PEHFSD experiments were carried out in the Liqui-Cel® Extra-Flow 

commercial membrane modules (2.5×8 inch) produced by CELGARD (USA)[2]. 

Diagram of the experimental system is shown in Fig. 3. Further module (contactor 

G501) details are given in Tab. 2. 

The aqueous strip solution was dispersed in the organic solution containing the 

synthesized extractanting reagents, quaternary pyridinium salts. The pseudoemulsion 

was pumped into the membrane contactor flowing through the shell side of the fibres. 

While the aqueous feed solution containing zinc(II) ions flowed through inside of the 

polypropylene fibres. The organic phase wetted the membrane pores and low pressure 

differential between both phases guarantee the separation of both phases. 

 
Fig. 3. PEHFSD experimental setup. 

 

 The volume of the pseudo-emulsion phase used in the experiments was 800 

cm3, 400 cm3 of the organic solution (0.1 mol/L of synthesised compound dissolved 

in toluene with 10% v/v decan-1-ol) and 400 cm3 of strippant (5% Na2SO4 solution). 

The feed phase (800 cm3), was aqueous solution with appropriate concentration of 
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Zn(II) ions. All tests were carried out for around 3 h. The samples of feed phase and 

pseudo-emulsion phases were collected at regular time intervals, during the process. 

Each experiment was repeated in at least two times for verifying the repeatability of 

results. The overpressure on the tube side was in the range of 20-40 kPa. Both phases 

were pumped to the module by two pumps capable of variable flows; the flow rate of 

the feed phase was kept at ~300 mL/min, whereas the flow rate of the pseudo-

emulsion phase was kept at ~260 mL/min. The experiments were conducted at room 

temperature (typically 22ºC). 

 

Table 2. Characteristics of hollow fiber membrane module [3]. 

Type of module : G501 (contactor) 

Module length (cm) 28 

Module diameter (cm) 7.7 

Case inner diameter (cm) 5.55 

Centre tube diameter (cm) 2.22 

Number of fibers ~10,800 

Fiber X50 – polypropylene 

Effective fiber length (cm) 15.6 

Inner diameter of the fibers (μm) 214 

Outer diameter of the fibers (μm) 300 

Pore size (μm) 0.03 

Porosity (%) 40 

Tortuosity 2.6 

Inner interfacial area (m2) 1.13 

Area per unit volume (cm2/cm3) 28 

 

RESULTS AND DISCUSSION 

 The same extractants have been also studied on the recovery of Zn(II) in 

classical liquid-liquid extraction [15,18]. 

The extraction of the zinc(II) with (3PC10), (3PC10-PrBr) and (3PC10-PrCl) are 

carried out according to an ion exchange mechanism, where the quaternary 

pyridinium salts can form ion-pair (anionic chloro-complexes) complexes with ZnCl3
- 

or ZnCl4
2-. 

Fig. 4. illustrates the zinc(II) ions concentration profiles in the feed and 

stripping phases along the permeation. All reagents exhibited similar effects. The 

removal of the target metal from the solution containing 1 g/L Zn(II) was about 96%, 

while the recovery yielded around 70%. The extraction rate of zinc(II) was observed 

to be slightly higher for the 3PC10. 
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Fig. 4. Zinc(II) concentration profiles in the feed phase (primary axis, [Zn]aq) and stripping phase 

(secondary axis, [Zn]str) along the permeation for the 3PC10, 3PC10-PrBr and 3PC10-PrCl extractants 

(0.1M). Feed phase: 1 g/L Zn(II), 1 mol/L HCl, 1 mol/L NaCl and stripping agent: 5% (m/v) Na2SO4. 

Experiments were conducted to check the operation of PEHFSD in different 

conditions on changing type of extractant, initial concentration of zinc(II) and the 

contents of NaCl and HCl in the feed solution.  

The analysis of the results was made on the basis of the overall mass transfer 

coefficient of Zn(II) permeation KP. 

The overall mass transfer coefficient of Zn(II) permeation, KP, was estimated 

from the experimental data according to the model for the transport in PEHFSD 

operating in the recycling mode presented elsewhere [9, 19] being given as: 

aq i
P

aq

ln 1
2

u r S
K

L Q

  
    

    

 (1) 

where the subscript aq refers to the aqueous feed phase, u is the linear velocity, Q is 

the flow rate, ri is the inner radius of the fiber, L is the fiber length and S is the slope 

of the linear relationship obtained from the concentration of zinc in the feed reservoir 

against time t as follows:  
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where V is the volume of the phase and 0 refers to the initial value. 

Based on the assumption of instantaneous extraction and stripping reactions, 

the reciprocal of KP can be related to the resistance in the feed boundary layer (Raq) 

0 

0.4 

0.8 

1.2 

1.6 

2 

0 

0.2 

0.4 

0.6 

0.8 

1 

0 1800 3600 5400 7200 

[Zn] 

str 
/[Zn]a 

q,0 

/ 

Time (s) 

3PC10 

3PC10-PrBr 

3PC10-PrCl 

 
[Zn]aq / [Zn]aq0 [Zn]str / [Zn]aq0 



217 

 

and to the resistance in the membrane (Rm) by following the resistance in series 

approach: 

i
aq m

P i m  lm

1 1

 

r
R R

K k m k r
     

(3) 

where ki and km are the local mass transfer coefficients for the boundary layer in the 

tube side and the membrane, respectively, rlm is the hollow fiber log-mean radius, and 

m is the distribution ratio ([Zn]org/[Zn]aq).  

The plotting of 
 

 
aq,0

aq

Zn
ln

Zn
 against time is shown in Fig. 5., which also displays the 

KP values for the various experiments. 

The error associated with the parameter KP was calculated from errors 

propagation and data analysis of the linear regression, with a confidence level of 95%. 

For these experiments, the relative error of KP was found not to exceed 10%. 

 
Fig.5. Effect of the initial zinc(II) concentration in the aqueous feed phase on the overall mass transfer 

coefficient KP (○ – 3PC10; ◊ - 3PC10-PrBr; □ – 3PC10-PrCl), Feed phase: 0.3–1 g/L Zn(II), 1 mol/L 

HCl, 1 mol/L NaCl and stripping agent: 5% (m/v) Na2SO4. 

Considering only quaternary salts and comparing them, found that they were 

slightly worse extractants than 3PC10. The values of the KP coefficient were found 

within 5.4–6.5×10-7 m/s for 0.3–1 g/L of zinc and decreased significantly to  

2.5×10-7 m/s, when the initial concentration of zinc was 5 g/L (Fig. 6.). Therefore, the 

overall mass transfer resistance ought to be increased due to the increase in the 

membrane resistance because of the significant reduction in the distribution ratio for 

the highest concentration of zinc and/or the chemical reaction might well contribute 

to the overall resistance. Even though the KP vales were found quite similar for both 

extractants, under 0.3 – 1 g/L of zinc in the feed phase, a trend of better results 
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achieved with the bromide salt was observed. Actually, the equilibrium (data not 

shown) was favored in the presence of 3PC10-PrBr instead of 3PC10-PrCl. Also, the 

pseudo-emulsion formed with that extractant showed to be very easily separated after 

stopping mixing. In fact, the separation time of the phases (0.8 L) was in the range of 

50 s – 2 min for around 3 h of continuous agitation.  

Fig.6. Effect of the initial zinc(II) concentration in the aqueous feed phase on the overall mass transfer 

coefficient KP a) for3PC10-PrBr; b) 3PC10-PrCl. 

Feed phase: 0.3–1 g/L Zn(II), 1 mol/L HCl and 1 mol/L NaCl. 

 

CONCLUSION 

The removal and recovery of metals using the pseudo-emulsion hollow fiber 

strip dispersion (PEHFSD) technique is a promising alternative to conventional 

solvent extraction, particularly in the case of dilute solutions. The use of hollow fiber 

membrane system provide to a lot of information about the effectiveness of the new 

extractants and their usefulness in the treatment of liquid waste streams with toxic or 

valuable metal ions. The synthesized extractants: 1-(3-pyridyl)undecan-1-one oxime 

and its quaternary salts, 3-[1-(hydroxyimine)undecyl]-1-propylpyridinium chloride 

and 3-[1-(hydroxyimine)undecyl]-1-propylpyridinium bromide showed to be 

potential carriers of zinc(II) ions from chloride medium by using the pseudo-emulsion 

hollow fiber strip dispersion technique. The results showed that the selected reagents 

can recover zinc(II) with the yield above 70%, this result depends on the metal content 

of the feed phase.  
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ABSTRACT 

  In this study, the Fe(III) extraction from chloride and chloride/nitrate solution 

with novel hydrophobic extractants: 1-(3-pyridyl)undecan-1-one oxime and its 

pyridinium salts: 3-[1-(hydroxyimine)undecyl]-1-propylpyridinium bromide and 3-

[1-(hydroxyimine)undecyl]-1-propylpyridinium chloride) were discussed. In this 

work various factors affecting iron(III) extraction, such as concentration of chloride, 

mineral acid and metal ions in the aqueous feed solution, as well as the structure and 

concentration of the extractant were analysed . The surface properties of the various 

aqueous/organic systems were also determined. 

 

INTRODUCTION 

 The solvent extraction is one of the most important techniques for  

the separation and recovery of metals in the industry. The undoubted advantage is the 

low power consumption and the ability to re-use extractants. This method is attractive 

from economic and environmental point of view. 

 The recovery of iron(III) from aqueous solutions is usually carried out by 

precipitation as jarosite, goethite or hematite. Although the iron removal is mainly 

achieved by precipitation techniques.  The solvent extraction technique also allows 

the iron(III) removal from acidic aqueous solutions. 

 The presence of iron in acidic leach of liquor is a common problem in most 

of the hydrometallurgical processing. Removal of iron from the acidic leach liquors 

is usually carried out by precipitation and solvent extraction methods[1]. 

 There is a variety of commercial extractants such as Alamine 336 [2-

3],Cyanex 272 [4], Cyanex 301 [5], Cyanex 302 [6], Cyanex 923 [7], D2EHPA [4,8], 

PC88A [3-4], MIBK [3], TBP [9], TOPO [10], TOA [11] and LIX 860 [12]  and they 

potential applications in Fe(III) recovery. From novel extractants, such as pyridine 

derivates, 1-(2-pyridyl)tridecane-1-one oxime and 1-(4-pyridyl)tridecane-1-one 

oxime were also proposed as selective extractants for iron(III) [13]. Although many 

extractants are known and used in industry, the research of finding new extractants is 

still very important. The researchers are looking for a new cheaper and more selective 

extractans, which can be used repeatedly. Pyridineketoximes could be the interesting 

group of a new extractant agent. 
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 The aim of this work was the synthesis of oxime 1-(3-pyridine)undecane-1-

one and its quaternary pyridinium salts (3-[1-(hydroxyimine)-undecyl]-1-

propylpyridinium chloride and 3-[1-(hydroxyimine)-undecyl]-1-propylpyridinium 

bromide) to determine they they selectivities towards iron(III). Furthermore the 

surface properties of the various aqueous/organic systems and mass transfer 

resistances were determined by the Du Noüy ring method with a K12 KRÜSS 

tensiometer. 

 

MATERIAL AND METHODS 

Reagents 

 The synthesized extractants: 1-(3-pyridyl)undecan-1-one oxime, 3-[1-

(hydroxyimine)undecyl]-1-propylpyridinium bromide and chloride (Fig. 1.) were 

synthesized in several stages reaction and described in a previous papers [14-17]. 

 
Fig. 1. Structure of studied reagents: 1-(3-pyridyl)undecan-1-one oxime (3PC10), 3-[1-

(hydroxyimine)undecyl]-1-propylpyridinium bromide (3PC10-PrBr) and chloride (3PC10-PrCl). 

 

All reagents used in this study were of high purity analytical grade. Toluene 

(ACS reagent, Chem-Lab NV, Belgium) and decan-1-ol (Merck, Germany) were used 

as components of the organic phase (toluene: decan-1-ol 9:1). 1-(3-pyridyl)undecan-

1-one oxime,3-[1-(hydroxyimine)undecyl]-1-propylpyridinium bromide (3PC10-

PrBr) and 3-[1-(hydroxyimine)undecyl]-1-propylpyridinium chloride (3PC10-PrCl) 

synthesied  with purities 99-99.5% [15,16] and used as the carriers for the  transport 

experiments. Sodium chloride (ACS reagent, Panreac, Spain), hydrochloric acid 

(35%) (AR reagent; VWR, USA); sodium sulfate (ACS reagent, AppliChem, 

Germany); zinc(II) chloride (anhydrous) (ACS reagent, Chem-Lab NV, Belgium) 

were used to compose the aqueous phase. The aqueous solutions were analyzed for 

iron(III) concentration by AAS using a Hitachi Z 8200 in the air-acetylene flame. 

 The interfacial tension was measured by the Du Noüy ring method with  

a K12 KRÜSS tensiometer, with resolution 0.01 mN/m, at a constant temperature 

21°C. The deviation between replicate measurements (five times) was in the range 

0.03 to 0.18 mN/m. Measurements were made for the aqueous solution/organic phase 

system at the initial concentration of extractants equal 0.2 M, other solutions were 

obtained by serial dilution method. Toluene with 10% (v/v) of decan-1-ol was used as 



223 

 

the organic phase, while the aqueous phase was water or the aqueous solutions of 1M 

HCl with 1M NaCl or 5% Na2SO4. 

 

Extraction procedure 

 Extraction studies were carried out in a test tube using organic to aqueous 

volume ratio (O/W) equal to 1. Both phases were shaking for 30 minutes at room 

temperature (21-23oC) using bio-mix BWR04 shaker. Aqueous feed solutions were 

prepared by dissolving the appropriate amounts of chloride salt of iron(III), chloride 

or nitrate salts of sodium and lithium in ultrapure water. The research was carried out 

at a constant chloride ion concentration (4 mol/L) and various hydrochloric acid or 

sodium chloride concentrations (from 0 to 4 mol/L), at constant concentration of 

mineral acid (0.5 mol/L HNO3), aw=0.835. The ionic strength of the aqueous solutions 

was constant at 4 mol/L and adjusted by an appropriate addition LiNO3 and NaNO3. 

In the experiments the chloride ions concentration was constant at 4M. The 

concentration of the extractant in the organic phase was 0.1 mol/L, but in experiments 

in which the influence of the extractant concentration on the iron(III) ions distribution 

ratio was examined the concentration of ligand was changed from 0.025 to 0.2 mol/L. 

The stripping of Fe(III) was carried out with 1-10% hydrochloric acid.  

 

Calculations 

The Fe(III) content in the organic phase was determined by a mass balance 

between the concentrations of the metal in the aqueous phases before and after the 

extraction. Distribution coefficient (D), percentage extractions (%E) and separation 

factor (β) were calculated from equations: 

𝐷 =
[𝑀]𝑜𝑟𝑔

[𝑀]𝑎𝑞
 (1) 

%𝐸 =
[𝑀]𝑎𝑞

[𝑀]𝑜,𝑎𝑞
 (2) 

𝛽𝐹𝑒/𝑀 =
𝐷𝐹𝑒
𝐷𝑀

 (3) 

Where [M]o,aq represents the initial concentration of metal ions, [M]aq and [M]org are 

the metal concentration after the extraction in the aqueous and organic phases 

respectively. 
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RESULTS AND DISCUSSION 

Effect of shaking time 

The extraction studies of Fe(III) ions extraction were carried out by 

equilibrating the aqueous feed containing 0.01 mol/L FeCl3, 4 mol/L HCl with  

0.1 mol/L of extractants (3PC10/ 3PC10-PrBr/ 3PC10-PrCl) dissolved in toluene with 

10%(v/v) addition of decan-1-ol. The tests time range was between 5 and 60 minutes. 

As shown in Fig. 2. the maximum iron(III) extraction with 3PC10-PrBr was around 

70%. The optimal time for the process is 30 minutes. It was also noted, that the organic 

and aqueous phases separation after extraction was very fast and emulsion was not 

observed. 

 
Fig. 2. Effect of contact time on  Fe(III) ions extraction, [Fe3+ ]= 0.01 mol/L; [HCl] = 4 mol/L;  

[L]= 0.1 mol/L. 

The effect of the metal ions concentration on the extraction was studied  using 

the aqueous  solutions containing constant concentration of HCl (4 mol/L) and 

different in the range of Fe(III) concentration, ranged in 0.001-0.2 mol/L and 4 mol/L 

HCl with 0.1 mol/L of ionic liquids dissolved in toluene with 10%(v/v) addition of 

decan-1-ol.  It was observed that (Fig. 3.) for all studied extractants the recovery 

extraction of Fe(III) decreases with increasing metal concentration from 36 to 25% 

(3PC10), from 64 to 27% (3PC10-PrBr) and from 42 to 24 (3PC10-PrCl). 
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Fig. 3. Influence of metal concentration on extraction process, [Fe3+ ]= 0.01- 0.2 mol/L;  

[HCl] = 4 mol/L; [L]= 0.1 mol/L. 

The effect of the extractant concentration on the extraction was studied in the 

range of 0.025-0.2 mol/L using as the aqueous phase the solution containing  

0.01 mol/L Fe(III) and 4 mol/L HCl. Fig. 4. shows that initially extractant 

concentration ranging between 0.025 and 0.05 mol/L resulted in 10% extraction. 

Further increase of the extractant concentration increases that parameter and at  

0.1 mol/L the extraction was already 40% (3PC10), 70% (3PC10-PrBr) and 55% 

(3PC10-PrCl).  

 
Fig. 4. Influence of extractant concentration on extraction of Fe(III),  

[Fe3+ ]= 0,01 mol/L; [HCl] = 4 mol/L; [L]= 0,025-0,1 mol/L. 

 

The influence of HCl concentration on the Fe(III) extraction was presented in 
Fig. 5. It was observed, that the recovery of iron(III) is maintained at a constant level 

throughout the range of HCl concentrations (cHCl= 0-2 mol/L),extraction efficiency 

was lower than 10%. Above 3 mol/L concentration of HCl precent of extraction 

increases reaching the maximum at 4 mol/L HCl. 
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Fig.5. Efect of HCl concentrations on Fe(III) extraction. 

 

The effect of chloride ions concentration on the extraction of iron(III) at  

a constant water activity of 0.835 and a constant concentration of nitric acid  

(0.5 M HNO3) was also studied (Fig. 6.). Using synthesized extractants the extraction 

is maintained at a constant level throughout the range of chloride concentrations  

(cCl-= 0-2 mol/L), E%=0-20%. The maximum of recovery of Fe(III) ions is observed 

for the quaternary salt with bromide anion, for which E = 40%. 

 
Fig. 6. Influence of chloride ions concentration on Fe(III) extraction ([Fe3+]=0.01 mol/L;  

[HNO3]=0.5 mol/L; aw = 0.835 and [HL]=0.1 mol/L. 

Surface properties of extractants 

As the extraction reaction in many cases occurs at the interface, the properties 

of the interface can dramatically influence the equilibrium of the extraction. In the 

analyzed systems, studied reagents dissolved in toluene with addition 10% (v/v) of 

decan-1-ol was used as the organic phase, while water, mixture of HCl (1M) and NaCl 

(1M) and 5% solution of Na2SO4 were used as the models aqueous feed and stripping 

solutions. The results presented in Fig. 7. show that 3PC10 and its chloride  

(3PC10-PrCl) and bromide (3PC10-PrBr) salts adsorb at the liquid/liquid interface 
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and reduce the interfacial tension of all consider systems. However, the obtained 

results showed a lower interfacial activity of 3PC10 compared with its salts. 

 

 
Fig. 7. Interfacial isotherms for 3PC10 (a), 3PC10-PrCl (b), and 3PC10-PrBr (c), in systems with 

  - water,  - 5% Na2SO4, - 1 M HCl + 1 M NaCl as aqueous phase. 

CONCLUSION 

The obtained results showed that extraction of Fe(III) strongly depended on 

the composition of the aqueous feed solutions. Especially, in the case of the aqueous 

solutions contaning 4 mol/L HCl, 4 mol/L NaCl and 0.5 mol/L HNO3 the extraction 

of Fe(III) was the most efficient. The interfacial isotherms for the studied extractants 

are  also presented, but the presented results did not explain why the 3PC10-PrBr is 

much more efficent extractant than other considered reagents. 
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ABSTRACT 

In the recent years, the long- period fiber gratings are the object of research 

in the field of fiber optic sensors based on different configurations. Such structures 

give possibility to detect temperature, banding, stress or surrounding refractive index 

change by observing variation in the LPFG transmittance characteristic. In this paper 

we propose tapered LPFGs fabrication on two types of single-mode fibers: SMF28 

and Nufern 1550B-HP-80. The LPFGs were made by filament heating using point-

by-point method. The parameters which have been changed was: period, number of 

periods and technical parameters of filament. The analysis of attenuation bands was 

carried out by observing transmission spectrum. 

 

INTRODUCTION 

 The long- period fiber gratings (LPFGs) are the few centimeters of the optical 

fiber in which the core is subjected of the periodical modulation of the refractive 

index. The refractive modulation facilitates the coupling of fundamental mode which 

propagates in the core of fiber to different higher order modes propagating in the 

cladding of the fiber. Such phenomena results of series of attenuation dips in the 

transmission spectrum at discreet wavelength what is well described as coupled- mode 

theory (CMT) [1-4]. LPFGs are related to fiber Bragg gratings, however in terms of 

LPFGs the period of refractive index modulation should be in the range from 100 μm 

to 1000 μm. The study of the transmission spectrum of LPFG and behavior of 

attenuation peaks with change in various physical parameters broadened the optical 

fiber field both in communication, as well as sensing [5-7]. 

Generally, the main method to obtain such structures is to expose bare fiber 

to high - energetic UV laser, where introduces stress in material creates periodical 

perturbation of refractive index. However, laser implementation requires the using of 

photosensitive types of optical fibers. Rewarding alternative is to use non-UV laser 

technique or make series of tapers which lead to obtain LPFG structures [8]. The arc 

- induce technique of LPFGs has been already reported [9]. This method bases on 

stress relaxation enabled by the using of optical splicer, where microbends are 

introduced into the fiber structure. The use of commercially available splicer requires 

an additional set - up with build - in motors. 
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In this paper we demonstrate tapered LPFGs fabrication using filament 

heating, where a particular  feature is the homogenous heating of the cylindrical 

optical fiber. We have studied an influence of the technical parameters of the filament 

heating for the shape of the transmission spectrum. We have also compared a spectral 

characteristic of two different types of fiber. 

 

METHODS 

The experimental set- up 

 The series of  the adiabatic tapers were made on the experimental  

set - up of tapered LPFGs, which is shown in the Fig. 1a. We have employed  

a glass processing platform GPX-3400 (Vytran), which has built-in graphite filament 

as an resistive heat source. The range of the fiber holding blocks movement is ±90 

mm and this enables to precision shifting of the fiber to manufacture the another 

biconical tapers. The proposed configuration eliminated concerns of the introductions 

of unexpected stresses. The processed fiber was illuminated by the broadband light 

source (SuperK EXTREME - NKT Photonic). To control transmission characteristics, 

we have used optical spectrum analyzer OSA (YOKOGAWA AQ6376) with the span 

1200 nm - 2400 nm and resolution 0.1 nm. 

 

 

(a) (b) 

Fig. 1. The set- up for tapered LPFGs fabrication (a) and the “Omega”- shaped filament (b). 

In the first step of the LPFG fabrication the fiber was placed on the fiber 

holder blocks (FHB), while the bare part of fiber was exposed on the filament.  

In order to achieve the symmetric tapers we used the “Omega”- shaped filament  

(Fig. 1b). After a single drawing of fiber, the furnaces was displacement by  

a predetermined value which is identified with the period (Λ) of LPFG. Although after 

each drawing of the tapers, fiber was abandoned for several second to cooled down. 

The whole process took place under the cover of argon and we have set gas flow rate 

of 0.35 l/min. The method describe above is named point-by-point method and is 

commonly use in arc - technique LPFGs. 
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The theoretical background  

The result of LPFG fabrication is the attenuation peaks, which the position is 

strictly depended of the change of refractive index in the place of the taper.  

A technically approach of the refractive index change is explained by the thermal 

diffusion of the silica dopant. Therefore, coupling between fundamental mode and 

higher order modes occurs at specific resonant wavelength which satisfies phase 

matching condition according to the following equation: 

 (1) 

where the corn  and cladn  are respectively the effective refractive index of the core 

mode the coupled cladding mode and   is period of LPFG. 

 The coupled - mode theory claims that the resonant peaks are determined by 

the coupling coefficient, which is a function of index change and modal overlap 

between the guided mode and cladding modes in the fiber [10]. Taking into account 

our case, where change of refractive index is obtain by the local release of the 

mechanical stress, the modulation of refractive index can be express as: 

taperresidue nn   (2) 

where, residuen  and tapern  are respectively the initial refractive index perturbation 

induced by the residual stress relaxation as a result of the high local temperature and  

the refractive index perturbation caused by the periodic tapers on the fiber. If the 

technical parameters of tapers drawing are manipulated  

(i.e. velocity of taper drawing, power of filament, time of heating), the residuen  and 

tapern  can be control. 

 

RESULT AND DISCUSSION 

 In this experiment we studied the influence of the taper amounts on the depth 

of the resonant peaks for two types of optical fibers: single-mode SMF28 and single-

mode Nufern 1550B-HP-80. We have also determined the impact of the velocity to 

the transmittance profile of the LPFG. 

 The geometry of tapers for the both studied types of fiber was established 

0.2x0.3x0.2, where 0.2 respectively is transition region and 0.3 is taper waist. The 

diameter of tapers was 100 µm for SMF28 and 70 µm for 1550B-HP-80. We have 

conducted several experiments with another diameters, however adoption of smaller 

diameter resulted in homogenize of the tapers. On the other hand, bigger dimension 

of taper caused insufficient change in refractive index. We have established the power 

of filament of 50 W for SMF28 and 95 W for 1550B-HP-80. 

