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Preface 
The last few years have seemed to test our strength. The recent coronavirus 

pandemic disrupted all our plans, postponed the dates of our conferences and significantly 

changed our lives. Part of conference activities moved to an online format. The change in 

the international situation has complicated the interaction of Russian scientists with foreign 

colleagues and has significantly reduced the number of available international conferences. 

But we want to believe that we have successfully passed these tests. Our 48 conference is 

again taking place not only at the end of May, but also exactly a year after the previous 

one. And our foreign colleagues are again taking part in it, and the on-line format makes it 

possible for a large number of wonderful scientists to join us. But it’s even more pleasing 

that many of them expressed a desire to come again to the Kuban region that has become 

our second native land. It is worth noting that science changes along with our lives. An 

analysis of the conference program shows that it reflects all the main modern vectors of 

development of membrane science and membrane technology. 

 

The tasks are dictated by the pressing 

problems of humanity and the logic of the 

development of science itself. The most 

important challenge is reducing human impact 

on the environment, primarily in terms of 

achieving carbon neutrality and comprehensive 

wastewater recycling. Membrane technologies 

are entering deeper and deeper into these areas, 

helping to solve the problem in different 

directions. 

An increasing number of reports are devoted to the problems of alternative energy: 

the development of renewable energy sources, as well as energy storage devices, such as 

metal-ion batteries and flow batteries. New approaches have emerged related to the 

production of hydrogen from biomass and its products, the development of microbial fuel 

cells, and the production of energy using reverse electrodialysis. It is pleasant to note that 

new membranes and membrane technologies are among the most demanded innovations 

in these areas. Water electrolysis with ion-exchange membranes is considered as the main 

method for producing “green” hydrogen. 

Another important direction is the use of wastewater as a source of mining. Zero 

Liquid Discharge (ZLD) systems have been developed and used for quite some time. The 

application of membrane processes in these systems makes it possible to obtain pure water 

and a very concentrated salt solution from wastewater (e.g. mine water); the latter can be 

processed by conventional crystallization and evaporation processes to get dry salt. 

However, new achievements in membrane design, primarily, the development of 

monovalent-ion-selective (ion-exchange) membranes and their use in Selective 

Electrodialysis (or Selectrodialysis, SED) open up the possibility to produce not a mixture 

of dry salt, as in conventional ZLD systems, but individual dry salts, which can replace the 

salts extracted by traditional methods. Much attention is being given to the development 

of this method for extracting phosphates and other nutrients from wastewater as a way to 

produce fertilizers. Note that monovalent-ion-selective membranes belong to the class of 

multilayer membranes. The variety of possible applications of such membranes, including 

bipolar membranes, always attracts the attention of researchers and engineers. At the same 

time, it is worth noting that the use of wastewater for hydrogen production and direct 
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energy generation using bio- and electromembrane technologies are also in  focus of 

attention of researchers.  

Of considerable interest are works on the development of electro-baromembrane 

methods for ion separation, when two driving forces, a potential difference and a pressure 

difference, are simultaneously applied to a membrane (for example, a track-etched 

membrane). Ions are separated due to the difference in the ion electromigration velocity 

and ion convection velocity. The occurrence of two driving forces significantly increases 

the number of degrees of freedom for solving separation problems. 

All of the above topics are touched upon in one way or another in the oral and poster 

presentations of the participants of the current conference. However, classical fundamental 

questions are not left aside either: how do ions and water molecules move in membranes 

and near-membrane solution? What are the mechanisms of concentration polarization and 

how to govern this phenomenon? Is it possible to control electroconvection and prevent 

some catastrophe at the micrometer level? Is it possible to change the charge on the pore 

walls by changing the potential difference across the membrane? 

We believe that the conference will provide a number of useful answers and raise 

exciting questions that will stimulate the further development of membrane science and 

technology for the benefit of all inhabitants of our planet. 

 

 
Organizing Сommittee 
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ELECTRICAL PROPERTIES AND SELECTIVITY OF HOMOGENEOUS 
BILAYER MEMBRANES IN TERNARY SOLUTIONS OF STRONG 
ELECTROLYTES  

Aslan Achoh, Stanislav Melnikov, Denis Bondarev, Victor Zabolotsky 
Kuban State University, Krasnodar, Russia, E-mail: achoh-aslan@mail.ru 

Introduction 

Research in the field of membrane materials science and membrane technologies is actively 

developing, as evidenced by a large number of domestic and foreign publications. One of the main 

tasks in the development of electromembrane technologies is the creation of membranes with high 

specific selectivity to one or more ions contained in multiionic solutions. Of particular interest is 

the direction associated with the creation and research of ion-exchange membranes with specific 

selective permeability (bilayer, multilayer, composite, etc.) membranes and the assessment of the 

effect of modification on their electric transport characteristics [1-2].  

The purpose of this work is to study the electrochemical characteristics of surface-modified 

homogeneous cation exchange membranes MF-4SK in mixed solutions of CaCl2 + NaCl. 

Experiments 

The objects of the study were experimental homogeneous membranes with a thin selective layer 

of N,N-diallyl-N,N-dimethylammonium chloride and ethyl methacrylate copolymer [3] on the 

surface of a membrane substrate made of sulfonated polytetrafluoroethylene (MF-4SK) 

manufactured by Plastpolymer. Modified membranes were obtained by laying a thin layer of 

DMDAAС liquid membrane on the surface of the substrate membrane. MF-4SK membranes and 

a DMDAAС-based modifying layer were also obtained from 10% solutions prepared with 

isopropyl alcohol. The modified MF-4SK membranes with a film thickness of 6 microns and 24 

microns were subsequently designated MK-1 and MK-2, respectively. The transport and 

electrochemical properties of the DMDAAC modifying film obtained by watering on inorganic 

glass were independently studied, hereinafter referred to as MA-1. When conducting studies of the 

developed membranes, individual and mixed solutions of calcium and sodium chlorides were used 

as working solutions. 

Table 1 shows the physicochemical and transport parameters of MF-4SK and MA-1 membrane 

films found experimentally. 

Table 1: Physico-chemical and transport parameters of membrane films MF–4SK and 

MA-1 

 MF-4SK/MA-1 (CaCl2+NaCl) 

Parameters 
MF-4SK MA-1 

Са2+ Nа+ Са2+ Nа+ 

Hygrometric content, H2O/gsw, % 17,4±2 15,6±2 30,5±2 28,9±2 

Electrical conductivit, mSm/cm 1,27±0.1 1,86±0.1 1,98±0.1 1,96±0.1 

Diffusion coefficients, m2/s*10-11 1,41 3,93 0,24 0,65 

Ion exchange constant 1,56 – 

Non-exchange sorption constant – 0,73 

Donnan's constant  – 0,23 

The thickness of the diffusion layer, mmol-eq/cm3 0,82±0.05 0,97±0.05 

he thickness of the diffusion layer, µm 53,3±1 

The thickness of the substrate membrane and the 
modifying layer, µm 

210 

61 

242 

1 – modified membrane MK-1  
2 – modified membrane MK-2 
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The voltage-voltage characteristics of homogeneous ion-exchange membranes in a rotating 

membrane disk installation in mixed solutions of sodium chloride and calcium chloride were 

investigated. Figure 1a shows the general CVC of the studied bilayer homogeneous      MF–4SK 

membranes with a thin ion exchange layer DMDAAC (MK-1 and MK-2 membranes) from 

different RMD rotation speeds. 

 
а 

 
b 

Figure 1. The general CVC of bilayer homogeneous membranes in a solution of 0.015 mol-eq/l 

NaCl and 0.015 mol-eq/l CaCl2 at a rotation speed of the membrane disk of 100 rpm (a) and 

at different speeds of rotation of the membrane disk of the MK-1 membrane (b): 1 – 

homogeneous membrane MF-4SK; 2– bilayer membrane MK-1 with a modifying film 

thickness of 6 µm;          3 – bilayer membrane MK-2 with a modifying film thickness of 24 µm 

As can be seen from Figure 1, the application of a thin anion exchange layer DMDAAC with a 

thickness of 6 microns to a homogeneous membrane leads to a decrease in the value of the limiting 

current density from 21 mA/cm2 to 0.55 mA/cm2. Increasing the anion exchange layer to 24 

microns reduces the limiting current density to values < 0.25 mA/cm2. This character of the CVC 

dependence indicates the formation of an intradiffusion limiting current at the boundary of the 

modifying layer/membrane-substrate. The conducted studies at different speeds of rotation of the 

membrane disk show that the limiting current density does not depend on the thickness of the 

diffusion layer for modified homogeneous MF-4SK membranes (Fig. 1b). 

Figure 2 shows the specific selectivity from the dimensionless current of superficially modified 

MF-4SK membranes in a mixed solution of 0.015 mol-eq/l NaCl and 0.015 mol-eq/l CaCl2 at a 

rotation speed of the membrane disk of 100 rpm.  

As can be seen from Figure 2, the MA-1 membrane forming the selective layer has a higher 

specific permeability to sodium ions compared to calcium ions. High specific selectivity of two-

layer membranes with different charges of polymer matrices of the modifying layer and the 

substrate membrane can be achieved with a small thickness of the modifying layer. Thus, the 

application of a 6 µm anion exchange layer of DMDAAС copolymer leads to a more than 3-fold 

increase in the specific permeability of a single-charge sodium ion relative to calcium ions. 
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1– homogeneous MF-4SK membrane, 2– MF-4SK membrane with a DMDAAС layer of 6 µm, 3– 

MF-4SK membrane with a DMDAAС layer of 24 µm 

Figure 2. Dependence of the coefficient of specific selectivity of PNa+/Ca2+ on the dimensionless 

density of electric current in a mixed solution of 0.015 mol-eq/l NaCl and 0.015 mol-eq/l CaCl2 

at a rotation speed of the membrane disk of 100 rpm 

Applying a thicker modifying layer leads to an increase in specific permeability, but it also 

leads to a significant decrease in the limiting current density. The dependence of the value of the 

limiting current density and specific selective permeability on the thickness of the modifying layer 

is shown in Table 2. 

Table 2. Dependence of the value of the limiting current density and specific selective 

permeability on the thickness of the modifying layer of the studied bilayer membranes. 
Membrane Thickness of the 

modifying layer, µm 
The value of the 
limiting current, I 

mA/cm2 

Values of membrane specific 
selectivity coefficients 

MF-4SK 0 17,8 0,77 

MK-1 6 0,82 3,41 

MK-2 24 0,26 4,78 

Thus, the application of a thin anion exchange layer of DMDAAC and methyl methacrylate 

makes it possible to obtain bilayer charge-selective membranes with increased selectivity to single-

charge metal cations. The bilayer membranes developed at this stage of the project can later be 

used for the selective extraction and concentration of single-charge ions in multiionic solutions of 

strong electrolytes. 
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ELECTROCHEMICAL STABILITY OF THE ANION EXCHANGE MEMBRANE 
MA-41 MODIFIED BY POLY-N,N-DIALLYLMORPHOLINE BROMIDE IN 
OVERLIMITING CURRENT MODES  

Aslan Achoh, Stanislav Melnikov, Denis Bondarev, Mikhail Sharafan 
Kuban State University, Krasnodar, Russia, E-mail: achoh-aslan@mail.ru 

Introduction 

The course of the water dissociation reaction under high-intensity current conditions is one of 

the undesirable processes in electromembrane systems in the processes of classical electrodialysis. 

Under such conditions, commercial anion-exchange membranes based on 

benzyltrimethylammonium can undergo thermal alkaline hydrolysis, followed by degradation of 

anion-exchange functional groups [1]. An increase in the rate of water dissociation reaction is 

observed both in the case of chemical decomposition of ion exchange groups and in the destruction 

of the anion exchange membrane. The conversion of quaternary ammonium bases into tertiary 

amines in the surface layer of the anion exchange membrane further increases the rate of water 

dissociation reaction [2]. 

Experiments 

The objects of the study were heterogeneous anion-exchange membranes MA-41 

(Shchekinoazot LLC, Russia), and MA-41 membranes modified with poly-N,N-

diallylylmorpholinium bromide. The membranes were modified in an organic medium (a mixture 

of N-methylpyrrolidone and concentrated formic acid in a volume ratio of 1:1) according to the 

methodology described in [3]. The modified membranes were designated as MA-41M. 

The electrochemical stability of the MA-41 and MA-41m membranes was studied in a four-

chamber electrodialysis chamber with Luggin capillaries and electroplated platinum wires (Figure 

1). Electrochemical impedance spectra and volt-ampere characteristics were obtained using an 

AUTOLAB 100N galvanostat potentiostat. The linear flow rate of the solutions was 0.15 cm/s (9 

ml/min) both in desalination chambers and in concentration chambers. In the electrode chambers, 

the flow rate was set at 0.3 km/s (18 ml/min). The experiments were carried out using 0.02 M 

NaCl solution in desalination and concentration chambers and 0.05 m Na2SO4 solution in electrode 

chambers. 

The current-voltage characteristics of MA-41 and MA-41M membranes are shown in the 

Figure 2. 

 

 

Figure 1. Electrochemical cell circuit: 1 – 

Luggin capillaries; 2 – platinum electrodes; 

K – auxiliary cation exchange membranes 

MK-40; A - anion exchange membrane MA–

41 or MA-41M, DC – desalination channel, 

CC – concentration channel. 

Figure 2. The general CVC of the membranes 

are: membrane 1 – MA-41; membrane 2 – 

MA-41 M; the dotted line indicates the 

theoretical maximum current density 

calculated by the Leveque equation 
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The results obtained show that the use of the modifier leads to an increase in the limiting current 

density in the electromembrane system. The maximum current density for the intact membrane 

MA-41 is 0.8 mA/cm2, while for the membrane MA-41M it is 1.1 mA/cm2. In both cases, the 

obtained values of the limiting current density are significantly lower than the calculated 

theoretical value, which is 1.6 mA/cm2. 

A significant discrepancy between the experimental and theoretical limiting current densities 

for the MA-41 membrane is explained by the heterogeneity of the membrane surface, where non-

conductive sections of polyethylene reduce the area of the active surface. The fact that the current 

limit value for the modified membrane is also significantly lower than the theoretical value 

indicates that poly-N,N-diallylmorpholine does not form a continuous film on the surface of the 

substrate membrane. Thus, modification of the MA-41 membrane does not lead to homogenization 

of the membrane surface. It is possible that the modifier is fixed on the surface of the ion exchanger 

particles, which protrude from the surface of the modified membrane. 

The intensity of water dissociation reaction at the membrane/solution interface can be estimated 

by observing the transfer of OH– ions through the membrane. In [3], the transport numbers of 

hydroxide ions through both the original and modified membranes were determined under various 

current modes. The results indicated that the modified membrane exhibited low catalytic activity 

in the water dissociation reaction. 

By comparing the intensity of water dissociation at the inter-face of the modified 

membrane/solution before and after resource tests, the stability of the modified membrane can be 

assessed. The electrochemical impedance method as the most effective and informative approach 

for evaluating the quality and properties of membranes. Different parts of the electrochemical 

impedance spectrum correspond to different physical and chemical processes occurring in the 

electromembrane system when it is exposed to a weak alternating current. 

At current densities below the limiting current, several semicircles in different frequency ranges 

are observed in the electrochemical impedance spectrum (Figure 3, curve 1). The Warburg 

impedance is due to the change in electrolyte concentration in an electrically neutral solution under 

the action of varying current and potential difference.  

 

 

Figure 3. The spectra of the electrochemical 

impedance of the MA-41M membrane are 

presented in Nyquist coordinates at different 

polarizing current densities: 1 – low current 

mode (i = 0.9ilim); 2 – limit current mode 

(i=1.0ilim); 3 – high current mode (i = 4.0ilim), 

the numbers indicate the frequency ranges. 

Figure 4. Dependence of water dissociation 

reaction rate constant on dimensionless 

current density and time of resource tests:     

1 – original MA-41 membrane; 2 – 

modified MA-41M mem-brane; 3 – MA-

41M after 10 h of testing; 4 – MA-41M 

after 25 h of testing;    5 – MA-41 after 50 h 

of testing. 

In the case of the limiting current density (Figure 3, curve 2) a new semicircle appears in the 

mid-frequency region (5 kHz – 1 Hz). The emergence of processes in this frequency range for 

systems with ion-exchange membranes is attributed to the process of the water dissociation 
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reaction with the participation of ionogenic groups of the membrane, that is described by the 

Gerischer impedance. An increase in the current density leads to a decrease in the concentration 

of all ions present at the membrane/solution boundary, which also leads to an increase in the 

potential drop. However, the concentration recovery in the boundary layer is not only due to 

diffusion but also due to chemical reaction. Since the chemical reaction proceeds at a high rate, 

the characteristic frequencies of the Gerischer impedance are higher than those of the Warburg 

impedance. 

When the electromembrane system is in an over-limiting current mode, the Warburg impedance 

disappears in the low-frequency region (below 1 Hz) and the complete dominance of the Gerischer 

impedance is observed (Figure 3, curve 3). 

The values of the water dissociation reaction rate constant are shown in Figure 4. From Figure 

8, it is evident that with an increase in current density (ilim → 4ilim), there is an increase in the water 

dissociation reaction rate constant for all studied membranes. The intensity of the water 

dissociation reaction is influenced not only by the catalytic activity of functional groups but also 

by the strength of the electric field. The later is determined by the potential difference across the 

membrane/solution interface and exponentially increases with increase of polarizing current 

density. As a consequence, the water dissociation reaction rate constant increases, leading to an 

increase in the in-tensity of the water dissociation reaction at the membrane/solution interface for 

both the MA-41 and MA-41M membranes. 

However, on the pristine MA-41 membrane, water dis-sociation occurs more intensely, as 

indicated by the steeper dependence of the water dissociation reaction rate constant on the 

dimensionless current density (Figure 4, curves 1 and 2). The water dissociation reaction rate 

constant on the modified membrane at i = 4ilim is 1650 s–1, while on the MA-41 membrane under 

the same conditions it is 10275 s–1. The higher intensity of the water dissociationreaction on the 

initial membrane can be attributed to the presence of catalytically active secondary and tertiary 

amino groups in the surface layer of the anion-exchange membrane. 

The data shown in the Figure 8 confirms the low intensity of the water dissociation reaction at 

the MA-41M /solution interface, which persists during the initial 25 h of the resource tests. 

However, it was observed that after 50 h of highintensity electrodialysis, the intensity of the water 

dissociation reaction at the MA-41M /solution interface increases almost to the level exhibited by 

the pristine MA-41 membrane. 

The deterioration of electrochemical characteristics of the modified membrane can occur due 

to the following processes: 1) the destruction of quaternary ammonium groups of the polymer 

modifier (poly-N,N-diallylmorpholine), leading to the formation of secondary and tertiary amines 

that accelerate the water dissociation process; 2) the desorption of poly-N,N-diallylmorpholine 

from the surface of the modified membrane, resulting in the restoration of the surface layer to its 

initial state. 
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Introduction 

Fresh water scarcity has become a serious problem in many regions of the world. This problem 

is mainly aggravated with population growth and industrial development. Measures are being 

taken to solve this problem. Desalination of this water is considered as a radical way to solve this 

problem in regions with large reserves of mineralized water (sea, ocean, etc.). 

 One of the pressing problems of our time is the desalination of salt waters of the seas and 

oceans, which account for 97,5% of the Earth's waters. Among the desalting methods developed 

for this purpose, the most widely used are membrane methods, in particular the reverse osmosis 

(RO) method, which, globally, accounts for up to 65% of purified water [1]. The essence of the 

method is that sea water under pressure passes through a semi-permeable membrane, the pores of 

which allow predominantly water molecules to pass through and retain the vast majority of 

impurities. An important condition for increasing the efficiency of the RO method is to prevent 

the formation of various deposits on the membrane surface, mainly CaCO3 and CaSO4, which are 

formed from supersaturated concentrates. According to the literature, one of the ways to achieve 

this condition is preliminary nanofiltration (NF) purification of seawater mainly from divalent 

ions: Ca2+, Mg2+ and 
2

4SO [2]. In relation to these ions the selectivity of nanomembranes is quite 

high (74,2÷98,6%). Therefore, in the process of nanofiltration water is softened, desulfatized and 

partially desalinated. NF membranes are more permeable and less selective than RO membranes 

and are less prone to fouling. The choice of desalination technology depends on the quality of 

source water, availability of energy sources, plant capacity and several other factors.  The present 

work is devoted to the study of seawater desalination system based on hybridization (combination) 

of NF and RO methods. 

Research methodology 

The studies were carried out using the example of Caspian Sea water with the following 

indicators, mg/dm3: Ca2+=321, Mg2+=730, Na+=3175, Cl−=5034, SO4
2−=3264, HCO3

−=244, TDS 

(Total Dissolved Solids)=12768; pH=8,2. 

The specialized computer program IMSDesign Hydranautics was used [3]. Hybrid systems 

using two brands of membranes at the RO stage were studied: recommended for desalting waters 

with a salt content of 10÷15 g/dm3 (CPA5MAX) and ocean waters with a salt content of 35 

g/dm3 (SWC4-LD). Provision was made for recycling the RO stage concentrate into the NF feed 

water (Fig.1). 

 
Figure.1. Schematic diagram of seawater desalting 

According to the operating principle of the proposed scheme (Fig.1), clarified water from the 

Caspian Sea (1) is supplied to the hybrid NF+RO desalination system. The source water, after 
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sulfuric acid introduction, is mixed with RO concentrate (6). The resulting mixture (2) is pumped 

to the NF module. The NF concentrate (5) is discharged back to the sea, and the permeate (softened 

water) (3) is fed as feed water by a high-pressure pump to the RO module, where it is divided into 

two streams: permeate (desalinated water) (4) and concentrate (6). 

The studies were carried out on the example of a system with a capacity of 35 m3/h for desalting 

water (permeate). To prevent the formation of CaCO3 and CaSO4 deposits at the NF stage, it was 

necessary to acidify the source water and introduce anti-scale agents into it. The supersaturation 

of the RO concentrate, changes in ion concentrations, salt content (TDS) of permeate and 

concentrate, and other indicators at each stage of processing were assessed. The permeate 

conversion values were assumed to be 80% at the NF stage and 70% at the RO stage. Thus, a study 

was carried out on two systems differing in the brands of membranes used at the RO stage: NF1-

RO1 and NF2-RO2. In the first case, a membrane of the CPA5MAX brand was used, in the second 

case - SWC4-LD. At the NF stage, the same membrane was used - ESNA-LF2-LD. 

Research results and discussion 

Figure 2 shows data on the TDS values of the flows of the systems under study. It follows from 

the graph that due to the use of the same membrane, for both systems the TDS of NF permeate is 

on average 6300 mg/dm3, and the TDS of concentrate is on average 48300 mg/dm3. That is, the 

TDS of sea water is reduced by 2 times. The use of the more selective SWC4-LD membrane in 

the RO stage is reflected in the process performance. Thus, deep desalting with a permeate TDS 

of about 17 mg/dm3 is predicted when using the specified membrane (SWC4-LD). And in the case 

of the CPA5MAX membrane, the expected TDS value is 110 mg/dm3. At the same time, the TDS 

of the concentrates differs by only 0,5% 

 
 a) b) 

Figure 2. TDS values for permeates and concentrates. a) NF1-RO1; b) NF2-RO2 

The use of a SWC4-LD membrane at the RO stage is also preferable in terms of reducing the 

boron concentration from 3,5 mg/dm3, characteristic of Caspian water, to the values standardized 

for drinking water: ≤0,5 mg/dm3. This circumstance and a number of key technological indicators 

are reflected in the table 1 below. 

As follows from the table relatively low selectivity characteristic for membrane CPA5MAX 

contributes to boron reduction only up to 1,5 mg/dm3, which exceeds the standard value. In the 

NF concentrate the supersaturation of CaSO4 exceeds 200%, therefore, in accordance with the 

programme recommendations, dosing of antiscaling agent into the source water is envisaged.  

Table 1. Main technological indicators of the NF-RO hybrid desalting system 
№ Indicators Dimension NF1-RO1 NF2-RO2 

1 Bor mg/dm3 2,7÷1,5 3,0÷0,4 

2 Supersaturation in CaSO4 % 212÷6 211÷6 

3 Permeate hardness m-eq/dm3 9,9÷0,0035 9,92÷0,00027 

4 Electricity consumption kW∙h/m3 2,79 3,64 

5 Permeate pH - 5,8÷5,1 5,8÷4,2 

6 Dose of sulfuric acid mg/dm3 131,7 131,7 
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Taking into account the uniqueness of the Caspian Sea, for ecological reasons, we recommend 

using so-called "green" antiscaling agents, the development of which has recently received much 

attention [4]. 

Low concentration of Ca and SO4 ions in NF permeate (RO feed water) provides reliable 

protection of RO membranes from calcium sulphate precipitation – supersaturation concentrate is 

only 6%. The use of sulfuric acid with a dose of about 130 mg/dm3 ensures a value of the Langelier 

index close to zero, which eliminates the precipitation of CaCO3 on the membranes. The achieved 

low values of permeate hardness (0,3÷3,5 µg-eq/dm3) make it possible to use it in many industries, 

including thermal power engineering, semiconductor production, chemical industry, etc. 
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Introduction 

Theoretical and experimental works [1-3] show the possibility of intensifying mass transfer in 

an electromembrane system by improving the surface morphology of ion exchange membranes by 

their modification. The use of membranes with optimized surface morphology in the process of 

electrodialysis for the demineralization of natural waters and technological solutions creates the 

prerequisites for a significant increase in the efficiency of these processes in limiting and 

overlimiting current modes. The purpose of the work was to study the effect of changing the 

content of ion exchange resin in experimental heterogeneous Ralex membranes (MEGA a.s., 

Czech Republic) on their structural and physicochemical properties. 

Experiments 

The objects of the study were experimental samples of heterogeneous Ralex membranes 

(“MEGA” a.s., Czech Republic), differing in the ratio of sulfonated cation-exchanger and inert 

binder. During the manufacture of membranes, the fraction of ion-exchanger varied from 45 to 70 

wt. %. All samples of the studied membranes were subjected to salt pretreatment by keeping them 

in sodium chloride solutions of different concentrations. 

The physicochemical properties of the studied membrane samples were determined according 

to standard methods for testing ion exchange membranes. Scanning electron microscopy (SEM) 

was used to visualize and quantify the structural characteristics of the membrane surface and cross-

section. A JSM-6380 LV microscope (JEOL, Japan) with an INCA 250 microanalysis system was 

used.The quantitative estimation of fraction and size of ion-exchangers (S) and macropores (P) 

was carried out with the help of the authors’ software by using the digital processing of SEM 

images [4]. Equipping a scanning electron microscope with an energy-dispersive analyzer of 

elemental composition made it possible to study the nature of the distribution of elements on the 

surface and in the section of experimental membranes using electron probe X-ray microanalysis. 

The studies were carried out on air-dry membrane samples. 

Results and Discussion 

Information on the chemical composition of the membrane surface and cross-section, obtained 

by mapping the elemental composition, is presented in Fig. 1. Color coding for the X-ray images 

made it possible to combine data from several elements in one image. In the resulting images, 

areas colored red and green indicate the presence of sulfur and oxygen, respectively. They 

correspond to sections of the ion-exchanger containing fixed sulfogroups. The inert regions of 

polyethylene, which predominantly contain carbon atoms, are blue. It was revealed that with an 

increase in the content of cation exchange resin in the membranes on the surface and in the section 

of the samples, an increase in the content of sulfur and oxygen was observed by more than 2 times. 

Ion-exchangers on the surface and in the section of all studied Ralex membranes have different 

shapes and are located randomly. An analysis of the radial distribution of ion exchange areas shows 

that their sizes both on the surface and in the cross-section of membrane samples, regardless of the 

content of ion-exchange resin, are 1-36 μm. In this case, the maximum on the distribution curve 

of all studied Ralex CM membranes is in the region of 1-2 μm. The value of the average radius of 

ion-exchanger particles when changing the ratio of the ion exchange and inert phases remains 

constant and amounts to 2.20 ± 0.07 μm for the surface and 2.68 ± 0.04 μm for the membrane 

cross-section.  
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a                                                           b 

  
c                                                           d 

Figure 1. Composite X-ray maps of the distribution of sulfur and carbon elements on the surface 

(a, c) and in the section (b, d) of the Ralex SM Pes membrane with an ion exchange resin content 

of 45 (a, b) and 70 (c, d) wt % at a magnification of 200. S element corresponds to red color, C 

element to blue color. 

Information about an increase in the content of ion-exchanger in membranes is consistent with 

the results of studies of surface and cross-section morphology. It has been established that with an 

increase in the content of cation exchange resin in the membrane composition from 45 to 70 wt % 

there is an increase in the proportion of the cation-exchanger by 80% and 40% on the surface and 

in the membrane section, respectively (Fig. 2a). In this case, the proportion of macropores 

increases by 1.7 and 2.0 times on the surface and in the cross section, respectively (Fig. 2b).  

  

a                                                           b  

Figure 2. Dependence of the proportion of ion-exchanger (a) and macropores (b) on the surface 

(1, 1´) and in the cross-section (2, 2´) of swollen samples of experimental membranes on the 

content of ion exchange resin ω; r is correlation coefficient. 
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When changing the ratio of the conductive phase and the inert binder, the values of the average 

radius of macropores on the surface and in the section of the samples were constant and, 

respectively, amounted to 1.9 ± 0.1 μm and 2.2 ± 0.2 μm.  

With an increase in the proportion of the conductive phase, the average value of the length of 

non-conductive areas between the particles of the ion exchange resin decreases almost by half and 

amounts to 4.9 and 2.5 μm for membranes with a minimum (45 wt %) and maximum (70 wt %) 

ion-exchanger content, respectively. Thus, the surface structure of the membranes becomes 

electrically more homogeneous with increasing ion exchange resin content. 

 
Figure 3. Dependences of relative changes in total exchange capacity (Qsw), moisture content 

(W) and thickness (b) on the content of cation exchange resin in experimental Ralex membranes; 

r is correlation coefficient. 

A comparative analysis of the properties of experimental cation exchange membranes with 

different mass fractions of ion exchange resin revealed the influence of changes in the structural 

characteristics of the samples on their physicochemical properties. It has been established that with 

an increase in the content of ion exchange resin from 45 to 70 wt %, the total exchange capacity 

of membranes increases by 24% (Fig. 3), while its value for the membrane with the maximum 

content of ion-exchanger is 2.24 ± 0.05 mmol/gsw. An increase in the proportion of the conductive 

phase is accompanied by an increase in moisture content and membrane thickness by 55 and 38%, 

respectively. 

The maximum increase in the moisture content of membrane samples, revealed by a 

comparative analysis of relative changes in physicochemical characteristics, is due to a significant 

increase in porosity in the membrane cross-section compared to other structural characteristics 

(Fig. 2b) with an increase in the proportion of ion exchange particles in the composition. 
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Introduction 

Low-temperature fuel cells with a proton exchange membrane (PEMFC) are an important part 

of the intensively developing hydrogen power engineering [1-3]. Electrocatalysts are the key 

component of such electrochemical devices [1-2]. In almost all commercial PEMFC platinum or 

Pt-M nanoparticles, anchored on micro/nanoparticles of carbon supports, are used as catalysts for 

accelerating current-forming reactions (oxygen electroreduction, hydrogen electrooxidation). A 

number of requirements are put forward for electrocatalysts for PEMFC, the main of which are 

increased activity in current-generating reactions and long-term operation. The oxygen electrode 

is of particular importance for ensuring the efficient operation of PEMFC, since the oxygen 

reduction reaction (ORR) is accompanied by strong polarization. In addition, the processes of 

degradation of platinum and the catalyst as a whole are most pronounced at the cathode. 

A significant increase in the activity of cathode electrocatalysts in ORR is associated with the 

need to move to more complex bimetallic systems. It is possible to increase the corrosion-

morphological resistance of an electrocatalyst through the development of new carbon and 

composite supports. The production of electrocatalysts combining increased activity and durability 

is still an urgent task in hydrogen energy. 

Review 

There are several approaches to increasing the activity and durability of electrocatalysts related 

to the control of their structural and morphological characteristics. Obtaining electrocatalysts with 

increased uniformity of the spatial distribution of nanoparticles on the surface of the carbon 

support and their narrow size dispersion is one of the approaches to obtain highly efficient 

materials (Fig. 1). The use of platinum NPs as stabilizing agents in the process of liquid-phase 

synthesis of NPs makes it possible to slow down their growth and exclude aggregation. An 

important feature of this approach is the use of stabilizing agents that do not subsequently pollute 

the electrocatalyst [3]. The active surface area of electrocatalysts, with a uniform distribution of 

nanoparticles and a narrow size distribution, is characterized by high values (more than 80 м2/г(Pt) 

at a load of 20% Pt) [3].  

 
Figure 1. TEM-images of Pt/C samples with 20% Pt content. 
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One way to influence the morphological characteristics of electrocatalysts is to use a modified 

carbon support. Our recent studies demonstrate the possibility of increasing thefunctional 

characteristics of Pt/C based on a nitrogen-doped carbon support [4]. It is believed that additional 

active centers for the electroreduction of oxygen (surface fragments containing “pyrrole” and 

“pyridine” nitrogen atoms) have a positive effect on the activity of catalysts [5]. 