 )( cladcorres nn
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In the Fig. 2 we have demonstrated the transmission spectrum of the LPFG 

made on SMF28 with the diameter of cladding equal to 125 µm. The following 

spectrums correspond to different velocity of the taper drawing.  

In each cases number of periods of the LPFGs was equal to 18. 

Fig. 2. Transmission spectrum profiles for the different velocity of the tapers of the LPFG based on 

single-mode fiber SMF28. 

It can be noticed that for lower velocity of the taper drawing resonance effect 

is distributed. This may be due to impaired process of the dopant diffusion. The 

spectrum transmissions for higher than 0.9 mm/s velocity of furnaces movement have 

not been shown because of the destruction of the grating structures. The optimum 

taper drawing was established as 0.9 mm/s. This value was used in the following part 

of the work. 

A section of the LPFG with different number of periodic tapers is shown in 

Fig. 3. The fabricated LPFGs were characterized by the period amount to 400±5 µm. 

 
Fig. 3. Transmission spectrum profiles of the LPFG based on single-mode fiber SMF28. 

 The attenuation of main peak amounts to -22.8 dBm at resonant wavelength 

of 1540.2 nm and the optimum number of periods equilibrated with 18 tapers. 

Appearance of resonant peak shifting can be induced by the characteristics recording 

in the different temperature. It was mentioned above that LPFGs are sensitive to the 

temperature changes. 
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 The conducted research on single-mode fiber with diameter of cladding of 80 

µm are shown on Fig. 4. We have produced LPFG with period amounts to 400±5 µm. 

 
Fig. 4. Transmission spectrum profiles of the LPFG based on single-mode fiber 1550B-HP-80. 

The attenuation depth of main resonant peak amounts to -24.5 dBm at 

resonant wavelength of 1438.8 nm, wherein the optimum number of tapers was 

determined on 24 periods. In this case, resonant peak shifts toward longer wavelength 

with increasing number of periods. Other peaks seen on spectrum profile correspond 

to coupling of fundamental mode with lower cladding modes. 

 

CONCLUSION 

It has been demonstrated that fabrication of LPFGs using resistive filament 

heating can be the satisfactory alternative for the UV- laser or the arc- induced 

technique. Within the confines of this work we have established the technological 

parameter for both single-mode fibers, especially the velocity of the tapers drawing 

as 0.9 mm/s. The benefits of the obtain fiber structures are short length, as well as 

large attenuation peak. The main resonant peak for the LPFG made on 1550B-HP-80 

fiber is shifting toward shorter wavelength in contrast to conventional SMF28. This 

phenomenon is profitable for the further sensing applications. The high integrated 

platform to the fiber processing enables to produce the desire LPFG. The LPFG 

devices are applied as an optical sensor, where change of temperature, stress or 

surrounding refractive index caused shifting of resonant peak. 
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 Building miniaturized installations to liquefy gases using Linde method can 

be an alternative method to currently available liquefiers with Stirling engines. Their 

construction is simpler and cheaper than precisely made Stirling coolers while 

ensuring high efficiency of liquefaction. This installation is scientific and research 

object but with vacuum isolation and more effective compressor it can be successfully 

utilize in medicine and industry.  

 The research was focused on technical and process aspects of running the 

installation. The major identified difficulties were separating compressor oil from 

liquefied gas, separating nitrogen from the air to desired purity and proper insulation 

of the system, as well as reducing its heat capacity. Additional research was conducted 

in order to verify a possibility of using unidimensional numerical simulations for 

analyzing operational parameters of countercurrent heat exchanger. Possible technical 

solutions improving condensate separation and construction of  

a countercurrent heat exchanger were also indicated. 

 Miniaturized installations utilizing Linde cycle can be successfully used for 

liquefying gases with relatively low cost. However, installation is more difficult to 

operate and more demanding than available solutions based on a Stirling engine. 

Moreover, frequent and regular maintenance of the device is necessary (the gas 

purification system and a high pressure compressor were found to be the most 

problematic). 
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Zeolites are widely used in industry and environmental protection. This kind 

of materials plays a special role in environment protection, as sorbents of heavy 

metals. Zeolites are microporous crystalline aluminosilicates which structure consists 

of [SiO4] and [AlO4] tetrahedrons. Their structure is often modified to obtain 

mesoporous and macroporous structure. The first are usually obtained by post-

synthesis modification: desilication in the presence of bases or dealumination in the 

presence of acids. That allows to obtain better diffusion of the reagents and 

improvement the sorption properties of materials. For this reason, the aim of the 

research was to investigate the influence of generated system of mesopores on the 

sorption properties of zeolites. 

 In the studies ZSM-5 and BEA zeolites were used. Zeolites were treated with 

NaOH&TBAOH mixture and NaOH solution. On this materials, the sorption of Pb2+, 

Cd2+ and Cr3+ ions was carried out. The following methods were used: XRF (chemical 

composition), XRD (phase composition), AAS method (the concentrations of 

analyzed ions in aqueous solutions before and after sorption), IR and Raman 

spectroscopy (structural studies), BET (surface area). 

 Studies have shown that it is possible to generate a system of mesopores 

during proposed method. The effective cation exchange capacity and the domination 

of one of the mechanisms of sorption depends on the type of zeolite structure, Si/Al 

ratio or concentration of cations in the insert solution. Sorption of cations resulted in 

the changes in the IR spectrum. A slight change in the intensity of the bands caused 

by the introduction of heavy metal cations was connected with ring bands. Depending 

on the type of cation and zeolite, changes also the intensity and the location. 

Studies have shown that zeolites can have potential use as sorbents for heavy 

metals.  
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Tuberculosis again poses a threat to society, not only in third world countries, 

but also in developed countries of Europe and North America. Tuberculosis treatment 

requires high doses of antitubercular drugs and in many cases is ineffective. The 

development of a cost–effective, short–term, safe and comfortable therapy is desired. 

In response to the needs in many research centres, extensive studies on drug delivery 

systems (DDS) containing substances already used for the treatment of tuberculosis, 

have started. Nanocarriers of active substances - one of DDS forms are of great 

interest. Polymer nanospheres are promising form. Due to the small size they can be 

administered intravenously without the risk of blood clots, easily penetrate the 

smallest capillaries, tissues and cells. 

The aims of this study were to obtain a polymer nanospheres containing 

isoniazid (INH), to determine the effect of input variables on the process of 

encapsulation, then to determine INH antitubercular activity in the polymer matrix. A 

method of nanospheres preparation emulsion solvent evaporation was selected, due to 

its simplicity, lack of sophisticated equipment and the possibility of obtaining spheres 

of relatively small size. 

Poly (L-lactide), poly (DL-lactide), lactide and ɛ-caprolactone block 

copolymer and polycaprolactone were used as polymer nanospheres matrix. Isoniazid 

was used as active pharmaceutical ingredient (API), evenly incorporated in polymeric 

matrix. The impact of agitation rate and the tacticity of the polylactide on obtained 

nanospheres size was examined. Activity assays of polymer nanospheres using M. 

tuberculosis bacteria were performed. 

Poly(L-lactide), poly (DL-lactide), a lactide and ɛ-caprolactone block 

copolymer, polycaprolactone nanospheres with INH were received. A sphere diameter 

did not exceeded 270 nm in all cases. The greater agitation rate, the bigger size of 

obtained nanospheres. It was noted that the more D entities content in polylactide, the 

larger size of the obtained spheres. The resulting polymer nanospheres have 

antitubercular activity. 
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Hydroxyapatite (HAp) is a calcium phosphate compound having a chemical 

formula Ca10(PO4)6(OH)2. It is an inorganic component of hard tissues such as bones 

and teeth. Hydroxyapatite is mostly responsible for its strength and stiffness. It has 

been used extensively for biomedical applications, because of osteoconductive 

property and biocompatybility with human body. Hydroxyapatite is using in 

regenerative medicine e.g. bone implants for regeneration of bone defects. 

Nanohydroxyapatite were synthesised by using precipitation method in room 

temperature and hydrothermal synthesis using microwave reactor MSS2 (Microwave 

Solvothermal Synthesis). Thanks to the microwave energy we can easily control the 

grain size of nanoparticles. Obtained nanoparticles were in the range of 8-45 nm grain 

size. Phase purity was measured using X-ray diffraction. Thanks to scanning electron 

microscopy (SEM) the morphology of produced nanohydroxyapatite was 

characterized. The density and specific surface area was determined using helium 

pycnometry and Brunauer–Emmett–Teller (BET) method. 

During research six types of hydroxyapatite with different crystallinity 

degree and grain size was obtained. Crystallinity is higher with increasing grain size. 

Wide variety of GoHAPTM can be used in many applications (e.g. implants, scaffold 

layers).  

The Laboratory of Nanostructures is able to synthesize innovative HAp 

nanoparticles. Thanks to a wide variety of hydroxyapatite grain size crystallinity it 

can be used in different application depending on desired resorption time of 

hydroxyapatite. GoHAPTM could be a perfect component of the medical implants 

thanks to good similarity to the natural apatite. 
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Tungsten borides (W-B) with a hardness exceeding 40 GPa belong to the 

group of superhard materials. Moreover, it has been confirmed that (W-B) layers are 

about twice harder than the equivalent bulk material. Hence, W-B layers are presently 

under great interest. In this paper we present the effect of substrate heating on the 

properties of W-B layers deposited by laser pulse and magnetron.  

All layers were deposited from the same target with the boron to tungsten ratio 

of 4.5. During the deposition the Si substrate was in room temperature or was heated 

up to 320°C or 540°C. In the pulsed laser deposition (PLD) process the Nd: YAG 

laser (λ = 355 nm, τ = 10 ns, fluence = 4.8 J·cm-2, f = 10 Hz) has been used and the 

deposition process was occurred in vacuum. In the magnetron sputtering (MS) process 

the power supply to the magnetron cathode was 60 W and process occurred in argon 

pressure of 9.8·10-3 mbar (gas flow of argon was 19.2 mL/min). 

Layers deposited on unheated substrates were amorphous and had low 

adhesion. In SEM images many cracks and delamination have been observed. After 

heating the substrate up to 320°C both types of layers had better adhesion but their 

structures were different: MS layer was amorphous and PLD layer was partially 

crystalline (about 8%) where the crystal phase (CrPh) has been identified as WB3 (cell 

parameters a = 5.204 Å, c = 6.300 Å). Further increase of the substrate temperature 

up to 540°C resulted in adhesion increase. The CrPh of PLD layer remained WB3 and 

the CrPh content was 17%. MS layer was fully crystalline and the CrPh has been 

identified as WB (a = 3.128 Å, c = 16.559 Å).  

Presented results indicate that to ensure good adhesion of W-B layers is 

required to heat the substrate at least up to 320°C. Moreover, the elemental 

composition of deposited layers is strongly dependent on the deposition method. 
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 Irydoids influence the acceleration of the wound healing process through the 

synergistic anti-inflammatory and antioxidative action. Moreover, they have  

a beneficial effect on the induction of differentiation of skin keratinocytes. The 

properties of irydoids predispose them to use as effective cosmetic ingredients in anti-

aging formulations.  

 The research started with the preparation of different types of cosmetic 

formulations containing consecutively 0.5 wt.% of aucubin and 0.5 wt.% of catalpol. 

Application tests lasted six weeks and they were conducted to evaluate the 

effectiveness of irydoids in cosmetic formulations containing these compounds. The 

biophysical skin parameters such as skin hydration and transepidermal water loss 

(TEWL) were measured using Courage+Khazaka apparatus (Corneometer CM825 

and Tewameter TM300). Visioscan® VC 98 USB enabled to estimate the skin 

topography and due to the analysis of the distribution of gray on the skin image to 

define a number of skin parameters, such as smoothness, roughness and skin density. 

Visioline® VL 650 was used to analyse the deeper wrinkles and assess the skin macro 

relief. The measurement was based on skin replica and oblique lighting. The replica 

was illuminated at an angle of 35° and the mountains representing the wrinkles of the 

skin produced measurable shadows. That allowed for determination of length, depth 

and area of the wrinkles. 

The results of application tests showed that irydoids have an influence on 

effectiveness and anti-wrinkle properties of cosmetic formulations containing them. 

The epidermal barrier function (TEWL values, skin hydration level) and parameters 

associated with dimension of skin wrinkles were improved. 
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 Cosmetic formulations are composed of two immiscible phases (oil and 

water), in which one is dispersed in the form of small droplets in the other one. Due 

to the fact that they are thermodynamically unstable systems, the determination of the 

tendency of their particles to agglomerate is essential.  

 The commonly used tests include: (i) measurement of the voltage potential 

changes over time at different temperatures; (ii) Beiersdorf’s rheological swing test 

comparing G’ (storage modulus) and G” (loss modulus) using a cone plate rheometer; 

(iii) tracking particle size over time by laser diffraction technique and (iv) observation 

of changes in light back scattering across a sample from top to bottom. Typically, if 

an emulsion has less than 5% increase in particle size over the first 2 weeks of storage, 

it will remain stable for at least a year. Stability tests can be carried out by multiple 

light scattering method using Turbiscan Lab Expert apparatus. This technique is based 

on measuring the intensity of the transmitted and/or backscattered light from the 

sample and provides information about the different types of emulsions instabilities 

such as creaming, sedimentation, flocculation and coalescence. 

In this study three types of cosmetic bases for skin care products were 

obtained. They were stored at different storage conditions (at 4C, 25C and 40C) 

during six months in order to examine their stability using multiple light scattering 

method. The results showed that storage temperature had influence on the value of 

Turbiscan Stability Index (TSI). The difference was particularly evident in the case of 

cosmetic bases stored at 4°C when TSI value underwent smaller fluctuations than in 

the other storage conditions. Moreover, the type of cosmetic base also influenced TSI. 

One of tested samples showed inappreciable increase in particle size over time and 

thus it is considered as the most stable cosmetic base which can be successfully used 

in skin care products. 
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Nowadays more and more bioactive materials are used in orthopedic and 

dental applications, which can support bone ingrowth and osseointegration. Bioactive 

hydroxyapatite (HAP) is one of the inorganic component of hard tissues, which is 

manufactured in The Institute of High Pressure Physics of the Polish Academy of 

Sciences (IHPP PAS) and it is called GoHAPTM. The morphology, grain size and 

specific surface area of the nanopowder can be controlled by the microwave reactor 

and the high pressure consolidation technology. To get better mechanical properties 

in our laboratory combination of GoHAPTM and biocompatibile polymers like 

polylactic acid (PLA) was used. The aim of the GoIMPLANT project was to develop 

resorbable, tough, strong and biocompatible hybrid composite implants in according 

to patient’s needs. 

Isostatic pressing and uniaxial pressing to form our hybrid composite in form 

of cylinder or wedge were used. Biodegradable composites can be decomposed 

naturally after a certain period of implantation. Mechanical and biological 

performance of composites for implantation depends on the degradation rate, used 

degradation medium, its pH and temperature. The study was performed according to 

the ISO standards of medical devices, using Phosphate-buffered saline (PBS) and 

Simulated Body Fluid (SBF) solutions. Testing the changes of Ca2+ concentration, the 

conductivity and pH under equilibrium conditions at 37°C buffer was checked once 

in a week. After test changes of dimensions, porosity, and structure shown in the SEM 

microscopy was measured. The hybrid composite changed the properties of 

immersing medium, so the degradation process was perceived from the first week. 
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Since the first publication on the mesoporous silica of M41S family, 

mesoporous materials have attracted much attention. SBA-type (Santa Barbara 

Amorphous) ordered mesoporous materials have a great scientific and commercial 

interests due to their unique morphology. One of them is SBA-16 - 

a siliceous mesoporous material, which possesses cubic mesoporous structure with 

three-dimensional ordered network of interconnected pores and large surface area. 

Because of such exceptional properties, these nanostructured materials have been 

considered as a promising support of heterogeneous catalysts in many reactions. 

Therefore, our studies were focused on the obtaining of palladium-modified 

ordered mesoporous silicas of SBA-16 type, with varying amounts of metal on the 

surface. 

A series of mesostructured SBA-16 materials with different quantities of 

palladium atoms (0.5-3.0 wt.%) was prepared by templating method using triblock 

copolymer Pluronic F127 (EO106PO70EO106) as a surfactant and tetraethyl orthosilicate 

(TEOS) as a silicon source. Template removal was based on the calcination procedure. 

Palladium was incorporated into the siliceous matrix using impregnation technique 

with palladium chloride(II) as a metal source and followed by hydrogen reduction to 

obtain pure metallic species. 

Structure and surface properties of the obtained materials were evaluated by 

several techniques, namely: X-ray diffraction (XRD), low-temperature  

N2 adsorption/desorption measurements, transmission and scanning electron 

microscopies (TEM, SEM) and Fourier transform infrared spectroscopy (FTIR). 

Based on the obtained results, it can be concluded that synthesized materials 

are characterized by very good morphology (surface area ca. 700 m2/g and total pore 

volume ca. 0.45 cm3/g) therefore they can be used as support in many catalytic 

reactions. 
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MCM-41 is a mesoporous silica with unique properties of highly ordered 

mesoporous materials, namely high surface area and pore volume. Such properties 

make them promising catalysts in many reactions. The walls of the silica matrix can 

be modified, e.g. with transition metal atoms, and such systems as catalyst in 

hydrodeoxygenation (HDO) reaction can be used. 

HDO is one of the chemical routes to convert the bio-oil feedstock (produced 

by pyrolysis) obtained from lignocellulosic biomass into biofuels under elevated 

temperature and hydrogen pressure. Laboratory tests are carried out on model 

compounds – most commonly with the use of anisole. Our research focuses on the 

synthesis of MCM-41 materials modified with ruthenium species and their use as 

catalysts in HDO process of anisole. 

 Syntheses of MCM-41 matrices were performed via typical hydrothermal 

method by using tetraethyl orthosilicate (TEOS) as a silica source and 

hexadecyltrimethylammonium bromide (CTABr) as a structure-directing agent. 

Ruthenium atoms were introduced into the surface of the silica by wet impregnation 

of ruthenium chloride(III) and followed by hydrogen reduction. 

 To determine the physicochemical properties of obtained materials several 

techniques were used, namely: XRD, N2 adsorption/desorption, TEM, XPS, ICP-

OES. HDO of anisole was performed in a high-pressure reactor varying two different 

reaction factors: temperature (90-130°C) and hydrogen pressure (25-60 bar). 

Cyclohexane, cyclohexene, toluene (main product), benzene,  

1-methoxycyclohexene, 1,1’-dimethoxycyclohexane, cyclohexanone and 

cyclohexanol were identified as reaction products by GC. The catalytic activity of 

examined catalysts increased with increasing reaction temperature and hydrogen 

pressure. For the reaction carried out at a temperature of 130°C and a pressure of 

hydrogen at 60 bar, 70% conversion of anisole was obtained.  
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Nowadays there is a growing problem with micro-pollutants present in our 

environment, including drinking water. This problem is caused by increasing the 

amount of produced chemicals such as fertilizers, pesticides, preservatives or 

pharmaceuticals. Anthropogenic origin of all these compounds caused that they are 

under the common name of xenobiotics. Many of them cause cancer and mutations of 

different kinds. Some of xenobiotics have exhibiting hormonal activity called to as 

Endocrine Disruptors (EDs).  

The current methods of removing contaminants are based on mechanical and 

biological treatment with chemical support. Hardly degradable contaminants can be 

removed from water by Fenton processes or Advanced Oxidation Processes (AOPs). 

The high costs of use of these processes and their limited application cause that they 

are not widely used. An interesting alternative to AOPs seems to be photosensitising 

oxidation process. This process occurs via photochemical oxidation especially using 

molecular oxygen. The advantages of photosensitising oxidation process is that the 

singlet oxygen can be generated from air oxygen by solar radiation. 

The results of an investigation of photodegradation of the mixture parabens 

and mixture of chlorophenols under photosensitized oxidation with visible light in 

aerated aqueous solutions are presented herein. The study was conducted in a semi-

continuous system in reactors of the volume 0.6 dm3. Reactor was positioned on solar 

radiation. The reaction mixtures were prepared in different kind of water. The reaction 

mixtures were agitated by air stream. Phthalocyanine (AlPcS4) were used as sensitizer. 

Phthalocyanine was immobilized on chitosan beads. 

Degradation of examined xenobiotic in the aqueous solution by 

photosensitized oxidation in heterogeneous system under solar radiation is effective. 

The efficiency of the photodegradation strongly depends on light intensity but is still 

quite effective in cloudy day. 
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 The infrared (IR) spectroscopy covers the range of the electromagnetic 

spectrum between 0.78 and 1000 μm. The most useful region is called middle IR and 

lies between 2.5-50 μm (4000-200 cm-1). This type of spectroscopy measures the 

vibrations of atoms and based on this it is possible to determine the functional groups. 

Vibrations are divided on the two main categories: stretching (change in inter-atomic 

distance along bond axis) and bending (change in angle between two bonds). There 

are also four types of bend: in-plane rocking and scissoring, out-of-plane wagging and 

twisting. 

The aim of this study was the analysis of infrared spectra for three ring liquid 

crystalline chiral esters. These esters have antiferroelectric and ferroelectric smectic 

phases. The influence of the length of alkyl chain and the presence of fluorine atoms 

in the benzene ring on their character has been examined. The most interesting for this 

kind of compounds is the range of absorption of carbonyl groups (1700-1750 cm-1). 

The shift and the diversity of amount signals in the respective compounds for two 

bands: about 1740 cm-1 from carbonyl group located between the benzene rings and 

about 1720 cm-1 from carbonyl group located between the benzene ring and aliphatic 

chain has been observed. The measurements were made by Nicolet iS10 Spectrometer 

Thermo Scientific by Attenuated Total Reflectance Fourier Transform Infrared 

Spectroscopy (ATR-FTIR) method on the diamond crystal. 

IR spectra as well as their interpretation of region corresponding to stretching 

vibrations of ester and phenyl groups will give the information about changes of 

conformers structure. The presence of fluorine atom next to the ester group in a rigid 

core causes hindering of rotation of carbonyl group and formation of two conformers. 
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 Still new antiferroelectric compounds are synthesized to improve parameters 

of mixtures possible to use in display applications. One of such parameter is helical 

pitch which should be long for better unwinding of the macroscopic helical structure 

in liquid crystals cells. 

Recently synthesized three ring antiferroelectric liquid crystals used in this 

work form macroscopic helical structure of the opposite twist sense despite they have 

the same chiral center. Bicomponent systems prepared from such compounds show 

very high helical pitch and even unwind helix. 

The aim of this study was the analysis of helical pitch for three ring liquid 

crystalline chiral esters of 3FnXPhY series and their mixtures (where n is number of 

methyl groups, X and Y are H or F atom respectively). The measurements of phase 

transition temperatures were made by the polarizing optical microscope Olympus. The 

spectrophotometer Shimadzu UV-Vis-NIR in the range of 360-3000 nm was used to 

measure the light transmission and to determine the helical pitch. The tested 

compounds were placed on a glass plate with an aligning layer. The temperature 

controller MLW U7 with a Peltier element was used for changing the temperature. 

The temperature range of measurement was 2-110°C. 

The results show independence of phase miscibility and helical pitch changes. 

Regardless of the chiral center structure the complete miscibility of ferroelectric 

smectic phase can be obtained. In antiferroelectric smectic phase the increasing values 

of helical pitch with increasing the temperature and right-handed helicoidal structure 

for most of compounds is observed. The inversion of helical pitch occurs for other 

compounds with longer alkyl chain (n=7) and also for compounds of 3F5HPhF type. 

  



249 

 

Investigations of Fe thin films deposited on Si substrates by XRR, RBS,  

AFM and HSEM 
*Aneta Duda, Magdalena Krupska, Sylwia Sowa, Hoa Kim Ngan Nhu-Tarnawska 

Nanostructure Laboratory, Institute of Physics, Pedagogical University, 

Podchorazych 2, 30-084 Krakow, POLAND 

e-mail: anetaduda@up.krakow.pl  

 

Keywords: Thin films, RBS, AFM, annealing, ion beam irradiation 

 

 Recently with large interest examines a thin layer because of the needs to 

improves the quality of materials. Examination of thin layers of Fe and Pd can give 

the opportunity to use them in the future new generation magnetic recording media or 

Bit Patterned Media technology due to its strong perpendicular magnetic anisotropy.  

In our group we are interest on characterizing the stability of Fe, Pd thin films on an 

amorphous substrates, especially post-annealing and after being irradiated conditions.  

Here we present the results obtained for 10 nm- and 50 nm-thick Fe films prepared by 

the thermal evaporation method on Si(001) and Si(111) substrate. 

 We have investigated the films in three different states: as-grown state, after 

annealing and upon high-energy ion beam irradiation by means of X-ray reflectometry 

(XRR), Rutherford backscattering spectrometry (RBS), Atomic Force Microscopy 

(AFM) and high-resolution scanning Electron Microscopy (HSEM). The simulation 

code SIMNRA was used for RBS data analysis.  

 A good agreement was obtained between  XRR and RBS results revealing 

that the film surface in the as-grown state was oxidized and a thin Fe-oxidized layer 

was present. No Fe or Si interdiffusion was observed and thus a sharp borderline 

(without interface) was found between Fe film and the Si substrate. The rapid 

annealing at 600°C for 90s has induced changes in the surface morphology. The 

microstructure studied by AFM and HSEM revealed a granular film with  

a nonuniform grain size of 30-50 nm. Irradiation by 1MeV Kr+ ion beam implied  

a strong Fe-Si mixing revealed by a large non-zero background between the Fe peak 

and the Si edge in the RBS spectra. 
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 Micromixing investigations are conducted using different experimental 

methods. One of them is iodide-iodate reaction method, so-called Villermaux-

Dushman method. Due to reaction kinetics, which is not fully known, usually one 

‘standard set’ of reactants concentrations is applied. Subsequently, optical densities 

of obtained mixtures are compared. 