The electrocatalyst obtained on the basis of an N-doped carbon support Pt is characterized by 

the uniform distribution of nanoparticles (Fig. 2). In photographs of the Pt/C-N material obtained 

using HAADF-STEM, not only platinum nanoparticles are visible, but also individual Pt atoms 

and their accumulations in the form of clusters of several atoms are clearly visible. Pt 

atoms/clusters appear as bright white spots against the background of low-contrast (gray) substrate 

material. 

 
Figure 2. STEM-images (a), TEM-images (b) and HAADF-STEM images of Pt/C-N samples with 

40% Pt content on N-doped carbon support. 

 
Figure 3. Cyclic voltammograms (a) of materials Pt/C-N (red) and HiSPECS4000 (Johnson 

MAtthey) (black). Electrolyte HClO4, saturated with Ar, 20 mV/s. Linear voltammograms of 

ORR (b) materials Pt/C-N (red) and HiSPECS4000 (black). Electrolyte HClO4, saturated with 

O2, 20 mV/s. The RDE rotation speed is 1600 rpm. 

The resulting Pt/CN-N catalyst is characterized by a higher ESA value and activity in the 

oxygen reduction reaction (ORR) compared to a commercial analogue (Fig. 3a, b). The ESA value 

of the Pt/C-N sample (107 m2/g) is 50 m2/g higher than that of the commercial HiSPEC4000 (57 

m2/g). 

The preparation of catalysts based on platinum doped with some d-metals (Ni, Co, Cu) is one 

of the current ways to increase activity in ORR [6, 7]. The atoms of the alloying component are 

able to increase the activity of NPs due to a number of effects: the formation of a new electronic 

structure of the metal; a decrease in the interatomic distance in a metal lattice, which facilitates the 

adsorption of oxygen molecules; surface development; forming a thin shell of platinum on the 

surface of the alloy particles; increasing the resistance of platinum to oxidation. The 

compositionally inhomogeneous architecture of such two-component Pt-M nanoparticles (“Pt-

shell – M-core”), along with the size and shape of nanoparticles, can significantly affect not only 

the activity, but also the durability of catalysts (Fig. 4). The PtCu/C-N electrocatalyst we obtained, 

characterized by increased activity in the ORR, combines bimetallic nanoparticles with a special 

microstructure and an N-doped carbon support. 
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Figure 4 HAADF-STEM (a) and TEM (b) images of the PtCu/C-N catalysts in the as-prepared 

state. 

The use of the approaches described above to control the structural and morphological 

parameters of electrocatalysts makes it possible to significantly improve their functional 

characteristics. An urgent applied problem implemented in our study is the use of easily scalable 

methods for the synthesis of materials with a reduced content of platinum, which at the same time 

allow achieving the indicated morphological characteristics. 
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Introduction 

A critical component of proton exchange membrane fuel cells are porous catalytic layers in 

which electrochemical reactions occur that produce electricity and water from hydrogen and 

oxygen. Carbon-supported platinum (Pt/C) catalysts are widely used in anode and cathode of low 

temperature fuel cells. The actual problem of such catalysts - reducing the content of precious 

platinum while maintaining high activity and stability, is solved both by selecting the optimal 

carbon carrier and by controlling the size, shape, size and spatial distribution of platinum 

nanoparticles. In this paper, we present the results of joint studies of Pt/C electrocatalysts obtained 

at R&D LLC PROMETEY (Russia) and studied at the Laboratory of Nanostructured Materials for 

Electrochemical Energy of the Southern Federal University.  

Review 

Nanostructured Pt/C-electrocatalysts of the PM series were obtained by liquid-phase synthesis 

methods according to the original technology of Prometheus R&D, which is in the know-how 

mode. As a carbon support in the preparation of catalysts containing 5–70 wt % Pt, carbon black 

Vulcan XC72 (Cabot Co.) was used, for the catalyst with a platinum load more than 60 wt % – 

KetjenblackEC 300J. 

All produced catalysts are characterized by small nanoparticle sizes and uniform distribution of 

nanoparticles over the surface of the carbon support [1].  

Figure 1a shows a TEM photograph of fragments of the PM20, PM40 and PM60 

electrocatalysts surface, indicating a small size of Pt NPs. The photographs of all the samples show 

the presence of a small number of aggregates about 4–5.5 nm in size (Fig. 1d, f). Among the 

electrocatalysts under study, the largest nanoparticles are characterized by samples with a high 

metal loading: PM60 (60 wt % Pt) and PM70 (70 wt % Pt) (Table 1). 

Table 1. Structural and functional characteristics of the production of PM_X series catalysts 

and commercial catalysts 

Products Pt loading, % mass. 
Average size of Pt 

(TEM), nm 
ESA, m2/g(Pt) 

РМ5 5 2.0 ± 0.2 105 ± 10 

РМ10 10 2.5 ± 0.2 100 ± 10 

PM20 20 2.5 ± 0.2 80 ± 8 

PM30 30 2.8 ± 0.3 75 ± 7 

PM40 40 3.2 ± 0.3 70 ± 7 

PM60 60 3.5 ± 0.3 60 ± 6 

РМ70 70 5.0 ± 0.5 50 ± 5 

High ESA values are due not so much to the small size of platinum nanoparticles as to the 

uniformity of their spatial distribution (weak aggregation) and high accessibility with respect to 

the electrolyte and reagent (Fig. 1, Table 1). We believe that the positive structural features of the 

PM series catalysts are due to the use of colloidal chemistry methods in the technology of their 

synthesis, developed at Prometheus R&D LLC. 

The following presents the results of measuring the PM40 sample as part of a membrane-

electrode assembly in comparison with commercial imported analogues (Fig. 2). 
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Figure 1 Micrographs of Pt/C samples with different Pt content: PM20 (a, b); PM40 (c, 

d); PM60 (e, f). 
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Figure 2 Power specific characteristics of MEAs with Pt/C catalysts [1]. 

Commercial Pt/C electrocatalysts JM20 (HiSPEC3000, Johnson Matthey, 20 wt % Pt) and ET40 

(E-tek,40 wt % Pt) 

The maximum specific power obtained in the MEA using the PM40 catalyst was 736 W/g(Pt), 

which exceeds the power values for ET40 and JM20 (657 and 662 W/g(Pt), respectively). Thus, 

based on the results of a study of the characteristics of the MEA under operating conditions at 25С 

and 100% gas humidity, an increase in functional characteristics when using the PM40 catalyst 

was demonstrated by more than 10%, compared to imported analogues [1]. 
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Introduction 

The concentration phenomenon occurring in a buffer solution near ion-selective surfaces have 

one of the most promising properties for biomedical applications. Among such phenomenon is 

superconcentration which become popular since it was discovered by Han [1] in his experiments. 

Superconcentration allows to preconcentrate molecules up to million times of their initial 

concentration and the efficiency of such preconcentration is only limited to by the electrokinetic 

instability of this electrolyte. This feature can be crucial for developing new medical diagnostic 

systems and lab-on-chip devices because of its ability to preconcentrate proteins, DNA and other 

biomolecules initial concentration of which can be so small traditional methods of medical 

diagnostics could not be used or large amounts of blood would be required. However particular 

conditions for this phenomenon are still rather unclear because of its complexity in both analytical 

[2] and numerical ways, thus additional research is required. 

Our team considers a cell which utilizes spherical particle composed of ion-exchange resin in 

a spherical chamber instead of traditional flat ion-selective membranes [3]. Qualitatively two 

schemes of pre-concentration can be distinguished. The first concept based on using a complex 

planar system of channels, flat membranes and electrodes. Our concept is the second concept 

which uses device design based on a simpler spherical geometry, in this case tangential fluxes, 

which are usually non-existent near flat membranes, cause concentration phenomenon. Even 

though it would interesting to evaluate and compare efficiency of this 2 concepts in the future, it 

is beyond  the scope of our current research.  Numerical research was conducted, and its results 

were compared with the experimental data which closely simulate mathematical model. 

Experiments 

The design of the experimental cell differs in certain aspects from the numerical model. A 

cylindrical chamber has been used instead of a spherical one to simplify the task. The ion-selective 

microgranule has been mounted at a thin wire inserted through a special hole at the center of the 

chamber. A thin layer of cyanocrylate adhesive was used for attaching ion-selective particle to the 

kernel to anchor it. The influence of the kernel on the concentrations is minimal due to insignificant 

size of kernel and adhesive layer compared to particle. We have also used OPMN-P membranes 

(ZAO STC “Vladipor”, Vladimir, Russia) to prevent the bubbles appearing on electrodes from 

entering the cylindrical chamber. Detachable reservoirs have been used in addition to electrode 

chambers. It has been made possible to pump the electrolyte individually through each section and 

rinse the electrode chambers from by-products that inevitably form on electrodes during 

experiment. The lower part of the experimental cell has been constructed through photopolymer 

printing on a 3D printer AnyCubic Photon (Shenzhen Anycubic Technology Co., Ltd., Shenzhen, 

China). The upper part was a 0.9 mm PMMA cover with high transparency to enable visualization. 
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Figure 1. Schematics of experimental cell and experimental set-up respectively 

The fluorescent agent Rhodamine-6G (reagent grade, LenReaktiv, Saint-Peterburg, Russia) has 

been used as an analyte, which was diluted in a buffer solution of potassium chloride (analytical 

grade, LenReaktiv, Saint-Peterburg, Russia). In our model, potassium chloride corresponds to the 

salt dissociating into cations (K+) and anions (Cl−), and cations of Rhodamine-6G correspond to 

the macromolecule/third species of ions in the solution. The concentration of Rhodamine-6G (10 

µM) in the cylindrical chamber was significantly lower than that of potassium chloride (100 µM). 

The concentration of the salt in the electrode chambers has been kept higher than in the cylindrical 

chamber in order to reduce the resistance of the system. The accuracy of the preparation of 

solutions was achieved by weighing salts on laboratory scales with the accuracy of 10−4 g. The 

driving force for moving the liquid through the chamber has been created by the syringe pump 

Instilar Dixion 1428. The electrolyte flowrate varied from 0.04 mL/min to 0.16 mL/min in the 

cylindrical chamber; it was raised to 5 mL/min in the electrode chambers. 

    
Figure 2. Assembled experimental cell and visualization of dye concentration inside it 

 The anion-selective particle was Anionite AV-17 with 762 ± 5 µm diameter. A potential drop 

has been created by the Keithley 2400 SourceMeter current source. The Rhodamine molecules 

were excited by an LED light source with an emitted wavelength of 490 nm and re-emitted light 

in the wavelength range of 530–570 nm. The visualization of dye behavior was achieved using an 

optical microscope consisting of the camera TOUPCAM U3CMOS1800KPA with 20 frames-per-

second framerate and a magnifying lens. Color post-processing was carried out using the 

RisingView software. 

Results and Discussion 

The comparison between results of numerical simulation and the experimental investigation of 

the analyte behavior was conducted and visible qualitative similarity is present. However direct 

numerical comparison poses many difficulties in terms of evaluating local salt concentration and 

charge in experimental device. During numerical simulation two distinct in their origin regimes of 

concentration were found.  
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Figure 3. Concentration profiles for two regimes of slow and fast concentration with their 

respective concentration growth over time. 

First regime for certainty we call slow concentration regime, its zone of concentration lies in 

the front of the particle where macromolecules are trapped within formed Dukhin vortex. The 

evolution in time of the maximum concentration has logarithmic law and it caps only at several 

(up to 4) times higher than initial concentration. The concentration region of second, fast 

concentration regime, now takes place behind the particle, in the region of salt jet, but the 

maximum concentration growth  in time is exponential, moreover concentration can cap at 

thousands and even millions times of initial concentration. In our numerical study we have 

acquired a map of this regimes depending on diffusivity and valency of analyte. 

 
Figure 4. A diagram illustrating map of regimes, red squares are slow concentration regime, 

blue circles are the fast concentration regime. 

The results provide clearer view on superconcentration phenomenon and allows to further 

improve microdevices based on its effect. 
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Introduction 

Nanomaterials based on inexpensive non-platinum metals attract special attention because of 

their potential as an alternative to expensive noble metal-based catalysts used in many commercial 

processes [1]. In this context, copper nanoparticles are particularly attractive due to the widespread 

distribution of copper in nature and low cost, as well as practical and simple methods for producing 

nanomaterials based on this metal [2-3]. In this regard, an urgent scientific task was the synthesis 

of copper-based nanocatalysts and the study of the dependence of their electrocatalytic activity on 

the morphology and formation of nanoparticles. 

Experiments 

Catalysts consisting of copper nanoparticles were synthesized by electrolytic deposition from a 

copper plating solution (CuSO4×5H2O) on the surface of copper films. To vary the shape and 

structure of the particles, potassium bromide (KBr) was added to the working solution in 

concentrations from 0 to 2.0 g/l, and the current density during deposition varied in the range from 

3 to 15 A/m2. 

Results and Discussion 

During the work, four types of catalysts with different surface  

morphology were obtained. The samples of the first series – the classic copper layer – were 

obtained using the classical method and did not have a special surface geometry. The samples of 

the second series had a large number of large pyramidal particles. Nanoparticles with a lamellar 

triangular shape and disclosure defects were observed in the samples of the third series. The 

nanocatalysts of the fourth series consisted of particles of regular cubic shape. Micrographs of 

synthesized catalysts are shown in Figure 1. The obtained samples were used as working electrodes 

in subsequent catalytic studies. 

 
Figure 1. Cyclic voltammograms and micrographs of copper electrodes with four types of 

catalysts and a smooth unmodified electrode. 

The electrocatalytic characteristics of the developed copper nanocatalysts were investigated by 

cyclic voltammetry in the reaction of alkaline oxidation of alcohols using a three-electrode cell. 

Samples of copper films with deposited copper nanoparticles of various shapes were used as 
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working electrodes. An Ag/AgCl electrode was used as a reference. A copper electrode is used as 

an antielectrode in all measurements. Cyclic voltammograms were taken in the operating potential 

range from -0.2 V to +1 V at a scanning speed of 10-15 mV/s in an alkaline ethanol solution. 

According to the data presented in Figure 1, the maximum peak current density was demonstrated 

by a catalyst with a regular cubic particle shape – 33.01 mA/cm2, which indicates its highest 

catalytic activity compared to other samples. A catalyst consisting of triangular plate-shaped 

nanoparticles and disclination defects, where the peak current density was 31.59 mA/cm2, had a 

similar but slightly less high activity. The catalyst with pyramidal particles -18 had significantly 

lower activity and peak current density 39 mA/cm2. The peak current density, in comparison with 

cubic particles, turned out to be almost 2 times lower. The classical copper layer had the lowest 

activity – 7.08 mA/cm2. With respect to an unmodified smooth copper film, the increase in the 

activity of synthesized catalysts was subject to the following dependence: up to 8 times for cubic 

particles > up to 7.5 times for particles with a lamellar triangular shape > up to 4.5 times for 

pyramidal particles > up to 2 times for a classical copper layer. As a result of the work, the 

dependence of catalytic activity on the formation of copper nanoparticles was established, among 

which samples with cubic surface morphology had the highest activity. The revealed patterns will 

allow us to competently vary the synthesis conditions to obtain highly efficient copper-based 

nanocatalysts with specified characteristics. Their use will significantly reduce the cost in 

comparison with platinum catalysts, thereby reducing the cost of many industrial processes. 
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Introduction 

The development of a low-carbon economy in the Russian Federation is of the utmost 

importance, as Russia is one of the world's five leading emitters of CO2. Therefore, reducing CO2 

emissions to increase economic competitiveness and ensuring its significant contribution to the 

global climate agenda is a pressing issue [1]. 

Membrane technologies can significantly reduce costs associated with separation processes due 

to their compact size, modular design, improved separation efficiency, and reduced energy 

consumption when compared to traditional methods. In selecting membrane materials and 

developing membranes based on these materials, high permeability, selectivity, and stability at 

elevated temperatures are critical factors. 

Polymer membranes based on glassy polymers currently dominate the market because of their 

relatively low cost, as well as the ease of production and scalability of the membrane production. 

Despite the potential of using membrane polymers at elevated temperatures, only 

poly(tetrafluoroethylene) (PTFE) and polysulfone are mechanically and hydrolytically stable 

against high-temperature, wet gases. However, the creation of membranes for the separation of 

gases and organic solvents using PTFE is not currently possible. Moreover, the operating 

temperatures of polysulfones do not exceed approximately 170 to 180°С.  

A special place in the world of polymers is occupied by ladder-like poly(phenylsilsesquioxane)s 

(L-PPSQ), glassy polymers with a high thermal stability, with a decomposition temperature of 

495°C even in the presence of water vapor. A recently developed original method for the synthesis 

of L- PPSQ made it possible to produce a polymer with high molecular weight, 1,000,000 g/mol, 

resulting in good mechanical properties, such as tensile strength of 39 MPa and an elongation at 

break of 9% [2]. The high thermal stability of L-PPSQ, with T(glass) > T(decomposition) > 490 

°C, even in the presence of water vapor, and its high mechanical characteristics, make this polymer 

a unique material among existing membrane polymers. 

Therefore, in this study, the possibility of producing membranes from L-PPSQ with three 

different molecular weights (400, 600, and 1,000 kg/mol) was explored.  

Experiments 

1 g of cis-tetraphenylcyclotetrasiloxanetetraol was loaded into an autoclave, and after cooling 

with liquid nitrogen, ammonia was pumped into the reactor using a flow controller. The autoclave 

was then thermostated to the required temperature for 4 hours. After that, ammonia decompression 

was carried out. The remaining silanol groups on the resulting polymer were blocked using 

trimethylchlorosilane. The polymer was then re-precipitated using the THF/ethanol system. 

The molecular weights of the polymers were determined using the GPC (gel permeation 

chromatography) method on a Shimadzu chromatograph, with a RID-20A refractometer used as a 

detector. PSS SDV 105Å analytical columns (300x8mm) and THF were used as the eluent. 

The solubility of several polymers was investigated in a variety of solvents, including: N-

methyl-2-pyrrolidone (NMP), dimethylformamide (DMFA), Dioxane, dioxan-4-one (Dioxalane), 

Cyclohexanone, Toluene, Chloroform, Benzene, Propylene carbonate, and dimethyl sulfoxide 

(DMSO). Polymer casting solutions were prepared in 10 mL vials using NMP or dioxalan as the 

solvent, with a polymer concentration ranging from 15 to 25% by weight. The viscosity of these 

solutions was measured using an Anton Paar rheometer at 23 °C. To study the kinetics of 
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precipitation when in contact with water, all solutions were subjected to the limited-layer method 

[3]. 

Flat membranes were produced from polymer solutions using a process that involved applying 

a thin layer of polymer to a glass surface using a squeegee knife and then depositing the layer in a 

solution of water. The membrane structure was investigated using scanning electron microscopy 

(SEM) using a Thermo Fisher Phenom XL G2 Desktop SEM facility (USA). 

Results and Discussion 

The solubility of all synthesized L-PPSQ samples in various solvents has been studied. The 

results are presented in Table 1. 

Table 1: Solubility of L-PPSQ in Various Solvents Depending on Molecular Weight (MW) 

Solvent 
L-PPSQ -400  

(МW=400 kg/mol) 
L-PPSQ -600  

(МW=600 kg/mol) 
L-PPSQ -1000  

(МW=1000 kg/mol) 

NMP + + - 

DMFA + - - 

Dioxane - - - 

Dioxalane + - - 

Cyclohexanone + + + 

Benzene + + + 

Toluene + + + 

Chloroform + + + 

DMSO - - - 

Propylene 
carbonate - - - 

Table 1 shows that as the MW of the polymer increases, the amount of solvent needed for it to 

dissolve decreases. Thus, L- PPSQ with a MW of 400 kg/mol can be dissolved in 8 different organic 

solvents, including NMP, dimethylformamide (DMF), dioxane, cyclohexanone, benzene, toluene, 

and chloroform from 10 organic solvents selected for operation. Polymer with MW 600 kg/mol is 

soluble only in one solvent MP, miscible with water, and 4 immiscible. Polymer with MW 1000 

kg/mol is soluble in organic solvents that do not mix with water. This limits the use of high 

molecular weight L- PPSQ for the production of membranes by the solution method 

Thus, NMP and dioxolane were used for the preparation and study of casting polymer solutions 

in the case of L-PPSQ-400. In the case of L-PPSQ-600, only NMP was used. The obtained 

solutions with different concentrations of 15 to 25% by weight polymer were studied in terms of 

their dynamic viscosity (Fig. 1a) and deposition kinetics (Fig. 1b). 

       
A                                                               B 

Figure 1. Dependence of A) viscosity B) on solvent and polymer concentration in solution 

Figure 1a shows that the viscosity of the polymer solution increases with increasing 

concentration. In the case of L-PPSQ-600 at concentrations of 20 and 25 wt. % in NMP, the 

viscosity is significantly higher than for L-PPSQ-400 with the same concentration in NMP and 

dioxalane. When studying the kinetics of the precipitation of polymer solutions in contact with 

water, solutions of L-PPSQ-400 in dioxolane have a significantly lower precipitation rate. Flat 
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membranes were obtained from casting polymer solutions and investigated using the SEM method 

(Figure 2). 

CL-PPSQ, wt. % Solvent L-PPSQ -400 L-PPSQ -600 

20 

N-MP   

25 

  

20 

Dioxalane  

25 

 
Figure 2. SEM photos of the obtained L-PPSQ membranes. 

All membranes have a dense structure with no visible pores. This indicates further research in 

the field of developing formulations of solutions and a possible transition from two-component to 

three-component solutions to create a developed porous structure in the membrane. 
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Introduction 

Mixed ionic-electronic conducting (MIEC) membranes are extensively studied as an oxygen 
separation alternative to pressure swing adsorption and cryogenic distillation due to its numerous 
advantages. The main research efforts in this area are aimed at increasing oxygen fluxes through 
the membrane while maintaining the chemical and thermal stability of the material. To improve 
the performance of stable but insufficiently permeable materials, the membrane’s surface can be 
modified with a catalyst that accelerates the surface oxygen exchange reaction, which often limits 
the entire transport process. In this work, the influence of silver modification on oxygen 
permeability of La0.4Sr0.6Fe0.95W0.05O3-δ-based hollow fiber membrane was studied.  

Experiments 

The complex oxide La0.4Sr0.6Fe0.95W0.05O3-δ (LSFW5) was synthesized by the ceramic method 
from metal oxides and strontium carbonate (chemically pure grade). Microtubular hollow fiber 
membranes were prepared using the phase inversion method described in [1]. The permeate 
surface was modified by Ag particles supported from AgNO3 solution followed by drying and 
calcination in air at 900 °C for 1 h. The phase composition and crystal structure of the sample was 
studied using X-ray diffraction on a Bruker D8 Advance diffractometer. In situ high-temperature 
X-ray studies was performed using an HTK-1200N X-ray camera (Anton Paar, Austria). The effect 
of temperature, oxygen partial pressure and surface modification on the oxygen fluxes across 
LSFW5 hollow fiber membranes were studied in oxygen permeability tests in a microtubular 
reactor followed by mathematical modelling. 

Results and Discussion 

Doped strontium ferrite La0.4Sr0.6Fe0.95W0.05O3-δ crystallizes in the rhombohedral perovskite 

structure type R�̅�c, which transforms into a high-temperature cubic phase when heated above 500 
°C, and maintains phase homogeneity up to 900 °C both in air and in vacuum, which makes it 
promising for use as a material for MIEC membrane. Oxygen permeability measuring was made 
on 4 cm length tubes with 2 mm outer radius and a gas-tight layer, surrounded by a developed 
system of radial elongated pores, formed after calcination in air at 1300 °C. The unmodified 
LSFW5 membrane showed oxygen fluxes of 0.1-0.3 ml·min-1·cm-2 in the temperature range of 
880-980 °C. Modification of the membrane inner surface with silver leads to a significant increase 
in the oxygen fluxes to 0.3-1.2 ml·min-1 cm-2, which can be assigned with the lowering of kinetic 
limitation on charge transfer from oxygen ions to iron cations with the participation of Ag particles. 
To accurately determine the kinetic parameters of the oxygen transport process (the effective 
activation energy and pre-exponential factor) in LSFW5 hollow fiber membrane a previously 
developed mathematical model was used, which takes into account the geometric characteristics 
of tubular membranes [1]. The simulation results and experimental data comparison indicates that 
the oxygen fluxes through LSFW5 hollow fiber membranes are limited by surface exchange 
reactions. 
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Introduction 

Polyhydroxyalkanoates (PHAs) are biobased polymers that may partially substitute 
conventional plastics. In the PHAs production using open mixed microbial cultures, the 
carbon/nitrogen molar ratio must be controlled at certain stages [1]. Thus, researchers have 
evaluated the recovery of several volatile fatty acids (VFAs) present in fermentative solutions 
using membrane separation methods, such as electrodialysis (ED). In general, ED studies have 
been conducted with the aim of transferring all negatively charged VFAs from the fermentative to 
a receiver solution, although they affect the bioprocess differently [2]. Therefore, the aim of our 
study was to explore the degree of their separation by different types of commercial anion-
exchange membranes. 

Experiments 

In the present work, the selective separation of four VFAs that have the same ionic charge but 
different molecular masses (acetic, propionic, butyric and valeric acids) was evaluated using ED 
with one anion-exchange membrane (Ralex AMH, Fumasep FAS PET-130, or PC200D) mounted 
between two Ralex CMH cation-exchange membranes.  The process performance was tested under 
various underlimiting and overlimiting electric potentials. Before the ED experiments, polarization 
curves were obtained for each membrane by linear sweep voltammetry. A chronopotentiometric 
study was also conducted to elucidate the mass transfer mechanism(s) that govern ion transfer at 
each membrane/solution interface.  

Results and Discussion 

The linear sweep voltammetry and chronopotentiometric curves showed that when the 
membrane systems operate at overlimiting regimes, the Ralex membrane favors electroconvection, 
whereas both electroconvection and water dissociation occur intensely at the Fumasep and 
PC200D membranes. The different hydrophobicity degrees of the functional (quaternary and 
tertiary amines) groups most probably lead to the strong competition between these phenomena 
registered for PC200D. 

The percent extraction of VFAs obtained with the Fumasep membrane under low and medium 
current values were higher than that with the Ralex membrane, while under high currents the 
percent extractions were similar, indicating that the effects of heterogeneity on the transfer of 
VFAs are suppressed by the occurrence of overlimiting phenomena. The membranes also showed 
distinct degrees of VFAs fractionation. With Fumasep, the fractionation degrees were slightly 
higher than with Ralex, while the fractionation degrees obtained with PC200D were significantly 
higher than those for the other membranes, which might be attributed to the presence of ternary 
amines at the former. 
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Introduction 

Low-temperature fuel cells (FCs) have become widespread in the contemporary world [1]. The 

key part of the associated FCs is platinum-based catalysts that imply mono-, bi- and trimetallic 

nanoparticles (NPs) deposited on a carbon support. Platinum being alloyed with different d-metals 

can significantly increase the activity and stability of the cathode catalysts used for the oxygen 

reduction reaction (ORR), this matter being dealt with in greater detail in [2]. Nevertheless, the 

alloying component subjected to the dissolution during the FC operation may significantly lose 

some of its specific characteristics. The fact of the bimetallic NPs being formed with a given 

architecture, core–shell [3] or gradient [4], when platinum is located on the surface and the alloying 

component is only located in the core, thus being protected from the selective dissolution by a 

platinum layer, enables us to solve the problem of synthesizing the catalysts with enhanced activity 

for use in FCs [5] 

Experiments 

To study the effect of the heat treatment on structural and functional characteristics of the 

bimetallic catalysts, the Pt(Cu)/C catalysts with gradient-obtained structured NPs were synthesized 

both on a standard Vulcan XC-72 carbon support and on a nitrogen-doped carbon support 

Ketjenblack EC600JD. The gradient-obtained structure shall refer to the structure of NPs, which 

is characterized by a gradual increase in the concentration of platinum and a decrease in the 

concentration of the alloying component in the direction from the core to the surface of NPs. For 

doping the Ketjenblack EC600JD support with nitrogen, its mixture with melamine (5 parts of 

melamine by weight per 1 part of the support) was heat-treated at 600 °C for 60 min in an inert 

atmosphere. The samples obtained on a standard Vulcan XC-72 support and a nitrogen-doped 

Ketjenblack EC600JD support were marked as Pt(Cu)/C and Pt(Cu)/CN, respectively. The 

synthesis of the Pt(Cu)/C catalysts with a gradient-obtained structure of bimetallic NPs was carried 

out by the method described in [6] in order that when they were completely reduced, the atomic 

ratio of Pt:Cu should amount to 1:1. 

The heat treatment of the obtained samples was carried out using the PTK-1.2-40 oven 

(Teplopribor, Russia) in an argon atmosphere (99.998%) passed through a Drexel flask with an 

alkaline solution of pyrogallol A (analytical reagent grade) at 350 °C in accordance with the 

following scheme: rapid heating to a set temperature (~15 min), holding the set temperature for 60 

min, slow natural cooling to room temperature for 240–300 min after turning off the heating. To 

refer to the heat-treated materials, the index 350 corresponding to the treatment temperature was 

added to the applicable designation. 

Results and Discussion 

According to the gravimetry data, all the PtCu/C catalysts obtained are characterized by a mass 

fraction of metals of about 30%. The mass fraction of platinum in the obtained catalysts ranges 

from 18 to 21 wt%. According to the X-ray fluorescence analysis results, the Pt:Cu ratio in the 

obtained catalysts ranges from 1:0.9 to 1:1.2 (Table 1), which is close to the atomic ratio per the 

loading of precursors – 1:1.  

According to the XRD analysis, the presence of a carbon phase and a metal phase with a face-

centered cubic (FCC) lattice has been observed in the PtCu/C catalysts studied (Fig. 1). It is worth 

noting that the reflection maxima of the metal phase in the X-ray diffraction patterns of the 

obtained PtCu/C catalysts are shifted towards larger angles of 2θ compared to the position of the 
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platinum reflection maximum, regardless of the type of a carbon support used, which indicates the 

entry of copper atoms into a solid solution with platinum. 

Table 1. Structural characteristics of the bimetallic PtCu/C catalysts on a standard and 

nitrogen-doped carbon support. 

Sample 
𝝎 (Pt), 

% 

Composition 

Dave (cr), 
nm  

Dave (np), 
nm 

a, Å 
Degree of 

alloying, % XRF 
XRD 

(Vegard’s 
law) 

Pt(Cu)/C 
18 

PtCu1.2 - - 5.7 ± 0.2 - - 

Pt(Cu)/C_350 PtCu1.2 PtCu0.9 7.9 ± 0.3 7.4 ± 0.3 3.779 94 

Pt(Cu)/CN 
21 

PtCu1.0 - - 3.9 ± 0.2 - - 

Pt(Cu)/CN_350 PtCu1.0 PtCu0.9 5.1 ± 0.3 5.5 ± 0.3 3.779 86 

Using the TEM method, the micrographs of surface areas were obtained for the Pt(Cu)/C and 

Pt(Cu)/CN catalysts with a gradient-obtained NPs’ structure on a standard and nitrogen-doped 

carbon support (Fig. 1). According to the TEM data, it has been shown that the material obtained 

on a standard Vulcan XC-72 support (Fig. 1a) is characterized by sufficiently large metallic NPs 

with an average size of 5.7 nm (Fig. 1e), which are non-uniformly distributed over the surface of 

the support (Fig. 1a, b). At the same time, as previously shown for the PtCu/C catalysts obtained 

by the multi-stage synthesis [6], some metallic NPs are characterized by a darker shell and a lighter 

core, which indicates a complex structure of the NPs and is confirmed by the results of high-

resolution TEM (Fig. 1c, g) and STEM. Unfortunately, the elemental mapping and the line 

scanning of the elemental composition for the Pt(Cu)/CN material, although confirming the 

presence of bimetallic NPs, do not allow for the confirmation of a gradient-obtained NPs’ 

structure. 

 
Figure 1. TEM micrographs for the Pt(Cu)/C (a–d) and Pt(Cu)/CN (e–h) catalysts before (a, c, 

e, g) and after (b, d, f, h) the heat treatment 

It should be noted that the material obtained on the support doped with nitrogen is characterized 

by a significantly smaller average NPs’ size of about 3.9 nm compared to the material on the 

Vulcan XC-72 support, whereas the NPs are uniformly distributed over the surface of the doped 

support (Fig. 1e). Similarly to the material on the doped support, the bimetallic NPs obtained on 

Vulcan XC-72 are characterized by a complex structure, whereas the formation of bimetallic NPs 

is confirmed by the elemental mapping and the line scanning of the elemental. 

The study of the current–voltage characteristics of the most active catalysts Pt(Cu)/CN and 

Pt(Cu)/CN_350 as part of the membrane electrode assembly, at the platinum loading of 0.3 mg/cm2, 
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has shown an increase in the maximum specific power from 603 to 696 W/g (Pt) after the heat 

treatment, which exceeds characteristics of the commercial Pt/C analogs JM40 (648 W/g (Pt)) and 

JM20 (661 W/g (Pt)). Therefore, the Pt(Cu)/CN_350 material exhibits the greatest catalytic activity 

due to the combination of the use of a nitrogen-doped carbon support and heat treatment. 

Therefore, the heat treatment of the bimetallic catalysts obtained using a nitrogen-doped carbon 

support makes it possible to synthesize the catalyst whose functional characteristics exceed those 

of the commercial Pt/C analog and the equivalent materials presented in the literature data. The 

results obtained can be used in the development of new-generation electrocatalysts for low-

temperature fuel cells. 

According to the results of the study, it has been established that regardless of the type of a 

carbon support used, the heat treatment of the PtCu/C catalysts at 350 °C leads to the 

transformation of the structure of bimetallic NPs from a gradient-obtained one to a disordered solid 

solution and to an increase in the ORR activity up to 1.6 times due to changes in the chemical 

composition of the surface. The heat treatment of the PtCu/C catalyst on the carbon support doped 

with nitrogen at 350 °C has allowed obtaining the material with the specific ORR activity 6.4 times 

higher than that of the commercial Pt/C analog JM20 (Johnson Matthey). The application of the 

heat treatment for the PtCu/C catalyst has made it possible to increase the maximum power of the 

membrane electrode assembly by 15% up to 696 W/g (Pt), which exceeds characteristics of the 

equivalent MEAs that use commercial analogs. The results obtained can be used in the 

development of new-generation electrocatalysts for low-temperature fuel cells. These results have 

also confirmed the prospects of using the PtCu/C catalysts with a gradient-obtained structure on a 

nitrogen-doped carbon support after the heat treatment as a cathode catalyst in low-temperature 

fuel cells. 
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No. FENW-2023-0016).  
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The correct theory for ion and water absorption and transport in polymer membranes in water 

desalination is of great importance. Renewed attention is nowadays focused on the distinction in 

reverse osmosis between an approach where water is assumed to disperse as gaseous molecules in 

the membrane, which is the solution-diffusion model (SD model), and the opposite approach that 

considers the water as a continuum fluid filling pores in the membrane, with ions dissolved in that 

water. This is the solution-friction (SF) approach. This SF model is close to models known from 

nanofiltration (NF) such as Donnan Steric Pore Model (DSPM), but in that model the water 

transport is not related to pressure. So, the SF-model is an extension of DSP. We present an 

overview of the assumptions in the SD model and what evidence exists to show that these 

assumptions are not right.  

For RO and NF we present a novel expression for salt transport and show how it extends earlier 

models where salt only diffuses through a neutral membrane, to the case when the membrane is 

charged. We apply this new expression to several datasets of commercial seawater RO membranes, 

and we propose an accurate method to compare the salt permeability of different membranes. In 

RO we also address the calculation of the CP layer and compare various literature approaches. 

We also address electrodialysis, and discuss an improved expression for permselectivity, one 

that clearly shows how it depends on salt concentration and current density. Thus, it is is a process 

parameter, not some membrane material property. 
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Introduction 

It has been established that the magnitude of the limiting current depends not only on the 

concentration of the external solution but is also determined by the membrane material itself. In a 

previous study [16], researchers developed a uniform anion-exchange membrane using a 

copolymer of N,N-dimethyl-N,N-diallylammonium chloride and ethyl methacrylate. Its 

electrochemical properties and stability were examined using a rotating membrane disk. The disk's 

design prevents the formation of a gradient in the diffusion layer thickness across the membrane 

surface, as well as the occurrence of thermal and gravitational convection. This setup allows for 

the separation of ion flow into components and the accurate assessment of each mechanism's 

contribution in underlimiting and overlimiting current modes. 

In practical electrodialysis modules, a variation in the diffusion layer thickness is observed as 

the solution flows along the membrane surface. This leads to an uneven distribution of current 

lines and, in some cases, the development of a local limiting state in specific membrane areas. 

When the limiting current on the membrane is exceeded, water dissociation and other 

concentration polarization effects occur. Under these circumstances, the magnitude of the limiting 

current, the impact of water dissociation, and electroconvection may significantly differ from the 

results obtained using the rotating disk membrane configuration. Therefore, it is recommended to 

investigate the new uniform anion-exchange membrane in the context of electrodialysis 

desalination processes. 

The aim of this research is to analyze the electrochemical performance of the new uniform 

anion-exchange membrane composed of the copolymer of N,N-dimethyl-N,N-diallylammonium 

chloride and ethyl methacrylate and compare its properties with those of commercial anion-

exchange membranes MA-41 and Neosepta AMX. 

Experimental 

For the study, two industrial anion-exchange membranes were selected: the heterogeneous MA-

41 (Shchekinoazot, Russia) and the homogeneous AMX (Astom, Japan), as well as the 

experimental membrane MA-1. All membranes have the same ionogenic groups - quaternary 

ammonium bases, but with varying chemical compositions. The membranes also differ in their 

manufacturing methods, the presence and nature of the inert binder, and the reinforcing fabric, 

which lends mechanical strength to the material. The nature of the functional groups and the 

methods by which the studied membranes are manufactured are presented in Table 1. 

Table1: Functional groups and thicknes of the studied membranes 

Membrane AMX MA-1 MA-41 

Inert binder PVC - PE 

Fabrication method paste casting hot pressing 

Reinforcing mesh Teviron® - PA 

Functional groups -CH2-N+(CH3)3; 

 

-CH2-N+(CH3)3; 

Thickness, μm 180 150-200 540 

The anion-exchange membrane MA-1 was produced by casting a 10% solution of the 

copolymer N,N-diallyl-N,N-dimethylammonium chloride and ethyl methacrylate in isopropyl 

alcohol onto a glass surface. The copolymer synthesis scheme and detailed synthesis methodology 

are described in paper [16]. 



47 

The study of the electrodialysis desalination process of sodium chloride solution was conducted 

in a laboratory electrodialysis cell. The cell consisted of seven chambers: one desalination 

chamber, two concentration chambers, two buffer chambers, and two electrode chambers. The 

working dimensions of each chamber were: width – 2 cm, length – 2 cm, intermembrane distance 

(height) – 5 mm. The desalination chamber was formed by the MK-40 membrane and the studied 

anion-exchange membrane, while the other chambers of the cell used MK-40 and MA-41 

membranes. A 0.02 M NaCl solution was used as the working solution in the desalination chamber, 

concentration chambers, and buffer chambers. For rinsing the electrode chambers, a 0.01 M 

Na2SO4 solution was used. The experiment was concluded when the concentration in the 

desalination chamber reached 0.01 M. Tests were conducted in a potentiostatic mode, maintaining 

a roughly constant potential drop across the studied membrane and adjacent solutions. For each of 

the studied membranes, three regimes were investigated at potential drops of 0.5, 1.0, and 2.0 V. 

Results and Discussion 

The current-voltage curves of the studied membranes in 0.01 M and 0.02 M sodium chloride 

solutions are shown in Figure 1. 

  

a b 

Figure 1. Current-voltage curves of the studied anion-exchange membranes in 0.02 M (a) and 

0.01 M (b) sodium chloride solutions. 1 – AMX, 2 – MA-1, 3 – MA-41. The dashed line 

represents the theoretical limiting current value calculated using the Levich equation 

Comparing the current-voltage curves with the theoretically calculated value of the limiting 

current reveals that for the heterogeneous MA-41 membrane, the limiting current is notably lower 

than the theoretical value in both 0.02 M and 0.01 M sodium chloride solutions. The limiting 

current value for the MA-1 membrane in the 0.02 M solution closely aligns with the theoretical 

prediction. In the electrodialysis cell, when transitioning to the 0.01 M solution, the limiting 

current on the MA-1 membrane remains almost unchanged compared to the value obtained for the 

0.02 M solution, while the excess of the limiting current over the calculation according to the 

Levich equation amounts to 70%. For the AMX membrane in the 0.02 M solution, there is some 

exceedance of the theoretical limiting current density, which is also maintained when the solution 

is diluted to 0.01 M.  

The kinetic curves illustrating the relationship between the electrolyte concentration and pH 

value in the desalination tract against the potential jump in the system for the studied membranes 

are depicted in Figure 2. 

The time needed to desalinate a sodium chloride solution from 0.02 M to 0.01 M concentration 

decreases in the sequence of MA-41 > MA-1 > AMX. Increasing the potential drop generally 

results in a higher desalination rate for all three membranes studied. An exception is observed for 

the MA-41 membrane when transitioning from 1 V to 2 V. 
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a b 

 

c 

Figure 2. Kinetic dependencies of sodium chloride concentration and pH values in the 

desalination tract obtained at various potential jumps for systems with AMX (a), MA-1 (b), and 

MA-41 (c) membranes. Solid markers indicate electrolyte concentration, while hollow markers 

represent pH values in the desalination tract. Potential drop: 1 – 0.5 V, 2 – 1 V, 3 – 2 V 

For commercial membranes, the desalination process involves transitioning into an overlimiting 

current mode. The AMX membrane experiences an increase in useful mass transfer due to 

electroconvection, while the MA-41 membrane experiences a decrease in salt ion flow due to the 

water dissociation reaction. In contrast, the MA-1 membrane transitions to an underlimiting 

current mode with a decrease in solution concentration, which may be associated with a significant 

contribution of equilibrium electroconvection to the ion transfer process in diluted solutions in 

electromembrane systems with this membrane. This difference in properties between the MA-1 

and AMX membranes leads to higher mass transfer coefficients for the MA-1 membrane compared 

to the AMX membrane at potential drops of 1 and 2 V. The optimal operating mode for the MA-

1 membrane is a potential jump of 1 V in the electromembrane system, where the specific energy 

consumption is 0.24 kWh/mol. 
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Introduction 

The global membrane market is over $5 billion per year, with polymer membranes taking up 

the majority of it. Membranes are used to separate gases and liquids in medicine, food industry, 

biotechnology, pharmacology and water treatment. The industry's ever-growing demand for 

expanding membrane applications is inextricably linked to the development of a new generation 

of membranes that meet the ever-increasing requirements for their permeability, selectivity, 

chemical and thermal stability. This is accompanied by a relentless interest in this topic on the part 

of science. So, according to Scopus, over the past five years, according to the keywords, "polymer 

and membrane", about 30 thousand publications have been published. Every year the number of 

publications increases, which confirms the high scientific importance of this area of research. 

The vast majority of membrane works are devoted to the study of the transport properties of 

new materials. Less well-represented are works studying the process of forming membranes with 

thin separation layers. This is especially true for the development of hollow fiber membranes. And 

in rare cases, the research is aimed at manufacturing and testing membrane modules. 

The required morphology of the membranes, which determines their separation and 

performance characteristics, is formed at the stage of their preparation. However, the search for 

molding conditions is a laborious and time-consuming process that requires a large consumption 

of materials. The required morphology of the membranes, which determines their separation and 

performance characteristics, is formed at the stage of their preparation. However, the finding of 

spinning conditions is a laborious and time-consuming process that requires a large amount of 

materials. To reduce the time spent and the required reagents (polymer, solvent, precipitant and 

various additives), Laboratory of polymeric membranes of TIPS RAS has developed express 

methods for studying the kinetics of polymer solution deposition and forming of hollow fiber 

membrane samples under controlled conditions using a small amount of starting materials, 

allowing in a relatively short time (less than a year) to go from a membrane material to a hollow 

fiber membrane module. 

Experiments 

To study the kinetics of the deposition of polymers solutions, the “limited” layer technique was 

used [1]. It allows to simulate the process of forming a polymer membrane of a given thickness 

and visualize the process of pore formation. By gluing two cover glasses with double-sided tape, 

a rectangular channel with a depth (d) of 300 – 400 µm was formed, open to the atmosphere on 

one side. The channel was then filled with a polymers solution. The sample with a polymer solution 

was fixed on a slide. Using a Pasteur pipette, a precipitator (water) was added into the polymer 

solution from the side open to the atmosphere, and the process of phase separation of polymers 

solution was observed using a microscope and recorded on a video camera. 

The kinetics of polymer deposition was evaluated using the deposition rate of a polymer 

solution in a layer of a given thickness. It was calculated as the ratio of the total thickness of the 

polymer layer (d, µm) to the time of its deposition (t, s). 

A new technique has been developed for forming asymmetric hollow fiber filtration polymer 

membranes from solutions of small volume (5-10 ml) by dry-wet spinning. This technique is an 

express method for producing hollow fiber membranes, since it significantly reduces the molding 

time from ten hours to tens of minutes. In addition, this methode is relevant for the case when there 

is a limited small amount of polymer, but it is necessary to quickly evaluate its membrane 

application. [2]. 



50 

A compact research laboratory installation with a large number of degrees of freedom for 

varying the technological parameters of the process was used for forming asymmetric hollow fiber 

membranes [2]. The installation produced asymmetric hollow fiber membranes with an external 

and/or internal skin layer. In addition, the installation allows to vary the morphology of hollow 

fiber membranes by changing the pressure above the solution, the flow rate of the internal 

precipitant, the air gap width and the temperature of the precipitation baths. 

Results and Discussion 

The report on the cycle of work of the Polymer membrane laboratory will present the results of 

the research achieved using a number of experimental methods that made it possible to go from a 

membrane material to a semi-fiber membrane module.  

A new method has been developed for studying the NIPS process (formation of an asymmetric 

porous polymer structure from a solution under the action of a non-solvent), which allows us to 

study the kinetics of deposition in a polymer solution film of a given thickness. In contrast to the 

"droplet" method used in the literature, the proposed method allows to estimate the time of 

formation of a polymer membrane in an express mode, adequately assess the morphology of the 

membrane without carrying out its formation stage and reduce the experimental time required to 

obtain membranes with the desired porous structure. 

Express methods for forming hollow fiber membranes from small volumes of molding solution 

(less than 10 ml), which makes it possible to study the membrane properties of new, expensive 

and hard-to-reach polymers in a short time. Laboratory samples of hollow-fiber asymmetric and 

composite membranes based on laboratory and industrial samples of polymers, including 

polysulfone, polyphenylene sulfone, polyimides and polyurethanimides, were formed using 

express methods. 

A compact research laboratory installation of dry-wet spinning with a high number of degrees 

of freedom for varying the technological parameters of the process has been created to develop 

experimental batches of hollow fiber membranes. Based on the data on the development of 

spinning solution compositions, methods of formation have been developed and samples of 

asymmetric hollow fiber gas separation membranes and ultrahigh permeable porous supports for 

hollow fiber composite membranes have been obtained. 

Table 1: Polymers used in the work. 
Polymer Abbreviation Process Separation 

systems 
Ref. 

Polyimide PI Gas separation He/CH4;  

Polyamide acid PAA Nanofiltration Aprotic solvents [1] 

Polyurethanimide PUI Nanofiltration Aprotic solvents [3] 

Polydecylmethylsil
oxane / 

Polysulfone 

 Gas separation C2+/CH4 [4] 

Pervaporation Oxygenates/wat
er 

[5] 

Polyphenylene 
sulfone 

PPSF Ultrafiltration Bacteria, 
viruses/water 

[6] 

Polysulfone PSF Gas separation He/CH4, 
H2/CH4, 

CO2/CH4, O2/N2 

[2] 

Highly permeable porous support has been successfully used to create semi-fiber 

composite membranes with a thin selective layer of polydecylmethylsiloxane, promising for the 

separation of hydrocarbons C2+/CH4. Based on asymmetric and composite gas separation 

membranes, hollow fiber membrane modules with a membrane surface area of up to 0.2 m2 have 

been developed and studied for the tasks of separating hydrocarbons and recovering of helium 

from a mixture with methane. 

Acknowledgement. This research was financially supported by the State Program of TIPS RAS. 
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Introduction 

Non-stoichiometric oxides possessing mixed oxygen-electron conductivity are promising 

materials for catalytic membrane reactors (CMRs) used for the conversion of hydrocarbons, 

particularly methane and ethane. In the CMR, the oxidative dehydrogenation reactions of ethane 

can be coupled with the process of oxygen separation from air, water or CO2 in one unit, which 

increases the energy efficiency of the process. At the same time, utilization of CO2/H2O with their 

transformation into valuable products (synthesis of gas, hydrogen) contributes to solving urgent 

environmental problems [1]. The aim of this work is to investigate the oxygen permeability of 

hollow-fiber membranes based on SrFe1-xWxO3-⸹, as well as the catalytic activity in the oxidative 

dehydrogenation of ethane. 

Experiments 

Non-stoichiometric oxides were synthesized by ceramic method from the corresponding metal 

oxides and carbonates. Hollow-fiber membranes were prepared by phase inversion method using 

N-methylpyrrolidone as solvent, polysulfone as polymer matrix and water as coagulant. The 

synthesized oxides with perovskite structure were investigated by X-ray diffraction, 

thermogravimetry, and scanning electron microscopy. 

Results and Discussion 

The membranes of SrFe0.85W0.15O3-δ (SFW15) composition obtained by phase inversion method 

have a unique wall structure consisting of a 100-200 μm thick gas-tight layer located between the 

porous layers. Oxygen fluxes obtained through the microtubular SFW15 membrane in air/argon 

gradient reach values of 0.9 mL*min-1*cm-2 at T=980 oC. Studies of catalytic activity in reactions 

of oxidative dehydrogenation of ethane showed that ethane conversion increases with increasing 

temperature and reaches 98% at 880 oC. At the same time, the selectivity for ethylene decreases 

with increasing temperature, the optimum selectivity values of 43% are observed at 840 oC. The 

obtained results allow us to conclude that nonstoichiometric oxide of the composition 

SrFe0.85W0.15O3-δ is a promising material for the creation of a catalytic membrane reactor used for 

ethylene production by oxidative dehydrogenation of ethane.  

 
Figure 1.Dependence of ethane conversion and ethylene selectivity in oxidative dehydrogenation 

of ethane in air/ethane gradient 
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Introduction 

Currently, materials with mixed oxygen electronic conductivity have attracted great interest due 

to possibility of their use in catalytic membrane reactor, which allows to perform oxygen 

separation and partial oxidation of methane simultaneously. The materials for catalytic membrane 

reactor must posses both long-term stability under reducing atmosphere and acceptable oxygen 

fluxes. An effective way to improve functional properties of materials is substitution of A and B 

positions in perovskite ABO3 structure. However, the stability enhancement obtained by doping is 

accompanied by a significant decrease in oxygen fluxes. The increase of oxygen fluxes can be 

achieved by optimization of the membrane thickness, membrane configuration, active surface area 

[1]. In this work we reported the results of surface modification of hollow fiber 

La0.4Sr0.6Fe0.95Mo0.05O3-δ (LSFM5) membrane on oxygen fluxes and catalytic performance in 

partial oxidation of methane coupled with CO2 splitting. 

Experiments 

Using the phase inversion method, hollow fiber LSFM5 membranes with unique microsturcture 

were prepared. The obtained membrane had oxygen fluxes in an air/argon gradient and T=960 oC 

at a level of 0.5 ml·min-1·cm-2. The further increase of oxygen fluxes through LSFM5 membrane 

by a factor of 1.3 was achieved by different surface modification such as acid-etching and by 

surface decoration by porous layers. Conducted studies of hydrogen production by partial 

oxidation of the methane showed that Ni/LSFM5 catalytic membrane reactor provide 100% 

methane conversion with H2 and CO selectivities above 90% and a H2/CO ratio close to 2 starting 

already from 900 °C. 

 
Figure 1. Temperature dependences of methane conversion, CO/H2 selectivity and H2/CO 

ratio in (CO2+N2)/diluted methane gradient obtained on LSFM5 membranes decorated by 

nickel particles. 

Acknowledgement. This research was funded within the state assignment to ISSCM SB RAS, 

«Laboratory of Materials and Technologies of Hydrogen Energy» (project no. 075-03-2022-424/3) 

and by the Russian Science Foundation (project no. 23-43-00130). 

References 

1. Chen G., Feldhoff A., Weidenkaff A., Li C., Liu S., Zhu X., Sunarso J., Huang K., Wu X.-Y.,. 

Ghoniem A.F, Yang W., Xue J., Wang H., Shao Z., Duffy J.H., Brinkman K.S., Tan X., Zhang 

Y., Jiang H., Costa R., Friedrich K.A., Kriegel R. Roadmap for sustainable mixed ionic-

electronic conducting membranes // Adv. Funct. Mater. 2022. V. 22. P. 2105702.  

  



55 

LITHIUM RECOVERY FROM LITHIUM-COBALT-NICKEL-CONTAINING 
SOLUTION USING NANOPOROUS MEMBRANE  

1Alexey Budnikov, 1,2Vasiliy Troitskiy, 1Dmitrii Butylskii,  
1Kuban State University, Krasnodar, Russia, E-mail: d_butylskii@bk.ru 
2Platov South-Russian State Polytechnic University (NPI), Novocherkassk, Russia 

Introduction 

Recycling lithium-ion batteries (LIBs) is an urgent issue in the world. Typically, 

hydrometallurgical approaches are used for their processing, including sulfonic acid leaching of 

valuable components and their sequential fractionation with reagents. The authors of some papers 

[1, 2] note that the extraction of lithium and no-less valuable cobalt from leachates of spent LIBs 

has clear advantages over their extraction from natural sources. The concentration of lithium and 

cobalt in leachates is usually quite high. The composition of leachates is more predictable and less 

varied. The leachates do not contain multiply charged ions such as Ca2+ and Mg2+, which have low 

value and which make it difficult to extract lithium from natural solutions. 

It is known from the literature that the processing of NMC-type batteries (the cathode is 

obtained from a mixture of lithium, nickel, manganese and cobalt) is more economically attractive 

than the recycling of cheaper LFP-type batteries (lithium iron phosphate cathode). This is due to 

the ability to extract valuable cobalt and nickel from leachates of NMC batteries in addition to 

lithium.  

The membrane technologies can be used to recycle spent LIBs in addition to existing reagent-

based methods. In recent years, the hybrid electrobaromembrane (EBM) method has been actively 

developed, which makes it possible to achieve high separation efficiency [3, 4]. Unlike 

electrodialysis, EBM separation uses non-selective porous membranes. Separated ions of the same 

charge sign move in an electric field through the pores of this membrane to the corresponding 

electrode, while a commensurate counter convective flow is created in the pores. The selectivity 

of separation is achieved due to the difference in the mobility of the competing ions. 

The aim of our work is to apply EBM method to separate Li+, Co2+ and Ni2+ ions, contained in 

leachates of spent LIBs. 

Experiments 

A mixture of 0.05 M Li2SO4, 0.025 M CoSO4 and 0.025 M NiSO4 (pH = 5.2) was used to 

determine the optimal separation parameters. In this work, a TEM #811 track-etched membrane 

with diameter of pores of 35 nm was used. It was produced from a polyethylene terephthalate 

(PET) film at the Joint Institute for Nuclear Research (Dubna, Russia). On the left- and right-hand 

sides the TEM is surrounded by auxiliary anion-exchange MA-41 heterogeneous membranes (JCC 

Shchekinoazot, Pervomayskiy, Russia) to form flow chambers. 

The concentration of Li+ -ions determine using a Dionex ICS-3000 ion-chromatograph with a 

conductometric detector (Dionex, Sunnyvale, CA, USA), and the concentration of cobalt and 

nickel was determined using direct spectrophotometric analysis with a UV-1800 TM ECOVIEW 

(Shanghai Mapada Instruments Co., Shanghai, China) instrument. 

Results and Discussion 

To evaluate the efficiency of separation of Li+, Co2+ and Ni2+ ions through the TEM #811 

membrane, optimal parameters selected were used ∆p = 0.3 bar; i = 137.5 A/m2. Table 1 shows 

the results of the separation of Li+/Co2+/Ni2+-ions by the EBM method. 

The flux of Ni2+ ions through the membrane is 0.04 mol/(m2 × h). The difference between the 

fluxes of Co2+ and Ni2+ is explained by the fact that NiSO4 dissociates in aqueous solutions better 

than CoSO4. The fraction of Ni2+ ions in the feed solution is approximately 0.61 (0.39 in the form 

of its sulfate), while that of Co2+ ions is 0.58 (pH = 5.2). The transport number (and hence the flux) 

of Ni2+ ions in pore solution is higher than the transport number of Co2+ ions (𝑡𝑁𝑖2+= 0.07  
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Table 1: Comparison of separation efficiency of Li+/Co2+/Ni2+-ions by EBM method at 

∆p = 0.3 bar 
Current Density, i, 
A/m2 

Ions in the 
Feed Solution 

𝒄𝑴𝒏+
𝟎  , g/L 

𝒋𝑴𝒏+ , 
mol/(m2  h) 

𝑺𝑳𝒊+ 𝑴𝒏+⁄  

137.5 

Li+ 0.69 0.33  

Co2+ 1.47 0.02 4 

Ni2+ 1.47 0.04 2 

125 

Li+ 0.69 0.30  

Co2+ 1.47 -0.02 n/a 

Ni2+ 1.47 -0.005 n/a 

and 𝑡𝐶𝑜2+ = 0.06). The z2D2/z1D1 [6] ratio for the Li+/Ni2+ pair is higher than for the Li+/Co2+ pair 

(0.76 and 0.71, respectively). This means that it is more difficult to separate Li+ and Ni2+ ions than 

Li+ and Co2+. To estimate competing ion fluxes, the change in concentration over time in the 

chambers of the EBM device is determined against the background of a high concentration of the 

analyte in the feed solution. Due to the fact that the fluxes of both Co2+ ions and Ni2+ ions were 

positive at 137.5 A/m2 (controlled by migration), in order to increase the efficiency of lithium 

extraction, the current density was reduced to 125 A/m2 at the same pressure value (∆p = 0.3 bar) 

(Table 1). This caused the fluxes of cobalt and nickel to become negative, which means that the 

dominant transport mechanism is convection. However, the lithium flux changed insignificantly, 

from 0.33 to 0.30 mol/(m2 × h). This allowed lithium to be fractionated from the mixed solution. 

Taking into account that the fluxes of cobalt and nickel ions are negative, the separation coefficient 

is not available for calculation. 
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Introduction 

Separation of a mixture of singly charged ions is an important task in terms of practical 

applications. For example, valuable lithium salts are mainly (up to 99%) obtained from natural 

sources (brines, minerals, etc.). Natural brines and mineral leaching solutions are rich in coexisting 

single-charge K+ and Na+ ions. In industrial scale, to remove them, they resort to reagent-based 

processes of hydrometallurgical technology. Pressure-driven and electrically-driven membrane 

processes also can be involved in this technology for separation monovalent and multivalent ions 

[1]. However, these processes are not quite suitable for separation different monovalent ions. 

Various membrane design parameters, including geometry, surface charge, molecular structure, 

chemical affinity, nanochannel size, energy barrier, and driving force, can influence the lithium 

ion separation efficiency based on their separation mechanism [2]. Highly efficient lithium 

selective membranes have been recently developed with different materials, including metal-

organic frameworks, graphene oxide, polyethylene terephthalate, vermiculate, etc. [1]. However, 

for such membranes a trade-off effect is true: with an increase in separation selectivity, the 

permeability of the membranes decreases. 

Electrobaromembrane method (EBM) is a unique process under development, which can 

efficiently separate monovalent ions. The process is accomplished using a porous membrane under 

the simultaneous action of an electric field and a pressure field, which drive competing ions in 

opposite directions. The separation is achieved due to the difference in the mobility of the 

competing ions. In recent works on EBM devices, impressive results have been achieved in the 

separation of Li+/K+ ions, when using feed solutions imitating natural waters [3, 4]. It was shown 

that the ion separation coefficient for the Li+/K+ ions can be as high as 59 and even 150. For the 

Li+/Na+ pair, the selective permeability coefficient is somewhat lower and reaches 30. 

Experiments 

Solutions of the same composition and volume (2 L) containing separated Li+, K+ and Na+ ions 

were pumped on the left (stream I) and right-hand (stream II) sides of a track-etched membrane 

(TEM) with effective surface 30 cm2. The stream II was pumped under pressure of 0.2 bar. The 

TEM with a nominal pore diameter of 35 nm were produced at the Joint Institute for Nuclear 

Research (Dubna) from a polyethylene terephthalate. The samples of solutions were taken every 

4 h during 40 h of experiment. Determination of the concentration of ions was carried out using a 

Dionex ICS-3000 ion-chromatograph with conductometric detector. 

Results and Discussion 

The transport of K+ ions through TEM is driven predominantly by migration (positive). As for 

Na+, the number of moles of this ion increases in stream I at the beginning of the experiment, then 

starting from 10 h, the amount of this ion decreases in stream I (Fig. 1a). Therefore, we can 

conclude that up to 10 h, the transport of Na+ is controlled by convection, as in the case of Li+; 

however, at 10 h, the predominant driving force changes and the transport of Na+ becomes 

controlled by migration. After 20 h from the beginning of the experiment, the fluxes become more 

or less stable and are evaluated as jK+ = 0.24 mol/(m2×h), jNa+ = 0.076 mol/(m2×h), jLi+ = 

– 0.07 mol/(m2×h). Although the fluxes of separated ions were not high (Fig. 1c), the fact that 

lithium is directed in the opposite direction makes it possible to isolate it from a mixture with K+ 

and Na+ ions. Determination of the selectivity coefficient is not available. In fact, the ions move 

in different directions (Fig. 1b), but do not compete in the classical sense. However, it should be 

noted that the results previously obtained by our colleagues and us [1, 5] suggest that EBM 
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separation is significantly superior to ED in the efficiency of separation of singly charged ions 

(Fig. 1c,d). 

a) b) 

 

 

c) d) 

  

Figure 1. Time dependence of the flux densities of Li+, K+ and Na+ at a pressure difference of 

0.2 bar and a current density of 117 A/m2 (a), diagram of ion separation in a pore of the TEM-35 

(b), achievements of selective electrodialysis and EBM separation in fluxes of  Li+, K+ and Na+ 

(с) and separation coefficient (d). 
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Introduction 

Ethylene is a commercially important product in the fields of automotive and petroleum 

refining, and the gas itself is one of the most commonly produced hydrocarbons on a global scale. 

A promising direction in the field of ethylene production is the use of a microtubular oxygen 

permeable membrane as a membrane reactor, which is presented by non-stoichiometric MIEC 

oxides with perovskite structure, possessing high mixed oxygen-electron conductivity [1]. 

Experiments 

The composite SFM5-GDC was obtained by the Pechini method and validated by scanning 

electron microscopy and X-ray diffraction techniques. Oxygen permeability measurements were 

performed on microtubular membranes obtained from the SFM5-GDC composite by the phase 

inversion method. The high-temperature experiments on the catalytic activity of the membrane in 

the reaction of oxidative dehydrogenation of ethane was applied in the air and CO2 –containing 

atmosphere. 

Results and Discussion 

In this study, the dependences of oxygen fluxes on temperature and oxygen partial pressure of 

MT membranes of SFM5-GDC composition were obtained. The activation energy of the oxygen 

transport process was determined. The catalytic activity of MT membranes based on SFM5-GDC 

in the reaction of oxidative dehydrogenation of ethane was studied as a function of temperature. It 

is shown that at a temperature of 900 ⁰C in the air/Ar gradient the selectivity for ethylene reaches 

a value of ~ 67% with ethane conversion of ~ 95%.  When CO2 is used as an oxygen source, 

ethylene selectivity reaches ~ 62% and ethane conversion ~ 99% at T=900 ⁰C. Time dependences 

of ethane conversion and ethylene selectivity were obtained for SFM5-GDC-based microtubular 

membrane. It was shown that the material is stable under reducing conditions in air and CO2-

containing atmosphere. 

Possibility of ethylene production by the oxidative dehydrogenation of ethane in the hollow 

fiber membrane reactor based on SFM5-GDC with the alternative current heating was 

demonstrated. It was shown that high selectivity of the ethylene can be achieved by the alternative 

current heating. 
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Introduction 

Taking into account the global phenomenon of association/recombination of water molecules 

is important for understanding the processes of ion dispersion in electromembrane components, 

since the appearance of new charge carriers 
H  and  

OH can lead to a decrease or even 

absorption of the internal charge, which occurs based on other methods, for example, 

electroconvection [1,3,4]. This work investigates the effect of non-catalytic 

dissociation/recombination of water molecules on the transport of salt ions. 

Materials and Methods 

The stationary transport of salt ions in the cross section of the desalting channel is described by 

the following boundary value problem in dimensionless form [1]: 
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0 , 0wk  – small parameters, ),(  x  – potential, cI – Faraday conduction current, 

caused by ion flow K , Cl , H , OH , ),( xji , ),( xСi , iD  –  flow, concentrations, 

diffusion coefficients of the i-th ion, wk
 
– equilibrium constant. In stationary case 021  jj  [4]. 

Therefore, the current through salt ions is zero and, therefore, the total current is equal to the 

current through ions H , OH : 43 jjIc  , that is, we have a limiting case.  

    It is proposed to use the method of merging asymptotic expansions for the asymptotic 

solution of the boundary value problem, namely, divide the initial segment [0,1] into 7 segments, 

on each 

of which the solution is sought in its own way, since in this problem four boundary layers arise, 

two of which are located at ion exchange membranes are typical, and the other two boundary layers 

are internal boundary layers caused by the dissociation/recombination reaction: 
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1) external solution, - a solution to a degenerate problem in areas where the condition of 

electrical neutrality and equilibrium is satisfied ( 0  ), 

2) solution in boundary layers near membranes, 

3) solution in internal boundary layers, 

4) merging of asymptotic expansions (determining integration constants and domain 

boundaries). 

Results and Discussion 

As a result of the asymptotic solution, formal asymptotic solutions were obtained for

 concentrations, fluxes and intensity at different intervals. As an example, Table 1 shows the results 

for threads. 

Table 1: Asymptotic solution for flows at different intervals
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A comparison of the asymptotic and numerical solutions was carried out for all functions on 

each segment, which showed their agreement with an error of less than one percent. 