The proposed approach is based on experimental results of optical densities 

of mixtures generated by the cyclone type micro mixer. Mixing was investigated using 

different concentration sets at the same hydrodynamic conditions. Molar ratios of 

reactants were maintained. Obtained results allowed calculating values of 

micromixedness ratio. Application of higher concentrations of reactants ended up in 

lower apparent micromixedness ratio. 

This paper presents the new protocol to compare micromixedness ratios 

obtained using different concentrations of reactants. The presented method is 

applicable for continuous-flow systems in microdevices where different reactants 

concentrations have been used. It was found that calculated micromixedness ratio is a 

function of the concentration ratio to the power of −3.73. 

Thanks to the presented protocol it is possible to broaden the range 

of investigated hydrodynamic conditions: higher reactants concentrations at higher 

flows as well as lower ones when mixing is less intensive can be applied and still 

calculated micromixedness ratios are comparable. The method allows the calculation 

of exit iodine concentrations, without the explicit knowledge of the actual kinetic data. 
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 Continuous-flow processes showing promising opportunities toward 

sustainable fine chemical production. Due to the excellent parameter control of these 

setups reproducibility, scalability, safety, efficiency and productivity could be much 

better compare to batchwise production. 

 In our work Michael addition of nitromethane to trans-chalcone was chosen 

as a model reaction. Numerous bases were investigated to enhance the reaction rate in 

batch conditions. The most promising catalysts were tested in a continuous-flow 

packed-bed reactor applying a solid base containing column. The reactor was able to 

produce the desired Michael adduct with short residence time with almost quantitative 

yield, when a polymer supported trialkylamine base were applied. 

 In order to reduce solvent consumption nanofiltration membrane unit was 

connected to a continuous-flow reactor. Where the membrane unit was used to 

concentrate the retentate flow and to get lower concentration permeate flow, which 

could be reused in the process. In order to reach acceptable flux as 0.2 mL·min-1 

through the membrane it was necessary to apply high pressure between 20-40 bar in 

case of isopropanol solvent. With the application of a polybenzimidazole (PBI) 

membrane it was possible to reach 23% rejection for the reaction product. The 

membrane unit performance remained constant during the period of three days 

operation.  

This model system represents a green approach for fine chemical production 

as it applies an effective heterogeneous catalyst and solvent recycling. 
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 Ionic liquids are a very large group of compounds, which brings out a great 

interest of researchers in modern chemistry. Their melting point is under 100°C or 

sometimes even around the room temperature. Some of 1-alkyl-4-(dimethylamino) 

pyridinium bis(trifluomethylsulfonyl)imides belong to room temperature ionic liquids 

(RTIL). They show low viscosity, high thermal stability and negligible solubility in 

water. Besides, they can be synthesized during quite simple process. These properties 

make them good candidates for organic electrolytes in electrochemical capacitors. 

Supercapacitors are devices for efficient energy storage, which release charge very 

quickly. Organic electrolyte can enhance their voltage significantly to the values 

unreachable for water-based electrolyte.        

The main target of presented work was to examined mentioned ionic liquids 

with various substituent length as electrolytes for supercapacitors. Cyclic 

voltammetry and galvanostatic charge/discharge measurements were carried out to 

test their properties. 

Ionic liquids used in the study were synthesized in two step reaction according 

to the following equation: 

 

Electrochemical tests were conducted in two-electrode system in the 

Swagelok® cell.  

Obtained results showed that ionic liquids with shorter side branches has 

higher conductivity. Capacitance of supercapacitors with such substance as an 

electrolyte increases. 
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 Since years lead-acid battery (LAB) has been considered a very useful device 

for energy conversion. Its applicability for motor vehicles or uninterruptible power 

supplies as well as simple recycling technology makes them one of the most popular 

secondary batteries. Nonetheless, it has a few drawbacks. Among them quite severe 

is corrosion of positive plate. To suppress the rate of corrosion in LAB, 

countermeasures like corrosion inhibitors can be used.     

 Nowadays, ionic liquids (IL), a very promising group of compounds, are 

considered substances, which can inhibit corrosion rate of alloys. They play a role of 

green solvents in organic synthesis and electrolyte in electrochemistry. Moreover, 

their properties and applications can be design by various cations and anions in the 

molecule and by controlling the length of the side branches. 

The aim of presented work was to correlate the influence of the IL cation 

structure with the rate of corrosion of LAB positive current collector. Corrosion 

parameters such as corrosion potential and current were measured by means of linear 

sweep voltammetry and corrosimetry. 

Lead-calcium-tin alloy utilized in industry for manufacturing current 

collectors was used as the working electrode. Electrolyte (37 wt.% sulfuric acid 

solution) was modified by addition of four IL with different cations.  

Obtained results showed that IL additive can affect corrosion rate of LAB 

plates. Their influence depends on the structure of the cation in their molecule. 
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 The orthoconic antiferroelectric liquid crystals (OAFLC) are interesting due 

to properties such as tilt angle θ close to 45°. Such property generates  

an optically isotropic medium at the surface stabilized structure providing near perfect 

dark state hence a maximum contrast. In search for a working OAFLC mixture was 

investigated an influence of doping of such a mixture with homostructural dopants 

exhibiting synclinic smectic phase only.  

The target of work was to improve properties (tilt angle θ, switching times τ10-

90, spontaneous polarization Ps, rotational viscosity γφ) of a parent near OAFLC 

denoted W_1000, which shows a tilt angle θ ~ 43. There was prepared a testing, 

synclinic only, W_355 mixture, which added to parent OAFLC W_1000 affecting its 

properties. W_355 lowers the optical tilt angle θ and the spontaneous polarization Ps. 

Most significant result of such a doping, was pronounced decreasing of the rotational 

viscosity γφ. 

 In this work there are presented a new AFLCs which were prepared with 

different weight ratio of mixtures W_1000 and W_355. In this work we discuss 

influence of the molecular structure of mixtures W_1000 and W_355 on physical and 

electrooptical properties new AFLC mixtures. The special attentions was payed for 

the influence of polar properties of the compounds forming W_355 mixture on the 

performance of a final anticlinic one.  
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Black glass is the amorphous material based on silicon oxycarbide. The 

structure of this material leys in between amorphous silica (ν-SiO2) and silicon carbide 

(SiC). In comparison with it has denser and stiffer network. This is due to the 

difference in the oxygen and carbon valence. This causes the improvement of 

mechanical properties, chemical and corrosive resistibility of the material. The 

obtainment of black glasses by classical melting of mineral raw materials is 

impossible due to oxidation, decomposition and crystallization processes. It is 

possible to obtain black glasses with the use of sol-gel method, which enables to 

transpose the critical silicon-carbon bond from the precursor to the final material. 

Before the ceramization, the sol might be deposited on various kinds of substrates by 

the dip-coating method. 

The parameters of the material might be improved by doping with elements 

such as cerium. Implementation of this element to the black glass layer may give it 

new features, i.e. self-healing, antibacterial, anti-fungal properties. The use of these 

properties requires great quality of the surface of the layer. The roughness and the 

contact angle are only two of plenty of the important parameters. 

In this work the study of the surface properties are presented. The results of 

atomic force microscopy (AFM), scanning electron microscopy (SEM) and laser 

confocal microscopy analyses are presented. The results indicate that continuous, 

hermetic layers were obtained with the morphology characteristic for the layers based 

on the sol-gel method and deposited with the use of dip-coating. Cerium doped black 

glasses coatings are rough and hydrophilic, the double phase structure is visible. 
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For many applications, aggressive environment requires very specific 

functional properties of the used materials. These are primarily resistance to the high 

temperatures and corrosion, suitable hardness, Young’s modulus, flexible and plastic 

energy. In many cases, the materials of proper mechanical parameters do not meet 

requirements of the widely understood durability. The example of such material is 

steel. It is possible to improve the materials by applying the protective layers which 

will isolate the basal material from the working environment. Such layers might be 

deposited on the surface by various methods, i.e. chemical vapour deposition, physical 

vapour deposition, electrophoretic deposition, dip-coating. 

In this work, the protective amorphous layers based on silicon oxycarbide 

modified by cerium ions were proposed. The structure of so-called black glasses might 

be compared to the amorphous silica with part of oxygen ions replaced by carbon ions 

in 2:1 ratio. It causes stiffening and densification of the silica network. The material 

possesses high mechanical properties, chemical and thermal resistance.  

The obtained layers were examined with the use of X-ray diffractometry, 

middle infrared, Raman, X-ray photoelectron spectroscopy, thermal analysis. The 

research enables authors to determine the structure and chemical characteristics of the 

cerium doped materials based on silicon oxycarbide. The obtained by sol-gel method 

precursors, oligo- and polysilsesquioxanes, had the desired ladder-like structure. Their 

usage was the efficient path of transferring silicon-carbon band to the structure of the 

final ceramic amorphous material after pyrolysis. Moreover, it was shown that cerium 

ions had the significant influence on the structure of both precursors and black glass. 

It was clearly proven based on the spectroscopic analyses. 
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The world of plants is one of the main sources of raw materials used in many 

areas of our lives. To a large extent, this is due to the abundance that it represents. In 

nature, there are currently about 2,000 plant species considered as medicinal, which 

can be a potential source of raw materials for the pharmaceutical industry [S.M.K. 

Rates, Plants as source of drugs, Toxicon 39 (2001) 603–613]. Chelidonium majus L., 

also known as a greater celandine, is a member of the family Papaveraceae, naturally 

occurring in Europe, Asia and South America, which has been known as  

a medicinal herb for the centuries. The biological activity is determined mainly by 

alkaloids contained in Chelidonium majus. More than 30 alkaloids present in that 

plant e.g.: benzophenanthridine (chelidonine, chelerythrine, sanguinarine), 

protoberberine (coptisine, berberine), porphine (magnoflorine) and protopine type 

(protopine) compound were identified [Council of Europe. Committee of Experts on 

Cosmetic Products, Active Ingredients Used in Cosmetics: Safety Survey, 2008]. This 

plant possesses a wide spectrum of pharmacological activities including potent 

cytotoxic, anticancer,
 

antimicrobial, antifungal, antispasmodic, anti-inflammatory 

effects and many others.  

The most important alkaloids in greater celandine are: chelidonine, 

sanguinarine, chelerythrine, protopine and its derivative - allocryptopine. 

Pharmacokinetic study of these alkaloids is helpful to better understand the 

pharmacological actions of Chelidonium majus.  

 In this study, the HPLC method was conducted for the determination of 

chelidonine, allocryptopine, sanguinarine chloride and chelerythrine chloride in 

biological fluids. In this research UV-vis detector was used. The analytical method 

suitable for quantitative determination of discussed alkaloids in biological fluids was 

developed.   
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Free radicals are highly reactive and hazardous particles, to which recently  

a key role in the pathogenesis of so-called lifestyle diseases was assigned. Their 

omnipresence means that we live in a chronic oxidative stress, which is the cause of 

the failure and inefficiency of the natural defense systems of organisms. Secondary 

plant metabolites present in the diet and extracts from medicinal plants often have 

strong antioxidant properties. There are a number of methods for measuring this 

activity. The most common is the use of in vitro methods (e.g. 2,2-diphenyl-1-

picrylhydrazyl – DPPH, 2,2-azinobis-3-ethylbenzothiazoline-6-sulfonic acid – 

ABTS, N,N-dimethyl-p-phenylendiamine – DMPD) scavenging activity) [Aurelia 

Magdalena Pisoschi, Gheorghe Petre Negulescu, Methods for Total Antioxidant 

Activity Determination: A Review, Biochemistry & Analytical Biochemistry (2011) 

1:106. doi: 10.4172/2161-1009.1000106]. 

DPPH is a free radical of relatively high stability and therefore can be easily 

prepared for testing. Alcoholic solutions of DPPH are the most commonly used. They 

are purple with a maximum absorbance at a wavelength of 515 nm. During the 

reduction reaction color of the solution is changing to yellow. Method using DPPH 

reagent is widely used for measurements of antioxidant capacity of natural ingredients 

e.g. herbal extracts. 

Chelidonium majus L., also known as a greater celandine, belong to the 

Papaveraceae family and it grows in many regions of the world. The biologically 

active compounds from greater celandine can be found especially in roots, but also in 

leaves and flowers, and belong to the benzophenanthridine and isoquinoline alkaloids. 

The main alkaloids from C. majus are chelerythrine, sanguinarine, chelidonine, 

coptisine, homochelidonine, protopine, allocryptopine.  

 In this study, the antioxidant activity of extract from Chelidonium majus by 

using the DPPH method was tested. The alcoholic solutions were used. The absolute 

antioxidant capacity of individual compounds and extract was determined only when 

reactions have reached a steady state condition. 
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 Fuel cells are quiet, efficient and environmentally safe energy devices that 

directly convert chemical energy into electricity. Borohydride as a solid fuel (DBFC) 

is more convenient to store and transport than hydrogen, moreover it is chemically 

stable and non-flammable. This type of power source is technically more simple than 

traditional fuel cells, because it does not require any hydrogen container and noble 

metals. Theoretically, borohydrides are able to release 8 e- from one molecule. 

Hydrogen evolution during hydrolysis can be inhibited by modification of anode 

materials.  

In order to prepare the working electrode, the commercial AB5 – type alloy of 

formula LaMnNi3.55Al0.30Mn0.40Co0.75 was used. The alloy was mixed with 

nickel carbonyl and carbon nanotubes or graphite or silicon powder. Then, the 

composite material was blended with a 3 wt.% poly(vinyl alcohol) solution as  

a binder. This resulting mixture (250 mg) was coated into a 1 cm x 1 cm nickel foam 

(porosity >95%). A three-electrode measurement system was built of the working 

electrode, the counter electrode made of the nickel foam and the Hg/HgO electrode as 

the reference one, immersed in fuel solution. 

 Two types of electrolytes and compositions of anode material for direct 

borohydride fuel cell are compared. The greatest stability of polarization potential for 

the anode consisted of hydrogen storage alloy with nickel carbonyl was obtained for 

0.5 M NaBH4 + 6 M KOH electrolyte, therefore it was chosen for further 

measurements. Graphite proved to be the best additive to the anode material. This type 

of carbon material improved the conductivity of anode composites as well as extended 

stability of DBFC. 
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 Electrochemical capacitors are interesting energy storage systems.  

Most frequently used electrode material in electrochemical capacitor is 

activated carbon. Various modification treatment can be distinguished. The electrodes 

are composed of active electrode material which is applied on the metal or steel 

current collector surface. Current collectors are exposed to corrosive electrolytes. On 

its surface there is a formation of oxidation reaction products layer. This phenomenon 

changes working parameters of the electrochemical capacitors, including self-

discharge, capacitance, diffusion/charge transfer resistance. Promising candidates are 

organofunctional silanes, which contain in its structure silicone atom.   

In this study we present a new approach to silane coatings deposited on the 

surface of stainless steel and aluminum current collectors subsequently used in 

electrochemical capacitors. The deposition was performed from two different sol-gel 

solutions with a variety of pH values. The electrodes were assembled in  

a Swagelok® type cell to perform two- and three-electrode electrochemical 

measurements by means of the following techniques: cyclic voltammetry, 

galvanostatic charge/discharge and electrochemical impedance spectroscopy.   

On the basis of the obtained results it is concluded that corrosion potentials 

and evolution of oxygen potentials of samples treated with silane solutions were 

shifted toward more positive (more noble) values. Moreover, in case of 

electrochemical capacitor measurements, this phenomenon provides change of 

operating cell voltage, resulting in enhancement of specific capacitance values. 
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Petroleum fabrication generates an immense amount of oily polluted water 

which may have damaging effects on environment. At the same time, produced water 

is the biggest waste stream produced in the petroleum industry. In the past decades, 

produced water treatment was the point of attention. Coalescing plates which are a 

wavy plate pack are widely applied in the separation efficiency. 

In order to investigate the effect of parameters such as space between plates, 

orifice diameter and velocity on separation efficiency in coalescing plates which are 

used to separate oil-water mixture, the computational fluid dynamics (CFD) two 

dimensions 2D was utilized in this research. Different spacing between plates 8, 12, 

16, 20 and 24 mm with orifice diameters of coalescing plate 10, 15 and 20 mm were 

examined. In addition various shape such as cylindrical, rectangular and ellipse and 

four different velocities 0.020, 0.030, 0.040, and 0.050 m/sec have been focused on 

to discover the effect of each diameters on the separation efficiency. 

The investigation revealed that the increase in the distance between plates is 

inversely proportional to the separation efficiency and the increase in the velocity of 

the mixture or mass flow rate inlet is inversely proportional to the separation 

efficiency. It is also found that the best separation efficiency was obtained for 

cylindrical shape of plates with a hole diameter equal to 15 mm. The efficiency 

outcome was varied between 24 % to 99.25 % depending on the use of different 

velocities and distance between plates. 

In conclusion, it can be stated that the space between plates and orifice 

diameter highly impact the separation efficiency. Furthermore the velocity has  

a great role in the separation process. 
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Photonic materials technology characterize of dynamic development. 

Follow this fact new optical glasses doped with rare earth ions are sought. Glasses of 

high thermal stability, good mechanical properties and low phonon energy are perfect 

candidate for efficient luminescence sources. Silicate glasses posses properties (high 

phonon energy equals 1100 cm-1) which prevent to obtain strong emission in the near 

infrared (NIR) range. To change that properties of silicate glasses those are mixed 

with components with different vibrational energies to lower phonon energy of whole 

system. Emission in the range of 1.5-1.9 μm can occur in mentioned glasses doped 

with thulium ions. 

The investigated glassy system: SiO2-Sb2O3-Al2O3-Na2O was doped with 

Tm2O3 (0.2-1 mol%). High-purity oxides were used to prepare samples by melting at 

the range from 1350 to 1550˚C for 60 min and then poured into a brass mold and 

annealed at 450˚C for 12hrs. Transparent glasses with none effect of crystallization 

were obtained. Following properties of prepared glasses’ samples were investigated: 

thermal properties (SETARAM Labsys thermal analyzer), FTIR spectra (Bruker 

Company Vertex 70v spectrometer and Horriba Yvon Jobin LabRAM HR micro-

Raman spectrometer), spectral absorbance (Acton Spectra Pro 2300i monochromator 

with InGaAs detector in the range of 0.35-2.3 μm) and luminescence spectra (Acton 

Spectra Pro 2300i monochromator in the range of 1350-2300 nm and laser diode 

λexc=795 nm). 

The increase of Sb2O3 molar content cause shift of transformation 

temperature of glasses in lower temperatures. According FTIR spectra antimony 

turned out to be ion co-forming the network in the presented glasses. Intensity of 

absorption band at 615 cm-1 is associated with vibration of Si-O-Sb bridges. As  

a result of optical excitation of investigated glasses two strong luminescent bands 

(1460 nm 3H4→
3F4 and 1800 nm 3F4→

3H6) were observed. Emission spectra analysis 

presents that the greater separation of active centers (increase of antimony ions) cause 

depopulation of the 3F4 level. 
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In recent decade mid-infrared luminescence materials emitting at around 

2μm increasing interest. It results from many applications in such fields as: 

medicine, material processing and remote sensing. A lot of types of glasses were 

studied (Fluoride, Tellurite, Germanate, Chalcogenide) but Germanate Glass turn out 

to be the best of  the respondents. Germanate glasses are widely used as host material 

thanks to their good thermal stability, phonon energy (900 cm-1), excellent mechanical 

properties and good rare earth ions solubility. 

In this paper research on the influence of type and amount of modifier on 

luminescence efficiency of germanate glasses were executed. Additionally it was tried 

to investigate correlation between structure and luminescence properties of received 

glasses. 

The investigated glassy system GeO2-Ga2O3-BaO-xAl2O3 (x=5, 10, 15, 20 

and 25 mol%) was doped with Yb, Tm and Ho ions. Transparent glasses with none 

effect of crystallization were obtained. Following properties of prepared glasses’ 

samples were investigated: thermal properties (SETARAM Labsys thermal analyzer), 

FTIR spectra (Bruker Company Vertex 70v spectrometer and Horriba Yvon Jobin 

LabRAM HR micro-Raman spectrometer), luminescence spectra (Acton Spectra Pro 

2300i monochromator in the range of 1350-2300 nm and laser diode λexc=976 nm). 

Aluminum oxide which is modifier causes bonds breaking inside the glass 

structure which affect luminescence properties of doped Germanate Glasses. It can be 

conclude that environment of dopants in the glass systems structure was modified and 

additional absorption process or changes in energy transfer occurred.  
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Different acid-catalyzed reactions, among others esterification, can be 

effectively promoted by solid acid catalysts, like sulfonic-functionalized mesoporous 

silica. Therefore, the aim of the presented study was to investigate catalytic properties 

of mesoporous silica modified with functional groups containing sulfur atoms. In 

order to examine catalytic activity of this type of materials, esterification reactions of 

fatty acid were applied. 

To carry out an esterification reaction several mesoporous materials based on 

silica were used, namely: MCM-41 with a hexagonal pore ordering, KIT-6 with  

a regular structure and MSU with a worm-like arrangement of channels. These pristine 

materials were synthesized with tetraethyl orthosilicate (TEOS) as a silicon source 

and various surfactants as templates. Physical and chemical properties of the obtained 

mesoporous materials were modified by incorporation of sulfur-containing organic 

groups. Functionalization process was performed by grafting procedure, in which 3-

mercaptopropylotrimetoxysilane was used as a source of thiol groups. In the next step 

thiol-modified materials were oxidized by H2O2 in order to obtain sulfonic-

functionalized mesoporous materials. 

Physicochemical properties of the synthesized mesoporous materials were 

characterized by different techniques, viz.: X-ray diffraction, transmission electron 

microscopy and low-temperature N2 sorption measurements. The resulting materials 

were also tested for their catalytic activity in the esterification of myristic acid with 

n-butanol, n-propanol or isopropanol. Performed tests showed, that synthesized 

sulfonic-modified mesoporous materials: MCM-41, KIT-6 and MSU, may be applied 

as efficient solid acid catalysts in the above mentioned reactions, resulting in  

a significant conversion of myristic acid and a high selectivity to the desired product 

– myristate. 
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MCM-41 mesoporous silica can be applied as a support for various 

catalytically active species, due to its high specific surface area, ordered mesoporous 

structure and large pore volume, which increase functionalization potential of this 

type of materials. Transition metals may be incorporated into the siliceous framework 

or supported onto the surface of mesopores, leading to a high dispersion of active 

species and lack of diffusion limitations. Thus, the aim of our studies was the 

development of synthesis procedures for obtaining MCM-41 mesoporous silica 

modified with platinum species. 

MCM-41 materials were synthesized with tetraethyl orthosilicate (TEOS) and 

cetyltrimethylammonium bromide (CTABr) as a silicon source and template, 

respectively. Moreover, hexachloroplatinic(IV) acid solution (H2PtCl6·6H2O) was 

applied as a metal precursor. Platinum species were incorporated into the siliceous 

matrix using “one-pot” and impregnation techniques. Prepared samples had various 

metal loadings, i.e. 1% wt. or 3% wt. of Pt. Two different methodologies were 

employed in order to transform the metal precursor into metallic form, namely: 

chemical reduction with NaBH4 solution and reduction under a constant H2 flow. 

Obtained Pt-MCM-41 samples were characterized using several techniques, 

specifically: X-ray diffraction (XRD), transmission electron microscopy (TEM),  

X-ray photoelectron spectroscopy (XPS), low temperature N2 adsorption-desorption 

measurements, and elemental analysis. Results obtained from different 

characterization techniques demonstrated that the transition metal species were quite 

well dispersed onto the mesoporous silica matrix. Furthermore, catalytically active 

crystallites of Pt(0) were also observed on the silica surface. 
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 The monovalent thallium is known as an extremely toxic and carcinogenic 

element which, like other heavy metals, may cause polymorphism in some genes. In 

biogeochemical reactions it has tendency to substitute potassium ions, thus it might 

disrupt the vital potassium-dependent processes. Since the concentration of thallium 

in environment is very low, therefore, a sufficiently sensitive method is required for 

its determination. 

 This work describes a procedure of determination of Tl(I) on trace level by 

home-made electrochemical sensor via differential pulse anodic stripping 

voltammetry (DP ASV). A prototype construction of renewable metallic electrode 

consists of silver wire coated by thin film of galinstan – eutectic alloy of gallium, 

indium and tin which is liquid at room temperature. The analysis was performed with 

a conventional three-electrode system. A galinstan electrode was employed as  

a working electrode with Ag/AgCl/3 M KCl and platinum wire as the reference and 

counter electrodes, respectively. All solutions used for analyses were purged with 

argon. The optimisation of experimental conditions included selection of the 

appropriate supporting electrolyte solution, potential and time of preconcentration, 

and DP mode parameters.  

As a result of optimization process, quantitative measurements were 

performed in the supporting electrolyte containing 0.002 M KCl, 0.001 M KNO3 in 

presence of HNO3. The obtained DP ASV calibration curves for an accumulation time 

of 40 s was linear from 50 ng·L-1 to over 350 ng·L-1. 

 The study showed that galinstan film electrode might be used as an electrode 

material in electroanalysis. Voltammetric determination of Tl(I) at trace level proves, 

that in some cases galinstan may be a substitiute for mercury. Therefore the idea of 

fabrication of this working electrodes is promising and we continue to develop this 

type of electrode. 
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 Voltammetry is one the most sensitive electrochemical methods for trace 

analysis. Mercury is considered as the best electrode material for voltammetric 

measurements due to its excellent properties. Among them there is a fact that it is 

liquid at standard conditions, therefore it can create drops or films with a smooth and 

uncontaminated surface, which does not need to be cleaned or polished like a solid 

electrodes. However high toxicity of mercury has led to a growing interest in search 

for new electrode materials.  