Conclusion 

In this work, an asymptotic solution to the problem of stationary transfer in the cross section of 

the desalting channel is constructed. It is shown that in this problem four boundary layers arise, 

two of which are located at ion-exchange membranes and are typical, and internal boundary layers 

arising due to the dissociation/recombination reaction. It is shown that outside the boundary layers, 

the conditions of local electrical neutrality and equilibrium are satisfied, which leads to a linear or 

constant distribution of concentrations. It has been shown that a region of depleted solution appears 

inside the desalting channel, where the concentrations of salt ions H+ and OH- are practically 

constant, and the concentrations of salt ions are significantly less than the concentrations of ions 

H+ и OH-. Comparison of the asymptotic solution with the numerical solution shows their 

agreement with good accuracy. The resulting asymptotic solution is valid in a wide range of 

changes in the initial concentration from 10-2 моль/м3 до 102 моль/м3, channel width H from 0.1 

mm to 10 mm at which the parameters  and wk remain small.  
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The asymptotic solution of this problem allows us to construct, by analogy, asymptotic 

solutions for other singularly perturbed boundary value problems of membrane electrochemistry, 

thus this boundary value problem can be considered a reference one. 
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Introduction 

Today, energy needs are mainly supplied by fossil fuels. This situation causes an increase in 

CO2 footprint and global warming. Therefore, there is an urgent need to meet the energy demand 

from renewable energy sources. Reverse electrodialysis (RED), also known as blue energy, has 

gained interest in the scientific world and private companies over the last two decades [1]. This 

technology is ion exchange membranes (IEMs)-based technology, and two main restrictions 

decrease energy harvesting from the RED system. These are the organic fouling tendency and the 

uphill transport of multivalent ions across the membranes [2]. In this study, a 

poly(epichlorohydrin) (PECH)-based anion exchange membrane (AEM) synthesized was 

modified with polyelectrolytes via a layer-by-layer technique to eliminate the uphill transport and 

organic fouling behavior. 

Experiments 

The PECH-based AEM was synthesized by solvent evaporation technique [3]. Then, the surface 

of the synthesized membrane was modified with negatively charged poly(sodium-4-styrene 

sulfonate) (PSS) and positively charged poly(ethyleneimine) (PEI) polyelectrolytes via the layer-

by-layer method under the current. The RED performance of the modified membranes was tested 

in the presence of Na2SO4 ions to check the uphill transport. Further, the modified membranes 

were fouled with organic foulant (a humic+fulvic acid mixture), and their RED performance was 

tested after fouling. Finally, the long-term RED performance of the synthesized, modified, and 

fouled membranes was tested using only monovalent ions (NaCl). 

Results and Discussion 

The fouling tendency of the PECH-based AEM decreased dramatically after modification with 

polyelectrolytes due to the creation of a more hydrophilic layer on the AEMs surface. This helped 

to improve the RED performance of the modified AEMs. The created polyelectrolyte multilayers 

on the AEMs surface increased the negative surface charge, resulting in the rejection of negatively 

charged divalent ions (SO4
2-) due to the electrostatic repulsion. Rejection of negatively charged 

divalent ions allowed for increased energy harvesting performance from the RED system by 

reducing uphill transport. 

Acknowledgement. This research was financially supported by the Scientific and Technological 

Research Council of Türkiye (TÜBİTAK) with the National Postdoc Project (Project No: 

118C549). The author acknowledges Prof. Dr. Nalan Kabay for her guidance and support and for 

providing access to all laboratory facilities. The author acknowledges Assoc. Prof. Dr. Enver Güler 

for his guidance. The author acknowledges Mitsubishi Chemical, Japan, especially Ando Kiyoto, 

for PAN polymer and Osaka Soda Co., Japan, for PECH polymer. 

References 

1. Tian H., Wang Y., Pei Y., Crittenden J. C. Unique applications and improvements of reverse 

electrodialysis: A review and outlook // Appl. Energy 2020. V. 262. P. 114482. 

2. Vermaas D. A., Veerman J., Saakes M., Nijmeijer K. Influence of multivalent ions on renewable 

energy generation in reverse electrodialysis // Energy Environ. Sci. 2014. V. 7. P. 1434-1445. 

3. Guler E., Zhang Y., Saakes M., Nijmeijer K. Tailor made anion exchange membranes for 

salinity gradient power generation using reverse electrodialysis // ChemSusChem 2012. V. 5. 

P. 2262-2270.  



64 

ADVANCING IN TRACE ELEMENT RECOVERY FROM BRINES: INSIGHTS 
INTO DIFFERENTIAL ION TRANSPORT THROUGH ELECTRODIALYSIS WITH 
BIPOLAR MEMBRANES 

1Andrea Culcasi, 1Antonia Filingeri, 2,3Julio Lopez, 2,3Marc Fernandez de Labastida, 
1,4Alessandro Tamburini, 2,3José Luis Cortina, 1Giorgio Micale, 1Andrea Cipollina 
1Dipartimento di Ingegneria, Università degli Studi di Palermo, Viale delle Scienze Ed. 6, 90128 
Palermo, Italy 
2Chemical Engineering Department, Escola d’Enginyeria de Barcelona Est (EEBE), Universitat 
Politècnica de Catalunya (UPC)-BarcelonaTECH, C/ Eduard Maristany 10-14, Campus Diagonal-
Besòs, 08930 Barcelona, Spain 
3Barcelona Research Center for Multiscale Science and Engineering, Campus Diagonal-Besòs, 08930 
Barcelona, Spain 
4ResourSEAs SrL, Viale delle Scienze, Ed.16, 90128 Palermo, Italy 
E-mail: andrea.culcasi@unipa.it 

Introduction 

Currently, brines represent an interesting non-conventional source of Critical Raw Materials 

(CRMs) such as Mg, Li, B, Sr and other Trace Elements (TEs) such as Cs and Rb. As an example, 

brines from saltworks, which produce sea salt, are 20–40 times more concentrated than seawater 

in these elements [1], thus making them attractive for the recovery of such CRMs. In the 

framework of the SEArcularMINE project [2], a new treatment chain is proposed for the selective 

recovery of Mg, Li, B, Sr, and TEs using different technologies that require acidic and alkaline 

solutions as reagents to operate. In order to facilitate the process of moving from a linear economy 

to a fully circular approach, the in-situ generation of such reactants is essential. For this purpose, 

Electrodialysis with Bipolar Membranes (EDBM) represents a very promising solution, as it can 

produce the necessary reactants in-situ while also valorizing the remaining salt solution resulting 

from the recovery process.  

The aim of this work is to investigate the “fate” of TEs conveyed by the feed stream in EDBM 

systems, by studying the migration across Ion Exchange Membranes (IEMs) of major and minor 

ions as well as of the TEs from the feed to the products solutions. 

Experiments 

A laboratory-scale EDBM unit was used to carry out the experimental campaign. The EDBM 

unit was a stack of 5 triplets with an active membrane area of 0.028 m2. The experiments were 

conducted with i) NaCl solutions, ii) multi-ionic synthetic solutions and iii) real solutions from the 

Trapani saltworks, previously pre-treated to recover Mg in order to mimic the real operating 

condition of the EDBM unit within the SEArcularMINE treatment chain. Specifically, two 

different configurations were investigated by feeding the salty solutions into either the salt 

compartment or into both the salt and alkaline compartments. The latter operating configuration is 

of interest for ensuring a circular treatment chain, where the alkaline solution is re-used in the 

other process units, thereby reducing the water footprint and avoiding TEs dilution, as claimed in 

a recently filed patent [3]. A schematic representation of the two configurations is reported in 

Figure 1. 

The EDBM experiments were carried out in a batch (closed-loop) configuration, where samples 

were collected every 30 minutes. The main process variables were recorded, and each sample 

underwent titration and chromatographic analyses to enable solution characterization. Minor and 

trace elements were determined via Inductively Coupled Plasma with Optical Emission 

Spectroscopy and Mass Spectroscopy. 

The raw data obtained from the experiments were then used to calculate the main figures of 

merit of the EDBM unit, including the Specific Energy Consumption (SECNaOH) and Current 

Efficiency (CE). Furthermore, the migration of the major and minor ions and TEs across the IEMs 

was assessed through the calculation of the apparent transport numbers and the TEs fractions in 

the channels of the EDBM. 
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Figure 1. Treatment configurations tested in the experimental design, where the Mg-, Ca-free 

bittern solution was fed to (a) the salt compartment, and (b) the salt and base compartments. 

Results and Discussion 

The results highlighted that using the configuration with the real brine stream fed into both the 

base and salt compartments (case b in Figure 1) did not compromise the EDBM process. Indeed, 

a similar SEC value of ~1.1 kWh/kg NaOH and CE value of ~76% were achieved compared to the 

configuration where the brine was only fed into the salt compartment (case a in Figure 1). Notably, 

there was a significant reduction in water consumption of about 50% when using the case b design, 

thus increasing the sustainability of the process. Figure 2 shows the distribution of each TE across 

the four compartments at both the beginning and the end of the test for the two process 

configurations depicted in Figure 1. The minor ions present in the feed in the cationic form, such 

as Li, Rb, Sr and Cs, were found to be concentrating in the alkaline compartment due to the 

migrations of these cations from the salt to the base channels across the Cation Exchange 

Membrane (CEM). Conversely, these ions were predominantly excluded by the Anion Exchange 

Membrane (AEM) as their concentration in the acid solution was below 5%, thus meaning that ion 

diffusion was negligible.  

Such findings highlight that EDBM can be operated in innovative configurations using circular 

approaches to valorize saline complex streams, producing acidic and alkaline solutions in-situ and 

facilitating the concentration of TEs prior to further selective separation steps in the treatment 

chain. 
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Figure2. Distribution of each trace element across the four compartments for layout 1 (a) and 2 

(b). 
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Introduction 

Perfluorinated membranes are mainly used as a proton conducting materials in proton exchange 

membrane fuel cells (FC). Despite their high chemical and thermal stability and high proton 

conductivity, these membranes have a number of disadvantages. The high cost and a strong 

decrease in conductivity while operating in low humidity conditions is one of the main 

disadvantages. In order to eliminate this problem, modification of such materials with various 

dopants is carried out. The aim of this work was to identify the effect of the content of zirconium 

hydrogen phosphate (ZrHP) in the membrane and the methods of its insertion on conductivity of 

membrane at different temperatures and in low humidity conditions. 

Experimental 

The objects of the study were membranes MF-4SK obtained by casting and extrusion methods. 

The casting samples were prepared from a mixture of solutions of ZrOCl2∙8H2O and LF-4SK. The 

resulting polymer films were treated in phosphoric acid after drying. Then, the membranes were 

washed with water to remove the residues of reagent. To modify the extrusion samples, MF-4SK 

membranes were kept sequentially under heating for a predetermined period of time in solutions 

of zirconyl chloride and phosphoric acid. The amount of the inserted dopant depended on the time 

of immersion of the membrane in the precursor solution and was determined gravimetrically. 

Before the study, the membrane samples were washed with water to remove reagent residues, dried 

and pressed between sheets of carbon paper at 125 ℃ and 800 N/cm2. The conductivity was 

measured for a membrane equilibrated with definite RH and temperature in a climatic chamber in 

cells with porous titanium electrodes using a four-electrode connection scheme. 

 
Figure 1. A scheme of a cell for measuring electrical conductivity of the membrane at different 

humidity and temperature. 

Results and Discussion 

The study of conductivity of samples at a relative humidity of 30% and various temperatures is 

shown in Figure 1. The conductivity of samples modified with ZrHP is greater, than the 

conductivity of the initial casting and extrusion membranes. The casting sample containing 6% 

ZrHP has the highest electrical conductivity. The extreme conductivity dependence on modifier 

content in casting membrane could be explained by the model of limited elasticity of the pore walls 

of perfluorosulfonic acid  membranes [1]. According to standard contact porosimetry data the 

introduction of ZrHP into the membrane in an amount from 3 to 10 wt.% leads to a non-monotonic 

change in the structural characteristics. With an increase in the ZrHP content in the membrane, the 

total volume of cavities in the membrane filled with water decreases and reaches a minimum value 
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for a sample containing 8 wt.% ZrHP. This effect is associated with the displacement of free water 

from the cluster regions of the membrane by ZrHP nanoparticles. 

For extrusion samples, the maximum dependence of electrical conductivity on the amount of 

dopant introduced is not observed. It may be due to the fact that this method of membrane 

modification does not allow obtaining samples with a pre-known amount of modifier. It was also 

found that with almost the same conductivity of the initial extrusion and casting membranes, the 

modified casting samples have better proton conductivity in comparison with the extrusion ones.  

 
Figure 2. Dependence of conductivity of casting (curve 1) and extrusion (curve 2) samples on 

content of ZrHP (60 ℃ and RH = 30%).  

The study of the temperature dependence of the conductivity of the initial and modified 

membranes in the temperature range 30-90 ℃ are performed. Processing of the obtained data in 

Arrhenius coordinates allowed to calculate the activation energies, which are shown in figure 3. 

  
a b 

Figure 3. Dependence of activation energy on content of ZrHP for the samples obtained by 

casting (a) and extrusion (b) methods.  

It can be seen, that there is a significant decrease in the activation energy of conductivity for 

the modified samples compared with the original membranes. At the same time, the amount of the 

introduced modifier does not influences on the activation energy value. 
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Introduction 

Wastewater from various industries poses a huge threat to the environment due to its toxicity. 
Pollution of industrial waters with low molecular substances and heavy metal ions is one of the 
main problems. Traditional methods for this separation task have disadvantages (low efficiency 
and the use of chemicals) compared to membrane technologies. Among them, nanofiltration and 
pervaporation are considered as promising, environmentally friendly and energy-efficient 
membrane separation processes for water treatment, including for the removal of heavy metal ions 
and impurities of low molecular substances, respectively. In this regard, novel inexpensive and 
environmentally friendly nanofiltration and pervaporation membranes from biopolymers (for 
example, chitosan) are required.  

Experiments 

The aim of this study was to develop novel membranes from chitosan (CS) for enhanced water 
treatment by nanofiltration and pervaporation. To increase the performance efficiency, synthesized 
metal organic frameworks (MOF) (namely, MIL-125, CuBTC, etc.) were used as membrane 
modifiers. MOF are promising candidates for creation of mixed matrix membranes (MMM) due 
to their large surface area, porosity, controlled surface functionality and pore sizes. The structure 
and properties of obtained composites and membranes from them were studied by spectroscopic 
(FTIR and NMR), microscopic methods (SEM and AFM), contact angle measurement, etc. 
Membranes were evaluated in the nanofiltration of model mixtures containing heavy metal ions 
and pervaporation of water-containing mixtures. 

Results and Discussion 

It was demonstrated that the modification of CS with synthesized MOF led to changes of 
membrane structure, morphology, physicochemical, and transport characteristics. Cross-sectional 
SEM micrographs of membranes based on CS, CS/CuBTC (10%) and CS/MIL-125 (10%) 
composites are presented in Figure 1. It was found that depending on the choice of MOF with 
different pore size, hydrophilic properties, and particle shapes, it was possible to vary CS 
membrane properties for a specific separation task (for nanofiltration and pervaporation). The 
creation of MMM from CS led to notable improvement of membrane performance due to 
significant changes in membrane inner and surface structure. 

 

  

(a) (b) (c) 
Figure 1. Cross-sectional SEM micrographs of membranes based on (a) CS, (b) CS/CuBTC 

(10%) and (c) CS/MIL-125 (10%) composites. 
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Introduction 

Research in the field of membrane technologies is of great significance and has vast potential 

for advancements in various industries and scientific disciplines. Membrane processes play a 

crucial role in diverse applications such as filtration, substance separation, water and gas 

purification, energy production, and medical practices. The focal points of research in this field 

include enhancing and optimizing membrane system performance, as well as developing novel, 

highly efficient membranes with superior selectivity and permeability. Therefore, undertaking 

studies in the realm of membrane technologies is a vital and indispensable step towards the 

progress and growth of modern industries. 

As a prominent material for fabricating polymeric membranes, cellulose nitrate (CN) has gained 

popularity in immunological and biochemical analyses due to its strong protein adsorption 

capabilities. Consequently, during ultrafiltration, macromolecules can be effectively retained by 

the membrane through not only sieving mechanisms but also chemical interactions. Despite these 

attributes, the utilization of nitrocellulose membranes for ultrafiltration processes in protein 

separation has not received adequate attention. 

Results and Discussion 

In this study, the focus was on the development and investigation of nitrocellulose-based 

membranes. The transport characteristics were examined during the ultrafiltration separation of a 

solution containing bovine serum albumin. The influence of various modifying additives and the 

choice of solvent on the formation and performance of the membranes was explored. The structural 

and physicochemical properties of the membranes were assessed using porometry, scanning 

electron microscopy, and atomic force microscopy. Some examples of micrographs obtained 

during the study are presented in Figure 1. The hydrophilic-hydrophobic balance of the membrane 

surface was evaluated by measuring water contact angles using the bubble attachment method. In 

order to determine the molecular weight cut-off, experiments involving the separation of dextrans 

were conducted. 

    

NC 20% NC/AC (3:1) 20% NC/AC (1:1) 20% NC/AC (1:3) 20% 

Figure 1. Cross-sectional SEM micrographs. 
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Introduction 

Due to the increasing number of metallurgical companies and stricter environmental 

regulations, the issue of treating wastewater from such industries is becoming increasingly 

important. The composition of industrial wastewater is a complex, multicomponent mixture that 

varies depending on the type of product, technological process, and other production 

characteristics. For example, electroplating facilities produce effluents with low pH values and 

high concentrations of heavy metal ions. 

To remove these pollutants, various treatment methods such as chemical precipitation, 

coagulation, sorption [1], ultrafiltration, and reverse osmosis are commonly used. One promising 

approach to solving the problem of metal ion extraction is diffusion dialysis. This method has 

several advantages over traditional methods, including the absence of the need for chemical 

reagents, ease of operation, and extremely low operating costs [2]. Additionally, diffusion dialysis 

has high selectivity, which means it can effectively remove specific metal ions while leaving other 

components intact. 

At the same time, diffusion dialysis allows only to separate the components of the solution 

without the possibility of their reuse. To address this issue, we have proposed the use of an 

electrodialysis concentrator to process the solution obtained from dialysis. 

Experiments 

In the course of our work, we conducted dialysis separation and electrodialysis concentration 

experiments with different solutions. For the dialysis separation process, we used a real solution – 

the drain from the galvanic workshop at JSC Novgorod Metallurgical Plant, which had a 

concentration of 2.7 M H2SO4 and 0.3 M NiSO4. For the electrodialysis concentration process, we 

used a model solution with a concentration of 0.05 M H2SO4. The objects of our study were 

domestic ion exchange membranes, such as MK-40, MA-41 and Chinese-made membranes 

Lancytom® CT-4 and AHT. We conducted these experiments independently in laboratory cells for 

dialysis separation and electrodialysis concentration. During the dialysis process, we monitored 

the following parameters: the volume of the initial solution, the concentration of sulfuric acid and 

nickel sulfate in the initial solution, and the pH of the buffer solution. During electrodialysis, we 

recorded parameters such as the current and voltage applied to the device, the acid concentration 

in the concentrating and desalinating chambers, the electrical conductivity and pH of the solutions 

in the desalinating chamber and the concentration chamber. 

Results and Discussion 

As a result of the work, we have obtained the following data. Figure 1 presents a graph 

illustrating the kinetic dependencies of changes in the concentrations of the components in the 

initial solution during the dialysis process. 

As you can see in the graph, during dialysis, the concentration of sulfuric acid decreases while 

the concentration of nickel sulfate remains relatively constant. This indicates that the process is 

effective. 

Next, we performed electrodialysis on a model solution of sulfuric acid. We used two different 

membrane pairs: MK-40/MA-41 and Lancytom® CT-4/MA-41. The experimental results are 

shown in Figure 2. 
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1 – NiSO4; 2 – H2SO4 

Figure 1. Dependence of concentration of the initial solution during the experiment. 

 

a      b 

1 – desalination chamber; 2 – concentration chamber 

Figure 2. Dependence of concentration of the components during the electrodialysis 

concentration experiments: a – Lancytom® CT-4/MA-41 membrane pair; b – MK-40/MA-41. 

It can be seen from the presented data that the rates and degrees of concentration and 

desalination are practically the same for each membrane pair. In both cases, within the same time 

period (360 minutes), a sulfuric acid concentration of ~ 0.067 M is achieved in the concentration 

chamber and ~ 0.008 M in the desalination chamber. 

Therefore, the effectiveness of a hybrid membrane system composed of two stages: dialysis 

desalination and electrodialysis concentration, has been demonstrated. The use of dialysis 

diffusion makes it possible to effectively remove acid from industrial wastewater without loss of 

nickel sulfate. The electrodialysis concentration step enables a sulfuric acid concentration of 

0.067 M to be achieved, which is 1.3 times greater than the initial concentration. 
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Introduction 

The areas of application of electromembrane technologies are expanding. They are used for 

processing multicomponent solutions. This requires studying the transport characteristics of ion-

exchange membranes in solutions of electrolytes of various nature [1]. The efficiency of 

electrodialysis concentration of electrolyte solutions depends on the electroosmotic permeability 

of both cation and anion exchange membranes. While the influence of the counter-ion type on the 

water transport through cation exchange membranes is quite well studied, the electroosmotic 

permeability of anion exchange membranes has been studied primarily in NaCl solutions [2]. The 

influence of the nature of the counterion on the dynamic hydration characteristics of anion 

exchange membranes has not yet been studied. The purpose of this work is to study the water 

transport in anion exchange membranes in NaCl and Na2SO4 solutions. The task included a also 

to study the the distribution of water in the hydrated fixed ion-counterion complex of anion 

exchange membranes. 

Experiments 

The objects of the study were commercial heterogeneous anion exchange membranes MA-40 

and MA-41 produced in Russia. The electroosmotic permeability of these membranes was 

measured in NaCl solutions by the volumetric method, which allows the determination of water 

transport numbers only in solutions of chlorides due to the use of silver chloride electrodes. The 

electroosmotic permeability of membranes in Na2SO4 solutions was determined by the gravimetric 

method. It is based on measuring the amount of water transferred through a membrane when a 

certain amount of electricity passes. However, its use is associated with the need to take into 

account the chemical reactions occurring on the electrodes. The experimental conditions, such as 

current density, duration of the experiment, and concentration range of the electrolyte solution, are 

described in [3]. Additionally were measured the concentration dependences of the integral 

coefficient of diffusion permeability of anion-exchange membranes in NaCl and Na2SO4 solutions, 

as well as the water content. 

Results and Discussion 

The concentration dependences of the electroosmotic and diffusion permeability of anion-

exchange membranes in NaCl and Na2SO4 solutions are presented in Fig. 1a, b. Both 

characteristics are higher in Na2SO4 than in NaCl solutions in the case of the MA-41 membrane. 

Thus, the nature of the counterion has a significant effect on the electroosmotic permeability of 

both cation [2] and anion exchange membranes. 

The experimental data on equilibrium and dynamic hydrate characteristics were processed 

within the framework of the concept of the membrane as a two-phase system [3]. This made it 

possible to calculation the parameter A that gives information about the distribution of water in 

the hydrated fixed ion-counterion complex. It was established that the parameter A≈1/5 for the 

MA-41 membrane and A≈1/2 for the MA-40 membrane in a NaCl solution. It is known that in the 

heterogeneous cation exchange membrane MK-40 parameter A≈1/2. It means that the volume of 

water per 1 mole of fixed groups is 5 times less than the volume of water bound with 1 mol of Cl- 

counterions in MA-41 membrane. The less symmetrical character of the water distribution in the 

MA-41 membrane compared to the MK-40 and MA-40 membranes is due to the fact that the 

quaternary ammonium cation, which is a fixed ion in the MA-41 membrane, is more hydrophobic 

than the sulfo group in the MK-40 membrane and secondary and tertiary amino groups in the MA-

40 membrane. 
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a      b 

Figure 1. Concentration dependences of water transport numbers (a) and diffusion permebeality 

(b): MA-41 membrane in NaCl (1) and Na2SO4 (2) solutions and MA-40 in NaCl (3) solutions 

Conclusion 

The study of the dynamic and equilibrium hydration characteristics of anion exchange 

membranes in NaCl and Na2SO4 solutions made it possible to establish the influence of the counter 

ion type on their electroosmotic permeability. The distribution of water in the hydrated fixed ion-

counterion complex in the MA-41 anion exchange membrane is less symmetrical than in MA-40. 
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ELECTROTRANSPORT CHARACTERISTICS OF POLYANILINE-MODIFIED 
CATIONS-EXCHANGE MEMBRANES IN SOLUTIONS OF SULFURIC ACID 
AND NICKEL AND CHROMIUM SULFATES 

Irina Falina, Natalia Loza, Natalia Kononenko 
Kuban State University, Krasnodar, Russia, E-mail: falina@chem.kubsu.ru 

Introduction 

The electrodialysis is a promising method for recovering nickel from wastewaters because it is 

chemical-free. This can be achieved by applying so called monoselective membranes, which could 

be obtained by applying a thin layer that has the same charge sign as the counterions onto the 

surface of the membrane. Several studies demonstrated the efficiency of using composites based 

on an ion- exchange membrane and polyaniline (PANI) as a monoselective material. The goal of 

this work was to study the characteristics of cation exchenge membranes modified by polyaniline 

immediately in the electrodializer in solutions of nickel and chromium sulfates and sulfuric acid 

in order to assess the prospects of their use in the electromembrane separation of multiply-charged 

ions. 

Results and Discussion 

The electrotransport and structural characteristics of MK-40 and MF-4SK cation-exchange 

membranes with sulfonic acid groups before and after their modification with PANI are studied. 

It is shown that the interaction of multiply charged counter-ions with several fixed ions decreases 

their mobility in the membrane but makes easier the transport of co-ions. As the charge of counter-

ion increases, the conductivity of the membrane decreases and its diffusion permeability increases. 

Because of formation of PANI layer on the surface of the homogeneous membrane, the 

concentration dependence of its conductivity in solutions containing multiply charged cations is 

descending. Studying the structure of membrane MF-4SK in forms of different counter-ions by 

the standard contact porosimetry method shows that the transition from H+ to Cr3+ form is 

accompanied by the 25 % decrease in the free water volume. However, after its modification with 

PANI, the membrane structure is stabilized and the substitution of the counterion Ni2+ for H+ 

induces no substantial changes on the structural characteristics. It is found that modifying 

heterogeneous and homogeneous membranes with PANI has different effect on their current-

voltage characteristics (CVC). For heterogeneous membranes, the earlier onset of the overlimiting 

state is observed, which is associated with the development of electroconvection due to the 

decrease in the electric heterogeneity of the surface. Modifying the homogeneous membrane 

induces substantial changes in the form of CVC leading to the appearance of asymmetry depending 

on the membrane orientation with respect to the counter-ion flow that points to the appearance of 

permselectivity with respect to singly charged ions as compared with multiply charged ions. It 

demonstrates the prospect of MF-4SK/PANI membrane for electrodialytic separation of singly and 

multiply-charged ions. 

The competitive transport of sulfuric acid and nickel sulfate during electrodialysis separation 

and concentration is studied. It is shown that after modification the MF-4SK membrane by 

polyaniline the selective permeability coefficient P(H2SO4/NiSO4) increases from 0.7–1.7 up to 

32.5–19.7 depending on the current density for electrodialysis separation. Using this membrane 

makes it possible to concentrate a solution containing 0.1 mol-equiv/L (4.9 g/L) H2SO4 and 0.1 

mol-equiv/L (7.7 g/L) NiSO4 with simultaneous separation to sulfuric acid with a concentration of 

about 2.4 mol-equiv/L (120 g/L) and a solution of nickel sulfate. Here, the concentration of nickel 

sulfate in the concentrate does not exceed 0.13 mol-equiv/L (10 g/L). 
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Introduction 

Polymers having heteroaromatic structure are among the best representatives of membrane 

materials with excellent chemical resistance with respect to harsh organic media. Chemical 

structure of the monomer unit in polyheteroarylenes largely determines physico-chemical 

properties as well as transport parameters of the membranes obtained. Polymers containing organic 

ligands in the main chain or in side groups, such as 2,2’-biquinoline, 2,2’-dipyridyl, 2-pyridyl-

quinoline which are capable of forming complexes with various transition metals, are of special 

interest. The formation of metal-polymer complexes allows to introduce inorganic compounds into 

polymers and modify the chain flexibility, macromolecular packing, and interchain interactions. 

This work is aimed at the synthesis and investigation of novel copolyamide comprising 2-

pyridyl-quinoline units as ligands (PA) and its complex with divalent copper salt (PA-Cu(II)). A 

comparative analysis of transport properties of the membranes based on these polymers was 

carried out by separating a mixture of methanol and toluene via pervaporation. 

Experiments 

Dense nonporous membranes based on PA and PA-Сu(II) were obtained by casting polymer 

solutions on a glass plate, followed by evaporation of the solvent. Films fixed on the glass plate 

were dried to a constant weight at 50oС in vacuum for 5 days. 

 
Figure 1. Scheme of PA-Сu(II) synthesis. 

Morphology of the prepared membranes was characterized by scanning electron microscopy. 

Membrane surface was studied by atomic force microscopy. Sorption studies of the membrane 

samples were performed using pure liquid toluene and methanol. Transport properties were 

estimated in pervaporation of toluene/methanol mixtures in a wide range of concentrations, 

including an azeotropic point. 
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Results and Discussion 

The results on the separation of toluene/methanol mixtures using the membranes based on PA 

and PA-Сu(II) demonstrate that these membranes are toluene-selective in the separation of said 

binary mixtures, despite the fact that the equilibrium sorption degree of methanol significantly 

exceeds the same of toluene for both the membranes. Quantum chemical calculations suggest that 

supramolecular association of PA and metal-polymer complex with methanol molecules via 

multiple hydrogen bonds leads to retention of the alchohol within the polymer matrix and to 

formation of special transport channels for toluene molecules via hydrophobic interactions. 

Further, it was established that the PA membrane exhibits a significantly higher separation factor 

than the РА-Cu(II) membrane, whilst the latter is characterized by an increased total flux as 

compared to PA. 

Comparison of transport properties of novel membrane films with the literature data on 

pervaporation of the azeotropic toluene/methanol mixture has shown that the developed 

membranes have higher flux and selectivity than most of the known membranes. 
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Introduction 

Surface water potabilization through Low Pressure Reverse Osmosis has been widespread due 

to its ability to remove simultaneously micropollutants and ions [1]. However, the permeate 

produced by Reverse Osmosis (RO) is very poor in salts and requires remineralization steps to 

increase its hardness and alkalinity. As a new alternative to the common post-treatments based on 

the addition of external chemicals, Assisted-Reverse Electrodialysis (A-RED) has recently been 

proposed and proofed for the recovery of minerals directly from the RO brine, via their selective 

transport into the permeate [2,3]. The aim of this work is to investigate the poorly-known aspects 

related to the differential transport of ions through A-RED membranes when using multi-ionic 

solutions. 

Experiments 

The experimental campaign was performed using a laboratory-scale A-RED unit, equipped 

with 5 cell pairs with an active membrane area of 0.028 m2. Experiments were conducted with 

single-, two- and three-salts solutions including the presence of potassium, calcium, magnesium, 

sulphates and bicarbonates in addition to the common sodium and chlorides. Figure 1 shows the 

experimental setup. 

 
Figure 1. Schematic representation of A-RED setup with the main auxiliaries and picture of the 

stack. 
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The effect of inlet brine and permeate conductivities and ionic composition in the A-RED 

performance was studied. The different ions transport through the membranes was evaluated by 

using apparent transport numbers and membrane selectivities. 

Results and Discussion 

Results highlighted that the presence of calcium, sodium and chlorides guaranteed higher 

currents compared to magnesium, sulphates and bicarbonates which exhibited lower fluxes. 

Apparent transport numbers were independent on inlet permeate and brine conductivities as well 

as current density. Conversely, ion composition mainly affected both apparent transport number 

and membrane selectivities. An increasing trend of CEM selectivity was observed when the 

concentration of calcium, magnesium or potassium decreased compared to that of sodium (see 

Figure 2a), which positively affects the remineralization performance, guaranteeing efficient 

recovery of “water hardness”. Differently, AEM selectivity remained almost constant for both 

sulphates and bicarbonates in competition with chlorides (see Figure 2b), where the predominant 

presence of bicarbonates in typical surface water RO brines guarantees an excellent 

remineralization capacity also in terms of alkalinity recovery. 

 
Figure 2. Apparent selectivities as function of the ion concentration ratios for competitive a) 

cations and b) anions for two-salts solutions. Sodium and chlorides were selected as reference 

ions among cations and anions, respectively. Inlet brine and permeate conductivities equal to 3.0 

mS/cm and 0.07 mS/cm, respectively. Platinum wires voltage ~7.8 V. 

These results provided valuable information on ion transport across ion-exchange membranes 

when different ions are in “competition” that can be useful for the widespread application of A-

RED for surface RO permeate remineralization. 
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HYDRODYNAMIC PERMEABILITY OF CHARGED POROUS GLASS-LIKE 
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Introduction 

The previously developed cell model of an ion-exchange membrane [1] has been successfully 

applied to the description of the filtration process of sodium chloride aqueous solutions with 

different concentrations from 10-4 to 10-1 M on macroporous membranes prepared from sodium 

borosilicate glass. These membranes were obtained by additional alkaline treatment of 

microporous glasses with KOH solution [2, 3]. Additional alkaline treatment led to the removal of 

“secondary silica” from the pore space and partial dissolution of the silica membrane skeleton. 

Numerical values of the model parameters were determined for microporous glass-like membranes 

of the grades PG-26, PG-42, PG-66, PG-160 and a good correspondence between theoretical and 

experimental data was obtained.  

Porous glass-like membranes hold a number of advantages over other porous materials: 

homogeneity of chemical composition; low level of impurities; thermal, chemical, and 

microbiological resistance; transparency in visible region of the spectrum; and adjustable 

structural characteristic. Porous glass-like membranes are also favorable materials for solving the 

problems of the membrane separation of mixtures. When using membranes in the baro-

electromembrane separations of liquid mixtures, along with the adsorption and surface electrical 

properties, the structural characteristics of the pore space of the membrane are particularly 

important, which largely determine the membrane’s transport mechanisms upon application of 

external forces like gradients of pressure, electric and chemical potentials. It is well known that 

the size of the globules and the packing density determine the pore sizes of porous glasses 

containing secondary silica. In this concern, the task of this work is to study and compare the 

structural parameters of porous glass-like membranes, made from sodium borosilicate glass, in the 

aqueous solution of NaCl electrolyte of different concentrations based on the cell model of a 

charged membrane in comparison with the capillary model. 

So, the goal of the present study is to verify the cell model of a charged membrane based on 

experimental data on filtration of electrolyte solutions through porous glasses.  

Statement of the problem 

The process of filtration of an aqueous solution of 1:1 electrolyte through a negatively charged 

porous layer composed of identical porous balls of radius a with specific permeability Dk  bearing 

a constant volumetric charge density Vρ  is considered. The layer is under the action of a constant 

pressure gradient in the absence of external gradients of electrical potential and concentration. It 

is assumed that the porous layer is ideally selective, that is, it practically does not pass co-ions 

(anions). In this case, the coefficient mγ  of equilibrium distribution of a pair of ions in the pores 

of the layer is infinitely large. Then the formula for the kinetic coefficient L11 [1], representing the 

hydrodynamic permeability of the layer, is significantly simplified:  
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  – characteristic exchange capacity of the granule (grain), 

m0 – macroscopic porosity of the layer, С0 – concentration of electrolyte, 
oμ  – dynamic viscosity 

of electrolyte, D+ and Dm+ – the diffusion coefficients of cations in a bulk solution and in a porous 

layer, respectively, R is the universal gas constant, T is the absolute temperature. In equation (1), 

the last term in square brackets stands for the effect of the charge of granules on the permeability 

of the layer, and the first four terms determine the hydrodynamic permeability of the layer in pure 

water. Moreover, the second of these four terms gives the contribution of filtration directly through 

porous particles, and the other three – the contribution of filtration between them. Since parameter 

A decreases with increasing electrolyte concentration and tends to a constant negative value (the 

denominator of the corresponding fraction remains positive), L11 increases with increasing 

concentration and also approaches an asymptotic value greater than the value of L11 when filtering 

pure water. 

Experiments, calculations, and discussion 

Filtration coefficients were measured for macroporous glass-like membranes PG-26, PG-42, 

PG-66, PG-160 at external pressures of 0.1–2 atm and four concentrations of 10-4, 10-3, 10-2 and 

10-1 M of aqueous sodium chloride solution. Figure 1 shows the chip of macroporous glass-like 

membrane using scanning electron microscopy. The values of the average pore radius of glass-

like membranes were previously determined based on the capillary model [2] and represent 

numbers (in nanometers) in the label of membranes used. For example, PG-66 stands for a glass-

like membrane with an average pore radius of 66 nm. However, looking at Fig. 1, it can be assumed 

that the cell model [1] will better describe the structural and transport properties of such glass-like 

membranes than the capillary model.  

 
 

Figure 1. The chip image of macroporous 

sodium borosilicate monolithic glass-like 

membrane PG-26. 

Figure 2. Concentration dependence of 

hydrodynamic permeability L11 (PG-42); points – 

experimental, line – theoretical. 

For this purpose, the available experimental data on filtration coefficients were analyzed using 

Equation (1). The model parameters found by the least squares method are presented in the Table 

1. Note that the values of macroporosity m0 were determined in independent experiments.  

Table 1: The Model Parameters of Glass-like Membranes 
The grade of 

glass 
a, nm ρ/ρ0, mmol/dm3 s=a/√kD

 kD, nm2/RB, nm Dm+, μm2/s m0, % 

PG-26 27 35.6/118.4 12.5 4.7/2.2 309 56 

PG-42 45 39.2/78.5 16.9 7.1/2.7 413 60 

PG-66 110 21.2/30.8 25.9 18.0/4.3 385 52 

PG-160 245 17.2/27.3 54.4 20.3/4.5 577 58 

Table 1 shows that for the first two membranes, the average particle radius a surprisingly 

coincided with the average pore radius calculated using the capillary model, while for the other 
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two membranes it is about one and a half times higher. Thus, there is a direct correlation between 

these characteristics of porous glasses. The volume charge density ρ  decreases with increasing 

particle radius and is about 100-300 times lower than that of the well-known Russian ion-exchange 

membranes MK-40, MA-41 and MF-4SK. The characteristic parameter 0ρ , as can be seen, also 

decreases with increasing particle radius a and this means that the specific permeability Dk  of the 

granule and the Brinkman radius RB (the size of the filtration zone in the surface layer of the 

granule) increases. Nevertheless, the ratio of the Brinkman radius to the granule radius decreases 

with the growth of the latter. As for the values of the diffusion coefficient Dm+ of sodium cation in 

a porous granule, it is within physically acceptable limits: 2.3-4.4 times lower than in a bulk 

solution (D+=1350 μm2/s).  

Figure 2 shows the results of comparing the experimental and theoretical values of the 

hydrodynamic permeability L11 of the glass-like membrane PG-42 depending on the concentration 

of NaCl. The theoretical curve is constructed according to Equation (1) with the parameters 

presented in Table 1. There is a very good agreement between theory and experiment, which is 

maintained for the remaining grades of porous glasses. 

Thus, the presence of a volume charge of porous glass granules makes it possible to increase 

the coefficient of hydrodynamic permeability L11 of membranes by 3-25% with an increase in 

electrolyte concentration by 3 orders of magnitude – from 10-4 to 10-1 M. Moreover, with an 

increase in the size of silica granules, this growth decreases in relative units. Note that here we did 

not take into account the opposite electroosmotic flow of the solvent. In the latter case, the 

coefficient of hydrodynamic permeability should be calculated using a different formula: 

12 21
11 11

22

L L
L L

L
  ,      (2) 

where kinetic coefficients L12, L21 and L22 are calculated in [4, 5]. This will result in a slight 

correction of the model parameters listed in Table 1. 
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Introduction 

Researchers are focusing on developing environmentally friendly, sustainable fuels to combat 

global warming and reduce greenhouse gas emissions. Fuel cells are a promising energy source 

with high efficiency, sustainability, and flexibility [1, 2]. Clean energy requires cathode materials 

with high mixed ionic electronic conductivity (MIEC). Lanthanum strontium ferrites oxides (La1-

xSrxFeO3-δ) are mixed ionic electronic conductors used as cathode materials in solid oxide fuel 

cells [3]. However, their performance is insufficient compared to SOFC demands. Improved 

methods include composite cathodes, metal ion doping, and surface modification [4].  

In this study, a doping approach was used to synthesize tantalum-doped lanthanum strontium 

ferrite perovskite (La0.6Sr0.4Fe1-xTaxO3-δ). Tantalum may effectively stabilize the perovskite lattice. 

Experiments 

The powders of La0.6Sr0.4Fe1-xTaxO3-δ (x = 0.015, 0.035, 0.05, 0.1) was synthesized by a solid-

state reaction. The characteristics and microstructural were studied by XRD and SEM respectively. 

Equilibrium properties and kinetic properties of La0.6Sr0.4Fe0.965Ta0.035O3-δ were studied by oxygen 

partial pressure relaxation [5] and a quasi-equilibrium oxygen release [6].   

Results and Discussion 

Equilibrium isothermal diagram “lg pO2 – 3δ – T” of LSFT0.035 was constructed. The 

equilibrium exchange rate R0 and chemical diffusion coefficient in oxide Dchem were determined. 

It was shown that the linear free-energy relationship is of the Brønsted–Evans–Polanyi type. 

Acknowledgement. This work was supported by the Russian Science Foundation (project No. 21-
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Introduction 

In the recent work [1] it was found that the electric field intensity and the surface charge density 

on the particle have the most significant impact on the emergence of non-linear effects associated 

with dielectric particle. When there is a high degree of non-linearity, a structure of thin boundary 

layers nested within one another (see Fig. 1 (right)) forms around the particle’s surface. In 

particular, the formation of a space charge region (SCR) around a non-conducting surface was 

discovered. It was previously believed that SCR only forms around surfaces with ion-exchange 

properties. 

The problem of ionic fluxes 

The work [2] discusses electrophoresis at large zeta potential values. The authors present a 

general analysis of electrokinetic transport near a strongly charged dielectric particle in the thin 

double layer limit. They do not limit themselves to only a weak electric field. The authors use 

effective boundary conditions for moderately charged surfaces. They developed a microscale 

model, which, however, does not work for highly charged surfaces, as tangential ion flows arise, 

which in turn lead to significant ion flows normal to the surface. For a highly charged surface, the 

authors conduct an asymptotic analysis for three layers (see Fig. 1 (left)). In addition to the well-

known Debye layer and the electroneutral region, they consider the so-called "Dukhin sublayer" 

of thickness O(ν2), which is part of the Debye layer of thickness O(ν) and directly adjoins the 

charged surface. In this layer, significant flows of charged fluid tangential to the surface are 

observed, causing what is known as surface conductivity. Surface conductivity can be 

characterized by the dimensionless Dukhin number. 

 
Figure 1. (left) Representation of layers structure used in asymptotic analysis [2] for highly 

charged surface, (right) Structure of thin boundary layers nested within each other in nonlinear 

electrophoresis mode. 

Results and Discussion 

The results of the numerical modeling had been verified against theoretical outcomes for weak 

electric fields (Smoluchowski's theory) and experimental data for high-intensity electric fields 

and/or high surface charge densities [3] and [4]. The comparison had shown excellent consistency 

for weak electric fields and reasonable consistency for moderate and strong electric fields. 

mailto:eafrants@fa.ru
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Figures 2 and 3 show the total normal fluxes (including flows caused by convection, diffusion, 

and electromigration) of positive and negative ions for angles of 45 and 135 degrees (the upstream 

fluid flow region and the opposite region, respectively).  Both ion streams change signs when 

passing through 90 degrees, thereby altering their direction. It is also noted that the magnitude of 

the cation flow is four times greater than the anion flow. 

 
Figure 2. The full normal flux of anions for angles of 45 and 135 degrees as a function of 

distance from the particle surface. Parameters: ν = 0.0086, σ = -15, κ = 0.26, δ = 0.05, E = 250. 

 
Figure 3. The full normal flux of cations for angles of 45 and 135 degrees as a function of 

distance from the particle surface. Parameters: ν = 0.0086, σ = -15, κ = 0.26, δ = 0.05, E = 250. 

 
Figure 4. Components of normal flux of cations near the surface of dielectric particle (r = 1 

corresponds to particle surface) for different distances from the particles as functions of angle. 

Parameters: ν = 0.0086, σ = -15, κ = 0.26, δ = 0.05, E = 250. 

Figure 4 shows three components of the normal cation flow at different distances from the 

particle but near its surface. From these graphs, it can be seen that in the immediate vicinity of the 

surface, the flow of ions caused by diffusion predominates, which is almost five times greater than 

the flow of ions caused by convection and electromigration. However, as the distance from the 
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particle's surface increases, the situation changes and all three components of the flow become 

almost equal to each other. 

Acknowledgement. This work was supported by the Russian Science Foundation, project No 22-

79-00082. 

Conclusion 

The analysis of anion and cation flows, both normal and tangential, can lead to an understanding 

of the processes occurring near the dielectric surface in a strong electric field. This will also help 

explain how, in this case, a space charge region is formed, caused by the imbalance of ions in the 

area (accumulation of ions of one sign).   
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Introduction 

Currently, the importance of medical research into viruses is clear. However, bacterial studies 

are less popular, as there is a perception that the discovery of antibiotics has completely solved the 

issue of bacterial infections. Nevertheless, recent research indicates that bacteria are developing 

resistance to antibiotics, which could become a significant concern in the future. Antibiotics are 

no longer a preventative measure, and it is essential to accurately identify the specific type of 

bacteria causing an infection to initiate appropriate treatment. 

To this end, new methods for bacterial analysis have been developed, including single-cell 

analysis, which involves isolating individual bacterial cells from bodily fluids for chemical and 

genetic analysis. One of the most commonly used methods for controlling microscopic particles 

in liquids is dielectric and electrokinetic phenomena [1]. This involves using an external electrical 

field to manipulate particles. This technique has long been used and has been the subject of 

numerous experimental studies. However, recent studies [2-4], including experiments, have 

demonstrated that the conventional linear approach fails in strong electric fields and for complex 

particles, such as ions. These situations require a more sophisticated theoretical analysis. 

Results and Discussion 

The report will present the results of numerical modeling of the electrophoresis of a spherical 

microparticle consisting of a dielectric solid core and a thin ion-selective shell (figure). This model 

simulates the mechanical and electrokinetic properties of some bacteria and viruses quite well [5]. 

Even with a sufficiently thin ion-selective shell, the phenomenon of concentration polarization can 

be observed. The velocity of electrophoresis for composite particles is much less than that of a 

fully charged dielectric particle, making composite particle electrophoresis more robust than fully 

ion-selective electrophoresis. For the steady-state regime, the rate of electrophoresis of a 

composite particle is nearly independent of the charge on the cores. 

 An oscillatory regime of electrophoresis was observed, which, at moderate values of the 

electric field, reaches a steady-state through oscillations. The amplitude of the oscillation before 

reaching the stationary solution depends on the surface charge density of the dielectric core. This 

regime could be used to develop a method for studying the properties of composite particles under 

an external electric field without destroying them. Currently, such studies present certain 

difficulties, as the shell of composite particles completely isolates the core from electrokinetic 

effects in the electrolyte. However, this technology could also find application in medicine, as the 

composite particle model could be considered an approximation of biological cells and viruses. 

 The amplitude of oscillations in the electrophoretic velocity depends on the charge of the 

particle, and this dependence increases with the strength of the applied electric field. However, at 

high field strengths, a regime of large fluctuations in velocity arises, where the amplitude of the 

oscillations becomes so large that the particles can change direction of motion. In this regime, the 

dependence of amplitude on charge is negligible. There is an optimal external electric field strength 

where the dependence of velocity amplitude on charge becomes most noticeable. The presented 

results could be useful not only in modifying existing methods for controlling viruses and bacteria, 

but could also form the basis for creating new technologies to analyze the properties of these 

particles by measuring their electrophoretic characteristics. 

Acknowledgement. The work was supported by the Russian Science Foundation, project 22-79-

10085. 
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Schematic representation of the model formulation (left) and the scheme of the virus (right) 

http://viperdb.scripps.edu. 
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Introduction 

In this work, experimental membranes based on polysulfone were obtained and their 

characterization was carried out. The influence of the pore-forming agent (polyethylene glycol and 

polyvinylpyrrolidone) on the structure and transport properties of the obtained membranes was 

compared. A non-steady state one-dimensional mathematical model of urea dialysis is proposed. 

A special feature of the model is the accounting the membrane microheterogeneous structure 

which determines the physicochemical characteristics of the membrane.  

Experiments 

For the manufacture of membranes, polysulfone (PSF) PSF-150-V-VD was used, dissolved in 

N-methylpyrrolidone (N-MP). Pore-forming agents capable of dissolving in water were added to 

the polymer solution: polyethylene glycol (PEG, grade PEG-2000) or polyvinylpyrrolidone (PVP, 

grade K30). To obtain polymer films of a given thickness, the prepared solution was applied to a 

glass substrate using the Doctor Blade method [1]. The substrate with the applied composition was 

placed in a container with distilled water to carry out interfacial inversion. The membrane thus 

obtained was placed in a container with boiling distilled water for 30 minutes to remove residual 

solvent and dried in air for 24 hours. 

Electric conductivity [2] and diffusion permeability [3] in a NaCl solution (0.1 – 0.75 M) were 

obtained for the three membrane samples: mb 1 (made of a PSF solution without the addition of 

pore-forming agents), mb 2 (containing 30% PEG by weight of PSF) and mb 3 (containing 10% 

PVP by weight of PSF). 

Theoretical 

A parameter characterizing the membrane structure is the volume fraction of the pores available 

transport (
pf ). To determine 

pf  a microheterogeneous model [4] (MHM) was applied. When 

applied to an non-charged membrane, the structure of which is formed by an inert polymer and 

solution-filled pores, the basic equations of the MHM can be transformed to determine the 

transport characteristics of the membrane, such as electrical conductivity (
mb ) (equation (1)) and 

diffusion permeability (
mbP ) (equation (2)): 

 2 1mb

p Na ClF f L L         (1) 

 1mb

p Na ClP RTf L L c       (2) 

 i iL D c RT        (3) 

where iL  and iD  are the transport coefficient and diffusion coefficient of ion i (i = Na+, Cl–) in 

solution, respectively; c  is the solution concentration;   is the structural parameter characterizing 

the relative arrangement of the phases that make up the membrane (–1 ≤  < 0 0 <  ≤ 1 , where 

= 1 corresponds to a parallel arrangement, and = –1 corresponds to a serial arrangement); R is the 

universal gas constant; T is the absolute temperature. 

To describe the process of urea dialysis, a non-steady state one-dimensional model was 

developed, in which the diffusion transport of urea in the membrane and diffusion boundary layers 

is described by the Fick equation and the material balance equation. 
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Results and discussion 

The results of application of equations (1) – (3) to describe the concentration dependences of 
mb  and 

mbP  of the three studied membrane samples are shown in Fig. 1 

  

  

Figure 1. Concentration Dependences of Electrical Conductivity (a, b) and Diffusion 

Permeability Coefficient (c, d) of the Studied Samples (Indicated Near the Corresponding 

Curves). Markers Indicate Experimental Data, Lines Indicate the Results of Calculations Using 

the MHM. 

Structural parameters of membranes found from the best fit between calculated and 

experimental data in Fig.1 are presented in Table 1. 

Table 1. Structural parameters of samples found using a microheterogeneous model 

Sample fp α 

mb 1 0.11 0.210 

mb 2 0.34 0.250 

mb 3 0.40 0.315 

As can be seen from Table 1, mb 1, obtained without the use of a pore former, is characterized 

by the smallest volume fraction of pores fp = 0.11. While for other studied membranes, it takes 

greater values. Further, only mb 2 and mb 3 will be considered. 

The diffusion coefficient of urea in the studied membranes was found as a fitting parameter 

when modeling the urea dialysis process by comparing the calculated and experimental values of 

urea concentration in the dialysate chamber of the dialysis cell using independently determined 

structural parameters of the membranes. As can be seen from Fig. 2, simulated and experimental 
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data on the concentration of urea in the dialysate chamber in the case of mb 2 and mb 3 demonstrate 

good agreement. The model parameters are presented in Table 2. 

  

Figure 2. Time Dependences of Urea Concentration in the Dialysate Chamber at Various Values 

of Urea Concentration in the Diluate Chamber (Indicated Near the Corresponding Curves) for 

mb 2 (a) and mb 3 (b). Markers Indicate Experimental Data, Lines Indicate the Results of 

Simulations. 

Table 2. Parameters of the model of urea dialysis in a laboratory dialysis cell 

Sample  , microns   mb

UrD  106, cm2/с 

mb 2 
230 

0.125 1.72 

mb 3 0.260 3.60 

In Table 2,   is the diffusion boundary layer thickness,   is the tortuosity coefficient of 

conducting pathways in the membrane, 
mb

UrD  is the urea effective diffusion coefficient in the 

membrane. 

The results of modeling the urea dialysis process, as well as the results of characterization of 

the studied membranes, show that the use of PVP as a pore-forming agent in the manufacture of 

membranes allows the formation of a more developed pore system in the membrane compared to 

the case of using PEG. The resulting membrane structure ensures its relatively high diffusion 

permeability with respect to urea due not only to the significant volume fraction of the pores in the 

membrane (fp), but also to the mutual orientation of these pores along the transport axis (greater 

α). 
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Introduction 

Phosphates in increasing amounts enter the environment, causing eutrophication of water 

bodies and, therefore, a rapid deterioration in the quality of life of people. The reason is the 

widespread use of phosphorus fertilizers. In addition, phosphates are contained in human waste, 

as well as waste from industrial poultry and livestock farming. University of Technology Sydney 

researchers D. Cordell and S. White estimate that about 98 % of phosphorus consumed ends up as 

waste [1]. At the same time, modern estimates indicate a critical reduction in phosphate rock 

reserves, predicting a phosphorus crisis within the next 260 years [2]. With an ever-increasing 

world population, reducing the amount of fertilizer used and/or the volume of industrial livestock 

farming is unacceptable, as this will lead to global food shortages. Phosphorus recovery from 

discharged wastewater will not only solve the problem of pollution of natural and artificial water 

bodies with phosphates, but will also provide secondary raw materials for the production of new 

fertilizers. One of the most attractive technologies for solving such a complex problem is 

electrodialysis (ED). This technology allows not only to selectively recover phosphates from dilute 

multicomponent solutions, but also to concentrate them in subsequent stages to commercially 

attractive concentrations. 

However, phosphates, like other ampholytes, can enter proton-transfer reactions with water, 

which significantly complicates the mechanism of their transfer through ion-exchange membranes. 

To date, the mechanisms of stationary transport of ampholytes (including phosphates) have been 

well studied. The results of a large number of theoretical and experimental studies have made it 

possible to establish that proton-transfer reactions between phosphates and water at stationary ED 

of phosphate-containing solutions lead to the several effects. They are: intensive generation of H+ 

and OH– ions both in underlimiting and overlimiting current regimes; high energy consumption 

and low current efficiencies of pentavalent phosphorus recovery compared to the case of ED of 

strong electrolyte solutions; abnormal rapid degradation of anion-exchange membranes. There are 

also experimental studies showing that carrying out ED in a non-stationary mode (ED at pulsed 

electric field or batch ED with rapid desalting of small solution volumes) can reduce energy 

consumption, as well as increase the service life of anion-exchange membranes, current efficiency 

and the degree of phosphorus recovery. However, the available experimental data do not explain 

the reason for achieving such advantages compared to stationary ED. In addition, still no 

mathematical models would allow us to establish the mechanisms of non-stationary transport of 

phosphates in electromembrane systems. In this regard, this work is devoted to the theoretical and 

experimental study of the patterns/mechanisms of non-stationary transfer of phosphoric acid 

anions through an anion-exchange membrane in an applied electric field to improve the ED 

phosphorus recovery from phosphate-containing solutions. 

Results and Discussion 

A one-dimensional non-stationary mathematical model of the transfer of polybasic acid salt 

ions through an ion-exchange membrane in an applied electric field has been developed [3]. Using 

this model, the experimental non-stationary total and partial current-voltage curves (CVCs) of 

Neosepta AMX anion-exchange membrane (Astom, Japan) in phosphoric acid salt solution are 

quantitatively described (Figure 1). 
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Figure 1. Simulated and Experimental Total (a) and Partial (b,c) CVCs of an AMX Membrane in 

a 0.02 M KH2PO4 Solution (pH 4.7) at Current Density Sweep Rate of 2.3 10−3 mA/(cm2s). 

Dotted Horizontal Lines Show the Values of the First (jlim1) and Second (jlim2) Limiting Current 

Densities. In Figures b and c, the Solid Lines Correspond to the Simulation Results, and the 

Markers Correspond to the Experimental Data; ji is the Partial Current Density (Current 

Density Carried by Ion i). 

The dissociation reactions of phosphoric acid anions when they enter the anion-exchange 

membrane cause the appearance of two limiting currents in the current-voltage curves (Figure 1), 

the values of which significantly depend on the current density sweep rate (Figure 2a) and the 

values of the dissociation rate constants (Figure 2b). 

  
Figure 2. CVCs of an AMX Membrane in a 0.02 M KH2PO4 Solution (pH 4.7), Simulated (a) at 

Different Current Density Sweep Rates (Shown in the Figure) and at Fixed Chemical Reactions 

Rate Constants Taken from the Literature; (b) at Infinitely Large (1) and Finite (Taken from the 

Literature) (2) Rate Chemical Reactions Constants and at a Fixed Infinitely Small Current 

Density Sweep Rate (Stationary CVCs). 

The reasons for the long time it takes for an electromembrane system with a phosphate-

containing solution to reach a stationary state are proton transfer reactions and ion diffusion that 

slowly occur in the membrane pore solution and at the membrane-solution interfaces. The 

dissociation of phosphoric acid anions when they enter the anion-exchange membrane increases 

the charge of the transferred phosphate anion, which leads to a decrease in the amount of 

transferred phosphorus for the same amount of transferred electrical charge. As a result, the current 

efficiency of pentavalent phosphorus, ηP, decreases over time (Figure 3). 

Recombination reactions of phosphoric acid anions occurring at the anion-exchange 

membrane/enriched solution interface lead to a local increase in pH and can cause membrane 

scaling during ED of multicomponent phosphate-containing solutions (Figure 4). 
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Figure 3. Time Dependences of the Effective Transport Numbers of H2PO4

− (a) and HPO4
2− (b) 

Anions and Corresponding Current Efficiencies of Phosphorus Recovery (c). All Values are 

Calculated in the Enriched Solution at a Distance of 0.2 μm from the Membrane. Simulation is 

Carried out for the AMX / 0.02 M KH2PO4 (pH 4.7) System at Different Current Densities 

Normalized to the Limiting Current Density, jlim
Lev (Indicated Near the Curves). 

 
Figure 4. Simulated Dependences of the Product of the Concentration of Ions Forming 

Ca3(PO4)2 (a) and CaHPO4 (b) Compounds on the Electric Current Density; Ion Concentrations 

are Taken in the Enriched Solution at the Distance of 1 μm from the AEM Surface; the 

Horizontal Dotted Line Shows the Value of the Solubility Product Constant of the Corresponding 

Compound; Figure (c) is a SEM Image of MA-41P Anion-Exchange Membrane Surface (which 

was Facing the Concentration Compartment) after 10 Hours of ED at a Current Density of 

1.5jlim
Lev. The Experiment and Simulation are Carried out for an ED System with an MA-41 

Membrane and Feed Solutions of 0.045 M KH2PO4 (pH 4.5) in the Diluate Stream and of 

0.045 M KH2PO4 + 0.001 M CaCl2 in the Concentrate Stream. 
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Introduction 

Industrial separation of acidic gases is mainly accomplished through absorption with aqueous 

solutions of alkanolamines, such as monoethanolamine (MEA), diethanolamine (DEA), and 

methyldiethanolamine (MDEA). However, despite their high efficiency and reliability, amine 

purification plants face a challenge with the degradation of the absorption solutions over time, 

particularly during periodic desorption operations. Due to heating to temperatures between 110 

and 130°C and the presence of oxygen, alkanolamine molecules undergo thermal-oxidative 

degradation. The products of this degradation include both amine condensation products and 

thermally stable ionic compounds, commonly referred to as heat stable salts or HSS. These 

compounds can promote corrosion and negatively affect the performance of the absorbent by 

decreasing its sorption capacity. In light of the need to fully replace imports, the traditional method 

of solving the problem of amine degradation, which involves partially or completely replacing the 

absorbent, becomes economically unfeasible. Therefore, it is important to extend the life of the 

existing absorbent without having to dispose of it.  

One of the methods to effectively removal HSS from absorption solutions is electrodialysis, 

which is a membrane process that uses a directed electric field to extract HSS anions from the 

absorption solution and transfer them into a concentrate. The HSS counter ion, depending on the 

organization of the process and the configuration of the electrodialyzer, can be an amine, an alkali 

that has been pre-added, or a proton that is formed due to water dissociation. 

Despite the fact that electrodialysis can demonstrate almost quantitative regeneration of 

alkanolamines in model solutions, in real-world systems there may be suspended particles, 

corrosion products, heavy metal compounds, resinous compounds, and dissolved petroleum 

products. This can lead to a decrease in current output during electrodialysis and associated 

problems such as an increase in specific energy consumption, transfer of amines to the concentrate, 

and other issues. This is mainly due to the formation of a non-ionic sediment on the surface of the 

ion-exchange membrane in the desalting chamber. In this case, the transfer of the amine to the 

concentrate increases through a diffusion process in the form of a neutral molecule. This work is 

devoted to finding a solution to the problem of clogging of ion exchange membranes with nonionic 

impurities. This work is dedicated to finding a solution to the problem of fouling ion exchange 

membranes with nonionic impurities. 

Experiments 

To analyze the effect of monoethanolamine degradation products on the transport properties of 

MA-41 and MK-40 ion-exchange membranes (Shchekinoazot, Russia), a carbonized MEA 

solution was aged under conditions close to the actual desorption process. For this purpose, 1 l of 

30% wt. MEA solution with a degree of carbonization of 0.4 mol CO2/mol MEA and thermostated 

at 120°C for 316 hours. The degree of degradation of the solution was assessed 

spectrophotometrically. 

Ion-exchange membranes were kept in distilled water for 24 hours. Then, the membranes were 

placed in a degraded MEA solution (336 hours) and kept in continuous contact with it for 6 months 

(4392 hours). The choice of a solution corresponding to 336 h of degradation is determined by the 

degree of its degradation (the presence of a significant amount of sediment, the presence of metals 

in the solution, as well as MEA compaction products). Such a solution makes it possible to most 

clearly demonstrate the effect of soluble degradation products on the transfer of ions through 

membranes during electrodialysis purification. To assess the electrokinetic activity of MEA 

degradation products, a comparison was made of the electrodialysis treatment of a model 30% wt. 

carbonized aqueous MEA solution with a residual carbon dioxide content of 0.2 mol CO2/mol 
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MEA using fresh MK-40 and MA-41 membranes and the same membranes after 6 months of 

contact with a pre-degraded MEA solution. 

Results and Discussion 

To study the electrokinetic activity of degradation products, this work was divided into two 

parts: 1) obtaining a degraded amine solution; 2) comparison of the efficiency of electrodialysis 

treatment of a carbonized amine solution before and after contact of ion-exchange membranes with 

a degraded solution. The article also considers the approach of regeneration of ion-exchange 

membranes from degradation products [1].  

After exposure of ion-exchange membranes in a model absorption solution of MEA, the depth 

of desalination decreases by 34%, while the magnitude of the current flowing through the 

apparatus decreases by 25%. A single regeneration with an alkaline solution (5 g/l NaOH) made 

it possible to reduce this gap to 14.8. However, no noticeable change in current strength was 

observed. An increase in the number of regeneration cycles up to 4 made it possible to reduce the 

decrease in the CO2 extraction depth to 10%. It should be noted that the current after 4-fold alkaline 

regeneration reaches 1.5 A, however, the transfer of carbonate ions remains higher than in the case 

of clogged membranes. This is also confirmed by the dependence of the current output on the time 

of electrodialysis. The dependence of the flow rate after 1 regeneration cycle is higher in the case 

of clogged membranes. Four successive regeneration cycles make it possible to multiply the 

current output at the initial stage of electrodialysis. However, by the end of the hourly cycle, the 

current efficiency decreases, but remains higher than in the case of a single regeneration. 

Comparison of the depth of CO2 removal, as well as the integral current efficiency during the 

electrodialysis of the model MEA solution on the initial, clogged, and regenerated membranes, is 

presented in Table 1. 

Table 1. Comparison of CO2 removal depth and integral current efficiency during 

electrodialysis of a model MEA absorbent. 

Membranes 
Removal 

depth, % 
Relative removal 

depth, % 
Integral current 

efficiency 

Initial 25.5 100 0.25 
After 6 month expose 16.8 66 0.10 

After 1 cycle of alkaline 
regeneration 

19.0 75 0.18 

After 4 cycles of alkaline 
regeneration 

23.0 90 0.24 

When analyzing the performance of ion-exchange membranes per hour of electrodialysis, it 

becomes obvious that the regeneration performed makes it possible to increase the their efficiency. 

It should be noted that alkaline regeneration made it possible to achieve a high degree of restoration 

of the ion-exchange properties of membranes (relative extraction depth 90%, сurrent efficient 

96%). This allows us to state that the clogging of ion-exchange membranes occurs mainly by 

products of thermal degradation of MEA. 
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Introduction 

The current trend towards reducing the carbon footprint and switching to “green” energy leads 

to an increasing role of biofuels in the fuel basket [1]. Acetone-butanol-ethanol (ABE) 

fermentation using Clostridium bacteria is the main technology for the production of biobutanol. 