 In the present work it was demonstrated a novel type of film electrode, where 

liquid mercury is replaced by the galinstan – the eutectic mixture of gallium, indium 

and tin which is liquid at room temperature (m.p. −19°C). The construction of the 

electrode consists of cylindrical outer casing ended with special latex gasket. On top 

of the gasket a drop of galinstan and solution which prevent this alloy from oxidation 

were placed. Inside of the outer casing, a high purity metal wire connected with slider 

from the stainless steel were bestead. The procedure of refreshing of the electrode is 

based on movement (up and down) of the slider with the metal wire, alongside the 

outer casing. The metal wire is coated with thin film of galinstan while it goes through 

the drop of this alloy. Afterwards, the wire pass through the tiny hole in gasket, which 

prevent galinstan and internal solution from leaking and removes of excess of 

galinstan. 

 Numerous experiments were performed for optimization of this construction. 

The usefulness of several metalic materials, as well as composition of internal solution 

were tested. To evaluate the device and the method a lead determination by anodic 

stripping voltammetry was carried out. The results indicate that silver and copper wire 

are the best materials for galinstan film electrode. 

 Presented construction is a promising alternative to the commonly used 

mercury film electrodes and will be developed in future.  

 

Acknowledgements 

This work was supported by the Polish National Science Centre (Project No. 

2015/19/B/ST5/01380). 

  

mailto:kat.jedlinska@gmail.com


268 

 

The thermodynamic properties of the liquid crystal stationary phase 
*Justyna Jonik, Marcin Purchała, Tomasz Wawer, Henryk Grajek 

Faculty of New Technologies and Chemistry, Military University of Technology, 

Warsaw, POLAND 

e-mail: justyna.jonik@wp.pl 

 

Keywords: liquid crystal stationary phase, inverse gas chromatography 

 

 Liquid crystals are known as materials with the intermediate properties 

between solids and liquids. There are many types of liquid crystals, which are widely 

used in industry, for example in displays, mass memories for computers, 

optoelectronics (optical fibers), production non-mercury thermometers and as 

additives for paints and emulsions changing color under the influence of temperature.  

 Nowadays, liquid crystals are also used in analytical chromatography as 

stationary phases. Therefore, it has been decided to test usefulness of [4-(4-trans-

butylcyclohexanecarbonyl)oxyphenyl]4-(4-trans-pentylcyclohexyl)benzoate as sta-

tionary phase for gas chromatography.  

 The aim of this work was determination of the physicochemical and 

separation properties of the liquid crystal stationary phase by use inverse gas 

chromatography. The basic values of retention, i.e. retention time, net and specific 

retention volumes, and also the basic values of the thermodynamic (values of 

enthalpy, entropy and free energy of adsorption) were determined during the research. 

The basic thermodynamic values were used to determine the interactions 

(intermolecular forces) occurring between the studied liquid crystal stationary phase 

and the injected substances. It was found that there were stronger interactions between 

liquid crystal stationary phase and the injected substances with higher molecular mass 

(n-undecane and butyl acetate).  

 Next step of research was the separation of four mixtures. The first mixture 

was composed of n-heptane, n-octane, n-nonane, n-decane and n-undecane. The 

second mixture was composed of xylene’s isomers. The third mixture was composed 

of ethyl acetate, propyl acetate and butyl acetate. The latter mixture was composed of 

all of the previously mentioned compounds.  

 During research was found that the tested liquid crystal stationary phase show 

weak separation properties against three mixtures (the second, the third and the fourth 

mixture). Separation properties against mixture, which was composed of  

n-alkanes was satisfying. At the chromatogram there was observed five completely 

separated peaks. Received results show that tested crystal stationary phase might be 

used for separation some mixtures, therefore other mixtures will be tested in future 

research. 
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 The analytical analysis X-ray photoelectron spectroscopy (XPS) is used to 

determine the binding energy of electrons in the atomic cores of the sample.  

The sample of graphene is exposed to a beam of X-rays with well-defined energy. The 

incident radiation of quanta excites the atoms of the sample, there by causing 

transitions of electrons from the specified electron shell. Some of them goes through 

the focusing lens to the electron analyzer, and then are acquired by the detector. The 

analyzer determines the amount of photoelectrons as a function of their kinetic energy. 

Thus, the binding energy of the electron in the atomic core is determined which allows 

for qualitative analysis. While the intensity of the signal corresponding to given 

kinetic energy, allows the quantitative analysis of an atoms in the sample, in this 

particular case, in graphene sample. 

 The Raman spectroscopy is a method used to observe vibrational, rotational, 

and other low-frequency modes in a given system. Therefore, Raman spectroscopy is 

commonly used in chemistry, since vibrational information is specific to the chemical 

bonds and symmetry of molecules. Thus, it provides a fingerprint on the basis of 

which the molecule can be identified. It is one of the basic spectroscopic technique 

used to characterize the derived graphene. Analyzing the Raman’s spectra it is 

possible to specify whether the obtained graphene sample consists of multiple layers 

or a single layer, and whether it contains any defects. What is more, Raman 

spectroscopy is a fast method, not destroying the test sample and there is no necessity 

of special preparation of the test sample for analysis. 

 The aim of this study is to characterize graphene oxide and reduced graphene 

oxide using the afore-mentioned methods. The results of Raman’s analysis and 

changes in Raman’s spectra are presented, which depend on the cooling rate of 

graphene or the presence of defects in the structure of graphene. Moreover, qualitative 

and quantitative composition of graphene obtained by X-ray photoelectron 

spectroscopy is presented. 
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The last two decades of the twentieth century, characterized by a very rapid 

development, as well as the steadily increasing demand for new and more durable 

materials used in mining, construction and to production of wear-resistant tools and 

machine parts. This is due to large progress in the field of new technologies, creating 

more and better materials, equipment and machinery. Composites based on tungsten 

carbide are the answer to the constantly increasing demand for materials with 

improved chemical, physical, mechanical, useful and operating properties. Therefore 

in this study will be presented manufacturing methods of metal-ceramic composite 

with metal matrix (Inconel 625) and reinforcement in form of ceramic particles 

(tungsten carbide - WC) and its characteristics. 

Metal-ceramic composites based on WC are combination of good properties 

of both metal and ceramics. They have greater mechanical strength than ceramics and 

better thermal resistance than metal. Tools made of these composite quickly found 

application in many industries because they are materials with improved performance, 

which led to the replacement of steel tools by cermets. 

Currently cermets are mainly produced using powder metallurgy, however 

equally important and increasingly used are the laser additive technologies. This is 

certainly due to the increasing desire to speed up the manufacturing process and the 

possibility of regeneration of worn tools and machine parts. The most popular 

technologies are SLM (Selective Laser Melting), DMLS (Direct Metal Laser 

Sintering), SLS (Selective Laser Sintering), and LENS (Laser Engineered Net 

Shaping). 

In this work composites were manufactured using LENS technology. This 

technique allowed to receive composite containing 30, 40, 50, 60, 80 and 90 percent 

by weight of WC in a matrix of Inconel 625. The resulting sample has a much higher 

hardness than the matrix material. Manufactured samples are characterized by 

structural discontinuities (cracks and splinters), but in the volume are consistent. 
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As a result of the increasing demand for optically pure products, asymmetric 

organocatalysis is of great interest for organic chemists, specifically in the 

pharmaceutical industry. However, the relatively high cost and low commercial 

availability of chiral organocatalysts, in addition to the high catalytic loading required 

in some cases (typically 1–30 mol%), pose a general challenge to the industrial 

development of economical and sustainable asymmetric organocatalytic processes. 

The recycling of the organocatalyst may provide a suitable solution for this 

challenge. The application of organic solvent nanofiltration (OSN) was studied for 

some cinchona-based organocatalyst. OSN is capable of distinguishing molecules 

with size from 50 to 2500 Da, by only applying a pressure gradient. One possible way 

to enhance the catalyst rejection towards the membranes is to increase the molecular 

weight of the catalyst.  

In this study, the so-called “hub approach” for the catalyst enlargement was 

used, where a trifunctional unit connects three catalyst molecules. Starting from 1,3,5-

triethynylbenzene and 2-azidoethanol a click reaction was carried out resulting in the 

benzene tris(triazole)triethanol derivative. This skeleton was modified with three 

moles of cinchona squaramide catalysts.  

As a second method, a β-cyclodextrin-based cinchona-thiourea catalyst was 

prepared in a reaction between a permethylated cyclodextrin isothiocyanate and the 

amino derivative of hydroquinine. These potential OSN organocatalysts can be 

applied in asymmetric Michael reactions (pentane-2,4-dione addition to  

β-nitrostyrene) and Friedel–Crafts reactions (indole addition to β-nitrostyrene). 
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  Nickel electroplating is a technique of deposition of thin layer of nickel on 

the metal surface. The nickel coatings exhibit protective as well as decorative 

properties. The nickel electrodeposition can be conducted using a few different types 

of baths. The most popular are Watts-type bath. This kind of electrolyte contain nickel 

sulfate, nickel chloride, boric acid and other organic additives that affect the kinetics 

of nickel reduction as well as mechanical/decorative properties of obtained coatings. 

 The aim of the presented study was to determine the effect of additions of 

sulfate ionic liquid precursors on the protective properties of nickel coatings 

electrodeposited from Watts-type baths.  

 The nickel coatings were deposited on the AISI 1018 steel. The steel was 

cleaned mechanically using abrasive paper, degreased chemically and rinsed with 

distilled water. Then, the chemical etching process in HCl solution was conducted. 

After that the nickel electroplating were performed in the Watts-type bath at the 

following composition: 250 g dm-3 NiSO4·7H2O, 30 g dm-3 NiCl2·6H2O and  

40 g dm-3 H3BO3. The addition of ionic liquid precursor was 500 mg in 1 dm3 of the 

bath. 

 The samples were subjected to electrochemical testing in the three-electrode 

system. Platinum was used as an counter electrode and a saturated calomel electrode 

as a reference electrode. The all measurements were performed at ambient 

temperature in 3.5% NaCl solutions as an electrolyte. Electrochemical tests were 

conducted using the potentiostat/galvanostat VMP3 Biologic, France. 

 The conducted electrochemical measurements indicated a significant impact 

of the used ionic liquid precursors on the corrosive inhibition of the obtained coatings. 
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  Carbon materials such as activated carbons due to good conductivity, high 

surface area and microporosity are desirable as electrodes in energy storage and 

conversion. The chemical and electrochemical properties of carbon materials depend 

on the microstructure as well as the presence of functional groups. This kind of 

materials could be used for the electrode preparation of an electrochemical capacitors. 

These devices accumulate electric charge by charging an electric double layer which 

is an electrostatic attraction of ions at an electrode/electrolyte interface. The increase 

in capacitance can be realized by additional quick faradaic reactions, commonly 

known as pseudocapacitive effects. This phenomenon can be reached by exploitation 

of transition metal oxides, conducting polymers as well as by incorporation of 

heteroatoms, such as: oxygen or nitrogen into carbon structure. 

The purpose of the presented study was to determine the correlation between 

chemical structure/composition of modified (by incorporation of heteroatoms) and 

unmodified carbon materials and phenomena occurring at the electrode/electrolyte 

interface. 

A scanning electron microscope was used to investigate the structure of the 

materials. The BET specific surface area was determined from N2 

adsorption/desorption at 77 K. Functional groups presented on the carbon surface 

were determine by means of infrared spectroscopy. 

All prepared materials (modified and unmodified) were used as the active 

electrode material for electrochemical capacitors. In order to estimate the performance 

of the electrochemical capacitor, all measurements were carried out with two- and 

three-electrode cells assembled in a Swagelok® system. The capacitance (expressed 

per mass of a single electrode) were examined by galvanostatic charge/discharge, 

cyclic voltammetry and electrochemical impedance spectroscopy. 

 All obtained results indicate that the modification of carbon materials is 

crucial to construct an electroactive material that could be used for energy storage and 

conversion. 
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 Herbicidal ionic liquids (HILs) are a new group of compounds. They combine 

simplicity of physicochemical properties designing (taken from ionic liquids) with 

herbicidal properties. Generally higher efficiency of those compounds allow to reduce 

herbicidal field dose. However, since they still are introduced to the environment, it 

is necessary to find appropriate method for its removal to avoid possible 

contamination. 

 The new approaches to removal of organic contamination like pesticides, 

herbicides etc. from water system are Electrochemical Advanced Oxidation Processes 

combined with biological methods, named hybrid processes. The electrochemical 

processes: electrochemical oxidation or electro-Fenton are used as pretreatment, 

which initially degrade the pollutions and in consequence improved the efficiency of 

later biodegradation. 

 In this study didecyldimethylammonium(4-chloro-2-methylphenoxy) acetate 

was selected to evaluate the efficiency of a hybrid treatment method. Electro-Fenton 

was considered as a pretreatment step, whereas biodegradation was selected as the 

secondary treatment method. The efficiency of degradation, oxidation and 

mineralization was evaluated during 6 h of electrochemical process. This process 

decreased the total organic carbon and chemical oxygen demand (COD) values and 

increased biochemical oxygen demand (BOD5) on the COD ratio to a value close 

to 0.4, showing that the electrolyzed solutions can be considered as “readily 

biodegradable”. 

 

Acknowledgements 

The authors acknowledge the financial support from the Ministry of Science and 

Education (Poland)- Grant no 03/31/DSPB/0337. 

  

mailto:kacper.kopczynski@put.poznan.pl


275 

 

Ionic liquids as additives for lead-acid battery 
*Kacper Kopczyński1, Grzegorz Lota1, Marek Baraniak1, Juliusz Pernak2, 

Włodzimierz Majchrzycki3, Henryk Przybyło4 
1Institute of Chemistry and Technical Electrochemistry, Poznan University of 

Technology, Poznań, POLAND 
2Institute of Chemical Technology and Engineering, Poznan University of 

Technology, Poznań, POLAND 
3Institute of Non-Ferrous Metals Division in Poznań Central Laboratory of Batteries 

and Cells, Poznań, POLAND 
4PPUH Autopart Jacek Bąk Sp.z.o.o., Mielec, POLAND 

e-mail: kacper.kopczynski@put.poznan.pl  

 

Keywords: ionic liquid, lead- acid battery, electrochemistry 

 

 Lead - acid battery, due to its unique parameters, such as low price of 

production, simplicity of recycling (aqueous solution of sulfuric acid (VI), lead and 

its compounds, polypropylene, polyethylene and small amounts of additives) and 

good electrical properties (high discharge rates and low self-discharge) result in high 

utilization of those devices in many aspects of everyday life, for example in vehicles 

or backup power systems. Construction of this kind of cell is constantly developed to 

enhance electrochemical properties of it. Better exploitation of active mass as well as 

improved electrical characteristic will lead to more environmentally friendly 

production and higher durability of lead - acid cell. 

 Due to exceptional properties of ionic liquid like: high conductivity, thermal 

and chemical stability, low volatility and low toxicity they found many applications 

including electrochemistry industry. The most important feature of this kind of 

compounds is its ability to change chemical and physical properties by changing 

cation structure or anion. 

Influence of ionic liquids addition on working parameters of lead/ lead(IV) 

oxide cells were presented. Electrochemical parameters were tested by means of linear 

sweep voltammetry, galvanostatic charge/discharge and electrochemical impedance 

spectroscopy. It was proven that ionic liquid increase electrochemical stability of 

electrolyte, reduce resistance of electroactive mass and increase of discharge 

capacitance of lead acid cell. 
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This paper presents the results of numerical analysis of the phenomena of 

heat-flow in the inner space of the plate heat exchanger. The main objective of the 

work was to determine the shape of the plate on the efficiency of heat exchange. 

Numerical simulations were carried out for the representative for the whole volume 

of the heat exchanger. Which consisting of three adjacent plates and a fluid contained 

there between. The analysis consisted of 9 types of discs and 3 different flow 

condition. All the boards were formed using a V-ribbed and geometrical differences 

include the opening angle of the arms and the profile ribbing embossments (triangular 

and semi-circular) and the number of rows.  

As mediums of heat transfer adopted the most popular gas - air. For all types 

of plates being studied under the same conditions of co-current and countercurrent 

flow of gas. As the initial conditions assumed constant streams of mass and 

temperature of the gases. The use of an adiabatic wall of the outer allowed to eliminate 

effects of the environment on the transfer of the heat exchanger.  

The results of numerical calculations made it possible to assess the impact on 

the shape of the plate heat exchanger on the working him. This evaluation was based 

on analysis of the intensity of heat exchange and the power required to pump fluids. 

Power determined based on the calculated pressure drop. As a criterion for assessing 

the efficiency of the heat exchanger was adopted three commonly used for this 

purpose indicators - efficiency η, the number of transfer units NTU and pumping 

power P. A detailed analysis of the simulation results showed that none of these 

indicators are not uniquely identify the best geometrical shape of the plate. For this 

reason, it is considered that as a criterion for evaluating the heat exchanger should be 

considered a product of the indicators =·NTU·P. Given the value of the index  it 

can be considered that the highest efficiency of heat exchange plates provide a 

semicircular profile ribbing and the angle of the arms transfusion of at 70˚. This is 

related primarily to the favorable relationship for these boards intensity of heat 

transfer and pressure loss of fluids. There was no apparent effect while the positioning 

of ribbing on the surface of the disc on efficiency heat exchangers. 
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 Reactive adsorption is an example of process integration. In this approach the 

chemical reaction is carried out simultaneously with adsorption of one of the reaction 

product. This kind of integration is particularly effective for reversible reaction, as it 

helps to remove one product from the reaction zone, so to shift the reaction 

equilibrium towards the total conversion of reactants. Additionally, there is no need 

to separate the products after reaction completion and the non-adsorbed product is 

relatively pure. 

 In these investigations the reactive adsorption process was carried out in the 

stirred thank reactor. Two series of experiments have been carried out: first carrying 

out the reaction without of the adsorbent, then at the presence of the sorbent. The 

experiments have been carried out with use of the testing reversible esterification 

reaction. The molecular sieves 3A has been employed as a sorbent of the water 

produced during the reaction progress. Due to removal of water from the reaction 

zone, the chemical equilibrium of the reaction is shifted towards the ester production, 

so even complete conversion of alcohol and acid is possible. The influence of the 

temperature, the reactant concentrations, a presence of the catalyst as well as a 

presence of the sorbent on the reaction progress has been investigated. 

 The mathematical model of the process have been formulated, which includes 

the reaction kinetics and thermodynamics as well as the sorption of the product. 

Predictions obtained with the elaborated model have been compared to the 

experimental results. 

 The obtained results indicate that the addition of sorbet into the reaction 

mixture helps to increase productivity of the reaction (practically total conversion of 

substrates can be obtained), so the post-reaction mixture contains almost pure product 

(ester). The process variables, as well as amount of sorbent, to carry out the process 

effectively has been indicated. 
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Cinchona-based bifunctional catalysts have been extensively employed in the 

field of organocatalysis due to the incorporation of both hydrogen-bonding acceptors 

(quinuclidine) and hydrogen-bonding donors (e.g., alcohol, amide, (thio)urea and 

squaramide) in the molecule, which can simultaneously activate nucleophiles and 

electrophiles, respectively. Among them, cinchona-derived (thio)urea and squaramide 

catalysts have shown remarkable application potential by using their bifurcated 

hydrogen bonding donors in activating electrophilic carbonyls and imines. 

Polymer-supported chiral organocatalysts have emerged as a rapidly 

expanding field of research in recent years, in part due to the traditionally emphasized 

advantages of polymeric immobilization (facilitated separation and recovery 

procedures, recycling etc.). We present a simple strategy to prepare cinchona modified 

polybenzimidazole (PBI) membrane.  

While hydroquinine is available directly, its amino derivative was prepared 

from it, via azide, in a two-step sequence by using the Bose–Mitsunobu reaction 

followed by Staudinger reduction. The amino group was converted to squaramide by 

reacting with the appropriate half-squaramide derivative. This organocatalyst was 

immobilized to a propargyl modified PBI membrane after a functionalization with 

azidoethylene group and a click reaction.  

Applying our immobilized cinchona-derived squaramide organocatalysts in 

Michael additions and aldol reactions we achieved excellent enantioselectivities, 

allowed for unprecedented practical applications in the synthesis of valuable bioactive 

synthons. 
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 Pulmonary surfactant (PS) system is a structure defining the behaviour of the 

most important surface of interaction between the body and the environment, whose 

biological function and performance in health and disease are directly determined by 

its composition, structure and mechanical properties. Scientific interest in interactions 

between inhaled nanoparticles (NPs) and pulmonary surfactant system has grown 

immensely over the past few years, as interactions of NPs with different PS 

components may alter the structure and composition of PS, with a potential impact on 

its physiological performance. 

 The goal of this work is to present a short review on the current knowledge 

regarding NPs-PS interactions studied by physicochemical methods. Up till now, 

different studies have focused on the biophysical effects of benzopyrene and diesel 

NPs, as well as polymeric, metallic and mineral ones, which constitute a crucial 

characterization both for optimization of pulmonary drug delivery and determination 

of their potential toxicity. So far it has been established that NPs can affect the lung 

surfactant functions mainly by interfering with the adsorption of surface active 

molecules at the interface and, thus, preventing the formation of a fully functional 

interfacial film. In addition, NPs could induce pulmonary inflammation, oxidative 

stress and lipid peroxidation, which indirectly might lead to the impairment of PS 

system. The possibility of coating NPs with polyethylene glycol (PEG) has been also 

evaluated, showing that it minimises the detrimental NPs interactions, and it could be 

an alternative strategy for the development of pulmonary surfactant-compatible 

inhalable drug nanocarriers. 

 Although certain investigations have already been performed in this field, 

further studies are still needed not only for better understanding, potentially 

hazardous, interactions of environmental NPs with respiratory system, but also for the 

development of safer biomedical applications and the optimisation of novel drug 

delivery strategies through the pulmonary surfactant. 
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In a heterogeneous reaction systems, mass transfer of reactants first takes 

place from the bulk fluid to the external surface of the pellet. The reactants then diffuse 

from the external surface into and through the pores within the pellet, with reaction 

taking place only on the catalytic surface of the pores.  

So that both diffusion of the reactants into a catalyst pellet and reaction rate have an 

influence on a rate of processes running on solid-state catalyst. If diffusion is much 

slower than reaction rate, concentration of reactants inside pellet decreases rapidly. 

For sufficiently strong diffusional limitations, concentration of a reagent in a pellet 

center drops down to zero – in a pellet center appears zone without reaction (so called 

`dead zone`). In consequence, efficiency of catalyst process decreases.  

Determination of conditions of dead zone formation is quite hard task, for this 

reason they have not been fully formulated. Most frequently only necessary conditions 

have been presented. They must be satisfied, otherwise the concentration inside a 

catalyst pellet always will be greater than zero and the dead zone will not appear. But 

fulfilling of necessary condition not guarantees that dead zone appears. However 

knowledge of necessary conditions is very important from practical point of view. It 

enables to exclude the cases for which dead zone cannot be formed. One of researchers 

presented general method of determining necessary conditions of dead zone formation 

and applied them to few well know reaction systems. The method seems to be a bit 

complex. For this reason, new, simple method was developed. It is based on 

elementary mathematical knowledge. The method was tested on for the same reaction 

systems as presented earlier in literature. The results obtained were the same as those 

presented, with one exception. Application of our algorithm for multicomponent 

systems allowed to obtain more precise relationships. Moreover, the necessary 

conditions for others reaction schemes were developed. 
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 Recently, has been the rapid development of tissue engineering as a modern 

science. It is a new, interdisciplinary branch of regenerative medicine, which is 

combination of the biological sciences and modern technologies of biomaterials. The 

main and the latest issue of this science are scaffolds. There are microporous structures 

characterized by a highly developed, three-dimensional spatial structure. One of the 

form of scaffolds are semi-permeable membranes. 

 For the preparation of scaffolds mainly are used polymers - natural and 

synthetic. Recently, in tissue engineering very popular are polyesters e.g. polylactide, 

poly-ε-caprolactone. This polymers differ in degradation time. This time increases 

with the length of carbon chain. This feature has influence on the degradation time of 

the whole scaffold and mechanical properties. For this reason, depending on the type 

of tissue to be regenerated it is necessary to select a proper polymer. 

Experimental results of the preparation of semi-permeable membranes for cell 

cultures were presented. Membranes were obtained from poly-L-lactide and poly-ε-

caprolactone by inversion phase method. Morphology of the membranes was analyzed 

using Scanning Electron Microscopy. Mechanical properties were examined in tests 

of tensile strength.  

The effect of classic pore precursors on the morphology and mechanical 

properties of the membranes was studied. The results shown that membranes 

depending on used polymers differ in morphology and mechanical properties. 

Additionally, depending on used pore precursors for each polyesters, different 

changes in the internal structure and mechanical properties of the membranes occur. 

 

  

mailto:akruk@ch.pw.edu.pl


282 

 

Characterization and modification of FePd thin films deposited on 

SiO2/Si(001) 
*Magdalena Krupska, Hoa Kim Ngan Nhu-Tarnawska, Aneta Duda, Sylwia Sowa,  

Nanostructure Laboratory, Institute of Physics, Pedagogical University, 

Podchorazych 2, 30-084 Cracow, Poland 

e-mail: krupska.@up.krakow.pl  

 

Keywords: FePd alloys, RBS, Ar+ and Kr+ ion irradiation 

 

 Recently, a great attention has been paid to the FePd, FePt and CoPt alloys 

with L10 structure by cause of the fact that they are considered as promising candidates 

for future ultra-high density magnetic recording applications [1) T. Schied et al., J. 

Appl. Phys. 108 (2010) 033902, 2) J.R. Skuza, C. Clavero, K. Yang, B. Wincheski, 

R.A. Lukaszew, IEEE Trans. Magn. 46 (2010) 1886]. In our work we concentrate in 

characterizing the stability of such type of thin films against high-energy ion 

bombardments. 

The [Fe(0,9nm)/Pd(1,1nm)]x5 film deposited on 100 nm-thick SiO2 layer 

grown on Si(001) substrate has been prepared by a thermal evaporation method, 

similar to the procedure described in [3) M. Perzanowski et al., Appl. Surf. Sci. 302 

(2014) 129–133, A. Polit, D. Makarov, C. Brombacher, M. Krupinski, 4) M. 

Perzanowski, Y. Zabila, M. Albrecht, M. Marszałek, J. Magn. Magn. Mater. 381 

(2015) 316–321]. We have performed the investigations on the film in three different 

states: 1) as-deposited state (as-grown film), 2) irradiation by 1MeV Kr+ beam (Kr+-

irradiated film) and 3) after irradiation by 1MeV Ar+ beam (Ar+-irradiated film). 

Rutherforfd Backscattering Spectrosopy (RBS, 2MeV He+ ion beam, 

scattering angle of 1710) and the X-ray reflectivity (XRR) have been employed to 

determine the chemical composition and the layer thicknesss (for as-grown film as 

well as for film after modification by ion irradiation. For the data evaluation, the 

computer code SIMNRA was employed.  

The obtained results shows that both Kr+ and Ar+ ion irradiation causes a 

decrease of the Fe and Pd peak intensity. Moreover a strong mixing has been seen , 

indicated by a non- zero background between the Fe peak and the Si edge. 
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The objective of this work is investigations of the structure and physical 

properties of the magnetite thin film systems with single- and bi-layer structure, and 

with different layer thicknesses.  

Fe3O4/MgO(001) and Fe3O4/Fe/MgO(001) magnetite films with a total layer 

thickness ranging from 25 to 200 nm have been prepared by a Molecular Beam 

Epitaxy Technique. The film chemical composition, layer thicknesses and structure in 

the as grown state and after being modified by 1MeV Ar+ ion beam have been 

investigated by means of Rutherford back-scattering (RBS), RBS- channeling (RBS-

C) and X-ray reflectometry (XRR). For the data evaluation, the computer code 

SIMNRA was employed. 

As an example we show in the 

picture RBS spectra of the 

Fe3O4/Fe/MgO(001) film irradiated by 

1MeV Ar+ ion beam with four different 

ion fluences (Ar1=1.67ˑ1016Ar+/cm2, 

Ar2=5.77ˑ1016 Ar+/cm2, Ar3=15.41ˑ1016 

Ar+/cm2, Ar4=25.71ˑ1016 Ar+/cm2). The 

Ar+ ion irradiation produces Fe-Mg ion 

mixing which is revealed by a non-zero 

background between the Fe peak and the 

Mg edge. A large change can bee also 

observed in the slope of the iron peak.  

It corresponds to a change in the 

composition of Fe and O in the Fe3O4-Fe 

interface.  
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The oxidation of organic substrates catalyzed by metalloporphyrins 

constitutes a major class of biomimetic oxidation reactions used in modern synthetic 

chemistry. Iron and ruthenium porphyrins are among the most extensively studied 

metalloporphyrin oxidation catalysts.  

However, due to the complexity of these systems, they were not often used in 

the pharmaceutical industry. We developed a process allowing main biological 

oxidations occurring in Phase I metabolism. This process allows for rapid and efficient 

production of milligram quantities of metabolites. 

A metalloporphyrin derivative was immobilized to Merrifield resin, and  

a screening of numerous drugs was performed with different oxidating agents in 

different solvents. After a selection of the drugs featuring the best metabolite profile, 

a flow system was developed to achieve higher productivity. The setup presented here 

is suitable for the preparation of drug metabolites with biomimetic oxidations in 

continuous-flow. 

 
 

 

Acknowledgements 

Financial support of the Hungarian Scientific Research Fund/National Research, 

Development and Innovation Office (OTKA/NKFIH No. PD108462). 

  



285 

 

Interferometric fibre sensor for rotational seismology application 
*Anna Kurzych1, Leszek R. Jaroszewicz1, Zbigniew Krajewski1, Jerzy K. Kowalski2 
1Institute of Technical Physics, Military University of Technology, Warsaw, 

POLAND 
2m-Soft Ltd., Warsaw, POLAND 

e-mail: anna.kurzych@wat.edu.pl 

 

Keywords: torsional effects, interferometer, sensor, engineering construction, 

rotation 

 

 Rotational seismology is relatively young field of study all aspects of 

rotational movements induced by earthquakes, explosions or existing in engineering 

constructions. Its development is conditioned by application of appropriate sensors 

which ought to fulfil a series of technical requirements. Rotational sensors should be 

characterized by wide range of detected amplitude signal (10-11-100 rad/s) and wide 

detection frequency band (10-3-102 Hz). Moreover, they have to possess additional 

following features: immunity to environmental influences, low cost (for widely usage) 

as well as portability. 

 This paper presents laboratory investigation of an innovative rotational sensor 

- Fibre Optic System for Rotational Events & Phenomena Monitoring (FOSREM) 

which fulfilled technical requirements for rotational seismology. Its construction 

bases on the Sagnac effect which allows to measure rotation directly. The main 

parameter of FOSREM is its wide range of measurements: a signal amplitude from 

10-8 rad/s to 10 rad/s and  frequency from 0 Hz to the upper frequency between 2.56 

Hz to 328.12 Hz. FOSREM is equipped with communication module which allows to 

its control remotely.  

 In order to confirm the unique parameters of FOSREM the series of laboratory 

investigation have been carried out. First of all the measurements on the special 

rotational table. Then we measured the Earth’s rotation in various frequency detection 

bandpass. Moreover, the thermal stability of FOSREM has been checked.  

 Laboratory investigations confirmed FOSREM’s wide range of 

measurements both in signal amplitude as well as frequency. Moreover, the 

measurements in climatic chamber pointed out that FOSREM is stable in temperature 

range from 0oC to 50oC. In conclusion, the laboratory investigation has confirmed that 

FOSREM is totally appropriate device for receiving significant data regarding 

rotational seismology. This system can be used in seismic monitoring in observatories, 

buildings, mines and even on glaciers and in their vicinity. 
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Polarimetry is ancient science from range of optics, however today it is 

possible to meet, many new areas of for her applying. In this range, should take note 

of the development of the system allowing for effective and reliable, polarizing 

characterizing chosen optical elements. 

Four-channel polarimeter, allows for the measurement of parameters of 

optical different medium and optical elements using the four photodetectors for it. The 

most important feature of the system is possibility of registering the state and degree 

of polarization of the light passing through the examined element in  

a moment of time what is not possible in many used measuring devices. This optical 

system is predicted for checking static and dynamic properties of liquid crystal cells, 

which are very significant from the point of view of future applications. An essential 

element of verification of the quality of effects of this system is its proper calibration 

and comparative studies with the reference system. Will be presented calibration 

measurement of built system with commercially available polarimeter from Thorlabs 

company, acting based upon the quarter-rotating. The main difference of these 

systems is that the four-channel polarimeter measures the Stokes vector in a moment 

of time, while the commercially available system allows the measurement of 33 

samples per second.  

During conducted surveys Mueller Matrix of following samples was 

compared: polarizers, quarter-wave plate, half-wave plate, non-polarizing beam 

splitter and specially prepared for this purpose liquid crystal cell. Results achieved 

from the four-channel polarimeter was compared with the reference polarimeter and 

was stated their very great unanimity. In the next step of the testing dynamically 

measurement of select liquid crystal materials will be carried out. This will allow for 

evaluation of the optical properties of these materials in the time domain. 

Examinations of optical elements of this type so far were not presented in world 

literature. 
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The air-lift reactors are classified as one of the important group of bubble 

devices. These apparatus are commonly applied for gas-liquid processes, such as 

production of organic acids, manufacturing pharmaceutics, antibiotics and enzymes 

or water purification. The air-lift reactor has a wide range of application in the fields 

of both chemical engineering and biotechnology because it offers simple and effective 

mixing in two-phase processes involving gases and liquids. The air-lift reactor offers 

advantages of no moving parts, low shear power consumption and good mixing 

quality.  

Typically, the air-lift reactor consists of two vertical regions: the riser, 

equipped with gas distributor, and the unaerated zone called the downcomer. These 

regions are connected with a gas-liquid disengagement section and  

a horizontal bottom section. In the case of this reactor, the liquid circulation is the 

result of the difference of the hydrostatic pressures between the aerated and unaerated 

sections. Thus far, several studies have suggested that the magnetic field influenced 

on the hydrodynamics in air-lift reactors.    

Therefore, an experimental study on the behavior of the novel type of air-lift 

has been performed. Special attention has been paid on the rotating magnetic field 

effect on the hydrodynamic characteristics in the tested apparatus. The mixing time 

and the liquid velocity were determined by the tracer impulse method. The mixing 

time were measured as the time necessary to achieve 99% homogeneity and the liquid 

circulation velocity were calculated as a quotient of the distance between two 

conductivity probes and the time period between two parallel peaks of these probes. 

Simple data correlations are created and discussed.  

Summarizing, the use of the RMF-assisted air-lift reactor described in the 

current study allows to significantly increase the liquid circulation velocities. Another 

significant observation is the positive effect of RMF on the hydrodynamic condition 

in the tested reactor, confirmed by the mixing time. 
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 Partially stabilized zirconia is a popular ceramic material because of the 

combination of properties like low thermal conductivity, biocompatibility and high 

fracture toughness which allows the use in many applications. Titanium is the metal 

which is characterized by excellent corrosion resistance, high strength-to-weight ratio 

and high melting point (1667°C). A combination of both materials: zirconium oxide 

and titanium gives a possibility to create new, interesting composite with wide 

possibility of application.  

In this work the samples were prepared from the nano-size ZrO2 powder 

stabilized by 3 mol% Y2O3 with the addition of titanium powders: titanium (I) 

(MercChemicals) with the grain size ~15 µm and density 4.4 g/cm3 and titanium (II) 

(Alfa Aesar) with the grain size ~11 µm and density 4.5 g/cm3. The samples were 

formed by slip casting method and sintering at 1450°C in argon atmosphere. The 

physical properties of prepared samples were measured by Archimedes method. The 

phase composition and microstructure of the zirconia-titanium composites were 

characterized by X-Ray diffraction. The SEM and TEM observations was conducted 

for the verification of distribution of metal particles in the matrix and the 

titanium/zirconia interface.  

The relative density of the green bodies and the sinters were higher for the 

samples prepared with titanium (II) powder. The distribution of titanium particles in 

the ceramic matrix were homogeneous in the both samples series with various kind of 

titanium. The microstructure with titanium (I) powder was characterized by zirconia 

grains growth on the Ti particle – ceramic matrix interface. The changes of zirconia 

grains size were not observed in the samples with addition of titanium (II) powder. 
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 Modification of the electrode has to improve its metrological properties or 

obtain new functionality. Most often it seeks to improve parameters such as 

sensitivity, detection limit. The spectrum of substances used for modification is very 

wide. In recent years, nanomaterials and, in particular, nano-carbon and metal have 

gained much popularity.  

 Carbon paste electrodes (CPE) has been created with the thoroughly mixed 

graphite powder and paraffin oil. The enormous popularity of carbon paste electrodes 

due to the ease of preparation and use, a convenient range of potentials allowing 

determination of both analytes of organic and inorganic However, the main advantage 

is the possibility of modifying the electrode by weight of the paste, achieved by a 

straight admixing a modifier into the graphite paste. 

 Modification of carbon paste electrode nanopowders type xNi-3YSZ. Used 

nanopowder modifier was zirconia stabilized with yttria in an amount of  

3 mol% (abbreviated by hereinafter as YSZ), which was doped with varying amounts 

of nickel. The aim of this study was to investigate the effect of the addition 

nanopowder xNi-3YSZ type on pasting properties of graphite electrodes in the test 

compared with the unmodified electrode and the electrode modified by nickel (Ni) 

nanopowders. The electrode was modified by the addition of a nanopowder with 

different nickel content (12.1% and 45% ) in an amount of 10% based on the weight 

of the graphite paste. The cyclic voltammetry was used to define the relationship of 

current peaks on the rate of the polarization, and to assess the impact of interferent 

(ascorbic acid) on the analytical signal and settings the analytical parameters. 

Results of studies have shown that, for the determination of dopamine, the 

modification of electrode with 45% Ni-3YSZ nanopowders provides the improvement 

in analytical parameters. 
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Electrochemical sensors using conductive polymers such as Poli(3,4-etyleno-

1,4-dioksytiofen) or PIROL as modifiers are increasingly applied. They are 

characterized by good durability membranes, high density and small size of the 

electrode. Conductive polymers can also be used as a template to introduce  

a modifier such as nanoparticles. With this application, the most important criterion 

is appropriately selected immobilization method of the nanoparticles in the polymer 

matrix. 

Electrochemical methods play an important role in the study of 

pharmaceutical formulations and environmental samples. This is due to the high 

sensitivity and selectivity of these methods, and also not very high cost of analysis 

and time saving as compared to other analytical methods. After appropriate 

preparation of the sample matrix typically does not interfere analytical signal and can 

easily dissolve the analyte in a suitably selected solvent.  

Preliminary measurements suggest that the modification based on  

a polymer with a ceramic nanopowders affects the quality of the analytical signal of 

the determined substance. Work is being done on the improvement of parameters such 

as sensitivity, detection limit or durability of the resulting layer. Introducing 

nanoparticles into the polymer matrix is designed to increase the contact surface area 

of the electrode with the analyte. This modification is to increase the sensitivity of the 

electrode to enable detection of lower concentration of test substances which is very 

important in the analysis of pharmaceuticals and environmental samples. 
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  The purpose of this work is to show the possibility of modifying the 

voltammetric electrode using ceramic nanopowders such as titanium dioxide (TiO2) 

and zirconia stabilized with yttria (3YSZ). The measurements were carried out on 

glassy carbon electrode and glassy carbon electrode modified with composite material 

ceramic nanopowder – mixed with conductive polymers.  

The conductive layer was prepared using electropolymerization of the 

nanopowder suspension in conductive polymers. The glassy carbon electrode was 

polished on the polishing cloth with nanopowders Al2O3 and washed with deionized 

water . The solution before electropolymerization had been mixed using a magnetic 

stirrer.  

For received layers there were taken pictures of scanning electron microscope 

(SEM) and energy dispersive spectroscopy (EDS), then analysed in order to illustrate 

their structure. These images show nanopowders into polymer layer which was the 

aim of this modification.  

Preliminary measurements suggest that additional amount of nanopowder in 

the structure of the polymer influence on increase the number of active centers on the 

surface of the electrode which resulted in improvement of measurements parameters 

such as sensitivity or detection limit. Increase of the slope of calibration curves the 

electrodes modified in respect to the electrode unmodified, shows that the sensitivity 

of the method is increasing and we can expect a reduction in the limit of detection. 

Application of nanoparticles as a possibility of further modification of the 

measurement electrodes in order to improve their operational parameters were 

confirmed. 
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 Nowadays technologies of the regenerative medicine are developing at an 

increasing rate. Therefore, the demand for the new, biocompatible and bioactive 

materials with particular mechanical properties is rapidly growing. Because of the 

need for the specific properties, composite materials which include two or more 

components with unique features are under great consideration. The solution is needed 

for a proper material for bone implant. This kind of material should be biocompatible 

and should have high mechanical properties. Its morphology, chemical composition 

and strength should be similar to those characteristic for the bone. It is often crucial 

that the material is bioactive and biodegradable. 

 The results of testing of the composite materials for bone implants made of 

nanocrystalline hydroxyapatite and silk fibers are shown in the following study. Few 

types of the composite materials were made. Hydroxyapatite was used as a matrix and 

as a reinforcement 5% or 15% wt. silk fibers were added. The composites were made 

using cryomilling and then uniaxial pressing under the pressure of 1 GPa. Bending 

strength, compressive strength and Young modulus were characterized. Samples with 

the highest mechanical properties were degraded in water and in the physiological 

saline solution. After degradation the mechanical properties were tested again. 

 Highest mechanical properties were reached for the samples made from 15% 

wt. silk fibers and 85% wt. nanocrystalline hydroxyapatite pressed in 80°C. 

Compressive strength was 276,3±39,7 MPa, Young modulus was 8,4±0,9 GPa and 

bending strength was 82,3±39,7 MPa, which met the set requirements. The first results 

of degradation tests were satisfying.  

 Further development is required for the material to be used in real life 

applications.  
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 Optical fiber taper can be obtained as a result of heat to melting temperature 

of glass and elongation optical fiber to a certain length of the fiber. 

A taper can be divided on three region: untapered, transition and waist.  

Tapered waist region is very important in respect of application in optical sensors. 

Possibility to affect by external factors on propagating light beam in the optical fiber 

taper is connected with change of boundary conditions. Light is not propagate on 

surface core/cladding, like in a standard optical fibers, but on surface modify 

core/environment (air). 

 

Structure an optical fiber taper and extra material. 

In tapered optical fibers, when conditions of environment are changed, also a light 

beam propagation in optical fiber was changed. Combination of an optical fiber taper 

with an extra material like liquid crystal, metal etc. caused increasing sensitivity for 

some parameters like a temperature, electric field etc. Combination  

a tapered optical fibers with material can cause different, interesting effects (for 

example surface plasmon resonance). That structure can be basic for construction an 

optical sensors.  

 Tapered optical fiber was obtained used FOTET (Fiber Optic Taper Element 

Technology). Tapered optical fiber characterized parameters: 0.2 dB loss, 20-30 mm 

elongation, and diameter of taper waist 10-20 µm. Measurement was obtained by used 

laser 1550 nm ThorLabs, Laser Supercontinuum 420-2000 nm, Power Meter 

ThorLabs and Optical Spctrum Analizer. As a result connected tapered optical fibers 

and liquid crystals will be filter in wavelength 500-700 nm dependent on the electric 

field 0-160V. Combination with metals (Gold, Titanium) showed effect surface 

plasmon resonance dependent of the thickness of metal layer 25-100 nm. 
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Low thermal conductivity is one of the main problem for electrical insulation 

material like the epoxy resin. Heat transferring can be improved by filler 

incorporation, however it must be remembered that the electrical insulation properties 

of composite must be maintained at the same time. Mineral fillers as  

a natural insulators are preferred candidates and one of the most commonly used is 

the silica flour. This type of filler allows to obtain epoxy resin composite with five 

time greater thermal conductivity and excellent mechanical properties in relation to 

pure epoxy. Both this parameters are strongly dependent on amount of the added filler.  

In the presented work the different types of commercial aluminosilicate fillers 

covered with silane coupling agents were tested. Thermal conductivity, dielectric 

properties and three types of mechanical parameters, namely: tensile strength, Young 

Modulus and fracture toughness were studied in order to examine the influence of 

amount of the filler and type of silanization.  

The obtained results were compared with values of standard composite filled 

with silica flour. Composites filled with auminosilicates exhibit much better 

mechanical properties with up to 61% relative increase of fracture toughness as well 

as enhanced insulating properties with 61% relative increase of thermal conductivity. 

It makes aluminosilicates a very attractive fillers for composites with insulating 

properties.  
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Metallic glass is a metallic material which exhibit long-range disorder in its 

structure. It is mostly three or more component alloy, where some of them are 

magnetic metals. The amorphous metal is technical glass, however it is much tougher 

and less brittle than regular oxide glasses and ceramics. Additionally, unlike regular 

glass which is used in electrical insulators on power lines, amorphous metals 

characterize with high electrical conductivity. At the same time, they exhibit very 

good magnetic properties (e.g. low-magnetization loss). The above mentioned 

properties are very useful in electrical engineering industry and this material is more 

and more popular as a substance for high-efficiency transformer core production. 

Transformers with cores made of amorphous metals present lower losses while they 

working in relation to the regular one. However, production technology of amorphous 

metal core is still evolving, and thus even higher efficiency of transformers is 

expected. A raw material must be carefully investigated and characterized before the 

main production process is started. 

Presented work contain results of complementary examination of amorphous 

metal material. X-ray fluorescence and scanning electron microscopy with energy 

dispersive spectroscopy were selected for sample characterization in the whole 

volume. Two more methods, namely x-ray photoelectron spectroscopy and Raman 

spectroscopy were used in order to get information about outside layer of studied 

material. Additionally, surface cleaning process was optimized with surface free 

energy measurement by means of Drop Shape Analyzer as a control method.  

Used methods allow to fully investigate the amorphous metal samples. 

Information about surface character and appropriate cleaning pretreatment were 

received and let to apply the best parameters in further experiments. 
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Photovoltaic (PV) effect is the process of the direct conversion of light energy 

to electricity. Solar radiation is a never-ending source of green energy, which 

exploitation by mankind is still incipient and being limited by several hurdles like the 

low PV efficiency, fabrication complexity and a high price. The latter two challenges 

could be successfully solved through introduction of multilayered “soft” PV 

architectures instead of hard silicon-technology. Such new solar cells don’t require 

expensive fabrication equipment and are scalable. 

For the energy conversion processes the first main step is to absorb sun light 

in the so called “active layer” of the PV cell. For the high efficiency of the light 

absorption it is important to choose the right donor material with high extinction 

coefficient covering most of the sun spectrum. After the photon is absorbed, the 

exciton – the bounded pair of an electron and a hole - is created. This exciton gets 

separated on the potential difference which is created by the acceptor material.  

This work presents the investigation of the donor-acceptor devices where 

conductive polymer (poly(3-hexylthiophene)) plays the role of the donor material and 

ZnS nanowires play the role of the acceptor material. Additionally, to block electrons 

from migrating to the anode (tin-doped indium oxide, ITO) a layer of 

polystyrenesulfonate-doped poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) was 

used. The cathodes were made of the aluminium (Al). The influence of composition 

and preparation parameters, such as content of the ZnS nanowires, thicknesses of the 

active layers and the temperature of drying on the resulting PV parameters of the cell 

was studied. Through optimization of the parameters the PV efficiency of 0.57% was 

obtained. To the best of our knowledge, this is the first time when ZnS in the form of 

nanowires was used as an acceptor material for the nanocomposite-based bulk 

heterojunction hybrid solar cells.  
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Graphene is a very interesting material due to its extraordinary characteristics, 

such as high electrical and thermal conductivity, excellent mechanical properties and 

the ability of shielding electromagnetic radiation. These properties make graphene a 

perfect filler for polymer composites. For this purpose, reduced graphene oxide 

obtained by oxidation and reduction of graphite powder is  

a good candidate. Poly(vinyl alcohol), as opposed to many other polymers, does not 

degrade in UV-light and because of that is used as a coating resin in textile, paper and 

packaging industry. Addition of graphene to this polymer can enhance its 

electromagnetic radiation shielding properties, expanding its applications as  

a protective coating material. 

Reduced graphene oxide (rGO) was prepared from graphite powder using the 

Hummers’ method and further reduction using hydrazine. Poly(vinyl alcohol) (PVA) 

of molecular mass 72000 and degree of hydrolysis 85-89% was dissolved in water. 

The PVA/rGO dispersions were prepared using a rotor-stator homogeniser, ultrasonic 

homogeniser, three roll mill or a ball mill. The solid content of rGO was set as either 

0.1 wt% or 1 wt% compared with PVA. Two main approaches were used for the 

mixing procedure: a) rGO powder without modifications was mixed with the 

dissolved polymer and b) rGO powder was first dispersed in water and next mixed 

with the polymer. In order to increase the dispersion in water a chemical modification 

of rGO powder with terephtalic acid was used. Obtained dispersions were poured into 

a silicone mold and dried in room temperature. The samples were then examined using 

an optical microscope to determine the degree of dispersion of rGO in PVA. Chemical 

composition was studied using Fourier transform infrared spectroscopy (FT-IR). 

In the samples acquired using both homogenisers there were clearly visible 

aggregates. Earlier dispersion and the chemical modification of rGO in water both 

resulted in a better distribution of flakes in composite films. The best dispersion was 

achieved in the samples mixed in the ball mill for 30 minutes at 400 rpm.  

The performed research allowed to develop an effective preparation method 

of PVA/rGO composites.  
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The production of ceramic porcelain glazes  is strongly dependent on the 

chemical composition of the glaze. In production process it is very important to obtain 

an appropriate surface parameters. Addition of some oxides can significantly change 

the parameters. 

This researches were carried on the influence of adding the zirconium oxides 

on the surface parameters, for firing temperature 1230oC. The examined glazes had  

a constant of molar ratio of SiO2/Al2O3=4 and Na2O/K2O=1 and variable of  

a molar ratio of CaO/MgO and amount of added of zirconium oxide (1,5%, 3%  

and 6%).  

During this research some parameters such as: whiteness in CIE L*a*b* in 

system, gloss by glossmeter,  and roughness of the surface by the confocal 

microscope, were measured. In addition, studies of chemical durability were made.  

The obtained results show that the addition of zirconium oxide and variable 

of molar ratio of the alkaline earth oxides in  an interesting way affects on the 

appearance and parameters of the surface of glaze. 
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Ceramic glazes are coatings which are applied to a ceramic body to improve 

its parameters. The proper modification of glazes with use some oxides or chemical 

compounds causes the changes of technological parameters of glazes. One of the 

oxides which are added to glazes is zirconium oxide. 

The research focused on the influence of addition of zirconium oxide on some 

technological parameters of porcelain ceramic glazes, which were created to fire in 

temperature 1230oC. The examined glazes had a constant molar ratio of  

SiO2/Al2O3 =4 and Na2O/K2O=1. The variables were a molar ratio of CaO/MgO and 

amount of added of zirconium oxide (1.5%, 3% and 6%).  

As the result of examination some parameters were obtained such as: 

characteristic temperatures obtained by HSM and dilatometric measurements by 

mechanical dilatometer, coefficient of thermal expansion by dilatometric method and 

the viscosity of glaze as a function of temperature, using Vogel – Fulcher –Tammann 

models.  

The obtained results indicate on a lot of important dependences, which were 

caused by the changing molar ratio of the alkaline earth oxides and the addition of 

zirconium oxides to the glazes. 
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 Algae biomass is increasingly regarded as a potential resource that could be 

used to produce biofuels, electricity and heat. Due to high prices of crude oil and 

increase of environmental pollution, more extensive research are undertaken to verify 

the possibility of use of algal biomass as a source of alternative energy. Algae contain 

a lot of nutrients, so they can be used as food for humans and livestock. Algae 

cultivation does not demand large areas of land to expose cells to sunlight, so their 

production rate is higher than vascular plants. Moreover algae cultivation lets to 

achieve high biomass concentration. Important cultivation factors are: illumination 

(light intensity is an important factor because it drives photosynthesis), CO2 supply, 

culture medium and mixing. 