It is known that in the case of classical ABE fermentation, the biobutanol concentration in the 

broth is limited by inhibition of the microorganisms activity to a value close to 2% wt., which is 

extremely low for distillation separation from the mixture [2]. In order to overcome this limitation, 

approaches have been proposed for the continuous biobutanol separation from the fermentation 

mixture, including hydrophobic pervaporation. Pervaporation has a noticeable advantage from an 

energy point of view: the energy consumption for the pervaporation release of biobutanol is only 

9 MJ/kg compared to 24 MJ/kg for distillation [3]. In addition, it does not require regeneration of 

the carrier phase, the consumption of additional reagents and does not have harmful effects on 

microorganisms. The ability to carry out the separation process at low (30-50°C) operating 

temperatures makes pervaporation especially attractive for operation in combination with a 

bioreactor without compromising the activity of microorganisms [4]. Most commercial 

membranes for hydrophobic pervaporation are silicone rubber based composite membranes 

(mainly polydimethylsiloxane (PDMS)) due to its high performance and low cost [5]. However, 

the PDMS-based membranes selectivity towards butanol is not sufficient to achieve its high 

concentrations in the permeate. Accordingly, the task of developing sorption-selective 

pervaporation membranes based on polysiloxanes, superior in separation ability to n-butanol 

PDMS, is relevant. Another problem of pervaporation separation of fermentation mixtures is the 

problem of the formation of deposits on the membrane surface. The introduction of fluorine-

containing fragments into PDMS significantly reduces membranes fouling based on such a 

polymer by components of the fermentation mixture and increases the stability of the transport 

properties of the membrane during the pervaporation release of butanol from the ABE-

fermentation mixture [6]. 

In this work, the effect of introducing fluoroacrylate side substituents into 

polyalkylmethylsiloxane was studied for the first time. Composite membranes based on a 

copolymer of polydecylmethylsiloxane (C10) and polyalkyl-n-fluoroacrylate siloxanes were 

created and characterized. The influence of the ratio of decyl groups, which is characterized by 

high hydrophobicity and selectivity towards n-butanol, and has been studied n-fluoroalkyl acrylate 

groups on the sorption, surface and pervaporation properties of the membrane [7].  

Experiments 

Composite membranes were obtained by applying a selective layer of C10, polyalkyl-n-

fluoroacrylate siloxanes or copolymers onto a porous microfiltration support MFFK-1 (Vladipor). 

The synthesis of polymers of the selective layer was carried out similarly to the method presented 

in the work [8]. According to the hydrosilylation reaction, a side agent (1-decene, trifluoroethyl 

acrylate (F3), pentafluoropropylacrylate (F5), hexafluoroisopropylacrylate (F6) or a mixture of 1-

decene and fluoroalkyl acrylate in ratios from 0:100 to 100:0) was introduced into 

polymethylhydrosiloxane (PMHS). Vinyl-terminated PDMS (Mn=25000 g/mol) was used as a 

cross-linking agent. The structure of the resulting polymers was confirmed by IR and 1H NMR 

spectroscopy and elemental analysis. The surface properties of the selective layer of composite 

membranes were investigated by determining the contact angle and interpreted based on IR and 

elemental analysis data. The effect of the ratio of side substituents on the volumetric sorption of 

ethanol, acetone and n-butanol was assessed by measuring the change in the mass of polymer films 
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before and after long-term exposure to individual liquids. The transport and separation properties 

of the membranes were investigated by pervaporation separation of a model ABE-fermentation 

mixture containing 0.76 wt% acetone, 1.6 wt% BuOH, and 0.3 wt% EtOH in water at 30, 40, and 

50 °C. The separation process was performed in a vacuum pervaporation setup describe elsewhere 

[8].  

Results and Discussion 

1H NMR spectroscopy data clearly confirm the introduction of fluoroalkyl acrylate substituents 

at the C=C bond in PMHS. It is worth noting that the degree of conversion of fluoroalkyl acrylate 

compounds is higher than that of 1-decene due to their greater nucleophilicity. The presence of 

fluorine substituents in polysiloxane is also confirmed by IR spectroscopy data. It was found that 

with an increase in the proportion of fluoroalkyl acrylate in the reaction mixture and, accordingly, 

a decrease in the proportion of 1-decene, it leads to a disproportionate decrease in -CH2- groups 

on the surface of the film. However, when studying the polymer film through transmission, this 

effect is not observed. Apparently, this is due to the orientation of alkyl substituents deep into the 

film, while fluoroalkyl acrylate substituents, on the contrary, come to the surface. This, in turn, 

determines both the greater hydrophobicity of the membrane surface and the reduced surface 

energy. This trend is confirmed by the data of elemental analysis of the membrane surface and the 

volume of the polymer: a relative decrease in the proportion of carbon on the membrane surface 

is observed compared to the concentration of C atoms in the volume (Fig. 1). 

Mass balance EDX CHNS 

 
 

 

Figure 1. Elemental analysis of samples on the surface (EDX) and in bulk (Mass balance, 

CHNS) with different contents of trifluoroethyl acrylate groups (0-100). 

Analysis of sorption data demonstrates that for all studied polymers there is a maximum 

sorption of n-butanol at a ratio of fluoroalkyl acrylate substituent to 1-decene of 50:50, and 

maximum sorption of ethanol and acetone at a ratio of 70:30 (Fig. 2). Thus, the most attractive 

samples from the point of view of sorption affinity for n-butanol are 50F3, 50F5 and 50F6. On 

their basis, pervaporation membranes were obtained, which were studied during the separation of 

a model ABE mixture in the vacuum pervaporation mode. 

  
 

Figure 2. Sorption of acetone, butanol and ethanol by samples with varying contents of F3-Acr, 

F5PrAcr and F6i-PrAcr. 

A comparison of the pervaporation properties of membranes based on copolymers of 

polydecylmethylsiloxane and polyfluoroalkyl acrylate methylsiloxanes (50F3, 50F5 and 50F6) 
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and membranes made of polydecylmethylsiloxane (0F), made on porous MFFK-1 support, is 

presented in Fig. 3.  

 
a 

 
b 

Figure 3. Normalized flux (a) and separation factors (b) of composite membranes 

50F3/MFFK, 50F5/MFFK, 50F6/MFFK and 0F/MFFK during pervaporation separation of a 

model ABE-mixture. 

The introduction of fluoroalkyl acrylate substituents into polysiloxane leads to an increase in 

flux through membranes. It is worth noting that, in comparison with the original sample 0F, 

samples 50F3/MFFK, 50F5/MFFK, 50F6/MFFK are characterized by larger flux values and 

comparable values of separation factors. Taking into account the discovered greater resistance of 

these samples to clogging, it can be argued that they are more effective in the process of 

pervaporation separation of n-butanol from the fermentation mixture.  
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Introduction 

Currently, electrochemical advanced oxidation processes (EAOPs) are widely used during the 

treatment of natural and wastewaters containing various organic pollutants. EAOPs have high 

oxidation efficiency and ease of automation and versatility. Among EAOPs, anodic oxidation is 

the most efficient method, which provides mineralization of organics dissolved in water by 

generating highly active hydroxyl radicals or by direct electron transfer from the organic 

compound to the electrode surface [1]. 

The most promising materials for anodic oxidation process are porous ceramics, such as sub-

stoichiometric titanium oxide (Ti4O7). This material has a large electrochemically active surface 

area, which increases the rate of oxidation process due to rapid delivery of organic substances to 

the reactive zone enclosed to the electrode surface [2]. In addition, Ti4O7 has high electrical 

conductivity, chemical stability, high oxygen evolution potential, and relatively low production 

cost. More affordable particle electrodes may be a simple alternative to porous electrodes [3]. 

In this study, the effect of electrode particle size on the anodic oxidation efficiency of organic 

pollutants on a particle anode was evaluated. 

Experiments 

The experimental setup consists of an electrochemical flow cell and a hydraulic system 

providing a continuous supply of solution at a constant rate. The constant current is maintained by 

means of a current source, the potential drop between the cathode and anode is recorded by a 

voltmeter. The electrochemical cell is a rectangular flow electrolysis chamber with a plate stainless 

steel cathode and a particle anode made of porous Ti4O7. The electrodes are divided by a mesh 

separator made of inert material (polypropylene). The sealed case of the cell is made of 

polytetrafluoroethylene, which ensures the tightness of the system. 

To study the effect of electrode particle size on the anodic oxidation efficiency, two fractions 

of particles with an average size of 0.5 and 1.5 mm were obtained, respectively. For each fraction, 

the electrochemically active surface area was evaluated and experiments on kinetics of oxidation 

of oxalic acid were performed. The concentration of oxalic acid in aqueous solution after treatment 

is measured by the ion chromatography method. 

Results and Discussion 

The kinetics of anodic oxidation of oxalic acid at an electrical current of 100 mA is shown in 

Figure 1a. According to the experimental data, it can be concluded that the oxidation rate of 

organic molecules increases significantly when the anode particle size decreases. After one hour 

of anodic oxidation process using fine backfill (small electrode particles), the oxalic acid 

concentration became less than 100 mg/L, while with coarse backfill (large electrode particles) the 

concentration is an order of magnitude higher. By the end of the experiment, the organic content 

decreases to zero value in both cases, indicating the overall efficiency of the particle anode. 
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Figure 1. Dependence of the Concentration of Oxalic Acid (C, mg/L) (a) and the Current 

Efficiency (η, %) (b) on the Time of Experiment at a Current of 100 mA with Big (1.5 mm) and 

Small (0.5 mm) Particles. 

The current efficiency of anodic oxidation using small particles reaches almost 0.7 and in the 

case of large ones only 0.5 (Figure 1b). This data consistent with the measured electrochemically 

active surface area: in the case of electrode with 0.5 mm particles it is 84500 m-1 and in the case 

of 1.5 mm only 60500 m-1. However, a possible reason for the increase in efficiency could be the 

intensification of mass transfer near the electrode surface. 
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Introduction 

Over the past decades, the study of oxygen exchange reactions in perovskite oxides with mixed 

ion-electron conductivity with the general formula ABO3–δ has attracted much of attention of 

scientists from all over the world.1 After the discovery of an abnormally high oxygen conductivity 

in SrCo0.8Fe0.2O3–δ in 1985,2 an active search for various dopants capable of improving the 

properties of such oxides began. The first attempts to replace cations in the A and B sublattices 

resulted only in the stabilization of the phase composition by «blocking» structural transitions, and 

the transport characteristics were significantly reduced.3 A positive effect of doping is observed, 

for example, in the case of doping with high-valent cations, where effects are observed in the 

values of oxygen conductivity/permeability, resistance to CO2, the formation of domain and 

nanostructured systems with facilitated oxygen diffusion along the phase boundaries etc. 

In order to establish the regularity of doping effect on the kinetic and equilibrium characteristics 

of the oxide in oxygen exchange, a deep understanding of the mechanism of oxygen exchange 

itself is necessary. Close attention should be paid to the fact that the studied substances are capable 

of significant stoichiometry deviations, which should have an effect on certain features 

characterizing the relationship between their equilibrium and kinetic parameters. 

Thus, this study, which is one of a series of studies on the fundamental functional and applied 

characteristics of standard compositions of perovskite oxides, is aimed at studying the 

dependences of kinetic and equilibrium parameters on the nonstoichiometry δ and temperature T, 

and checking the presence of LFER according Brønsted-Evans-Polanyi principle. In addition, 

testing the original oxygen partial pressure relaxation4 and quasi equilibrium oxygen release 

techniques,5 in order to develop a research methodology, obtain reference points for further 

development of methods and improvement of fundamental models was included. For these 

purposes, strontium cobaltites doped with tantalum and molybdenum were chosen 

Experiments 

SCT and SCM compound were synthesized using ceramic method. The obtained compounds 

were qualified by X-ray spectroscopy. Samples for OPPR method were pressed into pellets of 

specified shape and studied using scanning electron microscopy. After OPPR experiments pellets 

were grounded into powder of a narrow particle size range (64 – 160 μ) for QEOR. The data 

obtained was processed using original fundamental model developed earlier.  

Results and Discussion 

The oxygen partial pressure dependencies on time and non-stoichiometry were obtained for two 

compounds. The curves presented on figure 1 show the results of fitting experimental OPPR data 

with TIS (tank in series) macrokinetics model. For each composition, measurements were carried 

out at the same temperature ranges, as well as at the same relaxation steps of oxygen partial 

pressure. The gas flow rates were selected based on the oxygen exchange rate, which is estimated 

at the stage of the experiment by the magnitude of the relaxation amplitude of oxygen 

desorption/adsorption.  

The isothermal dependencies of 3-δ non-stoichiometry on oxygen partial pressure are shown 

on figure 2. Thermoprogrammed oxygen desorption (TPD-O2) data are also shown to confirm the 

validity of data obtained.  

 



103 

 
Figure 1. Experimental data obtained with OPPR method fitted with fundamental theoretical 

model (T = 850 °C, J = 50-100 ml/min) on SCT10 compound 

 

Figure 2. Experimental dependencies of 3-δ on oxygen partial pressure obtained with QEOR and 

TPD-O2 methods and thermogravimetric data of SCT10 compound 
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Introduction 

Platinum-containing electrocatalysts are a key component of the catalytic layers of proton 

conducting membrane fuel cells (PEM FCs). The operating conditions of PEM FC and the catalyst 

characteristics they determine can vary significantly. This makes it necessary to control the 

composition and microstructure of catalysts and requires the development of production 

technologies that can be easily customized to produce products with specified microstructure and 

properties. 

Experiments 

The synthesis of platinum-containing catalysts was carried out in the liquid phase, changing 

the nature of the reducing agent, the composition of the solution, pH, atmosphere & temperature. 

H2PtCl6 was used as a platinum precursor. Continuous measurement of the intensity of the three 

colored components of the solution during the synthesis process was carried out using a digital 

micro camera. An indicator electrode was used to measure the redox potential of the reaction 

medium. Standard methods were used to study the composition, structural characteristics, and 

electrochemical behavior of the catalysts. 

Results and Discussion 

When carrying out liquid-phase synthesis of platinum-containing catalysts, the composition of 

the reaction medium and synthesis conditions significantly affects the shape of Pt or PtM 

nanoparticles, their size, and size distribution. Unfortunately, the use of known methods for 

studying the composition of the reaction medium and monitoring the kinetics of transformation 

under technological conditions is difficult due to the high concentration of reagents, gas purging 

and mixing of the reaction medium during the synthesis process. Simultaneous study of the 

dynamics of color changes and redox potential of the reaction medium provided information on 

the influence of temperature, pH, atmospheric composition and two-component solvent on the 

kinetics of the multi-stage transformation Pt(IV) → Ptx(0) in relation to various synthesis methods 

[1-3]. Particular attention was paid to studying the duration of the nucleation/growth stages of 

platinum-containing NPs. As an example, the Fig. 1 shows characteristic dependences 

demonstrating the change in the intensity of the three components of the solution color and the 

redox potential of the medium during the synthesis of Pt/C. 

The study of the obtained Pt/C materials by XRD and TEM methods, measurement of their 

electrochemically active surface area and activity in the oxygen electroreduction reaction (ORR), 

made it possible to find correlations between the kinetics of transformation, the role of the 

“influencing factor” and the parameters characterizing the microstructure and electrochemical 

behavior of platinum-carbon catalysts. 

It has been established that the implementation of synthesis under conditions of rapid nucleation 

and subsequent growth of metal nanoparticles promotes their mono-size distribution, which leads 

to the production of Pt/C catalysts with high functional characteristics. For example, the 

electrochemically active surface area of a Pt/C catalyst obtained by reducing Pt(IV) with formic 

acid, determined from the results of cyclic voltammetry (Fig. 2), increases from 40 to 95 m2/g(Pt) 

as a result of a targeted change in synthesis conditions. 

It has been shown that changes in the composition of the atmosphere in which liquid-phase 

synthesis is carried out have a significant effect on both the kinetics of the Pt(IV) → Pt(0)x 

transformation, the size and shape of platinum nanoparticles. 
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Figure 1. Changes in the redox potential and three components of the color of the reaction 

medium during the liquid-phase synthesis of platinum nanoparticles. 

The use of developed methods for controlling the kinetics of multi-stage transformation made 

it possible to obtain Pt/C catalysts that combine high ECA, ORR activity and stability, which is 

largely associated with the optimal microstructure (morphology) of these materials.  

 

Figure 2. Cyclic voltammograms of standardized Pt/C catalysts obtained by colloidal syntheses 

with formic acid at different conditions. The potential sweep rate is 20 mV s-1. 0.1 M HClO4. 
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Introduction 

A wide range of studies demonstrate the harm from CO2 emissions into the atmosphere [1]. The 

need to reduce them is expressed in the policies of majority of states [2]. The CO2 capture with 

alkanolamine-based absorption is the most mature technology that can be readily implemented for 

different industrial and energy plants on the immediate horizon [3]. The main technique for amine 

solvent regeneration continues to be high-temperature CO2 stripping. A significant disadvantage 

of this technique is the gradual solvent degradation in the presence of dissolved oxygen [4], 
accelerating at elevated temperatures (100-130 °C). Oxidative amine degradation leads to the 

formation of heat stable salts (HSS). The presence of HSS intensify the corrosion process [5], 
decrease the solvent sorption capacity, changes the solvent viscosity leading to foaming, which 

together increase the solvent circulation rate and energy costs [6]. Oxygen removal can be 

delivered in a compact, modular and mobile form using hollow fiber membrane contactors due to 

their high specific surface area (interfacial area per unit volume), modular design, ease of 

installation and operation, independent adjustment of phase flows [7]. Despite the wide 

applications of membrane contactors, the O2 removal from amine CO2 capture solvents to prevent 

their oxidative degradation is rather unexplored field [8; 9].  
Recently, our team carried out the studies on the materials selection to develop composite 

membranes for this target. Firstly, it was shown that the majority of widely used commercial 

materials and porous membranes are poorly suited for membrane contactor system due to chemical 

or morphological alterations after contact with amine solvents [10]. Secondly, we developed a 

promising polymeric material of a thin protective layer [11]: a blend of ultra-permeable poly[1-

(trimethylsilyl)-1-propyne] (PTMSP) with addition of polyvinyltrimethylsilane (PVTMS) as an 

aging-preventing agent was developed. Thirdly, we studied the effect of the PVTMS additives to 

PTMSP matrix in the protective layer on the O2 removal efficiency from MEA solvent in 

contactors with polysulfone hollow fibers and tubular ceramic supports [12]. However, these 

works mainly focused on materials selection issue and the initial pre-demonstration of O2 removal 

with fabricated membranes without deep study of the deoxygenation process. 

In this paper, the overall mass-transfer coefficients and mass-transfer resistances of membranes 

and solvent boundary layers are estimated for the first time and the membrane scale up to size the 

developed composite membrane for a hypothetical post-combustion CO2 capture plant with a 

solvent flow rate of 120 m3/h is presented for various amine temperatures. 

Experiments 

A 30% aqueous solution of monoethanolamine was used as a model for the alkanolamine-based 

absorbent. Composite membranes on the PSF hollow fiber supports were fabricated deposition of 

the PTMSP/PVTMS solution in n-hexane on the outer surface of the hollow fiber support. The 

hollow fiber membrane contactor was prepared as follows: composite membranes were placed in 

a module body made of pneumatic push-in fittings and polyethylene tubes. Membranes fixing and 

sealing were done using universal epoxy glue. The parameters of the hollow fiber module are 

presented in Table 1. 

Table 1: Parameters Of Membrane Contactors 
Membrane inner diameter, mm 1.06 

Membrane external diameter, mm 1.64 

Module operating length, mm 100 

Module shell diameter, mm 8.5 

Number of membranes in the module, pcs 5 

Surface area of membranes, m2 3.8∙10-3 

Packing density, m2/m3 664 
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The O2 mass transfer data was estimated from deoxygenation of the MEA solution as a 

reference solvent. The transmembrane O2 flux J (m3/s) was calculated as follows: 

𝑱 =  
(𝑽𝟎−𝑽𝒕)

𝒕
      (1) 

where V0 and Vt are the O2 volumes in the liquid phase at the process beginning and at time t, 

respectively, m3; t – time of the deoxygenation experiment, s. 

The overall O2 mass transfer coefficient Kov was calculated as follows: 

𝑲𝒐𝒗 = 
𝑱

∆𝑪𝒍𝒏∙𝑺
,      (2) 

where J is the transmembrane O2 flux, m3/s, S is the membrane surface area, m2, ∆Cln is the average 

logarithmic difference in the O2 volume fractions at the initial time and after deoxygenation 

process, m3/m3. O2 mass transfer resistance was calculated as 1/Kov.  

As a parameter for assessing the practical efficiency of the membrane deoxygenation, one can 

use the estimated membrane area required to remove of O2 from certain flowrate of O2-rich 

solvent. In this work, for such estimation, data on the post-combustion large demonstration plant 

(Technology Centre Mongstad, Norway) was used with the following parameters: solvent flowrate 

– 120 m3/h, flue gas flowrate – 60,000 standard m3/h. The membrane area (Am in m2) required for 

oxygen removal efficiency η can be calculated as follows [9]:     

   𝑨𝒎 = 
𝜼∙𝑿𝒊𝒏∙𝑸

𝑲𝒐𝒗∙∆𝑪𝒍𝒏(𝜼)
,     (3) 

where η is the degree of dissolved O2 removal, Xin volume fraction of oxygen in the O2-rich solvent, 

m3/m3, Q is the solvent flowrate, m3/s, Kov is the overall mass transfer coefficient, m/s, ∆Cln(η) is 

the average logarithmic change of volumetric O2 fraction depending on the degree of dissolved O2 

removal during the deoxygenation process, m3/m3.  

Results and Discussion 

The deoxygenation tests were conducted on the MEA solvent at linear velocities of the liquid 

phase of 0.5, 2.8 and 5.5 cm/s. Based on this data obtained on the deoxygenation of the MEA 

solvent with contactor, the main parameters of O2 mass transfer were calculated and presented in 

Table 2. 

Table 2: Oxygen Mass Transfer Parameters 
Amine linear velocity, cm/s 0.5 2.8 5.5 

Transmembrane oxygen flux J∙10-7, m3/h 6.7 9.2 11.7 

Mass transfer coefficient Kov ∙10-5, m/s 1.40 2.14 2.97 

Mass transfer resistance 1/Kov ∙104, s/m 7.11 4.67 3.36 

The area of the membranes in gas-liquid contactor sized to remove dissolved O2 with required 

degree η from 30% aqueous MEA solution was estimated using Formula (5). The temperature of 

the incoming amine stream was 60 °C. Fig. 1 shows the calculated areas required to remove oxygen 

at a given temperatures (n.b. areas are given in hundreds of square meters). 

 
Figure 1. Membrane areas needed for different oxygen removal efficiencies from post-

combustion CO2 capture plant with a solvent flowrate of 120 m3/h. 
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Assuming 90% dissolved O2 removal degree with its content of ~4.1 ppm in the incoming 

solvent stream at 60°C, the membrane sizes of 7108 m2 for 0.5 sm/s, 2412 m2 for 2.8 sm/s and 

1911 m2 for 5.5 sm/s are obtained. Porous membrane supports of the calculated scale are readily 

commercially available. 
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Introduction 

In recent years, cation- and anion-exchange membranes have been increasingly used in 

membrane technologies for the production of organic acids [1,2]. In fermentation solutions, these 

acids mainly exist in the form of neutral salts. Before producing organic acids by electrodialysis 

with bipolar membranes, their neutral salts are concentrated by traditional electrodialysis. In this 

case, acid anions are transferred from the fermentation solution to the concentrated solution 

through anion exchange membranes. In other cases, anion exchange membranes are used at the 

stage of producing organic acids from their salts without prior salt concentration to isolate organic 

acid anions from mixtures with mineral salts [3] or to separate organic acids from their mixtures 

[4]. 

To improve the processes of producing and separating organic acids from solutions, it is 

necessary to understand the processes occurring at anion exchange membranes in contact with 

solutions of organic acid salts under conditions of electric current flowing through the membrane 

system. A simple method for detecting additional processes occurring in the membrane system is 

the cyclic voltamperometry method. The purpose of this work was to study the effect of sodium 

salts of acetic, malonic and citric acids on the current-voltage characteristics of anion exchange 

membranes.  

Experiments 

Heterogeneous Ralex AMH (Mega, Czech Republic), homogeneous Lancytom® AHT 

(LANRAN, China) and two-layer Ralex AMH/MF-4SK membrane were used as the anion 

exchange membranes under study. To determine the value of the limiting electrodiffusion current 

in systems with anion exchange membranes, as well as to identify part of current-voltage 

characteristics (CVC) that are not typical for classical CVC and which indicate the development 

of new processes in the membrane system, the cyclic current-voltage characteristics of membrane 

systems were measured. Measurements were carried out in solutions of neutral and acidic sodium 

salts of acetic, malonic and citric acids. In addition, CVC measurements were carried out in "acetic 

– malonic acid" and "acetic – citric acid" solutions at different pH values of the solutions. The 

choice of solution compositions was carried out on the basis of the distribution curves of various 

forms of acetic and malonic acids (Fig. 1a) and acetic and citric acids (Fig. 1b) depending on the 

pH of the solution. 

  
a b 

Figure 1. Concentration dependences of various forms of acetic and malonic acids (a) and acetic 

and citric acids (b) on the pH of solutions.  
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Results and Discussion 

The current-voltage characteristics of the heterogeneous Ralex AMH anion exchange 

membrane in solutions of neutral salts of acetic, malonic and citric acids have a traditional form 

with a well-defined part of the limiting current (Fig. 2).  

The current-voltage characteristics of the homogeneous Lancytom® AHT anion exchange 

membrane have a traditional form only in solutions of neutral salts of acetic and citric acids 

(Fig. 3a,c). In a solution of sodium malonate (neutral salt) CVC at under-limiting current is not 

linear (Fig. 3b). Both membranes have the same nonlinear CVC at under-limiting current in 

solutions of acidic salts of malonic and citric acids (Fig. 2b,c and 3b,c). These features can be 

explained by the protonation-deprotonation reactions in solution involving anions of acid salts [5] 

and ionogenic groups of membranes.  

   
a b c 

Figure 2. Current-voltage characteristics of heterogeneous Ralex AMH anion exchange 

membrane in 0.1 mol-eq/L solutions of acetic (a), malonic (b) and citric acid (c) salts.  

The cyclic current-voltage characteristics of the Ralex AMH anion exchange membrane in 

solutions of "acetic – malonic acid" (Fig. 4a) and "acetic – citric acid" mixtures (Fig. 4b) at all pH 

values of the solutions have nonlinear parts at currents less than the limiting one, as in the case of 

pure acidic salts of malonic and citric acids. 

   
a b c 

Figure 3. Current-voltage characteristics of homogeneous Lancytom® AHT anion exchange 

membrane in 0.1 mol-eq/L solutions of acetic (a), malonic (b) and citric acid (c) salts.  

Probably, an increase in the slope of the curves with an increase in the current density at under-

limiting current can be caused by deprotonation of molecules and single-charge anions of malonic 

acid and acetic acid molecules (Fig. 4a) or single-charge and double-charge anions of citric acid 

and acetic acid molecules (Fig. 4b) at the "anion exchange membrane – solution" interface, which 

leads to the transition anion exchange membrane in the form of anions with a higher charge. This, 

in turn, leads to an increase in its electrical conductivity. 

The application of a thin MF-4SK film to the surface of a heterogeneous Ralex AMH anion 

exchange membrane leads to a noticeable decrease in the limiting current (Fig. 5). 
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a b 

Figure 4. CVC of the Ralex AMH anion-exchange membrane in "acetic – malonic acid" system 

(a) and in "acetic – citric acid" system (b) at different values of pH.  

This change may be caused by a faster decrease in the concentration of electrolytes at the «MF-

4SK | Ralex AMH» interface with an increase in electric current density than at the «diffusion 

layer in solution | Ralex AMH» interface under the same conditions.  

  
a b 

Figure 5. CVC of the Ralex AMH/MF-4SK double-layer membrane in "acetic – malonic acid" 

system (a) and in "acetic – citric acid" system (b) at different values of pH.  

In this case, the processes of protonation – deprotonation of various forms of salts and 

molecules of organic acids can occur not only at the «membrane – solution» interface, but also at 

the interface between the MF-4SK cation exchange film and the Ralex AMH membrane when an 

electric current flows through two-layer Ralex AMH/MF-4SK membrane. 
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Introduction 

Lithium-ion batteries (LIBs) have taken a strong place in everyday life. But despite this, great 

interest is directed towards the creation of post-lithium current sources, in particular sodium-ion 

batteries (SIBs). Replacing lithium with sodium reduces production costs, improves sustainability, 

increases safety and reduces the environmental impact of SIBs. Basically, now electrolytes of 

commercial LIBs and SIBs consist of the metal salts, which are sources of charge transfer, 

dissolved in liquid aprotic solvents. Cyclic and linear carbonates and their mixtures, as well as 

ethers are mainly used as the solvents due to their high ionic conductivity, optimal dipole moment, 

viscosity and dielectric constant [1]. Due to fire and explosion hazards, a transition from liquid to 

solid polymer electrolytes is necessary. One of the optimal and best in many respects, such as 

electrical transport and physicochemical properties, are Nafion-like membranes. 

A product from DuPont, produced under the Nafion® brand turned out to be the most in demand 

as a polymer membrane for PEM fuel cells, as well as batteries. The production of ionomers with 

a similar chemical structure was later developed by other companies: Asahi Glass Company 

(Flemion®), Asahi Kasei (Aciplex®), FuMA-Tech (Fumion®), Thinkre Membrane Materials 

(NEPEM®), CTPEM (China), GP-IEM (Liaoning Grepalofu NewEnergy Co., Ltd., Panjin, 

China). Such membranes are usually called Nafion-like. They have high ionic conductivity, 

chemical and thermal stability. Currently the original Nafion membranes are not commercially 

available. Therefore, the aim of the work was to establish the general laws of the formation of the 

physicochemical and transport properties of polymer electrolytes based on the  sodium forms of 

the commercial analogs of Nafion (GP-IEM and CTPEM membrane) plasticized by such aprotic 

solvents as ethylene carbonate (EC) and propylene carbonate (PC).  

Experiments 

Polymer membranes in the acidic form with a thickness of 15–125 μm were purified according 

to a known method; to remove water, the membrane was first dried at 100 °C in a vacuum oven 

for 3 hours. To obtain sodium form according to the standard procedure the membranes were aging 

in 1 M water-ethanol (1:1 by volume) NaOH solution at 80–100 oC for 2 hours, followed by 

thorough washing with distilled water. The samples were first dried at 60 oC in drying oven Binder 

(Germany) for one hour, and then in dried in a glass vacuum oven Buchi (Switzerland) at 

temperature of 100 °C a pressure of 10 mbar for 3 hours. 

A dry membrane sample was placed in an excess volume of the solvent (EC or PC) over 

activated 3 Å molecular sieves at room temperature. All experiments with aprotic solvents were 

carried out in a dry box. The physico-chemical properties of the obtained samples were studied by 

the methods of gravimetry, synchronous thermal analysis, small-angle X-ray scattering, IR and 

impedance spectroscopy. 

Results and Discussion 

According to IR spectroscopy data, the molecular structure and thermal stability of studied 

polymer membranes also completely coincides with the structure of Nafion [2]. Swelling of the 

studied membranes in EC leads to excessive swelling degree (Table 1), which is much higher than 

for Na-Nafion. On the other side, the polymers, plasticizing with PC does not differ from   Na-

Nafion.  
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Table 1. Thickness change (Δd), swelling degree (W), temperature of thermal degradation 

(Tdeg) for the sodium form of the studied membranes 

Sample Δd, μm W, wt% WTGA, wt% Tdeg, °C 

Na-G102/EC 47 154 121  488 

Na-G105/EC 34 131  130  489 

Na-G102/PC 4 25 27  492 

Na-G105/PC 17 22  26  492 

Na-CT1/PC 25 39  37  485 

Na-CT3/PC -20 29  28  491 

Supramolecular pacing of the samples also similar to Nafion, but CTPEM membranes show the 

lowest crystallinity. According to impedance spectroscopy the ion conductivity of studied 

membranes, plasticized with EC inferior the same electrolyte based on Nafion, despite higher 

swelling degree. The report will present the detailed results and summarized analyses, obtained 

during this work. 
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References 

1. Roscher D., Kim Y., Stepien D., Zarrabeitia M., Passerini S. Solvent‐free ternary polymer 

electrolytes with high ionic conductivity for stable sodium‐based batteries at room temperature 

// Batter. Supercaps. 2023. V. 6. P. 1–10. 

2. Kayumov R.R., Radaeva A.P., Nechaev G.V., Lochina A.A., Lapshin A.N., Bakirov A.V., 

Glukhov A.A., Shmygleva L.V. Polymer electrolyte based on Nafion plasticized with carbonates 

and their ternary mixtures for sodium-ion batteries // Solid State Ionics 2023. V. 399. P. 116294. 

  



114 

STATIONARY ELECTROCONVECTION IN GALVANOSTATIC MODE WHEN 
FOLLOWING THE GENERALIZED OHM'S LAW 
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Introduction 

In membrane systems, the phenomenon of electroconvection is of particular interest: in the field 

of electrodialysis, it significantly increases the useful mass transfer in the processes of desalting 

dilute solutions [2]; in the field of microfluidics, it is the dominant mechanism in applications such 

as electrokinetic pumps, fast electrophoresis, etc. [2]. 

In [1], the simplest model of the transport of salt ions in membrane systems is proposed in the 

generalized Ohm’s law approximation for a symmetrical 1:1 electrolyte taking into account 

electroconvection, for example, an aqueous solution of KCl, which in some cases allows an 

analytical solution. 