 The experimental research was conducted using  Chlorella vulgaris BA 002 

strain. For the cultivation of algae was used a standard cultivation medium prepared 

according to the original recipe. The aim of this study was to determine the 

effectiveness of biomass growth in laboratory condition. Cultures were cultivate in 50 

ml Erlenmeyer flask and were mixed by using flask-shaker which was turned on 

regularly with the same timing. The cultivation time lasted 70 hours. A source of 

artificial light and its intensity was consistent during the experiment.  

Algal growth was determined by measuring the amount of dry mass and 

optical density. After 70 hours dry mass of microalgae increased from 200 mg/dm3 to 

almost 500 mg/dm3. A productivity calculated according to the dry mass was decrease 

within the experiment. In was caused, by depletion of cultivation medium. The 

average productivity reached 8 mg/(dm3·h). The optical density was measured by 

optical 560 nm densitometer. The initial dimensionless  density was 0.5 and after 70 

hours it reached value 1.3.  

 A comparison of experimental data with literature data made it possible to 

specify favorable culture conditions for the tested strain of microalgae. Continuation 

of research in this area finally will permit to determine operating parameters of 

photobioreactor for algal cultivation in a large scale. 
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In areas with scattered low population density, where it is unprofitable to build 

extensive sewer networks wastewater infrastructure is insufficiently developed. In 

these areas some residents use domestic sewage systems i.e. septic tanks and domestic 

sewage treatment plants. In recent years, domestic sewage treatment plants have 

become one of the most popular method of sanitation  in rural areas. In the case of a 

properly operating treatment plant the treated sewage should contain minimum 

concentration of harmful substances. However levels of these substances may be 

significantly higher for systems overloaded or operating in an incorrect way. In order 

to evaluate the operation parameters of a domestic biological sewage treatment plant, 

an analysis of selected physicochemical parameters (such as pH, BOD5, suspended 

solids, chlorides, sulphates, heavy metals, etc.) was tested. Sewage was collected at 

different stages of treatment e.g. from a settling tank and two aerobic zones with 

biological system. Samples were taken in the spring and autumn of 2016. 

The conducted study showed that the values of the examined treated sewage 

indicators do not exceed the permissible values contained in the Regulation of the 

Minister of the Environment on the conditions to be met when putting sewage in water 

or ground or on substances especially harmful to the aquatic environment. 

Based on the obtained results it can be stated that the tested domestic sewage 

treatment plant works properly, treated sewage was characterized by the parameters 

specified by the manufacturer and therefore this solution is safe for the environment. 

 

mailto:mpawlita@wp.pl


303 

 

Encapsulation of linalool in solid lipid nanoparticles 
Irina Pereira1,2, *Aleksandra Zielińska1,3, Francisco J. Veiga1,4, Amélia M. Silva2, Ana C. 

Santos1,5, Izabela Nowak3, Eliana B. Souto1,4 
1Department of Pharmaceutical Technology, Faculty of Pharmacy, University of Coimbra, 

PORTUGAL, 2 Department of Biology and Environment, University of Trás-os-Montes and 

Alto Douro, PORTUGAL, 3 Faculty of Chemistry, Adam Mickiewicz University in Poznań, 

Poznań, POLAND, 4 REQUIMTE/LAQV, Group of Pharmaceutical Technology, Faculty of 

Pharmacy, University of Coimbra, PORTUGAL, 5 Institute for Innovation and Health 

Research, Institute for Molecular and Cell Biology, Porto, PORTUGAL 

e-mail: ola.zielinska@amu.edu.pl  

 

Keywords: high pressure homogenization, hydrophilic drugs, linalool, 

monoterpenes, solid lipid nanoparticles 

 

Linalool (3,7-dimethyl-1,6-octadien-3-ol) is an acyclic monoterpene tertiary 

alcohol. Linalool is a volatile compound present in the flower scent of different plant 

families. According to recent reports, linalool has a wide range of biological effects 

which makes it suitable to be encapsulated in drug delivery nanocarriers. Furthermore, 

it becomes a challenge to encapsulate linalool in lipid nanocarriers due to its 

hydrophilic structure. The aim of this study was to optimize the encapsulation of 

linalool in solid lipid nanoparticles (SLN). 

SLN formulations were produced by hot homogenization using high pressure 

homogenization (HPH). Thereupon production of linalool-loaded SLN  

a qualitative analysis was performed using dynamic light scattering (DLS). 

Firstly, an optimization process to find the correct proportions of each 

ingredient has been carried out, as well as the production parameters that resulted in 

formulations with a small particle size and polydispersity index (PDI) below 0.5. Two 

formulations, SLN-linalool no. 1 (with 1 wt. % linalool; 4 wt. % solid lipid and  

1.25 wt. % surfactant) and no. 3 (with 1 wt. % linalool; 4 wt. % solid lipid and  

2.5 wt. % surfactant) showed satisfactory results. 

Subsequently, linalool-loaded SLN dispersions were storage at different 

temperatures: 4, 25 and 40οC for a period of 1 month. At 4οC both linalool-loaded 

SLN dispersions (no. 1 and 3) showed a high mean particle size (Approximately  

2533 nm). In contrast, at 40οC particles displayed the smallest mean particle size, 

particularly SLN-linalool no. 3 showed the lowest particle size (84.2 nm). The best 

storage temperature to obtain smaller and stable linalool-loaded SLN dispersions was 

at 40 ºC. 

In summary, linalool-loaded SLN no. 3 was the most stable formulation 

resulting from the optimization process since it showed the smallest mean particle size 

and PDI values, both at 25 and 40 ºC. 
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  Ion-selective electrodes have been well established analytical tools in 

environmental monitoring, clinical diagnostics or process control for many years. The 

potential stability of all-solid-state ion-selective electrodes can be improved by 

introduction of intermediate layer between the ion-selective membrane and the 

substrate electrode. Such solid contact layer should show redox and ion-exchange 

properties and suitable materials are still sought and examined. Moreover, interlayer 

should be characterized by large surface area, high hydrophobicity and insensitivity 

to oxygen or light.  

 Graphene is one of the carbon nanomaterials which exhibits not only a high 

surface area, but also distinctive electrical conductivity and chemical stability. 

Whereas tetrathiafulvalene (TTF) is organic conductive compound frequently used as 

a redox mediator.  

 Nitrate-selective electrodes were modified with TTF and its nitrate salt 

(TTF(NO3)) and graphene nanocomposite. Solid contact layers were investigated by 

scanning electron microscopy and electrochemical methods. Electrical and analytical 

parameters of sensors were determined using chronopotentiometric, electrochemical 

impedance spectroscopy and potentiometric measurements.  

 Studied electrodes present improved functional properties in comparison to 

sensors where graphene or tetrathiafulvalene were applied separately. A Nernstian 

response and low detection limit were observed. The mixing and simultaneous usage 

of materials which shows electronic and ionic conductivity has a positive impact on 

the electrical and analytical parameters of electrodes. The high surface area of 

graphene is responsible for forming a high double layer capacitance at the solid 

contact and the nitrate-selective membrane interface. Such solution improves the 

potential stability of developed sensors.  
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 Carbon nanomaterials such as graphene, carbon black, single-walled carbon 

nanotubes, multi-walled carbon nanotubes, and ordered mesoporous carbon are 

characterized by hydrophobic properties, large surface area and high conductivity. It 

would seem that the properties of these nanomaterials will be similar due to the same 

composition. However, some differences between them can be observed and may be 

associated with their structure, surface chemistry and conductivity.  

Each of these carbon nanomaterials were mixed with 7,7,8,8-

tetracyanoquinodimethane (TCNQ) and its sodium salt (NaTCNQ) and used as solid 

contact layers in all-solid-state sodium-selective electrodes. Such interlayers were 

characterized by a high capacity of carbon nanomaterials and contained a redox couple 

TCNQ/TCNQ-. The morphologies of solid contact layers were investigated using a 

scanning electron microscope. Proposed sensors were examined during 

potentiometric and chronopotentiometric measurements in order to compare their 

parameters and to assess the impact of the type of nanomaterials applied on electrode 

performance.  

Studied interlayers are very stable and mark by good adherence. Type of 

carbon nanomaterial used in solid contact layer affects in various ways on the 

analytical and electrical parameters of developed sensors. Carbon black-contacted 

electrodes show the highest capacitance value obtained so far for sodium sensors and 

perfect potential stability. Moreover, these electrodes also have the best sensitivity. 

The lowest capacitance was determined for electrodes with multi-walled carbon 

nanotubes solid contact. On the other hand, graphene-modified sensors exhibit the 

most reproducible standard potential value. 
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Plastic waste is a challenge to society, regardless of their awareness of 

sustainable development and technological progress. In this paper the 

depolymerization technology of plastic waste and their impact on the environment 

will be presented. Particular emphasis will be devoted to the waste produced from the 

waste of polyolefin compounds, which is a great percentage of disposable products 

used in everyday life. Depolymerization of plastic waste will help to clean up the 

environment and will allow to recover and use the energy contained in the waste of 

mixed plastics. 

Polyolefins (polyethylene PE and polypropylene PP) are a major group of 

synthetic plastics. Due to the distinctive uniform chemical composition and high 

availability, they are interesting raw material for further processing and, consequently, 

to reduce the amount of waste. 

The paper presents and characterized polyolefins. The treatment and 

management of this type of waste have been shown. Describes the process of 

obtaining a pure synthetic oil in distilleries. The possibilities to use thermocatalytic 

polyolefin processing system. 

Outlines the prospects for using this type of technology. Their analysis was 

carried out taking into account the various stages of the recovery process, economics 

and environmental impact. 

Thanks to its diverse and unique chemical and physical properties, and any 

possibility of modifying them using a variety of additives plastics have almost 

unlimited possibilities of use. Such diversity complicates the process of waste 

management and the ways of reuse of plastics. 
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Implementation of the gold nanoparticles (Au NPs) to the structures  

of nematic liquid crystal (LC) mixtures change its functioning. 

Au NPs colloids and LC mixtures have specific physicochemical properties 

which allowed for the effective transfer of Au NPs from an organic solvent to a LC 

mixture. From that moment, the LC mixture becomes a new environment for the Au 

NPs molecule. In this respect, the organic colloids of Au NPs and the LC mixtures 

must be modified to allow for  Au NPs dispersion in the new environment.  

Stable nematic liquid crystal mixtures doped with gold nanoparticles were 

prepared with the use of various size of molecules and concentrations  

of NPs in the colloids in a wavelength range of visible light and thereby  

in an area of surface plasmon resonance. As a result, in liquid crystal cells (thickness 

of 5 µm) filled with the prepared mixture, with increasing temperature changes of 

refractive indices and optical birefringence was observed, therefore absorption of 

electromagnetic wave was not registered. 

Moreover, changes in the transmission in the LC-NPs system in liquid crystal 

cells, were measured with increase of the temperature from 30 to 55OC. Measurements 

of Mueller matrix, ellipsometric, UV/ViS spectrometry, surface plasmon resonance 

and changes in the phase of light will be made at our earliest convenience. 
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Optical fiber sensors’ technology has evolved rapidly during last decades. 

This type of sensors are often used in industry, medicine and military applications 

because they provide important advantages e.g. low insertion loss, low weight and 

dimensions, high reliability and electro-magnetic immunity.  

The most important part of  the sensor is an optical fiber. In a proposed work 

a single mode polarization-maintaining photonic crystal fiber PM 1550 (NKT 

Photonics) have been chosen for designing a special sensor transducer based on  

a selective filling the air holes. This photonic crystal fiber (PCF) cross-section consists 

of five rings of the air holes in a honey comb structure  with diameter around 2.2 µm 

and two main holes with diameters equal to 4.4 µm symmetrically placed around the 

core region of it. The main idea of the transducers manufacturing was selective filling 

of these main air holes. It was done by several steps. First, the fusion splicer FSU 975 

(Ericsson) was used to collapse smaller air holes. Then, the main air holes were filled 

with selected mixture of polymers at the length less than 4 cm and the 

photopolymerization was performed by a laser emitted at 532nm wavelengths. Next, 

the fiber was cleaved to open small air holes. Those holes were filled with a polymer 

and the photopolymerization process was carried out. Then, the fiber was cleaved to 

open main air holes. In the last step of the process it is possible to fill the PCF with 

material which has proper physical properties. The electron microscope images were 

used to control the states of the air holes of the PCF at each step of described above 

process.  

To summarize the technology procedure of selective air holes filling  

of the PM – 1550 PCF allows to design optical fiber transducers for temperature 

threshold sensors in which we will use n-alkanes and nanoparticles doped  

n-alkanes as a filling material. 
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 Rod-like molecules, based on phenyltolane core are important class of high-

birefringence nematic liquid crystals. Unsubstituted dialkylphenyltolanes have high 

melting and clearing point (respectively above 160oC and above 220oC) and only 

nematic phase. When fluorine or more bulky substituents are placed at the middle ring 

of the core or at a proximal position to polar group, lower melting points are obtained 

and smectic phase can be stabilized. Few examples of higher fluorinated analogues of 

C4-C4 phenyltolanes are known from the literature. These liquid crystals are 

promising as medium birefringent, low viscous materials. 

In synthesis of phenyltolane core two important reactions were used: Suzuki-

Miyaura coupling and Sonogashira-Hagihara coupling. Those approaches require 

suitable functional groups in key intermediates such as terminal acetylenes, boronic 

acids and aryl halides. In most cases Directed Ortho Lithation Metallation was used 

to obtain aryl iodides. In our synthesis of fluorinated dialkylphenyltolanes we can 

distinguish three groups of important intermediates (based on tolane core, biphenyl 

core and single benzene ring) used directly in finishing synthesis of target molecules. 

The purity and structures of the final products and intermediates were 

confirmed by spectral methods: gas chromatography GC-MS, GC-FID and nuclear 

magnetic resonance. The phase transition temperatures, phase situation and enthalpy 

data were determined by polarizing optical microscopy (POM) and differential 

scanning calorimeter. 

To sum up, novel fluorinated liquid crystals based on 4-butyl-4'-[2-(4-

butylphenyl)ethynyl]-1,1'-biphenyls core were synthesised. All of the received 

compounds have clearing point below 160oC. Five compounds have a very wide 

nematic phase. Only for one compound we observed smectic phase. Temperatures and 

enthalpies prove that these compounds are very promising as medium  

birefringent LC. 
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 Liquid crystalline materials are widely used in displays and photonic devices. 

Some applications of LC materials require high values of birefringence (∆n).This 

parameter is related to the maximal modulation of light by the LC medium reoriented 

in certain geometry. In the case of rod-like LC molecules, designing molecules with 

long conjugated π electronic systems can generate higher values of ∆n.  

One of the molecular design approaches is based on lateral fluorinated  

p-terphenyl core with terminal acetylene bridge (C≡C) as a coupler with alkyl chain 

of molecule. In the case of 1,4-bis[4-(alkyl-1-yn-1-yl)phenyl]-2,3-difluorobenzene 

with longer alkyl part (longer than four atoms of carbon) we used commercial 

available terminal alkynes. In Sonogashira reaction of terminal alkynes with 1-bromo-

4-iodobenzene we obtained terminal parts of 4-(alkyl-1-yn-1-yl)-phenyl-4-yl. This 

synthons can be used directly in further reactions to synthesis of final molecules. The 

situation becomes more complicated for shorter homologues of 1,4-bis[4-(alkyl-1-yn-

1-yl)phenyl]-2,3-difluorobenzene. This approach cannot be employed because 

terminal alkynes (shorter than five atoms of carbon) are gases at normal conditions. 

In this case necessary was synthesis of 1-bromo-4-ethynylbenzene and in next step 

deprotonation- alkylation of terminal acetylene group -C≡C-H.  

In this work we developed synthesis of 1,4-bis[4-(alkyl-1-yn-1-yl)phenyl]-

2,3-difluorobenzenes with alkyl chain R = -C≡C-C3H5 and R = -C≡C-C4H9. In the 

case of shorter homologues synthesis of intermediates and synthetic problems of this 

work will be presented. The purity and structures of the final products and 

intermediates were confirmed by spectral methods: gas chromatography GC-MS,  

GC-FID and nuclear magnetic resonance. The phase transition temperatures, phase 

situation and enthalpy data were determined by polarizing optical microscopy (POM) 

and differential scanning calorimeter. 
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Precipitation hardened nickel based alloys are the most complex and used for 

the hottest parts in gas turbines in the largest scale and to many materials engineers 

more interesting than iron based and cobalt based superalloys. In aircraft structure 

they are used mainly in the cast form (equiaxed, directionally solidified and 

monocrystal) which allow to extends service temperature to the highest homologous 

values of any common alloy system. The main characteristics of superalloys are the 

high phase stability of the face centered cubic structure, excellent mechanical 

properties and resistance to hot corrosion in operating temperature often near melting 

point. Alloys have an austenitic γ- matrix and include a variety of secondary phases. 

The most common are intermetallic phase γ' and metal carbides. Gamma prime phase 

is an ordered L12 structure that has good crystallographic matching with matrix. 

Weldability of superalloys, although being an important case, has been subject of 

much less investigation than that of steels and aluminum alloys. 

In this study precipitation hardened alloys with commercial name  

MAR-M247, Rene 77 and Inconel 713C were used. Surface of samples was modified 

by a low pulsed Nd-YAG laser machine under shielding with pure argon. In order to 

observe microstructural changes light microscopy and scanning electron microscopy 

equipped with Energy Dispersive X-ray Spectroscopy detector was carried out. The 

materials in fully heat treatment condition (solutioning and aging) consist of high 

volume fraction of coherent γ' particles, the main strengthening phase.  

The high content of refractory elements and elemental segregation during 

solidification cause the formation of carbides and eutectic island (γ-γ') in the 

interdendritic spaces. Microstructural investigation of welded specimen revealed hot 

cracking both in fusion zone and heat affected. However cracking in fusion zone is 

not as great welding problem as that of HAZ liquation cracking along grain 

boundaries. Heat affected zone liquation is known to occur by non-equilibrium 

melting below solidus temperature. 
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  Square wave voltammetry (SWV) is one of the most popular and sensitive 

electrochemical method for biologically active compounds determination. Very 

important step in electroanalytical measurements is optimization of kind and pH value 

of supporting electrolyte and instrumental parameters. In presented research the 

parameters such as: amplitude, frequency, pulse width and step potential for 

determination of 4-chloro-3-methylphenol (PCMC) were optimized. PCMC is  

a soluble in water biocide from the group of phenols. It is a model example of 

chlorophenolic pollutant frequently found in wastewater treatment plants and 

industrial landfill leachates. 

 The analytical procedure was performed using three-electrodes system, where 

the counter electrode was platinum wire, reference electrode was silver-silver chloride 

electrode and working electrode was modified carbon ceramic electrode (CCE). The 

working electrode was obtained using sol-gel method by mixing in suitable 

proportions alcohol solvent, silica precursor and acid catalyst. Typically to the silicon 

matrix the graphite powder was introduced. In this case to the silicon matrix the 

mixture of bismuth oxide nanoparticles and graphite powder was added.  

The application of proposed method for analytical determination of PCMC at 

Bi-CCE was tested as a relationship between peak current intensity and increasing 

PCMC concentration. The linear dynamic range determined for proposed electrode 

was equal for concentration from 9.0×10-8 mol L–1 to 4.4×10-5 mol L–1. Based on 

obtained calibration curve, the values of limit of detection (LOD) and limit of 

quantification (LOQ) were also calculated. The estimated values of LOD and LOQ 

were relatively low and were amounted to 8.8 × 10-8 mol L–1 and 2.7 × 10-7 mol L–1 

respectively. 

The performed research shown that the addition of the bismuth nanoparticles 

improve the electroanalytical properties of carbon ceramic electrode. Additionally, 

the electrode with Bi2O3 exhibited a better stability in time. 
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 The literature data shows that the unmodified carbon ceramic electrode (CCE) 

do not have satisfactory electroanalytical properties. For this reason, various kind of 

modification of CCE are performed. The most popular modification is surface 

modification. Generally, the surface modifications allow to obtain sensitive sensors, 

giving high and well–shaped analytical signals, but possess one significance 

disadvantage. The layer of the modifier can be damaged very easily and it is needed 

to clean the surface of the electrode and deposit a new layer. That problem can be 

solved by constructing electrodes modified in the entire volume. Electrode materials 

modified in whole volume are more stable and obtained results are more repetitive.  

 In the presented work the entire volume modified electrode using bismuth 

oxide nanoparticles was obtained. The electrochemical properties of fabricated sensor 

were analyzed by cyclic voltammetry in 1 mM ferrocyanide solution as  

a model probe. The parameter such as peak potential separation and the cathodic and 

anodic peak ratio were estimated. For the determination of influence of bismuth for 

the electrochemical properties reference electrode without modification also was 

fabricated.  

 The positive influence of bismuth oxide nanoparticles on the electrochemical 

properties of proposed sensor was found. The electrode with bismuth was more stable 

and exhibited higher sensitiveness compared with reference electrode. Additionally, 

in case of estimation an analytical properties of proposed material, the determination 

of syringic acid was performed and very good results was achieved.  
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 Carbon ceramic electrode (CCE) are produced using sol–gel technology based 

on hydrolysis and condensation reactions. Typically, to the ceramic matrix the 

graphite powder (GP) is introduced. The combination of large surface area of the sol–

gel ceramic matrix and conductivity of the carbon materials enables the construction 

of a renewable surface electrode similar to the carbon paste electrode (CPE). The 

preparation of CCEs is very easy and cheap. Furthermore, construction of mentioned 

material, causes that it can be modified in entire volume in quick and simply way. 

 In the presented work, the CCE was modified using zeolite – ferrierite. For 

investigation of influence of ferrierite on analytical performance the bare and 

modified electrode were produced. The first step, was optimization of measurement 

medium and measurements parameters of differential pulse voltammetry such as: 

amplitude, step potential and pulse width. Next, the calibration curves for both 

electrode were obtained. The peak current was proportional to the concentration of 

estradiol in the range from 4 to 32 µmol L-1 and from 0.5 to 16 µmol L-1 for GP–CCE 

and FER–CCE, respectively. Using the calibration curves the limit of detection (LOD) 

and the limit of quantitation (LOQ) were calculated.  

The proposed DPV procedure was successfully applied for determination of 

estradiol in pharmaceutical samples (Estrofem tablet) with good precision and 

accuracy. 
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 Implantable medical devices are placed into the body for various reasons 

including orthopedic applications (e.g., hip replacement, spinal procedures, knee 

replacement, bone fracture repair, etc). In view of the structural integrity required by 

such devices, materials of fabrication are limited and generally consist of metal, 

plastic and composites. The benefits derived from these devices are often offset by 

infection, which in some cases can lead to sepsis and death.  

Ultrasonic coating method of various materials dedicated for implantology 

can overcome these problems by increasing surface wettability and limit bacteria 

adhesion typical for most of hydrophobic surfaces. This type of surface modification 

is based on cavitation phenomenon occurring in liquid medium under ultrasonic wave 

of high frequency. Cavitation is a process of formation and violent collapse of steam 

voids. Particles present in vicinity of the collapsing bubble jet are naturally speed up 

to the coated surface direction, which result in uniform coverage of the surface with 

nanoparticles layer of 200-350 nm thickness.  

 We used highly biocompatible 

hydroxyapatite ceramic nanoparticles of 

10-50 nm size for implant coating in present 

study. It was proved by authors that 

application of ceramic nanoparticles of high 

specific area can significantly increase 

water contact angle and cellular activity on 

polymeric scaffolds as well as new bone 

tissue formation when implanted in vivo. 

New Zealand rabbit animal test have shown more than 30% of new bone tissue 

formation in comparison to unmodified scaffold surfaces.  
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Due to many disadvantages of waste landfilling, incineration is the method 

which is gaining popularity. But about 300 kg of residues are generated from every 

ton of incinerated solid wastes. Bottom ash comprises 75–80% of incinerator residues. 

A problem with bottom ash disposal is related to the presence of heavy metals, which 

can be released during landfilling and pollute the environment. Solidification of 

bottom ash, e.g. with cement, allows to prevent heavy metals from leaching. The 

presented work is aimed to investigate bottom ash and the possibility of its 

solidification in three different ways in order to obtain materials with significant 

durability and heavy metals immobilization. 

The content of heavy metals in two bottom ashes (classified as hazardous 

waste) from incineration plants located in Poland was determined by X-ray 

fluorescence (XRF) method. Solidification of ground bottom ashes was prepared with 

two types of binder: Portland cement and granulated blast furnace slag. The last one 

was alkali-activated by using sodium hydroxide solution. Binder to bottom ash mass 

ratio was 7:3. Third method of bottom ashes solidification was hydrothermal 

treatment (autoclaving) process. Compressive strength, FT-IR spectra and X-ray 

diffraction patterns (XRD) of prepared materials were examined. Scanning electron 

microscope was used to observe the microstructure of samples. Heavy metals leaching 

test was performed and their content in eluates was measured by atomic absorption 

spectroscopy (AAS). 

The studies revealed calcium silicate hydrate gel (C-S-H) as the main 

hydration phase product in prepared materials. The highest compressive strength was 

observed for hydrothermally treated materials (ca. 18 MPa and 32 MPa). The results 

of AAS showed that the degree of heavy metals cations immobilization is the best also 

for autoclaved materials (exceeding 99%). 

In case of both bottom ashes the most satisfactory results of immobilization 

and compressive strength were obtained for autoclaved materials. Therefore, the 

hydrothermal treatment process can be considered as most effective and sustainable 

method of bottom ash solidification. 

 

Acknowledgements 

Financial support: 15.11.160.015 

  

mailto:prozek@agh.edu.pl


317 

 

Stability of water silica suspension with polymer addition 
*Diana Rymuszka1, Salvador Perez Huertas1, Konrad Terpiłowski1, Marta 

Tomczyńska-Mleko2 

1Department of Physical Chemistry, Interfacial Phenomena, Faculty of Chemistry, 

Maria Curie-Skłodowska University, Lublin, POLAND 
2Institute of Plant Genetics, Breeding and Biotechnology, University of Life Sciences, 

Lublin, POLAND 

email: d_rymuszka@vp.pl 

 

Keywords: polyvinylpyrrolidone (PVP), silica, stability 

 

The polyvinylpyrrolidone (PVP) is a vinyl nonionic polymer soluble in water 

which can be obtained from monomer N-vinylpyrrolidon by free radical 

polymerization of vinyl monomers. It finds application, both, as flocculant and 

stabilizer of colloidal systems. Furthermore, PVP can be used as an ingredient in 

pharmaceuticals (especially tablets) and as a filler or binder in cosmetics and hygiene 

products: shampoos, hair conditioners, tooth pastes. Because of the protective effect 

on the epithelium of the cornea and conjunctiva, it can be also used in ophthalmology. 

On the other hand, silica is a very good material, which  because of its valuable 

properties like very low chemical reactivity or durability enhancement of products is 

widely used in pharmaceutical, paint and cosmetic industry. 

The influence of the adsorption of the polyvinylpyrrolidone (PVP) (55 kDa) 

on the silica surface was studied. The studies were carried out in different range of 

silica concentration in the absence and presence of PVP and the same dilution. The 

following experimental techniques were applied for investigations of stability: 

turbidimetry method and zeta potential measurements.  

The obtained results indicate that suspensions without polymer were 

characterized by the smallest stability. The turbidimetric data and the calculated 

values of turbiscan stability indexes (TSI) show that the addition of PVP causes 

improvement of silica stability. The most stable system was obtained for the lowest 

solid content in the suspension and the highest PVP concentration. The mechanism of 

stabilization is steric and polymeric adsorption layer covering silica particles assures 

their effective repulsion.  
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Amino acids are essential for human life. They are the building blocks for 

proteins and play an important role in biochemistry. All amino acids are optically 

active (except for glycine) and naturally occur only as L-stereoisomer. Serine (1) is an 

amino acid containing hydroxyl group in side chain, which increase hydrophilicity of 

materials and bioavailability of drugs. It is also crucial for catalytic properties of many 

enzymes. It is a precursor of other amino acids (like glycine, cysteine, tryptophan) and 

many other metabolites in bacteria. Esters in general are more reactive in condensation 

reactions than corresponding carboxylic acids, so it was chosen to synthetize methyl 

ester of serine (3). 

It was decided to prepare product 3 through esterification using thionyl 

chloride and then deprotection of amine group of obtained salt (2). The first reaction 

was accomplished with a satisfying yield. The second step was more challenging. 

Small size of side-product made it incredibly difficult to purify. The best results were 

obtained using triethylamine. The deprotection reaction was optimized using design 

of experiments (DOE).  

 
 

In summary, methyl ester of L-serine was obtained. The process of 

deprotection following esterification was optimized using DOE. The product has 

a form of yellow, adhesive wax and is a substrate to further purposes, which is to 

modify material for polymeric scaffolds. 
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Energy storage systems highly support energy saving and security ways, and 

generally based on energy conversion between different kinds of energy. All energy 

systems in transportation depend on storing energy in chemical, electrical or 

mechanical energy. One of the efficient ways for storing energy in transportation is 

the rotating kinetic energy storage in flywheels (which is form of mechanical energy 

storage). Flywheels provide high energy density and efficiency compared to other 

storage systems, especially when the flywheels are made from perfect materials. 

Currently there are different types for flywheel applications in transportation. It can 

be used for operating trams, trains, buses and cars. Many of modern hybrid vehicles 

use flywheels to decrease the wastage of energy. 

This presentation is about an analysis overview of flywheel energy storage 

systems in transportation. The presentation covers overview and technical description 

of flywheel energy storage applications. With using the machines learning, different 

case studies had been investigated to be presented in order to understand the 

flywheel’s operation and behavior under different conditions and the future of 

flywheels technologies. 
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The study is focused on analyzing two hydrographical aspects of lowland 

natural river valley, namely  first, monitor meanders shape changes over time in river 

channel and second, water quality in oxbow lakes.  The research area is located in the 

Biebrza River valley. Biebrza meanders are undergoing almost natural processes, 

there is no urbanization in the catchment, so analysis can tell us a lot about natural 

river erosion processes.  

The timescale of the analysis were years 1927-2015. Archive topographic 

maps, satellite and airborne remote sensed data were used. Changes in oxbow lakes 

types were analysed (according to their connection with the river), dynamics of their 

cutoff and degradation as well as the sinuosity changes in the river itself. Another part 

of this study was retrieving empirical formulas for water quality with the use of 

hyperspectral HySpex airborne imaging spectrometer (data from 01-02.07.2015) and 

the ground measurements campaign (conducted 03-04.07.2015). Hyperspectral 

HySpex camera which covers the range of 400-2500 nm. The ground measurements 

consisted of two parts. First part included spectral reflectance sampling with 

spectroradiometer ASD FieldSpec 3, which covered the wavelength range of  

350-2500 nm at   ̴1 nm intervals. In situ data were collected both for water and for 

specific objects within the area.  Second part of the campaign included water 

parameters such as Secchi disc depth (SDD), electric conductivity (EC), pH, 

temperature and phytoplankton.  

Biebrza river is very dynamic, oxbow lakes are undergoing constant changes. 

The period of 88 years is long enough to observe and describe meandering processes. 

The empirical formulas for water parameters were retrieved based on the reflecatance 

data. This study confirmed applicability of remote sensing data to retrieve water 

quality even for small water bodies like oxbow lakes. 

This research present the river evolution over time. It is especially interesting 

topic, because Biebrza River was never analysed on meandering and sinuosity 

changes. Also there were no detailed remote sensed researches on oxbow lakes in 

Poland. 
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Melatonin, known as a sleep hormone, is synthetized mainly in the pineal 

gland, as a product of tryptophan biotransformation. It is primarily responsible for 

maintaining circadian rhythm of organisms and its secretion is highly regulated by 

exposition to light. Melatonin is often used for treating insomnia and to reduce jet lag 

effects. It also manifest major effects on immune system and as an anti-inflammatory 

and an antioxidant agent. It is known that melatonin influences course of mental 

disorders and supports treatment of breast cancer. 

In this work, the mew method of melatonin detection has been proposed, using 

stripping voltammetry and glassy carbon electrode modified by layer of carbon black 

as the working electrode. The simple preparation of carbon black glassy carbon 

modified electrode allows to apply method to any conditions and provides stable 

melatonin signal. Instrumental parameters of DPAdSV method, such as pulse of 

amplitude, potential step, preconcentration time and composition of supporting 

electrolyte were optimized. Repeatability of measurements was determined as RSD 

(%).  

The new procedure was examined and successfully applied for determination 

of low melatonin concentration in tablet samples with good recovery, which confirms 

the usefulness of the method for routine pharmaceutical product analysis or quality 

control.  
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 Considering numerous of endocrine illnesses nowadays, requiring long time 

drug administration, new sensitive methods of quantitative analysis of active 

substances are highly desired. One of the methods that ensures high sensitivity and 

selectivity of measurements along with low costs and quick time of analysis is 

voltammetry.  

In this work new method of prednisolone, (PR) hydrocortisone (HK) and 

sodium levothyroxine (LS) are presented. As the working electrode, silver based 

mercury film electrode has been proposed, in order to ensure high sensitivity of 

measurements. Instrumental parameters, such as electrode surface or supporting 

electrolyte composition has been investigated.  

Linear range of method, recovery and limit of detection has been calculated. 

Surface of renewable mercury film electrode was different for each analyte, in the 

range from 10.2 mm2 to 15.9 mm2. According to the obtained results, the lowest 

amount of hormones possible to analyse was equal to 1·10-8 (PR), 0.48·10-8 (HK) and 

1.8·10-8 (LS).  

Proposed procedures have been successfully applied for hormones 

determination in available pharmaceutical products. Possible reaction mechanisms 

were proposed for each analysed substance. Renewable mercury film electrode was 

applied for the first time as the working electrode in hormones and steroids detection 

procedures. Wide range of linearity and lack of matrix interferences led to the 

conclusion that proposed methods could be brought to the quality control systems in 

pharmaceutical companies.  
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 A modern denouement used in voltammetry in order to improve sensitivity of 

measurements is applying modification layers on the electrode surface. Their role is 

to strengthen the signal of redox reaction overlapping in the voltammetric cell. Two 

main types of applying layer procedure could be distinguished: mechanical placement 

of the drop on the electrode surface or electrochemical deposition from the solution. 

The most recent methods allow to maintain the precise control of morphology and 

thickness of the obtained layer. Especially carbon nanomaterials, such as carbon 

nanotubes, graphene and carbon black are particularly interesting in the 

electrochemistry field, along with conducting polymers mixtures and metal 

nanoparticles.  

Use of the nanomaterial modifications in voltammetry cause in the 

reinforcement of signals obtained in the consequence of the electrochemical reaction 

at the electrode surface. The reason of that is increase in the active surface of the 

electrode, caused by materials such as nanotubes or carbon black. The higher the 

surface is, the more active centres are available for electrochemical reaction.  

 In this work, different types of nanomaterials are presented as  

a modification layers of the working electrode. Morphology of the layers as well as 

the results of measurements performed on modified electrodes are shown. Due to 

usage of the modification layers, new methods of hormonal and steroid drugs 

determination has been elaborated using stripping voltammetric techniques with 

preconcentration step. Lower detection limits could be possible to obtain as  

a consequence of the electrode modification. 

   

Acknowledgments 

The work was supported by Ministry of Education and Science (AGH University 

Project No. 11.11.160.799). 

  

mailto:smajdorj@agh.edu.pl


324 

 

Is chemometrics and voltammetry a great couple for food profiling and 

authenticity? 
*Wanda Sordoń, Łukasz Górski, Małgorzata Jakubowska 

Department of Analytical Chemistry, Faculty of Material Science and Ceramics, AGH 

University of Science and Technology, Krakow, POLAND 

e-mail: wsordon@agh.edu.pl  

 

Keywords: voltammograms, chemometrics, multivariate analysis, food quality 

 

Food science and authentication are of particular importance both 

consumers and scientist. The consumer need of food quality guarantee is the 

reason of the continuous scientific work to search more and more effective tools 

to investigate food chemistry. In this point “food quality” should be explained – 

in means nutritional value and safety of use, but also absences of adulteration or 

alteration. However to obtain good results the corporation of analytical 

chemistry methods and chemometrics must be used.  

This study will be divided into two parts. First one will be the 

presentation of a review of quality control methods and applications of 

multivariate statistical techniques on the verification of agricultural products. 

The considered food products will  be vegetables, fruits, juices, as well as wines, 

oils, tea, coffee, honey.  

Next to theoretical considerations the obtained results of study with 

alcoholic beverages (such as Polish ciders and absinthe from different countries) 

will be presented. Voltammetric techniques and registered voltammograms were 

used as a part of analytical chemistry. Chemometric approach was realized by 

the multivariate analysis. Preliminary data mining was performed using 

clustering methods and principal components analysis (PCA). The perspective 

of multivariate statistics as a promising tool to authenticate and classify these 

food products according to their variety will be demonstrated.  

This study will show that the combination of modern analytical 

techniques with chemometric pattern recognition provides a powerful approach 

to quality assurance in the food sector.  
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Fruits and vegetables are known to contain beneficial compounds called 

phenolic acids, that are strong antioxidants. These substances can reduce the effect 

of harmful formations in the body called reactive oxygen species (ROS). ROS are 

commonly known as free radicals. Free radicals can cause cell damage in the 

human body. Omitting the process of rapid aging as a result of free radicals 

activity, these substances can eventually leads more dangerous diseases such as 

cancer, neurodegenerative disorders or atherosclerotic changes. Consumption of 

food products  rich in antioxidants minimizes the negative impact of free radicals. 

Voltammetry as electroanalytical method is increasingly used in the 

process of determination organic compounds. It is repeatedly used in the study of 

antioxidative compounds such flavonoids. However this study will focus on the 

determination of above-mentioned antioxidants – phenolic acids (for example 

ferulic acid).  

The study will utilize electrochemical methods called cyclic and 

differential pulse voltammetry in the determination of selected phenolic acids. 

What is more,  the best working electrode will be selected as well as supporting 

electrolyte. The choice of the best measurement parameters of voltammetric 

techniques will allow to get the best result in the process of determination. Both 

the electrode of the older generation containing mercury and the quite new boron-

doped diamond (BDD) electrode  will be used in this investigation. The last step 

of this study will be determination of antioxidants in model liquids such as 

synthetic wine solution (of 12% (v/v) ethanol, 0.033 M tataric acid). 

The obtained result will allow to have complete procedure of the 

voltammetric determination of antioxidative organic compound’s. 
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 Surfactants (Surface Active Agents) are substances that lower the surface 

tension of a liquid, allowing easier spreading, and can lower the interfacial tension 

between two liquids.  They are usually organic compounds and they are amphiphilic. 

Surfactants are built of hydrophilic (“tail”) and hydrophobic (“head”) groups. These 

compounds are soluble in both organic solvents and water. In aqueous solution 

surfactants can aggregate and they form micelles. Micellar aggregates are formed, 

when the concentration of the surfactant in the solution reaches a given concentration 

called Critical Micelle Concentration (CMC). There is a lot of methods of determining 

CMC. One of them is fluorescence spectroscopy, in which are used fluorescent 

probes. Pyrene is very often used as fluorescent probe in analysis of surface active 

agents. In emission spectra of pyrene can be observed five characteristic peaks. One 

way of determining the CMC of the surfactant is drawing the dependence of I1/I3 

(intensity of first peak to third peak) of pyrene in the function of surfactant 

concentration in the solution. The aim of presented studies was the determination of 

CMC values of aqueous solutions of Tween 20 by the spectroscopic methods.  

The aqueous solutions of nonionic surfactant, Tween 20 (CT20=10-6-10-2 M) 

with the pyrene (Cpyrene=6·10-6 M) was prepared. The emission spectra of pyrene were 

recorded on Hitachi FL-2700  spectrofluorimeter at the temperature range 293-318K. 

By determining the parameter I1/I3 critical micelle concentration of  Tween 20 in 

aqueous solutions was designated in the presented range of temperature. 

The most important conclusion of the measurements is that the temperature  

has an impact on values of the critical micelle concentration of the surfactants. For 

Tween 20, with the increase of temperature, the increase of CMC is observed. 
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 Suspensions are fluids which properties are complex. The solid particles, 

which are included in the suspensions, change their viscosity as well as they impact 

on rheological behaviour of whole system because they form other structures in liquid 

phase. Both, the command of rheological properties of fluids employed in the 

technological process and ability to predict changes of these properties influence on 

process conditions and they are required to correctly design the process. Therefore, it 

is essential to these fluids to be researched in terms of their rheological properties with 

emphasis on the rheological stability. 

 Results of measurements of rheological properties suspensions are included 

in this work. These suspensions were composed of vegetal solid (shells walnuts) with 

different volume fractions suspended in aqueous solutions of the polymer of three 

different concentrations. Such mixtures are applied e.g. in polymer industry for 

manufacturing biodegradable products. The measurements were done by rotational 

rheometer type CR with coaxial cylinders. The research was conducted with 

increasing and subsequently decreasing shear rate, what permitted to determine the 

rheological stability of the samples. 

 On the base of received results the curves of shear stress versus shear rate 

were prepared. The analysis of obtained curves indicate on clear difference between 

viscosity values of each of the suspensions as a result of different solid concentrations. 

Based on these curves researched suspensions were determined as thixotropic, hence 

their viscosity depends also on duration of deforming. The thixotropy of these 

suspensions intensifies along with increasing solid fraction up to certain 

concentration, whereupon this phenomenon begins to weaken and at certain amount 

of solid (different for each of liquid phase and relatively non-high) the suspensions 

lose capability for flowing.  

 Presence of solid in pseudoplastic continuous liquid phase causes change of 

rheological behaviour of all two-phase systems. Additionally, researched suspensions, 

which solid fraction was equal 20% – 25% vol. lose capability for flowing after 

exceeding shear rate approximately equal to 10 s-1. At the current status of knowledge 

determining suspensions viscosity in non-Newtonian continuous phase is possible 

only by experiments. 
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 The superficial model may be used to describe some kind of catalytic 

processes with immobilized catalysts. It is possible to describe photocatalytic dyes 

decomposition or biological processes this way. The external mass transfer may have 

strong influence on the overall reactor effectiveness. It seems to be possible that it 

may also be related with reactor hydrodynamics. Evaluation the threshold of mass 

transfer limitation may be applied in reactor hydrodynamics optimization. Thus 

allows design reactors that have higher effectiveness. For that reason it is important 

to find the threshold of mass transfer limitation. 

 Numerical simulations were presented in this reseach. They shows, that for 

some process parameters the mass transfer limitation no longer affects the overall 

effectiveness. Mathematical model was obtained in case of processes operated in a 

couple of liquid stream flow types: laminar flow, plug flow and swirl flow. It was 

assumed that reaction occurs only on the surface, where the catalyst is immobilized. 

A new procedure to examine the mass transfer limitation threshold has been evaluated. 

Furthermore this procedure was used to exam the threshold of mass transfer limitation 

of overall process rate. In calculation  specialist software in engineering Matlab and 

Matlab’s tool for solving partial differential equations PDEToolbox was used. 

Numerical simulations were based on dimensionless Peclet and Damköhler number. 

It makes possible to analyze the external mass transfer limitation for numerous 

kinetics types. 

 Simulations let to create maps of errors of assumption about neglected 

external mass transfer in evaluating the overall reaction rate for different 

dimensionless numbers. Comparison of these maps, created for different flow regime 

shows which is the most effective from the point of view of mass transfer. 
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 Flavonoids are a group of plant metabolites thought to provide health benefits 

through cell signaling pathways and antioxidant effects. These molecules are found in 

a variety of fruits and vegetables. They have the general structure of  

a 15-carbon skeleton, which consists of two phenyl rings and heterocyclic ring.  

 Flavonoids are important antioxidants, and promote several health effects. 

Aside from antioxidant activity, these molecules provide the following beneficial 

effects: anti-viral, anti-cancer, anti-inflammatory, anti-allergic. Quercetin is one of the 

flavonoids and it can help to alleviate eczema, sinusitis, asthma, and hay fever. Some 

studies have shown that flavonoid intake is inversely related to heart disease, with 

these molecules inhibiting the oxidation of low-density lipoproteins and therefore 

reducing the risk of atherosclerosis developing. 

 One of the latest methods to obtain the flavonoids from plant is the use of 

micellar solution of surfactants for the extraction. So, the purpose of the presented 

studies was to determine the interactions between the non-ionic surfactant, Tween 80 

micelles and quercetin by the spectroscopic methods and their comparison to the 

alcohol extraction of flavonoid – quercetin. 

 The solutions of quercetin (Cqe=10-4M) and Tween 80 (CTW80=10-6M - 10-3M) 

were prepared in 100 ml flasks. Next their absorption spectra were measured at 293 

and 303K with the Helios γ spectrophotometer. Also the solution of quercetin  

(Cqe=10-4M) and propanol (CPrOH= 0-80%) were prepared in 100 ml flasks. And their  

absorption spectra were measured at 293 and 303K with the Helios  

γ spectrophotometer.  

In the absorption spectra of quercetin exist the characteristics peak located at 

about 375 nm, which comes from this substance. The differences in absorbance values 

of quercetin in two examined  series are expected to show that micellar extraction is 

more effective than alcohol one. 
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 Hot dip galvanizing in accordance with EN ISO 1461, is the performance of 

a coating of zinc or a zinc-iron alloy on the surface of steel. Process is carried out by 

dipping of properly prepared steel in the liquid zinc. Overall content of other chemical  

elements in the molten zinc, with the exception of iron and tin, there should not exceed 

1.5% by weight fraction. The nominal density of zinc coating is 7.2 g/cm3 and is 

slightly lighter than the density of steel (7.85 g/cm3). Applying  

a protective zinc coating to steel is carried out in order to prevent rusting. High quality 

coating allow to reduce formation of iron oxides on the surface. In the case of small 

scratches on surface zinc acts as a cathodic protection preventing the development of 

corrosion. It is effective method of protection of low and high strength construction 

carbon steels. Increase of mechanical properties in high strength steels is achieved by 

controlled rolling and heat treatment (thermomechanical rolling) not only by change 

of chemical composition. Galvanizing is carried out in substantially high temperature 

and so microstructure and properties can be changed.  

 This work presents the results of the characterization of microstructure and 

hardness survey of high strength steel after galvanizing at 450˚C. Investigation 

revealed decrease of hardness which indicated on loss of mechanical properties.  
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 So-called bioactive glasses promote bone-tissue formation at their surface and 

bond to surrounding living tissue when implanted in the living body. Controlled 

release of ionic dissolution products, in particular, concentrations of soluble silica 

(Si4+) and calcium (Ca2+) are known to be essential to the bioactive process. This has 

led to investigators to synthesize novel bioactive glasses to improve bioactivity and/or 

antibacterial properties . The choice of cerium was related to its low toxicity 

associated with bacteriostatic properties. 

Cerium-doped bioactive glasses could be useful when implantation concerns 

local infected areas. Addition of antibacterial ions into bioactive materials can reduce 

microbial numbers on implants surface and kill bacteria or inhibit their growth. 

 The subject of this paper is cerium-doped glasses from binary SiO2-CaO 

system. Several compositions of glasses were synthesized by sol-gel method, to obtain 

bioactive glass ceramics in a simpler system than those at present. X-ray, IR and 

Raman spectroscopy measurements were performed to characterize amorphous state 

and the structure of the samples. Morphology of the glasses was defined by scanning 

electron microscopy equipped with energy dispersive analyser. The glasses were 

soaked in a simulated body fluid (SBF) at 37oC for 30 days to test their bioactivity 

and ICP measurements were carried out for ion concentration determination. 

Moreover thermal analysis (DTA) was carried out to check if the crystallization of the 

glass is possible.  
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The results of graphite oxidation by original and modified method of 

Hummers and Offeman have been presented and discussed. Due to berthollidic nature 

of the obtained products a need of verifying their chemical composition has arisen. 

This has been performed by X-ray photoelectron spectroscopy (XPS) and energy 

dispersive X-ray spectroscopy (EDS). The Raman spectroscopy and X-ray diffraction 

(XRD) analysis have been employed for the structural analysis of the graphite 

oxidation products being the second essential problem tested during research.  

The obtained results of aforementioned analysis allowed to predict the 

structure and determine the chemical composition of the products. The chemical 

composition of the product was characterized by the C:O ratio. That ratio, based on 

EDS results, was 2.061±0.250 and for XPS it was 2.316±0.056. The spacing between 

subsequent layers in the product was 862 pm. The results have been compared with 

the values of commercial products such as graphite oxide and multi-layered graphene 

oxide. Both, the elemental composition and structural parameters correspond with the 

literature data relating to aforementioned materials. 

Taking into consideration all the obtained results, was concluded that product 

of graphite oxidation is multilayered carbon material composed mainly of carbon and 

oxygen atoms. Oxygen atoms are chemically bonded to the carbon structure causing 

an increase in the distance between graphene sheets in the structure. However, some 

part of the substrate has been probably intercalated. 
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The main components of real water samples which can interfere during 

adsorptive voltammetric measurement are foreign ions and organic substances, 

particularly surface-active substances such as typical industrial pollutants. In the case 

of surface-active substances, they tend to adsorb on the working electrode, thus 

inhibiting the deposition step and/or stripping processes, causing a decrease or total 

decay of the analytical signal.  

In this work, to elimination of environmental sample organic matrix 

interferences the XAD-7 resin was used. This materials it has been used for removal 

of organic pollutants from aqueous wastes, ground water and vapor streams. 

Amberlite XAD-7 resin was obtained from Sigma-Aldrich and it was washed four 

times with triple-distilled water and dried up at temperature of 50◦C. 

To study the influence of surface-active substances on Mo(VI) signals,  

a nonionic surfactant Triton X-100 was used. The voltammetric signal of Mo(VI) is 

very sensitive to the presence of the nonionic surfactant. The addition of Triton X-100 

at concentration 0.5 mg L-1 causes decrease of the stripping peak current up to 30%. 

Addition of 1 mg L-1 of Triton X-100 causes complete loss of the signal. Mixing of 

the analysed sample with Amberlite XAD-7 resin drastically eliminates the unwanted 

negative influence of the nonionic surfactant on Mo(VI) stripping peak current. In the 

presence of 8 mg L-1 of Triton X-100 after mixing of 5 mL of sample with  

0.25 g XAD-7 of resin the relative signal of Mo(VI) decrease by 45%.  
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In the last several years, neonicotinoids have represented one of the most 

important classes of insecticides on the market. As potent agonists, they act on the 

nicotinic acetylcholine receptors of insects. Their widespread use however, results in 

their frequent appearance in the environment and foods. Because of that, there is  

a growing need for the development of fast and simple methods for the 

characterization and determination of neonicotinoids.  

Clothianidin (Clo) is a representative of a third generation of neonicotinoids 

insecticides, belonging to the nitroguanidine and thiazole subclasses. It was 

discovered by the former Agro Division, Takeda Chemical Industries, Co., Ltd. 

In our work, we present a new method to determination of trace clothianidin 

by differential pulse voltammetry (DPV). As an alternative to mercury electrodes, the 

environmentally friendly bismuth bulk electrode (BiABE) electrochemically 

activated prior to each measurement was used. The proposed method is based on 

registration of the current reduction of the nitro group (-NO2) at the potential  

of - 0.91 V. The measurements were carried out in a supporting electrolyte consist of 

0.02 mol L-1 solution of Britton-Robinson buffer (pH 9.0). Bismuth is hydrolysed in 

a basic solution, hence electrochemical activation and cleaning of the electrode 

surface is necessary. Finally, the BiABE was used to determination of clothianidin in 

tap water and river water samples; the latter were collected at two different sites on 

the outskirts of Kraków (Poland). 