Mathematical modeling and numerical research 

The mathematical model in dimensionless form is given in [1]. Let us consider a desalting 

channel formed by anion-exchange ( 0x  ) and cation-exchange membranes ( 1x  ), where it 

corresponds to the entrance to the channel where the KCl solution is supplied, and to the exit y L  

(length of the desalting channel L). At the entrance to the region, the ion concentration and 

potential distribution are assumed to be known, and the velocity is given by the Poiseuille parabola. 

The work carried out a numerical analysis of a 2D transport model of a symmetric binary 

electrolyte in the Ohm's law approximation taking into account electroconvection using a 

combination of the finite element method with the time-based method. 

The boundary value problem of the model has the form: 
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Where 1 2,  are the components of the total current, which are the sum of the Faraday current 

and the displacement current [1], S  is the generalized concentration (indicator function), E is the 

electric field strength,  is the current function for the current density, –Pe  Peclet number, 

0   is a small parameter, Re is the Reynolds number. 
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These conditions mean that the current does not flow along the membrane, they give the 

condition at the entrance to the channel, the condition at the exit from the channel, here is the 

average current passing through the channel, for the speed the sticking condition on the AEM and 

KEM is used, the Poiseuille parabola is specified at the input, and at the output there is a condition 

of absence of normal voltages. 

Main results 

The work established the basic laws of electroconvection under conditions of fulfillment of the 

generalized Ohm's law, namely: 
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1) the existence of a stationary solution is shown numerically at currents less than the limiting 

current and slightly greater than the limiting current. 

2) at currents less than the limit, no electroconvective vortices are formed, although the solution 

streamlines are bent and the flow at currents close to the limit differs from the Poiseuille flow. 

3) at currents greater than the limiting one, but close to it, with values of the order parameter 

 of 0.001, two electroconvective vortices are formed at the beginning of the channel; at currents 

significantly exceeding the limiting current, for example, one and a half limiting current, the flow 

structure strongly depends on the small parameter .  

 
 a) b) 

Figure 1. Electroconvective vortices 0.002, 7.5,Pe    at various values: a) – 1.1avi  ,  

 b) – 1.5avi   

 
Figure 2. Electroconvective vortices 1.5avi  , 7.5,Pe   at various values:a) – 0.005,   

b) – 0.015   

Properties 1)-3) correspond to similar properties of electroconvection studied in [1] using the 

basic model of electroconvection, which is a boundary value problem for the coupled system of 

Nernst-Planck-Poisson and Navier-Stokes equations. At the same time, the proposed model of 

electroconvection with a generalized Ohm's law is much simpler than the basic model. In some 

cases, the boundary value problem allows an analytical solution, which is convenient for a 

comprehensive study and analysis of electroconvection and its influence on the transport of salt 

ions. 
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Introduction 

Any membrane process starts with the transient period, which is principally non-stationary. 

Usually, it takes not so much time to achieve the steady state mode of the process, but the very 

start stage may play a crucial role in the further membrane stability and operation. In the 

experimental work [1], it was demonstrated that the time of the dialysis stationary mode 

establishment may reach 14 hours for some matters. A numerical non-stationary model of dialysis 

in circulation regime was developed in [2] and subsequent works of this group. They verified the 

model on their experimental data, nevertheless, the general principles and the laws of the dialysis 

on-set mode are not demonstrated yet.  

The goal of the present study is to investigate the nonstationary mode of some membrane 

separation processes, to reveal its specifics and to formalize it. Also, we are aimed to the 

representation of the conclusions in as simple form as possible to make them useful for engineers 

and experimentalists.  

Statement of the problem 

We consider three classical problems: A) a diffusion in a closed membrane cell; B) a diffusion 

in a flow cell with the tangential flow of the feeding solution and the permeate; C) a convective 

diffusion in a flow cell as in case B. The variation of the dissolved matter (DM) concentration 

c(x,t) is described by Fick’s law with the additional convective terms in case C, the diffusion 

coefficients being different for the solution regions (D0) and the membrane (DM). The thickness of 

the membrane is h, the width of the cell cameras are l. The uniform initial concentration of the DM 

c0 is set in the region of feeding solution (-l < x < 0), while the membrane (0 < x <h) and permeate 

camera (h < x < h+l) are assumed to be free of DM. The boundary conditions at the left and right 

walls of the closed membrane cell (problem A) represent zero fluxes. The boundary conditions for 

the flow cells (problems B and C) can be taken as given values of the DM and set at the boundaries 

of diffusion layers. We also denote their positions as -l and h+l for the sake of notation uniqueness. 

In the framework of homogeneous thin-porous membrane model offered in [3] the concentration 

of the DM undergoes a jump on both membrane surfaces, while the fluxes remain continuous. The 

described initial-boundary value problem can be formalized as follows: 
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Here we introduced the distribution coefficient γ related to the value of the potential barrier which 

is overcame by particles at the membrane surfaces. Besides, the values v, αv in the setting of 
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Problem C denote the velocity of the convection in the diffusion layers and in the membrane, 

correspondingly, coefficient ϕ is the retention coefficient. 

Solution and discussion 

Three formulated initial-boundary-value problems were solved using the Laplace Transform. 

The solution in the transform domain was found analytically in [3]. We use the algorithm of fast 

and precise Inverse Laplace Transform developed in [4]. It relies on the properties of Fast Fourier 

Transform and includes an additional procedure for improving calculation accuracy. In addition, 

we modified the algorithm to supply it with extra stability. 

It is worth mentioning that Problem A has a model character. The corresponding stationary 

solution is the equilibrium distribution of the DM with constant values of concentrations. Having 

the solution of the nonstationary problem we can follow how the concentration profile approaches 

its limiting position and evaluate the time required for the profile to achieve it. In Fig.1, one of 

such series of profiles are demonstrated. One can see, that for the chosen set of parameters the 

profile modifies noticeably and quickly achieves its stationary position, denoted by red. 

We define the process as achieved its steady state if the difference between the calculated DM 

concentration and its stationary value at the right boundary of the calculation domain is less than 

1 percent. There are three non-dimensional parameters that influence the time T for the steady state 

establishment: the ratio of the diffusion coefficients, D0/DM, the distribution coefficient, γ, the 

relative width of the membrane cell chambers, l/h. In Fig.2, the dependence of time T on l/h is 

presented. It is obviously non-linear, and we managed to find its character along with the 

dependencies of T on D0/DM and γ in the following non-dimensional form: 
2

0 0( /D , γ, / ) 0.075( /D 0.6)(γ 0.3)( 26.4 )M MT D l h D L L    .                        (A) 

To proceed to the dimensional values, one needs to multiply the obtained non-dimensional 

magnitude by h2/D0. For example, for h~100 mcm, D0~10-9 m2/s, T(10,10,10)~500 min. 

  

Figure 1. Concentration profiles (problem 

A) for D0/DM=10, γ=2, l/h=1.  

Figure 2. Dependences T(l/h) (problem A); 

points – numerical, line – approximating. 

We fulfilled analogous analysis of the solutions for problem B and C. The obtained dependence 

for problem B looks as follows  
2

0 0( /D , γ, / ) 0.007( /D 14.5)(1/ γ 1.9)( 17.5 )M MT D l h D L L    .                        (B) 

In dimensional values defined above, T(10,10,10)~20 min according to formula (B). 

An unexpected difference of formula (B) from formula (A) is in the dependence on parameter 

γ. The higher the jump the longer the stationary state is established in the closed membrane cell 

(problem A). Therefore, the dependence of T(γ) is direct in formula (A). In formula (B) this 

dependence is inversed. The reason may lay in the specifics of flow membrane cell operation. The 

steady state in this case is the concentration drop from one to another given and invariable values 

of DM concentration at the boundaries of diffusion layers. The higher the jump, the sooner the 

drop is established. 
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The approximation of time T for the steady state establishment in the flow cell with convection 

(problem C) looks like 
1/2 1.2(γ, , , ) 0.055(γ 4)( )(1/ α 2)(Pe 1)T L Pe L    .   (C) 

It should be noted that Peclet number 0Pe /vh D  is introduced in expression (C), while 

parameters D0/DM and ϕ are absent there. The dependence of T on D0/DM and ϕ in case (C) turned 

out to be so weak that we excluded it. The estimate of T in dimensional units defined above 

T(10,10,1,2)~3 min. 

In Fig.3, the evolution of concentration profiles in the diffusion layers and the membrane is 

represented. The stationary distribution is shown in red. Fig.4 demonstrates the dependence of 

time T on the Peclet number, which turned out to be one of the most influencing parameters. 

 
 

Figure 3. Concentration profiles (problem C) 

for D0/DM=10, γ=2, l/h=4, Pe=2, ϕ=0.9.  

Figure 4. Dependences T(Pe) (problem C); 

points – numerical, line – approximating. 

The solutions of non-stationary problems found in all three cases allowed to make estimates of 

time T required for the process establishment. The influence of each parameter on time T was 

analyzed and analytically formalized in the form of explicit expressions. It was demonstrated that 

the diffusion coefficient ratio and the distribution coefficient to a lesser degree influence the speed 

of the process establishment than the relative width of the diffusion layer or the flow regime (Peclet 

number) for the case of convective diffusion. Besides, it was shown that the time of the process 

establishment is much less than the time of the very process in each of the considered problem. 
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References 

1. Vasil’eva V.I., Vorob’eva E.A. Dynamics of the Separation of Amino Acid and Mineral Salt in 

the Stationary Dialysis of Solutions with an MK-40 Profiled Sulfo Group Cation Exchange 

Membrane // Russian J. Phys. Chem. A. 2012. V. 86. No. 11. P. 1726–1731. 

2. Kozmai A., Chérif M., Dammak L., Bdiri M., Larchet C., Nikonenko V. Modelling non-

stationary ion transfer in neutralization dialysis // J. Membr. Sci. 2017. V. 540. P. 60-70. 

3. Martynov G.A., Starov V.M., Churaev N.V. Theory of membrane separation of Solutions. 1. 

Formulation of the Problem and a Solution to Transfer Equations // Kolloidn. Zhurn. 1980. V. 

42. No. 3. P. 489–499. 

4. Brancik L. Programs for fast numerical inversion of Laplace transforms in MATLAB language 

environment //Proceedings of the 7th Conference MATLAB. Czech Republic, Prague, 1999. 

V. 99. P. 27–39. 

  



119 

ELECTRO / BAROMEMBRANE SEPARATION OF IONIC DYES USING 
ELECTICALLY CONDUCTIVE CERAMIC MEMBRANES 

1,2Ivan Kharchenko, 1,3Natalia Fadeeva, 1Irina Volkova, 1,4Evgeny Elsuf’iev, 
3Elena Fomenko, 3Galina Akimochkina,1,4Ilya Ryzhkov 
1 Institute of Computational Modeling, Federal Research Center KSC SB RAS, Krasnoyarsk, Russia 
2 Kirensky Institute of Physics, Federal Research Center KSC SB RAS, Krasnoyarsk, Russia  

3 Institute of Chemistry and Chemical Technology, Federal Research Center KSC SB RAS, Krasnoyarsk, 
Russia  

4 Siberian Federal University, Krasnoyarsk, Russia 

E-mail: harchenko@icm.krasn.ru 

Introduction 

Membrane technologies for separating liquid and gas mixtures are widely used in chemical, 

fuel and energy, medical and food industries. The current trends in the development of filtration 

membranes are improving rejection and selectivity, enhancing permeability, reducing fouling as 

well as increasing chemical stability and service life. One of the promising solutions is the 

development of membranes with an electrically conductive surface [1]. Such membranes open up 

the possibility of controlled transport of charged components under the influence of electric field. 

Currently, the attention of many researchers is focused on synthesis, characterization, and 

applications of ceramic membranes. Such membranes have a number of advantages in comparison 

with polymeric ones: greater mechanical strength, chemical and thermal stability, and the ability 

to regenerate. Therefore, the development of new types of ceramic ultra- and nano-filtration 

membranes with controlled selectivity is of undoubted relevance and will contribute to improving 

the effectiveness of separation and purification techniques in various industries. 

This work deals with the preparation of ceramic membranes with electrically conductive 

selective layer and application of these membranes for separation of ionic dyes from aqueous 

solutions. 

Experimental 

A narrow fraction of dispersed microspheres (~10 μm) obtained by the method of aerodynamic 

separation from fly ash was used as a raw material for obtaining ceramic substrates. Substrates 

with a diameter of 25 mm and a height of 3 mm were prepared by cold pressing at a pressure of 

40 MPa followed by annealing in a muffle furnace at 1100 °C. Then, a selective layer about 30 µm 

in thickness was formed on the substrates by vacuum filtration using alumina nanofibers with the 

diameter of 10–15 nm. The electrical conductivity of the selective layer was achieved by 

depositing carbon layers on the nanofibers by chemical vapor deposition in a flow tube reactor at 

a temperature of 900 C using ethanol as a precursor.  

Filtration experiments were carried out in a laboratory setup, consisting of a 400 ml filtration 

cell (Fig. 1), a compressor, a pressure regulator, a scale and a magnetic stirrer. The test solution 

was poured into a cell located on a magnetic stirrer. Compressed air was supplied to the upper part 

of the cell through a pressure regulator, which sets the required pressure in the cell. In the filtration 

cell, the membrane served as the working electrode, and the titanium porous plate served as the 

counter electrode. The effective membrane area was 3.8 cm2. The electric field between the two 

electrodes was created using a P-20X potentiostat in potentiostatic mode. The time dependence of 

the permeate flow was recorded using a balance connected to a computer. Special software was 

developed to automatically record data at a given time interval and process it. 

The rejection properties of membranes with a selective layer of carbon-coated nanofibers were 

studied by filtration of aqueous solutions of Victoria Blue B (506 Da) dye (20 mg/l) at the pressure 

of 5 bars applying the potential of +800 mV and –800 mV to the membrane surface. During the 

experiment, up to 5 permeate samples with a volume of 10 to 20 ml were collected.  
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Figure 1. CAD model of the bottom part of a dead-end filtration cell: 1 – cell body; 2 – 

bottom of the cell; 3 – counter electrode; 4 – insulator; 5 – electrode; 6 – output push-in 

fitting; 7 – 2mm fluoroplastic insert; 8 – ceramic membrane 25x2.5mm; 9, 10, 12 – sealing 

ring; 10 – conductive ring. 

 
Figure 2. SEM images of a two-layer membrane (a substrate prepared from fly ash fraction 

and a selective layer of alumina nanofibers) (a, b); The surface of selective layer before (c) 

and after (d) deposition of a carbon. 

The concentration of dyes in the initial solution and permeate samples was determined 

photometrically using a Genesys 10S-Vis spectrophotometer (Thermo Scientific, USA). 

Results and Discussion 

The SEM images of microsphere substrate with the selective layer are presented in Fig. 2 (a) 

and (b). The morphology of microspheres in the substrate after heat treatment is preserved and 

ensures the porosity of membrane. The formation of contacts between particles is also observed. 

The SEM images of selective layer surface before and after deposition of carbon are shown in Fig. 

2 (c) and (d), respectively. From these images, it is clear that the selective layer consists of 

disordered alumina nanofibers with an electrically conductive carbon coating. The average pore 

size of the selective layer is about 33 nm and 26 nm before and after deposition of carbon, 

respectively. 
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The filtration experiments were performed with an aqueous solution of cationic dye Victoria 

Blue B (506 Da) at the transmembrane pressure of 5 bars. The rejection for five consecutive 

permeate samples is presented in Table 1 for different applied potentials. When the potential +800 

mV was applied to the membrane, the permeate flow varied from 75 l/m2 h to 30 l/m2 h during 8 

hours. The rejection initially was 100%, but decreased to 96.95 % and 83.58 % for permeate 

samples 4 and 5. When the potential of –800 mV was applied, the permeate flow varied from 75 

l/m2 h to 20 l/m2 h during 8 hours, and the rejection was stable at 99.90–99.95%.  

The analysis showed that during the filtration of Victoria Blue B, dye molecules adsorbed on 

the membrane and reduced its permeability. At positive potential, the adsorption of cationic dye 

was diminished, so the rejection decreased with time. The negative potential favoured the 

adsorption resulting in stable and high rejection. 

Table 1. The results of filtration experiments depending on the applied potential to the 

membrane surface. 
 Rejection, % 

Applied potential +800 мV –800 мV 

Permeate 1 100 99.95 

Permeate 2 100 99.90 

Permeate 3 100 99.95 

Permeate 4 96.95 99.95 

Permeate 5 83.58 99.95 

Conclusion 

The application of voltage to conductive membrane surface can improve the rejection of ionic 

dyes depending on the sign of the applied voltage. Our results indicate that electro/baromembrane 

separation is promising for selective separation / purification of molecular mixtures. 
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Introduction 

In the early 2000s, for the first time, a new threat was recognized not only for the health of the 

human population but also for the fauna of the planet - nano- and microparticles of plastic. Its 

concentration is rapidly increasing in natural waters (lakes, seas, oceans). Entering living 

organisms, micro- and nanoplastics injure organ tissues and transfer toxic components formed 

during their decomposition or adsorbed from wastewater [1].  

Some micro- and nanoplastic particles can be separated by baromembrane methods such as 

ultrafiltration or reverse osmoses. However, the problem is not completely solved since particles 

of plastic are not dissimilated but accumulate and await final processing, or are again released into 

the environment with waste [2].  

Thus, the conventional separation of plastics from wastewaters is not enough, a complete 

processing is required. Anodic oxidation is a promising method of removing biologically non-

biodegradable organic substances, in which they are mineralized by the hydroxyl radicals and other 

reactive oxygen species to carbon dioxide, water, and other simple compounds [3].  

Experiments 

We prepared microplastics in the laboratory by dissolving 4.73 g of polyvinyl acetate in 1 L 

H2O. This plastic dissolves well in water and is toxic. The average particle size was 21.44 µm. A 

SOPTOP CX40M microscope was used to characterize the particle sizes of microplastics. The 

solution of polyvinyl alcohol was prepared by dissolving a suspension under prolonged heating. 

The resulting solution is colorless, indicating the very small size of the dissolved particles.  

At first step the working solution containing microplastics and 0.1 M Na2SO4 as background 

electrolyte was pumped into the system and circulated for 30 min without applied electrical current 

(for polyvinyl acetate), then a sample was taken. It allows to estimate the sorption of microparticles 

on the electrode surface. After that 0.5 A current was applied for 3 h and another sample was taken 

in the end of experiment. The total volume of solution in the experimental setup was 250 mL. 

During the experiment, the concentration of polyvinyl alcohol was determined from the value 

of chemical oxygen demand (COD) by the dichromate COD test (ISO 15705:2002 Water quality 

- Determination of the chemical oxygen demand index (ST-COD) - Small-scale sealed-tube 

method). 

The concentration of polyvinyl acetate was determined by the turbidity of the solution. For this 

purpose, the turbidity of polyvinyl acetate suspension at different concentrations was measured 

and a linear dependence of optical density on concentration was obtained.  

Results and Discussion 

Initial experiments on oxidation of prepared solutions of microplastics were carried out. It was 

found that the optical density of the PVA suspension drops immediately after we start pumping 

the microplastics suspension through the cell. The optical density of the initial polyvinyl acetate 

solution was 0.038. After pumping for 30 minutes, it decreased to 0.028. Probably, the plastic 

particles are well adsorbed on the developed surface of the anode, and large particles get stuck in 

the pores. After 3 hours of experiment with 0.5 A current, the optical density remained almost 

unchanged (0.030). During the experiment, active foaming was observed, which is due to the gas 

bubbles entering the water, which entrapped the plastic particles. For polyvinyl alcohol, the step 

with solution pumping without current was not performed because it is soluble. Samples were 

taken before and after the current was switched on. The COD of the solution decreased from 469 

to 320 mgO/L in 3 hours of the experiment. 
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Based on the above, we can conclude that electrocoagulation or electroflotation are more 

promising for the purification of microplastics from wastewater and AO will be more effective at 

the last stages of purification.  

 
Figure 1. Schematic Representation of the Experimental Setup (a) and Optical Image of a 

Suspension of Microplastic PVA (b). 
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MATHEMATICAL MODELING OF THE TRANSPORT CHARACTERISTICS OF 
ION EXCHANGE MEMBRANES WITH LOW WATER CONTENT 
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Kuban State University, Krasnodar, Russia, E-mail:  andrey.kislyi@mail.ru 

Introduction 

Ion exchange membranes (IEMs) are essential for efficient and safe production and storage of 

energy. Modern ion exchange membranes are subject to stringent requirements for commercial 

use. In particular, the IEMs must have high conductivity and ion transport numbers as well as low 

diffusion permeability. At the same time, membrane production should not be too expensive and 

harmful to the environment [1]. 

Among all possible analogs of Nafion®, partially fluorinated membranes based on the 

polyvinylidene fluoride (PVDF) copolymers attract special attention. Such membranes are 

relatively inexpensive, easy to manufacture, and are characterized by the flexibility in their 

properties. In addition, such membranes can be applicable not only to fuel cells. They can also be 

used in electrodialysis, electro deionization, membrane electrolysis, etc. [2]. 

To determine optimal synthesis conditions and obtain IEMs with optimal properties, in 

particular, for use in fuel cells, it is necessary to deeply understand the IEM structure-property 

relationship.  

It was found that, in contrast to most charged membranes, the NaCl diffusion permeability of 

the membranes decreased with increasing NaCl concentration. This result was explained via a 

model that incorporates ideas from the microheterogeneous model, Gregor's swelling model, and 

percolation theory. In essence, this interesting diffusion permeability behavior was attributed to 

the osmotic deswelling of the membranes, which affected co-ion diffusion coefficients to a greater 

extent than counter-ion diffusion coefficients (the conductivity behavior is as expected). 

A good quantitative agreement is achieved. The described model could be useful in 

understanding ion transport in IEMs with a low water content. 

Model formulation 

The model is based on the microheterogeneous model (MHM). Within this model, an ion 

exchange membrane is considered as a two-phase system consisting of a microporous gel phase 

and inclusions of equilibrium solution filling intergel spaces (Fig. 1). MHM allows to calculate 

ion transport numbers, conductivity and diffusion permeability of the membrane. 

It is known that when the water content of membrane decreases, its electrical conductivity 

decreases. This phenomenon is explained from the point of view of the percolation theory. We use 

the percolation theory to relate the membrane water content to the values of ion diffusion 

coefficients in the gel phase. In turn, the water content at a given concentration of bathing solution 

can be calculated using the Gregor model. 

 
Figure 1. Schematic View of a Two-Phase Microheterogeneous Membrane.  
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Experiments 

The studied membranes were synthesized on the basis of PVDF in two stages. First, unsaturated 

PVDF is obtained by its dehydrofluorination. Then simple radical polymerization is carried out. 

In this case 3-sulfopropyl methacrylate potassium salt acts as a copolymer. The obtained polymer 

is dissolved in DMAc solvent, poured off and the solvent is evaporated. A more detailed 

description is given in Ref. [3].  

Some characteristics of the membranes under study are present in Table 1. It is important that 

the membranes under study have relatively large open pores extending from the membrane surface 

to a certain depth. Their formation probably occurred during the membrane manufacturing at the 

stage of casting [3] due to gas evolution upon evaporation of solvent. The presence of such 

macropores, non-selective for the counterion transport, determines some peculiarities in the 

behavior of the membranes, similar to the behavior of track-etched membranes. The pore density 

and range of pore diameters are given in Table 1. 

Table 1: Some Characteristics of the PEM-RCF and PEM-RCF-2 Membranes 
Membrane Q*, 

mmol g–1 
wet 

Water 
content, w, 
gH2O g–1wet, % 

Diameter of 
open 

extended 
pores, nm 

Pore 
density, 

pores cm–2 

Surface 
pore 

fraction 

Membrane 
thickness, 

d, µm 

PEM-RCF 0.12 ± 0.02 26 ± 2 
133 ± 10 
(162 ± 14) 

1.26   109 

(9.13   108) 
0.18 
(0.19) 

29 ± 2 

PEM-RCF-2 0.08 ± 0.01 7 ± 2 
121 ± 10 
(98 ± 18) 

5.73   108 

(9.94   107) 
0.07 
(0.01) 

86 ± 2 

Results and Discussion 

Figure 2 shows a good agreement between simulated curves and experimental data on the 

concentration dependencies of electric conductivity, diffusion permeability and Na+ transport 

numbers of PEM-RCF and PEM-RCF-2 membranes.  

As can be seen from Fig. 2a, the concentration dependence of the conductivity of both 

membranes, *, under study is close to linear. This is due to the presence of macropores and a 

relatively high 2f  value along with low conductivity of the microporous gel phase. The increase 

in electrical conductivity with an increase in the c value is due to an increase in the conductivity 

of the electroneutral solution in the intergel spaces of the membranes. This contribution is 

approximately proportional to c, while the contribution of the microporous gel phase to the 

membrane conductivity only slightly increases with increasing c.  

The presence of macropores and a relatively high 2f  value for the PEM-RCF membrane 

determine, apparently, a relatively high diffusion permeability (Fig. 2b) and a low counterion 

transport number (Fig. 2c). The water content of this membrane is quite high. As a result, the P* 

value decreases only slightly with increasing c (Fig. 2b). On the contrary, the closeness of the 

water content and its critical values in the case of PEM-RCF-2 membrane causes a sharp decrease 

in parameters 


gD  and  as с increases. A decrease in coion mobility and an increase in the 

proportion of series connections of the gel phase and intergel spaces leads to a sharp decrease of 

P* with increasing с (Fig. 2b). 
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Figure 2. Simulated (Solid Curves) and Experimental (Markers) Concentration Dependencies of 

Electric Conductivity (a), Local Diffusion Permeability (b) and Na+ Transport Numbers for 

PEM-RCF (Black) and PEM-RCF-2 (Red) Membranes. 
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THE INFLUENCE OF THE CHEMICAL NATURE OF ION-EXCHANGE 
MEMBRANES ON THEIR FOULING DURING ELECTRODIALYSIS TARTRATE 
STABILIZATION OF WINE  

Anastasiia Klevtsova, Evgeniia Pasechnaya, Maria Ponomar, Anastasiia Korshunova, 
Daria Chuprynina, Natalia Pismenskaya 
Kuban State University, Krasnodar, Russia, E-mail: nastya-k1314@yandex.com 

Introduction 

Electrodialysis (ED) is widely used method for wine stabilization in the world. In Russia also 

this trend is gaining popularity. It is still open topic how the chemical nature and structure of the 

ion exchange membrane affects fouling by wine components. We studied 4 pairs consisting of 

heterogeneous (MA-41//MK-40 and AMH-PES//CMH-PES) and homogeneous 

(CJMA-3//CJMC-3 and AMX-Sb//CMX-Sb) membranes, which were used in electrodialysis 

tartrate stabilization of wine.  

Experiments 

A model solution of wine material was made from dry red wine, to which tartaric acid and 

potassium chloride were added. Tartrate stabilization experiments were performed using a 

laboratory six-compartment electrodialysis cell, until the electrical conductivity in the desalted 

stream decreased by 20%. Before and after the studied membranes were subjected to a 

comprehensive analysis. The current-voltage curves in 0.02 NaCl solution and the values of 

electrical conductivity in 0.5 NaCl solution were obtained. In addition, the analysis of membrane 

surfaces and cross-sections were carried out using contact angle measurements, optic microscopy 

of the surface, as well as IR-spectroscopy of membranes. 

Results and Discussion 

The contact angle values (Table 1) demonstrate an increase in the hydrophilicity of the surfaces 

of all membranes after electrodialysis. This parameter remains unchanged only in the case of a 

CMX-Sb cation exchange membrane within the limits of measurement error. Apparently, the 

adsorption of highly hydrated polyphenols by the surfaces of most membranes is the main reason 

for the decrease in contact angles. 

Table 1: Contact Angles of the Surface of the Studied Membranes 

Membrane Pristine After ED Membrane Pristine After ED 

AEM CEM 

AMX-Sb 68±7 50±3 CMX-Sb 41±3 46±3 

CJMA-3 53±5 19±3 CJMC-3 52±4 36±3 

AMH-PES 60±5 57±3 CMH-PES 65±4 40±4 

MA-41 69±3 57±4 MK-40 70±1 51±2 

Note, the foulants and the materials from which the membranes are made have a very similar 

chemical nature. Therefore, comparison of the IR spectra of the pristine and used membranes does 

not provide additional information about fouling (Fig. 1).   

Figure 2 shows that after electrodialysis, the electrical conductivity of AMX-Sb and CJMA-3 

membranes decreases more than 30%. It is noteworthy that other membranes do not undergo 

significant changes in this parameter. We hypothesize that homogeneous anion-exchange 

membranes contain a number of weakly basic fixed groups that form "bound species" with the 

anions of tartaric and other polybasic carboxylic acids. 

Fouling of the surfaces of the cation- and anion-exchange membranes causes acidification of 

the solution in the desalting compartment and also causes an increase in potential drops in 

underlimiting (favorable for tartrate stabilization) current modes (Fig. 3). 
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Figure 1. IR-spectra of AMX-Sb (a) and CMX-Sb (b) Membranes Before and After 

Electrodialysis. 
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a b 

Figure 2. Conductivity of Anion- (a) and Cation-Exchange Membranes (b) in 0.5 M NaCl 

Solution before and after Electrodialysis. 

  

  
Figure 3. Current-Voltage Curves (a, b) and pH Difference at the Outlet and Inlet of the 

Desalting Compartment Depending on the Current Density Divided by the Theoretical Limiting 

Current (c, d).  Data Obtained for Membranes MK-40 (a, c) and MA-41 (b, d). 

Acknowledgement. The Kuban Science Foundation, project No. MFI-20.1/78, funded this study. 
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Introduction 

Ultrapure hydrogen is widely used in semiconductor production and microelectronics 

technologies, as well as in other applications. Hydrogen is increasingly required in the emerging 

hydrogen energy industry.  

The simplest and most efficient way to obtain ultrapure hydrogen is its separation using metal 

membranes. Usually, membranes made of Pd alloys are used for this purpose, which are able to 

extract hydrogen from gas mixtures with 100 % selectivity. The problem is the extremely high 

price of such membranes at their relatively low performance. The lack of productive and affordable 

membranes hinders the development of many important areas that might be based on advanced 

membrane technologies. 

In work over the past few decades, it has been found that, contrary to the accepted view of 

palladium's unique ability to permeate hydrogen, hydrogen transport through Group 5 metals 

(vanadium, niobium, and tantalum) is orders of magnitude faster. If the surface of membranes 

made of these metals is coated with a thin layer of palladium, it provides catalysis of dissociative-

associative processes in the absorption-desorption of H2 molecules. The Pd layer also provides 

corrosion protection. As a result, the specific performance of such membranes is more than an 

order of magnitude higher compared to membranes made of palladium and its alloys, with a lower 

price of the material. 

Experiments 

Metal membranes made of vanadium alloys have many times higher hydrogen productivity 

compared to membranes made of palladium and its alloys [1, 2]. In particular, V-Pd alloys were 

used to create high-performance tubular membranes capable of extracting ultrapure hydrogen from 

products of steam conversion of hydrocarbon fuels [3]. Such high membrane performance was 

achieved mainly due to two experimentally discovered effects: firstly, Pd as an alloying element 

significantly suppresses the solubility of H in V, thus solving the problem of mechanical stability 

in the operation of vanadium alloy membranes; secondly, the diffusion coefficient of H in V-Pd 

substitution alloys is commensurate with the diffusion coefficient of H in pure vanadium.  

Figure 1 presents a schematic diagram of the membrane located in the membrane cell. The 

tubular membrane hermetically separates the inlet and outlet volumes. 

A 

 

B 

 
Figure 1. A - Photograph of tubular membrane made of V-Pd alloy; B - Schematic diagram of 

the membrane in the process cell 
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Results and Discussion 

Tubular membranes made of V-κPd alloy were manufactured by Mevodena Ltd. The Pd content 

in the alloys varied from 5 to 7 at.%.  

The hydrogen extraction from various gas mixtures under different conditions was investigated. 

The temperature, inlet pressure and gas mixture composition were subjected to variations. 

Figure 2 and Table 1 present the processed experimental data on the dependence of the 

permeation flux value of hydrogen on the total pressure of the mixture at the inlet (black curve) 

and on the dependence of the fraction of hydrogen extracted from the mixture (the ratio of the 

output H2 flux to the inlet flux), calculated from the experimental data. 

 
Figure 2. Black curve (left axis of ordinates) - dependence of H2 permeation flux on the total 

inlet pressure. Green curve (right ordinate axis) - extraction ratio of hydrogen from the mixture 

(ratio of H2 output flux to the input flux). Blue curve (right axis of ordinates) - maximum possible 

hydrogen extraction degree (calculated curve, the value does not depend on the membrane 

performance and is equal to the extraction degree at infinite membrane length). Asterisks - 

calculated value of H2 permeate flux value, assuming the constant surface properties for 

absorption/desorption process 

Table 1: Dependence of the H2 output flux and the ratio of H2 extraction from the gas 

mixture 
Full inlet 

pressure, bara 
H2 partial pressure at the 
membrane inlet, bara 

Hydrogen output 
flux, cm3/c 

Extraction 
level, % 

2 1,4 3,5 15 

3 2,1 6,3 27 

4 2,8 9,4 40 

5 3,5 11,7 50 

6 4,2 13,7 59 

7 4,9 15,4 66 

8 5,6 17,2 73 

9 6,3 18,7 79 

10 7 19,5 83 

11 7,7 20,4 87 

12 8,4 21,1 90 
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As the result of the experiments carried out it was shown that: 

- in the presence of vapor in the composition of the mixture component, CO2 does not 

specifically affect the membrane surface, its catalytic activity and does not reduce membrane 

performance 

- the maximum allowable flux of the mixture with 70% hydrogen content, at which 80% of 

hydrogen is extracted, is 42.6 cm3/s. 