The main advantages of the developed sensor is the minimal toxicity of 

metallic bismuth relative to the mercury electrodes, higher sensitivity and precision 

and quick way of regenerating the surface of the Bi electrode before each 

measurement cycle. 
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Riboflavin, called vitamin B2 is a water-soluble vitamin which is present in a 

wide variety of foods. It plays an important role as cofactor in enzymes and catalyzes 

a diverse of biochemical reaction. At present, there are many analytical methods of 

riboflavin  determination, the main are chromatography and spectrometry. 

Recommended by the Association of Official Analytical Chemist is standard – 

fluorometric – method for determination of riboflavin in foods. These methods 

characterized by high sensitivity but in comparison with electrochemical techniques 

are expensive, complicated and time consuming.  

The aim of the present work was application of a friendly use and mercury 

free electrochemical sensor with the bismuth (BiABE), gold (AuABE) and silver 

(AgABE) bulk annular band electrodes for determination of riboflavin and compare 

their electrochemical properties. The voltammetric behaviour of riboflavin has been 

investigated using cyclic voltammetry (CV) and differential pulse voltammetry (DPV) 

on the above mentioned electrodes. The effect of several parameters such as pH, kind 

and concentration of the supporting electrolyte was investigated. 

Optimum conditions for DPV determination of riboflavin have been found in 

0.02 mol L-1 acetate buffer of pH 4.5. The results show that the anodic peak current is 

higher than cathodic for bismuth electrode. Moreover, it is possible to 

preconcentration analyte on the surface electrode with different accumulation time. In 

the case of gold and silver electrodes the cathodic peak current was higher, but the 

preconcentration was not possible.  

Finally, selected metallic bulk annular band electrodes was applied to 

determination of riboflavin in fruit juices and pharmaceutical products. 
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Molybdenum is a naturally occurring in the environment metal and can be 

found in small amounts in groundwater, soil and rock, it is also found in leafy 

vegetables, grains, legumes, cauliflower and sunflower seeds. Molybdenum is also an 

essential trace element for animals, including humans, as it is crucial in enzymatic 

redox reactions. Although small amounts of molybdenum are essential to human 

health, large amounts can be toxic. The World Health Organization has established 

guidelines for drinking water quality, defined its permitted concentration equal to 70 

µg L-1. The evaluation of molybdenum content in the environmental samples is 

needful and highly recommended. The viable alternative to spectrometry techniques 

are electrochemical methods, especially adsorptive stripping voltammetry (AdSV), 

which provides very low detection limit and good selectivity. 

In this work, for the first time, the bismuth bulk annular band electrode 

(BiABE) was used as an alternative to mercury or bismuth film electrodes for 

molybdenum(VI) determination by means of the DP AdSV method. The proposed 

procedure is based on simple and fast regeneration of the BiABE surface in the 

presence of testing solution, by application of the activation potential equal to  

-1.8 V for a 5 s. The next, Mo(VI) ions are complexation by chloranilic acid (CAA) 

and preconcentration at -0.5 V (vs. Ag/AgCl/3 mol L-1 KCl) on the electrode surface 

in 0.02 mol L-1 acetate buffer (pH 4.0). The dependence of the Mo(VI) peak current 

on the concentration was found to be linear in the range from 1.0 x 10-9 to  

7.3 x 10-8 mol L-1, with r = 0.9994, for accumulation time of 20 s. The detection limit 

was 2.1·10-10 mol L-1 (at S/N = 3).  

Finally, the proposed method was successfully applied to determine Mo(VI) 

in the certified reference waters, Humber river sediment and tap water samples. 
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Wave-type agitated single-use bioreactors are commonly applied for scale-up 

of in vitro cultures of animal cells. The oscillating movement of the bioreactor's tray 

induces waves in the two-phase culture system (i.e. gas phase and liquid culture 

medium) what allows to intensify the mass transfer effects inside the single-use 

polymer-based bags substituting classical culture vessels known from typical glass or 

stainless steel bioreactors. During the wave-induced agitation, the interfacial area 

between gas phase and culture medium is continuously renewed and bubble-free 

surface aeration of the culture broth is accomplished. Simultaneously, wave-type 

agitation significantly limits the level of shear forces observed in the culture system, 

as well as the shear stress effects negatively influencing the fragile biomass, i.e. 

isolated animal cells.  

The ReadyToProcess WAVETM25 single-use bioreactor system 

(WAVE 25; GE Healthcare Bio-Sciences AB, Sweden), equipped with 2 dm3 

polymer-based culture bag, has been used for studying the oxygen absorption rate in 

the wave-induced agitation system. WAVE 25 lets to develop the bioprocess in the 

volume of milliliters, i.e. from 0.1 dm3 to 1 dm3. The rate of oxygen absorption from 

N2/O2 mixture into distilled water has been measured and the values of the volumetric 

mass transfer coefficient (kLa) has been investigated.  

The influence of the hydrodynamic conditions (frequency and angle of 

oscillations), the oxygen concentration in gas mixture, as well as the flow rate of gas 

mixture dosed to the single-use culture vessel in WAVE 25, on the mass transfer rate 

has been discussed. Oscillations frequency, as well as oscillation angle mostly 

influenced on the value of kLa coefficient. The flow rate of the gas flowing through 

the single-use bioreactor has rather minor effect.  

The range of measured kLa values are consistent with previously published 

literature data. The results of the studies confirmed the applicability of the wave-

induced agitation bioreactor system as the right platform for proceeding the 

submerged culture of animal cells.  
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Nowadays, water pollution is a world class problem. This fact enforces the 

development of the water treatment systems with additional processes. The adsorption 

shows the great efficiency in the processes of water treatment which combined with 

nanotechnology provides promising results and opens up a possibility of its 

widespread use.  

Natural and synthetic materials were tested to investigate their adsorption 

efficiency of benzo[a]pyrene in aqueous solutions. Zirconium dioxide, titanium 

dioxide (P90) and montmorillonite were tested. Additionally, the influence of humic 

acids, heavy metals and polycyclic aromatic hydrocarbons (PAHs) on adsorption of 

benzo[a]pyrene were examined. The adsorption process was carried out in acidic, 

alkaline, and in an environment at pH corresponding to the isoelectric point for the 

individual nanoparticles. 

Adsorption efficiency for montmorillonite was 89.06% but heavy metals 

intensified adsorption from 46.1 to 61.49%. Modification of zirconium dioxide 

nanopowders improved sorption properties from 88.72% to 99.9%. In presence of 

heavy metals adsorption efficiency decreased even by 60%. For titanium dioxide 

(P90) adsorption efficiency was 56.42% and it was lower than for zirconium dioxide 

and montmorillonite. Humic acids intensified adsorption efficiency even by 35% for 

zirconium dioxide. For all zirconium nanopowders increase of adsorption efficiency 

in presence of humic acids was observed. In presence of polycyclic aromatic 

hydrocarbons increase of adsorption efficiency was observed. In pH corresponding to 

the isoelectric point the best efficiency was in presence of PAHs for all nanopowders 

based on zirconium dioxide.  

Based on received results there is a possibility to apply tested nanopowders 

based on zirconium dioxide as sorbent for benzo[a]pyrene particles in aqueous 

solutions. 
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 Hollow fiber membranes have been used in a variety of applications in the 

industry such as degasification of process solutions, separation of carbon dioxide and 

other gases from flue gas streams and waste water treatment.  A lot of researchers 

have studied the application of hollow fiber membrane technology in various 

operations such as liquid-liquid extraction, gas separation by absorption and 

stripping, ozonation of water and removal of volatile components from water.  

 The advantage of the Pseudo-Emulsion Hollow Fiber Strip Dispersion 

(PEHFSD) technique is connected to either membrane extraction process, whereby a 

single membrane module is carried out simultaneously extraction and re-extraction, 

the extractant and the consumption it is much smaller than in the classical extraction. 

Pseudoemulsion system is a very promising method for treatment of liquid waste 

streams with toxic or valuable metal ions. 

 The aim of this work was to study the possibility of using the novel 

extractants - pyridine derivatives for the recovery of Zn(II) from chloride medium 

using the PEHFSD technique. 

 The transport of zinc(II) ions was investigated as a function of various 

experimental variables: type of compounds in the organic phase and the initial metal 

concentration in the feed phase. The overall mass transfer coefficient of permeation 

was calculated from the experimental data, the values being found in the range of 

2.510-7–1.1×10-6 m/s. The recovery of Zn(II) in the stripping solution (H2O or 5% 

Na2SO4) was around 70-80% for most conditions tested. 
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The solvent extraction is one of the most important techniques for  

the separation and recovery of metals in many industrial fields. The undoubted 

advantage is the low power consumption and the ability to re-use extractants. This 

method is attractive form economic and environmental point of view. 

The recovery of iron(III) from aqueous solutions is usually carried out by 

precipitation as jarosite, goethite or hematite. Although the iron removal is mainly 

achieved by precipitation techniques, the use of solvent extraction also allows the 

iron(III) removal from acidic aqueous solutions. 

The aim of the work was the synthesis of oxime 1-(3-pyridine)undecane-1-

one and its quaternary pyridinium salts (3-[1-(hydroxyimine)-undecyl]-1-

propylpyridinium chloride and 3-[1-(hydroxyimine)-undecyl]-1-propylpyridinium 

bromide) and determine they properties in relation to the extraction of iron(III) ions. 

The extraction of iron(III) chloride was carried out by constant water activity  

aw=0.835 (constant total concentration of ions and `molecules dissolved in aqueous 

solution =4 M). NaCl, LiNO3 and NaNO3 were used to adjust the activity of water. 

The studies were carried out by constant iron (III) concentration equal to 0.01 M. The 

concentration of extractant in the organic phase was changed from 0.01 to 0.2 M. 

Toulen with 10% addition of decan-1-ol was used as the diluent. Furthermore the 

surface properties of the various aqueous/organic systems and mass transfer 

resistances were determined by the Du Noüy ring method with a K12 KRÜSS 

tensiometer. 

The study showed that the synthesized compounds may be a potential 

extractants of Fe(III) ions from chloride and chloride-nitrate solutions. 

 

 

Acknowledgements 

This work was financed within the Polish National Centre of Science funds according 

to decision No. DEC-2015/17/N/ST8/00285. Financial support through the 

03/32/DS-PB/0601 grant was also acknowledged. 

  

mailto:aleksandra.w.wojciechowska@doctorate.put.poznan.pl


341 

 

Microwave solvothermal synthesis and characterization of ZnO 

nanoparticles co-doped with Co2+ and Mn2+ ions 
*Jacek Wojnarowicz1, Myroslava Omelchenko2, Jarosław Rybusiński2, Jacek 

Szczytko2, Tadeusz Chudoba1, Witold Lojkowski1 
1Laboratory of Nanostructures, Institute of High Pressure Physics, Polish Academy of 

Sciences, Warsaw, Poland 
2Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Warsaw, 

Poland  

e-mail:  jacek.wojnarowicz@tlen.pl  

 

Keywords: Co2+-Mn2 co-doped ZnO NPs, Microwave Solvothermal Synthesis (MSS), 

characterization techniques of nanomaterials, magnetic properties of Co2+-Mn2 co-

doped ZnO NPs 

 

 The expertise of the Laboratory of Nanostructures, IHPP PAS, lies in the 

synthesis of and comprehensive research on nanomaterials. The process is based on 

the Microwave Solvothermal Synthesis (MSS). The MSS process permits preventing 

contamination of synthesis by sealing the reaction vessel, which is made of  

a chemically inert material, so that an ultra-pure product can be obtained. The 

precursors of the reaction (solutions, suspensions) are enclosed in a pressure vessel 

and as a result of heating with the microwave energy the temperature increases above 

the boiling point. 

The authors obtain Zn(1-x-y)CoxMnyO NPs characterized by a narrow size 

distribution in MSS which can be expressed as follows: 

(CH3CO2)2Zn + (CH3CO2)2Co + (CH3CO2)2Mn → Zn(1-x-y)CoxMnyO 

The synthesis of Zn(1-x-y)CoxMnyO NPs took place in a solution of ethylene 

glycol over the period of 25 minutes in Ertec 02-02 microwave reactor. The content 

of Co2+ and Mn2+ in Zn(1-x-y)CoxMnyO ranged from 1 to 15 mol%. The following Zn(1-

x-y)CoxMnyO NPs properties were investigated: skeleton density, specific surface area 

(SSA), phase purity (XRD), dopant content, average particle size, crystallite size 

distribution, morphology. The effect of the concentration of the doping ions on the 

magnetic properties of Zn(1-x-y)CoxMnyO NPs is presented. 
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The Laboratory of Nanostructures, IHPP PAS, is an expert in the synthesis of 

nanoparticles (NPs) characterised by a small size distribution using the microwave 

solvothermal synthesis (MSS) technology. MSS technology permits precise control 

of NPs synthesis parameters such as reaction time, temperature and pressure. The 

authors obtain zinc oxide particles characterised by a narrow size distribution in a 

solvothermal synthesis which can be expressed as follows: 

(CH3CO2)2Zn·2H2O 
C2H4(OH)2, H2O,.T,.P  
→                 ZnO↓ + other products (liquid or gas) 

The synthesis of ZnO NPs took place in a solution of ethylene glycol over the 

period of 25 minutes in Ertec 02-02 microwave reactor. It was proved that by 

controlling the water concentration in the precursor it was possible to control the size 

of ZnO NPs in a programmed manner (Wojnarowicz et al.; J. of Nanomat, 2016, doi: 

10.1155/2016/2789871). The lower the water content in the precursor, the smaller the 

size of ZnO NPs was obtained. The following parameters of the obtained ZnO NPs 

were determined: pycnometric density, specific surface area, phase purity, average 

particle size, particle size distribution. The authors synthesized pure, fully crystalline 

hexagonal ZnO NPs and the average particle size ranged from 22 nm to over 41 nm. 

The size control mechanism of ZnO NPs was explained based on the results 

of the tests of: 

- specific conductance and pH in precursors, post-reaction suspended matter; 

- identification of the obtained intermediates and by-products. 
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  The Long Period Fiber Grating (LPFG) is a periodic modulation of  

a refractive index of the fiber’s core and cladding. The period should be in the range 

from 100 μm to 1000 μm. As a result, resonant peaks are created in the transmission 

spectrum at wavelengths where there is a coupling between the core and co-

propagating cladding modes. Fundamentally, such structures are made by using UV 

irradiation, however it requires high photosensitivity of optical fibers. There is  

a good alternative to produce LPFG by periodically tapering optical fiber using point-

by-point method.  

We present the adiabatic tapered LPFG fabrication using “Omega- shape” 

filament, which is integrated part of optical splicer (VYTRAN GPX- 3000). Periodical 

tapers were manufactured by local heating and applying tensile to the fiber. Under this 

work, we have done the LPFGs on a commercial singlemode fiber SMF28 with the 

cladding’s diameter of 125 μm and the singlemode fiber Nufern 1550B-HP-80 with 

the cladding’s diameter up to 80 μm. The parameters which have been changed was: 

period, number of periods and technical parameters of filament. The analysis of 

attenuation bands was carried out by observing transmission spectrum in the range of 

1200 nm to 1600 nm, whereas the fiber with LPFG was illuminated by a broadband 

light source. 

We received satisfactory results for both types of optical fibers. We 

established the appropriate process parameters which allows to produce any 

structures.  LPFGs are attractive devices for temperature, strain and changing 

refractive index detection. 
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The most commonly used techniques for surface modification of medical 

implants such as electrophoretic deposition, sputter, dip coating or plasma spraying 

are well developed to deposit hydroxyapatite, however, it is hard to produce coating 

in short time, low temperature process and good homogeneity at nanoscale. 

Additionally, it is a challenge to coat porous scaffolds with said parameters.  

Proposed method relies on improving highly porous as well as solid like 

medical implants especially scaffolds by coating their surface with bioactive 

hydroxyapatite nanoparticles. Ultrasonic coating technology is based on cavitation 

phenomena where bubbles formation and implosion in liquid medium cause liquid jet 

formation with velocity up to 280 m/s. The jetting in the presence of solution with 

hydroxyapatite nanoparticles, enable to deposit thin layers on materials surface.  

 We have demonstrated that 

ultrasonic method is effective in 

view of process rate <10 minutes, 

low temperature 300C and use 

small amount of hydroxyapatite 

powder. The main results have 

shown that is it possible to create 

uniform thin coating (up to 90%) 

on internal and external surfaces of 

porous objects. Coated surface 

has good influence on implant 

biocompatibility improvement.  

 Described method is sterile and environmental safe due to completely 

reduction of release hazardous compounds and mild process conditions. Proposed 

method has been the subject of patent application PCTIB/2016/052566 Method for 

manufacturing bone implant and bone implant.   

Coated ceramic porous scaffold with hydroxyapatite 

nanoparticles. 
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 Surface engineering of titanium implants can enhance their biocompatibility. 

It is very common to create thin calcium-phosphate (Ca-P) coating on them. This 

material provides adhesion and proliferation of bone cells, which supports 

regeneration of whole bone. Ca-P ceramics are being frequently manufactured by 

thermal spraying, but it is impossible to use it while covering porous structure in its 

whole volume. 

 The aim of this work is development of parameters to fabricate calcium-

phosphate layers by electrodeposition on titanium implant manufactured by Selective 

Laser Melting (SLM). It concerns different post-process surface modification and 

approach to deposition of Ca-P layers using different parameters. Manufacturing 

layers in solution containing carbon nanotubes (CNTs) was used to enhance 

mechanical properties of implants. 

 Constructed electrodeposition unit allows to obtain repetitive results. 

Characterization of deposited layers confirms appropriately chosen deposition process 

parameters, including pH value oscillating around 4.7 and input voltage around  

-1.45 eV. SEM and STEM observations allowed identification of  morphology 

characteristic for hydroxyapatite, natural Ca-P bone builder, and estimation of layer 

thickness. Cellular response for Ca-P coated implants gave the best results for heat 

treated layers and CNTs assisted process.  
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Solid lipid nanoparticles (SLN) are currently on the focus of pharmaceutical 

and cosmetic industry due to easily biodegradable lipids present in their structure. 

SLN are biocompatible and non-toxic nanoparticles, therefore they offer possibility 

to develop new therapeutics. In our study, we developed SLN loaded D-limonene  

(4-isopropenyl-1-methylcyclohexene) - relatively stable terpene - commonly used as 

a fragrance in perfumery and personal-care products, but also in food manufacturing 

and some medicines.  

To produce D-limonene-loaded SLN dispersions, the high pressure 

homogenization method was combined with the rotor stator dispersion. In this case, 

formulation was composed of Imwitor 900K as solid lipid and Poloxamer 188 as 

surfactant. For the assessment of the physical and chemical stability, the freshly 

prepared SLN dispersions were stored at three different temperatures (4, 25 and 40°C) 

for a period of 1 month. The risk of creaming/sedimentation or flocculation 

phenomena of the different D-limonene-loaded SLN batches were examined using 

LUMiSizer (LUM GmbH). In turn, the mean particle sizes and zeta potential were 

analyzed by photon correlation spectroscopy (Malvern Zetasizer Nano ZS) for SLN 

dispersions were stored at 4, 25 and 40°C. 

D-limonene-loaded SLN dispersions were successfully developed, depicting 

both physical and chemical stability. D-limonene was also found to be stable within 

the SLN matrices, which offer advances in functionality for a wide range of cosmetic 

preparations.  
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Lipid nanoparticles, solid lipid nanoparticles (SLN) and nanostructured lipid 

carriers (NLC), are one of the most effective transport systems for potential 

applications in drug delivery. Their outstanding properties in drug delivery systems 

are a consequence of their small particle size (40-1000 nm). SLN and NLC are 

biocompatible and non-toxic nanoparticles, therefore they offer possibility to develop 

new therapeutics.  

The aim of our study was to develop the methodology for the synthesis of 

SLN and NLC loaded systems, which are widely used in pharmacy or cosmetic 

industry. The substances that can incorporated into lipid nanoparticles are mainly 

antioxidants such as retinol (vitamin A1), coenzyme Q10 (ubiquinone), and  

α-tocopherol (vitamin E), as well as lidocaine (anesthetic), carbamazepine 

(antiepileptic agent) and hesperidin (anticoagulant). 

To produce different formulations of drug-loaded SLN and NLC 

nanoparticles, the hot high pressure homogenization (HPH) method was used. The 

SLN dispersions were composed of Compritol 888 ATO as a solid lipid and Tween 

80 as a surfactant. In turn, for NLC the natural oil (meadowfoam seed oil, MSO) was 

additionally added as a natural liquid lipid matrix. To prepare all nanodispersions, the 

rotor stator dispersion (Ultra-Turrax T25) was combined with high pressure 

homogenization (Micron LAB 40, APV). For the investigation of the physical and 

chemical stabilities, all prepared dispersions were stored at 4, 25 and 40°C for 3 

months. Chemical stability was assessed by using high performance liquid 

chromatography. The formulation stability was examined using Formulaction 

Turbiscan LAB (multiple light scattering technique), the mean particle sizes and zeta 

potential by using photon correlation spectroscopy (Malvern Zetasizer Nano ZS), as 

well as the size distributions – by using laser diffractometry (Malvern Mastersizer 

2000 E) for all nanodispersions. 

Our study not only confirmed that HPH is currently one of the most effective 

method for obtaining nanoparticles, but also proved a high stability of MSO, which 

can be applied in a wide range of pharmaceutical and cosmetic formulations. 
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 Nowadays food authenticity is a relevant quality criterion and an essential 

challenge that must be faced in many different quality control tasks. Quality control 

should be able to establish the actual origin of a product and detect deliberate or 

accidental adulteration of valuable food components. The combination of modern 

analytical techniques and chemometric pattern recognition is a powerful strategy 

which greatly contributes to promotion and quality assurance in the food industry. 

Electrochemical experiments were carried out in a three electrode quartz cell 

with a multipurpose electrochemical analyzer 8KCA (mtm-anko, Poland). The 

working electrode was refreshable mercury film silver based electrode (Hg(Ag)FE). 

As reference Controlled Growth Mercury Dropping Electrode (CGMDE) was applied. 

As a subject of profiling three different tea specious (black, red, green) were chosen, 

brewed, UV mineralized (or without sample preparation) and tested in complex 

electrolyte, which was optimized. Three separate repetitions were done. Recorded 

voltammograms were processed using especially prepared Matlab 2014a software, 

applying unsupervised algorithms such as: principal components analysis (PCA), 

cluster analysis and k-means method.  

It was observed that voltammetric signal may be used to distinguish 

mentioned teas and effect of profiling is more satisfactory in the case of mineralized 

samples. In PCA first three principal components described always near 99% of 

variability. Using PC1/PC2 successive specious form separate clusters, while using 

also PC3 infusions with and without citron were visible. Other multivariate methods 

confirmed previous conclusions.  

Summarizing, it may be concluded that DP voltammetry with dropping and 

amalgam film electrodes in dedicated electrolyte is adequate, simple and inexpensive 

tool to profiling of tea infusions. 
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 Direct voltammetric determination of aluminium is difficult, due to their high 

negative reduction potential of approximately -1.75 V, therefore peaks of aluminium 

complexes are often registered. As complexing agents palatine chrome black 6BN, 

chromazurol S and eriochrome black T, solochrome violet RS, arsenazo III, 1,2-

dihydroxy-anthraquinone-3-sulphonic acid (DASA), cupferron, calmagite, morin and 

alizarin are applied. Voltammetric measurements are realized by the hanging-mercury 

drop electrode, mercury-film electrode prepared by electroplating a thin film of 

mercury on a solid support or bismuth-film electrode. Recent studies show that 

aluminium is involved in some important human pathologies, as for example, dialysis 

encephalopathy, osteomalacia, Parkinson’s and Alzheimer’s disease. So, the 

determination of aluminium is very important. 

 In this work Controlled Growth Mercury Dropping and Refreshable Amalgam 

Film Electrodes was applied with alizarin as complexing agent, in electrolyte 

consisted of 0.1 M ammonia buffer and 0.01 M KBrO3. Ca-EDTA was used to 

eliminate Zn ions interferences.  

 In stripping voltammetry experiments on film electrode, with 

preconcentration potential -850 mV and time 4 seconds, it was observed that linear 

range in Al determination was 1-40 gL-1 with correlation 0.9955, and detection limit 

0.13 gL-1. The operation of procedure was verified using CRM SPS-WW1 and SPS-

WW2. As environmental samples water from Vistula River was measured, which was 

especially dotted by Al. Recovery was on the level 95-105%.  

 The proposed approach of aluminium determination is a simple, rapid and 

useful methodology of determination of this analyte in laboratory and environmental 

samples, on low level of concertation. 
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 Ceramic–metal composites with gradient are important group of engineering 

materials, which have wide range of applications, e.g. as materials for energy 

technology or automobile or hollow for transport reactive medium and aerospace 

industry. There are still much more potential applications of ceramic metal composites 

with gradient concentration of metal particles. The most obvious advantage of 

functionally gradient materials is that they can favorably combine the dissimilar 

properties of ceramics and metals components in one material.  

The goal of this study was to obtain Al2O3-Ni composites with gradient 

concentration of the metal particles by centrifugal gel casting. The method involves 

powders consolidation by the centrifugal force with simultaneous radical 

polymerization reaction of organic monomer within the composite slurry. This 

technique allows to obtain a composite with a variable gradient concentration of the 

metal in the cross section of the material. 

The microstructure of samples was investigated using Scanning Electron 

Microscopy (SEM). The obtained samples were characterized by X-ray diffraction 

studies (XRD). The preliminary macroscopic observation as well as SEM reveal the 

changes of the Ni particles at the cross-section of the samples. The maximum of 

volume fraction of nickel particles was obtained at the outer zone of the composites. 

The XRD results confirmed only two phases: α-Al2O3 and Ni in composites. 

Application of the centrifugal gel casting method allows for the graded distribution of 

metal particles in the samples. 
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