- membrane leak tightness is preserved, the upper estimate of gas admixture in the hydrogen 

output stream (caused by possible membrane leakage) is 10-8 %. 
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Introduction 

Polymer proton-conducting membranes for hydrogen-air fuel cells (FC) are subject to a number 

of requirements: high proton conductivity under limited humidity and elevated temperature 

conditions; low gas permeability, since the flow of hydrogen through the membrane determines 

the concentration of hydroxyl radicals and the rate of chemical degradation of the membrane. An 

increase in proton conductivity is achieved, as a rule, by introducing hydrophilic inorganic 

components, but this leads to an increase in the permeability of the membrane due to an increase 

in its water content [1]. A compromise could be the introduction of both an inert polymer, which 

improves mechanical properties and inhibits membrane swelling [2], and a hydrophilic inorganic 

dopant, which provides high conductivity of the membrane under fuel cell operating conditions. 

The goal of this work is to evaluate the effect of the simultaneous presence of an inert polymer 

and an inorganic hydrophilic dopant on the equilibrium and transport characteristics of the 

perfluorinated MF-4SK membrane. 

Inert fluorocarbon polymers 

Fluorocarbon polymers with different mechanical properties, soluble in dimethylformamide, 

are used as an inert component to obtain modified membranes by casting from a polymer solution. 

The poly(vinylidene fluoride) (PVDF) and its copolymers with hexafluoropropylene (PVDF-HFP) 

and tetrafluoroethylene (PVDF-TFE) are among the fluorocarbon polymers. The amount of inert 

fluoropolymer in the membrane varies from 5 to 40% wt. It is established that with an increase in 

the content of the inert polymer, the exchange capacity and water content of the samples, as well 

as their electrical conductivity and diffusion permeability, naturally decrease. However, the pattern 

of the decrease in the equilibrium and transport properties of membranes is influenced by the 

mechanical characteristics of the fluorocarbon polymer, such as tensile strength and elongation. 

When a polymer with a low crystallite content (PVDF-HFP) is used, the membrane characteristics 

decrease monotonically. However, when adding even 5% of rigid polymers (PVDF, PVDF-TFE), 

the membrane characteristics change sharply. This is demonstrated in Fig. 1, which shows the 

change in the integral coefficient of diffusion permeability (P) of MF-4SK membranes with 

different contents of PVDF-HFP and PVDF-TFE. 

 
Figure 1. Influence of inert fluorocarbon polymers content on diffusion permeability of 

perfluorinated membranes in 0.1 NaCl solution. 
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Analysis of the mechanical characteristics of membranes shows that with the addition of rigid 

polymers (PVDF-TFE, PVDF), a monotonic increase in tensile strength is observed with 

increasing amount of inert polymer, while the introduction of PVDF-HFP has a plasticizing effect, 

significantly increasing the relative elongation at break. Thus, the introduction of PVDF-HFP 

allows for more “fine” regulation of the transport characteristics of membranes by changing its 

content. 

Zirconium Hydrogen Phosphate 

Zirconium hydrogen phosphate (ZrHP) is chosen as an inorganic hydrophilic dopant. Two 

methods for modifying ZrHP membranes are used in this work, depending on the method of 

membrane preparation. When using the in situ method, the synthesis of particles occurs inside the 

pores of the membrane.  The membrane is kept in water-alcohol mixture to expand the structure 

and in ZrOCl2 aqueous solution as a precursor, and then ZrHP is precipitated by treatment by 

phosphoric acid solution. When producing membranes by casting, the precursor is introduced into 

the polymer solution, and ZrHP is precipitated by treatment with phosphoric acid after casting the 

film. The amount of ZrHP in the MF-4SK membrane varies from 3 to 10 wt. %. Regardless of the 

modification conditions, the introduction of ZrHP leads to a non-monotonic change in the transport 

characteristics of membranes. The minimum values of diffusion permeability of the electrolyte 

solution and hydrogen permeability are observed at a dopant content of 6 %. 

The conductivity of the membranes is studied at different temperatures and relative humidity 

RH = 30%, which made it possible to identify the optimal content of the modifier and calculate 

the values of activation energy for the electrical conductivity of the membranes. It is found that 

the maximum value of conductivity is observed for membranes with 6 % wt. ZrHP, and the 

activation energy is practically independent of its content in the membranes. 

Inert Fluorocarbon Polymer + Zirconium Hydrogen Phosphate 

It is of interest to evaluate the effect of the simultaneous presence of a fluorocarbon polymer 

and ZrHP on the transport properties of the MF-4SK membrane. The amount of introduced 

modifiers is chosen based on the results described above and is 10-25 % for PVDF and 4-8 % for 

ZrHP. It is found that the simultaneous introduction of PVDF and ZrHP leads to a less significant 

increase in the water content and diffusion permeability of the samples compared to membranes 

containing only ZrHP. The presence of a sufficiently rigid polymer even in an amount of 10 % 

inhibits membrane swelling. Modifiers also have the opposite effect on the mechanical properties 

of membranes. The addition of an inert fluorocarbon polymer leads to an increase in strength and 

elongation of the samples, which prevails over the decrease in mechanical characteristics caused 

by the introduction of ZrHP. The conductivity of all studied samples in a 0.005 M HCl solution is 

in the range of 0.2 – 0.4 S/m. Investigation of the membranes conductivity in conditions of 

restricted humidity and elevated temperature would permit to obtain additional information about 

influence of both components on membrane transport properties. 
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Introduction 

Baro-electromembrane processes and technologies for the purification of aqueous solutions are 

widely used in various fields from the production of drinking water to the purification and disposal 

of industrial wastewater from enterprises: chemical, metallurgical, heat power engineering, water 

treatment and others [1-4]. 

The first bipolar ion exchange membranes were obtained and investigated in 1953. Only 20 

years after that, works began to appear in which the mechanism of the dissociation reaction of 

water molecules was investigated. Bipolar membranes capable of generating hydrogen and 

hydroxyl ions from water have found their application in various industries. Further development 

of ideas about the mechanism of dissociation of water molecules became possible after the results 

of an experimental study by electrochemical impedance of the characteristics of the bipolar region 

of bipolar membranes, differing in the nature of ionogenic groups. Thus, in recent decades, as a 

result of Simons, Comb, and Timashev's research, the mechanism of the dissociation reaction of 

water molecules in bipolar membranes has been discovered. 

Traditionally, BPM is obtained by pressing, rolling, extrusion or watering. The hot pressing 

method is one of the most common and simple enough for the manufacture of ion-exchange bipolar 

membranes from monopolar and thermoplastic cation-exchange and anion-exchange membranes. 

In this method, for the manufacture of bipolar membranes, cation exchange and anion exchange 

layers are combined with each other, then with the help of a press or wolves, the initial layers of 

the bipolar membrane heated to the required temperature are compressed during pressing or 

rolling. The advantage of this method is the possibility of using industrial cation exchange and 

anion exchange membranes as starting materials. Currently, only one type of BPM is produced in 

Russia – the MB-2 membrane by hot pressing on a hydraulic press at the Shchekinoazot Innovative 

Enterprise LLC. This membrane has unsatisfactory electrochemical characteristics, which narrows 

the scope of its application. 

The object of the study is reagentless electromembrane processes of pH correction of solutions 

and processes of recovery of acids and alkalis from salt solutions by electrodialysis with bipolar 

membranes. The development of the scientific foundations of the technology for producing bipolar 

membranes from relatively cheap heterogeneous monopolar membranes will make it possible to 

obtain bipolar membranes competitive on the world market, the characteristics of which will 

ensure their wide application in electrochemical processes.  

Using the obtained bipolar membranes, two pilot-industrial electromembrane complexes have 

been developed and tested, allowing the recovery of sulfuric acid and sodium alkali, and the 

processing of acidic vanadium-containing industrial effluents. 

Experiments 

A technology has been developed for the production of bipolar membranes with catalytic 

additives of the water dissociation reaction, having a size that allows the creation of pilot-industrial 

electrodialysts. The resulting membranes have a low overvoltage to the water dissociation reaction 

and good physical and mechanical properties. 

The bipolar membrane was manufactured by hot pressing of heterogeneous membranes – cation 

exchange Ralex CMH and anion exchange Ralex AMH. Before pressing, a layer of finely ground 

water dissociation catalyst containing phosphoric acid groups was applied to the surface of the 

cation exchange membrane. Phosphoric acid groups, which are located in the bipolar region of the 

membrane, are catalysts for the dissociation reaction of water molecules and this leads to a 

decrease in the operating voltage on the bipolar membrane. The P-474 laboratory press was 

upgraded to produce semi-industrial scale bipolar membranes. Modernization made it possible to 

obtain enlarged bipolar membranes (Figure 1). 
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Figure 1 – Appearance of the bipolar membrane surface 

The developed automated electromembrane complex for the recovery of sulfuric acid and 

sodium alkali from sodium sulfate, the appearance of which is shown in Figure 2. 

 
Figure 2 – External view of the developed electromembrane complex in the business incubator of 

KubSU. 

The computer control panel for the electrodialyzer with bipolar membranes (EDBM) is shown 

in Figure 3. 

 
Figure 3 – External view of the control panel of the electromembrane complex. 
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Figure 4 – Dependence of the concentration of sodium hydroxide and sulfuric acid in 

solutionscirculating through the electrodialyzator-synthesizer (EDS) on time.  

This graph shows the changes in the concentrations of these chemicals as they are converted 

from one to the other during the electrolysis reaction. Based on these results, we can conclude that 

the electrodialytic process is effective in converting sodium sulfate into sulfuric acid and sodium 

hydroxide. 

Results and Discussion 

Analysis of the results of the study of industrial MB-3, an analogue of industrial MB-2, 

experimental-industrial bipolar membranes (containing catalytic additives), allow us to conclude 

that a bipolar membrane containing phosphoric acid polyelectrolyte as a catalyst for the 

dissociation reaction of water has a lower overvoltage in the bipolar region than an industrial 

bipolar membrane MB-3. An electromembrane complex with bipolar membranes has been 

developed and tested. The specific productivity for sulfuric acid was 2.0 mol/(m2·h), specific 

energy consumption was 5.5 kWh/kg of sulfuric acid. 
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Introduction 

Membrane distillation (MD) – is a thermally-driven desalination process that has been explored 

for treating high-salinity brines. MD is attractive for this application as it is not limited by the 

osmotic pressure of the saline feed as is reverse osmosis (RO). The driving force in MD for water 

transport is the vapor pressure gradient that exists between the saline feed and purified streams, 

which is generated by a temperature gradient between the two streams [1]. In this process, only 

water vapor passes through the microporous hydrophobic membrane. The membrane is important 

in this process because its MD characteristics, such as rejection (R) and water flux (J) determine 

its efficiency [2]. The purpose of this study is to fabricate electrospun poly(vinylidene fluoride-

tetrafluoroethylene) (P(VDF-TFE)) nanofiber membranes and optimize their membrane 

performances by varying polymer solution for direct contact MD (DCMD). 

Experiments 

Membranes from solutions of P(VDF-TFE) polymer of different concentrations (5%, 6% and 

7% w/w) in a solvent mixture of DMF:acetone (7:3) were prepared by electrospinning. All other 

spinning parameters were kept constant: voltage = 20 kV, spinning distance = 20 cm, flow rate = 

1 ml/h. All samples were tested in a DCMD cell. The feed solution consisted of a 1 g/L sodium 

chloride solution made using doubly deionized water. Membrane performance was assessed in 

terms of salt rejection quantified using the electrical conductivities of the feed and purified water 

solutions.  

𝑅 =
𝐶𝑓𝑒𝑒𝑑 − 𝐶𝑐𝑜𝑛𝑑

𝐶𝑓𝑒𝑒𝑑
 100 𝐽 =

𝑉

𝑆𝑡
 

Results and Discussion 

Scanning electron microscope (SEM) images of the nano-fibrous membranes are presented in 

Figure 1. With increasing polymer concentration in solution, the diameter of the fibers increases, 

while the hydrophobicity of the membrane surface decreases. At the same time, all contact angle 

results show fairly high values: more than 150°. 

   
a) 5% b) 6% c) 7% 

Figure 1. Images of electrospun membranes of different polymer concentration. 

The PTFE commercial membrane has the lowest flux (9.6 LMH) then all nanofiber electrspun 

membranes. However, the electrospun membrane of 6% polymer solution has the highest flux 

(21.7 LMH). The nanofiber membranes show high salt rejection values: more than 99.9% after a 

6 h continuous separation test, suggesting the great potential of P(VDF–TFE) nanofiber 

membranes in DCMD (Figure 2). 
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Figure 2. Rejection with flux of electrospun and commercial membranes. 
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Introduction 

At the moment, the issue of treating complex industrial wastewater is a significant and urgent 

challenge. To address this, techniques such as chemical precipitation, coagulation, and filtration 

are employed [1]. However, these approaches primarily rely on the use of chemicals, which also 

results in the generation of waste products that are difficult to manage. This leads to additional 

expenses for the procurement of chemicals and does not completely resolve the pollution issue. 

Electrodialysis is a modern and advanced method of recycling multicomponent industrial solutions 

that relies on the selective ability of ion-exchange membranes [2-3]. These membranes allow 

certain ions to pass through, while blocking others. Depending on the types of ions that pass 

through, ion-exchange membranes can be categorized as cation-exchange or anion-exchange. By 

alternating cation and anion exchange membranes in an electrodialysis system, desalination and 

concentration chambers are created when an electrical current is applied. In the desalination 

chamber, the concentration of ions decreases, while in the concentration chamber it increases. To 

achieve higher concentrations in the concentration chamber, an electrodialysis machine with non-

flowing concentration chambers is used. This configuration allows you to reach maximum 

concentrations, up to a saturated solution. 

Experiments 

During the course of the work, experiments were conducted on the limiting electrodialysis 

concentration of NaCl and CaCl2 solutions, both individually and as an equimolar mixture. In all 

experiments, the solution concentration was 0.4 mol-eq/L for Cl- ions. The current-voltage 

characteristics of the cation exchange membrane were measured. The objects of the study were 

domestic anion-exchange membranes MA-41 and cation-exchange membranes produced by 

casting from a solution of LF-4SK in isopropyl alcohol. All experiments were performed on a 

laboratory cell consisting of 5 anion exchange membranes and 4 cation exchange membranes. 

Capillaries were connected to one of the cation exchange membranes, allowing us to record the 

potential drop across the membrane during the concentration process. In the process of 

electrodialysis concentration, we monitored the following parameters: the current and voltage 

across the cell, the potential drop across the cation exchange membrane being studied, the 

electrical conductivity and pH values in the desalination chamber and electrode chamber, and the 

concentration and density of the solution in the concentration chamber. 

Results and Discussion 

Figure 1 shows graphs that show the dependence of the concentrations of components in the 

concentration chamber on the applied current during the processing of single-component solutions. 

As can be seen in the graph, there is a proportional increase in concentration in the first part, but 

then the increase slows down and reaches a plateau. Further increasing the current causes the flow 

of salt into the concentration chamber to increase. At the same time, the flow of solvent also 

increases, due to the osmotic flow of water from the desalination chamber to the concentration 

chamber, diluting the solution in the concentration chamber. When processing a solution with 

0.4 mol-eq/L NaCl, we were able to achieve a final salt concentration of 3.9 mol-eq/L. When 

processing a CaCl2 solution with the same concentration, the maximum concentration achieved 

was 4.0 mol-eq/L. 
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a       b 

Figure 1. Dependence of concentration in the concentration chamber on the current for 

solutions: a – NaCl, b – CaCl2. 

Next, we conducted selective concentration of a mixture of equimolar NaCl and CaCl2 at 

0.4 mol-eq/L concentration. The results are shown in Figure 2. 

 
1 – Na+; 2 – Ca2+ 

Figure 2. The dependence of the concentration in the concentration chamber on the current. 

As can be seen from the data presented, with increasing current, the concentration of Na+ ions 

increases, while the concentration of Ca2+ ions exhibits an extreme behavior. As the current 

continues to increase, the difference between the two concentrations decreases and becomes 

practically equal. Therefore, it can be inferred that effective separation of the components at 

extreme concentrations is possible, although it may be more efficient at lower currents. 
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Introduction 

Electrodialysis has gained global recognition as a water purification method with the potential 

to enhance the overall efficiency of the purification process. The efficiency of electrodialysis 

depends strongly on the hydrodynamics of the process, as the advent of new high performance 

membranes on the world market removes the kinetic limitations associated with membranes and 

shifts the stage that determines the economic efficiency of desalination towards the liquid phase. 

Studies in recent years show that there are two approaches that reduce the mass transfer limitations 

on the electrolyte solution side. The first is the use of spacers with which the flow of the solution 

can be controlled. We have investigated this approach in our study [1]. Secondly, the use of 

electroconvection under intense current modes. However, in this case, such destructive processes 

as the long-known dissociation reaction of water molecules and the recently discovered space 

charge breakdown [2] arise, which lead to the problem of a joint study of all these processes and 

their complex influence on salt ions. For the first time, the main regularities of salt ion transport 

in a desalting channel with spacers, electroconvection, and the dissociation/recombination reaction 

of water molecules [3] and the interaction of these phenomena are established in this work 

theoretically, using the method of mathematical modeling. 

Materials and Methods 

We consider a desalting channel formed by AEM and CEM through which a binary salt solution 

(e.g., KCl) flows with average velocity V0= 0.1 mm·s−1. The concentration of the solution at the 

inlet is C0=0.01 mol·m−3, pH is 7. The potential difference between x = 0 and x = H, increases 

linearly with time: φ(t, 0, y) = d · t, where d= 10 mV/s is the sweep speed of the potential drop.  

The intermembrane distance H is 0.5 mm; the channel length L = 2 mm. The non-stationary 

transfer of salt ions for a 1:1 electrolyte, taking into account the space charge and the 

dissociation/recombination reaction, is described by 2D system of equations [1].  

Mathematical model is a boundary value problem for a system of nonlinear partial differential 

equations of the second order. The numerical solution of such boundary value problems causes 

significant difficulties, since such problems are multidimensional and contain a large number of 

variables. In addition, when solving the problems, it is necessary to take into account the change 

of variables at different scales—from several nanometers in the volume of the electric double layer 

at the interfacial boundary to several centimeters along the length of the channel formed by two 

membranes. 

The numerical solution is based on the finite element method and splitting the problem at each 

current time layer into hydrodynamic (Navier–Stokes equation) and electrochemical (Nernst–

Planck–Poisson) problems following by successive alternating solutions to convergence with a 

given accuracy. We successfully applied this method to solve a number of electrochemical 

problems. 

The theoretical study methodology consists of numerical investigation of different 

mathematical models. All these models consider diffusion, electromigration, convective transport, 

and electroconvection, and differ in that they take into account or do not take into account the 

influence of spacers and dissociation/recombination reactions of water molecules. Thus, to 

theoretically investigate the fundamental ion transport patterns of a binary 1:1 salt, we perform a 

comparative analysis of the different characteristics for four different cases: 1. Spacers are present 

and the dissociation/recombination reaction of water molecules is considered; 2. Spacers are 

absent and the dissociation/recombination reaction of water molecules is considered; 3. Spacers 

are present and the reaction of dissociation/recombination of water molecules is not considered; 4. 
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Spacers are absent and the reaction of dissociation/recombination of water molecules is not 

considered. 

Results and Discussion 

Let us consider the formation and development of electroconvection in the desalting channel of 

the electrodialyzer (Figure 1). Considering the dissociation/recombination reaction of water 

molecules significantly changes both the formation and development of electroconvection.  

Initially the concentration of salt ions decreases faster under the action of 

dissociation/recombination reaction due to the effect of exaltation. Further, the curvature of the 

fluid flow stream lines increases, which increases the inflow of solution from the middle part of 

the channel in the direction of ion exchange membranes. As a result, a desalting region is formed 

in the middle part of the channel. At the same time, in the absence of dissociation/recombination 

reactions, electroconvective vortices appear, with the presence of the spacer system slow-ing down 

their development for a few seconds. However, with time, the spatial charges at the ion-exchange 

membranes begin to be suppressed by H+ and OH− ions arising from the dissociation reaction and 

having opposite signs to their respective spatial charges. Therefore, the electroconvective vortices 

decrease (Figure 1). 

Thus, the dissociation/recombination reaction of water molecules leads to a faster desalting of 

the solution initially at first and thus an earlier onset of electroconvection. However, with time, 

electroconvection begins to be inhibited by new H+ and OH− charge carriers. In addition, the 

spacers provide better mixing of the solution and, consequently, the influence of the 

dissociation/recombination reaction of water molecules decreases, due to the lengthening of the 

first period. 

 
Figure 1. Cation concentration surfaces (color scale) and fluid stream lines (white) for four 

electrodialyzer desalting channels at t = 150 s, d = 1.5 V: (1) spacers are present and the 

dissociation/recombination reaction of water molecules is considered, (2) spacers are absent 

and the dissociation/recombination reaction of water molecules is considered, (3) spacers are 

present and the dissociation/recombination reaction of water molecules is not considered, (4) 

spacers are absent and the dissociation/recombination reaction of water molecules is not 

considered. 

Figure 2 shows general cross-sectional views of the normalized spatial charge density ρ in the 

vicinity of the spacer without considering the spatial charge at ion exchange membranes, which 

shows the complex and non-stationary interaction of solution flow and spatial charge distribution. 
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Figure 2. General view of the cross section of normalized space charge density without 

considering space charge at ion exchange membranes (highlighted) solution current lines (white 

lines) at times (a) 130 s and (b) 131 s. 

Conclusion 

A theoretical study of the influence of spacers on the transport of salt ions with regard to the 

dissociation/recombination reaction of water molecules and electroconvection has been carried out 

in this paper. A complex, nonlinear, contradictory, nonstationary interaction and the mutual 

influence of spacers, dissociation/recombination reaction, and electroconvection between each 

other are shown. The results show that spacers slightly suppress water splitting, namely, water 

splitting starts earlier in the absence of spacers. In addition, the electroconvection in the thin 

boundary layer is slightly reduced when spacers are used, which reduces the mixing of the solution 

and consequently the transport of salt ions. On the other hand, spacers promote convective 

transport of the electrolyte solution from the middle part of the channel with a high content of salt 

ions to the vicinity of the ion-exchange membranes, where the salt content is lower, and therefore 

increase the transport of salt ions. 
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Introduction 

Nonstoichiometric perovskite-like ABO3–δ oxides with mixed ionic and electronic conductivity 

(MIEC) have attracted the interest of researchers over the past three decades. MIEC oxides 

materials are being considered for use in a number of different chemical and energy technologies 

owing to high mixed ion-electron conductivity and catalytic activity. Research fields of MIEC 

oxides include oxygen and hydrogen production, carbon dioxide utilization, cathode development 

for solid oxide fuel cells, etc. [1-4]. Because MIEC oxides are able to exist in a wide range of 

oxygen stoichiometry, it becomes a challenging task to reliably determine their transport 

properties, as evidenced by a substantial contradiction in the literature for the same compositions. 

Thus, the purpose of the present work was to determine the kinetic parameters of the perovskite 

system as a function of temperature and oxygen content using the proposed approach [5-7]. 

Experiments 

Equilibrium properties and kinetic properties of La0.6Sr0.4Co0.2Fe0.75W0.05O3-δ were studied by 

an original approach involving two methods: oxygen partial pressure relaxation and a quasi-

equilibrium oxygen release.   

Results and Discussion 

The kinetic parameters (equilibrium exchange rate R0 and chemical diffusion coefficient in 

oxide Dchem) of La0.6Sr0.4Co0.2Fe0.75W0.05O3-δ were found. Equilibrium isothermal diagram “lg pO2 

– 3δ – T” was constructed. It was shown that the linear free-energy relationship—between 

activation energy of the reaction rate constant and standard Gibbs energy of the reaction—is of the 

Brønsted–Evans–Polanyi type. 
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Introduction 

The operation of ion exchange membranes in an electrodialyser takes place under conditions of 

direct current, elevated temperature, and the solution pH changes. This leads to variations in their 

structure and chemical composition, which affect the selectivity and transport characteristics of 

ion-exchange membranes. The service life of modern heterogeneous membranes is from two to 

five years. This is the main part of electrodialysers. Their cost is 25-35% of the total capital costs, 

and replacement at the end of use is the second, after the cost of energy, item of operating costs. 

Knowledge about the degradation processes of ion-exchange membranes in an electrodialyser, is 

necessary to extend their useful life, as well as to find ways to regenerate them. 

Experiments 

The objects of research are commercially available cation and anion exchange membranes 

Ralex CM(H)-Pes (Ralex CM) and Ralex АM(H)-Pes (Mega, Czech Republic), used in the 

electrodialysis of wastewater formed during the production of nitrogen-containing mineral 

fertilizers. The composition of such wastewater is shown in Table 1. The membranes separated the 

desalination and concentration chambers, and were located in the middle of the electrodialyser. 

Table 1: Composition of wastewater formed during the production of nitrogen-containing 

mineral fertilizers  
Cations Concentration, 

mg/dm3 
Anions Concentration, 

mg/dm3 

Ca2+ 0.9 – 6.7 Cl- 1.3 – 16.9 

Mg2+ 0.2 – 3.8 SO4
2- 2.2 – 39.8 

Na+ 0.10 F- 3.2 – 92.3 

K+ 0.15 NO3
- 15.4 – 312.1 

Fe2(3)+ 0.01 – 0.17 
PO4

3- 0.6 – 2.3 
NH4

+ 15.9 – 258.5 

The electrical conductivity (by contact-difference method in 0.03-0.20 M NaCl solution), 

diffusion permeability, ion fluxes and current-voltage characteristics were determined for each 

new membrane and for the membrane used during electrodialysis of an aqueous 0.012 M NH4NO3 

solution (in the seven-chamber electrodialyser with alternating cation and anion exchange 

membranes, with an active area of one membrane of 14 cm2, and solution feed rate of 0.046 cm/s). 

In addition, structural changes of membranes using the scanning electron microscopy were 

considered. 

Results and Discussion 

Changes in some characteristics of ion exchange membranes are shown in Table 1. Index 0 

refers to new conditioned samples, indices 1 and 6 – to ion exchange membranes after one and six 

years of operation in an industrial apparatus, respectively. It is possible to note a decrease in the 

exchange capacity of both anion and cation exchange membranes, which indicates the destruction 

of the ion exchanger. The destruction of functional groups and the crosslinking agent of ion-

exchange particles in the composition of membranes may occur due to local changes in 

temperature and pH of the solution during electrodialysis. 
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Table 2: Characteristics of ion exchange membranes 
Membrane Ralex 

CM (0) 
Ralex CM 

(1) 
Ralex CM 

(6) 
Ralex АM 

(0) 
Ralex АM 

(1) 
Ralex АM 

(6) 

Diffusion 
permeability 
(according to 0.5 M 
NH4NO3), 10-12 m2/s 

2.4 ± 0.2 2.5 ± 0.2 6.7 ± 0.5 1.1 ± 0.1 1.2 ± 0.1 6.5 ± 0.6 

Exchange capacity 
(according to 
NaOH/HCl), mmol/g 

2.2 ± 0.2 1.8 ± 0.1 1.8 ± 0.1 2.1 ± 0.2 1.9 ± 0.1 1.7 ± 0.1 

The parameters a, b, c, d, e, f1, f2 and α of the extended three-wire model [1] for Ralex CM 

found from the concentration dependence of the specific electrical conductivity of the membrane 

are shown in Figure 1. With increasing operating time, minor changes in parameters b (the 

proportion of current flowing through the gel phase of the membrane) and a (through the mixed 

gel-solution channel), an increase in parameter c (inter-gel solution), d (the proportion of solution 

in the mixed channel "a"), f2 (the volume fraction of the inter-gel phase) and α (a parameter 

reflecting the relative position of the phases in the material with respect to the direction of current), 

as well as a decrease in f1 (the proportion of current transfer through the gel phase of the 

membrane) can be concluded. In general, similar dependencies were obtained for Ralex AM too. 

 
Figure 1. Parameters of the combined microheterogenic and three-wire conductivity model for 

the studied heterogeneous ion exchange membranes  

Elemental analysis of the surface of Ralex CM membranes (Figure 2) showed an increase in 

sulfur content. The absence of calcium on the surface of the samples suggests that there is no 

formation of insoluble calcium sulfate on the membrane. Most likely, the increase in sulfur content 

is associated with the release of functional sulfonic acid groups of the cation exchanger to the 

surface as a result of surface abrasion and partial removal of the polyethylene layer. 

 
С – red, S – blue , Na - green 

 
С – red, S – blue , Na - green 

RalexCM(0) RalexCM(6) 

Figure 2.  Surface distribution map of C, S, Na elements for heterogeneous membranes 

The fluxes of salt ions during electrodialysis for the Ralex CM(1) and Ralex AM(1) membranes 

do not differ from the fluxes of these ions through the new Ralex CM(0) and Ralex AM(0) 

membranes. For anion exchange membranes Ralex AM(6), it was found that the fluxes of nitrate 
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ions at a current density not exceeding the limiting value are noticeably lower than the fluxes of 

these ions through new Ralex AM(0) samples. 

Figure 3 shows the volt-ampere characteristics of the Ralex CM(6)/Ralex AM(6) and Ralex 

CM(0)/Ralex АM(0) membranes in ammonium nitrate solution. A feature of Ralex AM(6) is an 

increase in both the length of the limiting current plateau and the tangent of its inclination to the 

potential axis. This characterizes the appearance of additional current carriers in the solution – H+ 

and OH- – ions formed as a result of heterolytic dissociation of water molecules and allows us to 

estimate the ability of the membrane system to develop electroconvection. The increase in the 

limiting current density may be a consequence of an increase in the proportion of the conductive 

surface of Ralex AM(6), as well as an increase in the reverse diffusion flux from the concentration 

chamber due to an increase in the diffusion permeability of the membrane and the proportion of 

the inter-gel phase in the sample composition. The increase in the length of the plateau on the volt-

ampere characteristics is associated with an increase in the hydrophilicity of the surface. For Ralex 

CM(6) cation exchange membranes, an increase in the limiting current density is also found. 

 
а 

 
b 

Figure 3. Voltage-ampere characteristics of anion exchange membranes RalexAM (a) and cation 

exchange membranes RalexCM (b) during electrodialysis of 0.012 M NH4NO3 solution: 1- 

RalexАM(0); 2 - RalexАM(6); 3 - RalexСM(0); 4 - RalexСM(6) 

With prolonged use of heterogeneous ion-exchange membranes in the electrodialysis treatment 

of waste from the production of mineral fertilizers, the increase is observed for their diffusion 

permeability, electrical conductivity (because of an increase in the contribution of the inter-gel 

solution to the membrane conductivity), as well as the proportion of the conductive surface. 
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Introduction 

Membrane technologies, including dialysis separation processes using ion-exchange 

membranes, can be used in the production of lactic acid from whey. To implement optimal 

technological conditions for the use of membrane processes for such systems, it is necessary to 

know not only the basic characteristics of ion-exchange membranes, such as sorption capacity, 

diffusion permeability, and their electrical conductivity in solutions of lactic acid and mineral salt, 

but also the regularities of lactic acid mass transfer in ion-exchange membrane systems, the 

determination of which is the purpose of this study. 

Experiments 

The sorption of lactic acid HLac by anion exchange membranes MA-41 (Shchekinoazot, 

Russia) and Ralex AM(H)-PP (Mega, Czech Republic) in Cl--ionic form from solutions with a 

concentration of 0.03-0.15 mol/dm3 is considered. The main difference between these 

heterogeneous membranes is the higher dispersity of the ion-exchange component Ralex AM(H)-

PP. The diffusion permeability of these membranes was found in solutions of lactic acid, sodium 

chloride, as well as in mixed solutions of lactic acid and sodium chloride, where organic acid and 

mineral salt are in an equimolar ratio (concentration range was 0.03-0.5 mol/dm3). The specific 

electrical conductivity of membranes in solutions of lactic acid and sodium chloride was measured. 

In solutions of the studied concentrations, lactic acid is initially found mainly in molecular form 

(the proportion of HLac in these solutions is 0.94-0.97). 

Results and Discussion 

Lactic acid sorption involves both ion exchange and non-exchange absorption. The non-

exchange absorption of lactic acid by the MA-41 membrane is higher than by the Ralex AM(H)-

PP membrane (Fig. 1). This may be due to both the growth of macropores on the sample surface 

and the greater unevenness of the fixed charge distribution over the membrane volume due to the 

lower degree of dispersity of the ion exchanger included in its composition. The values of total 

sorption are comparable for solutions of the same concentrations, both for MA-41 and Ralex 

AM(H)-PP. 

 
а 

 
b 

Figure 1. (a) - isotherms of exchange sorption of lactic acid (1, 2) and its non-exchange 

absorption (3, 4) from individual aqueous solutions by anion exchange membranes Ralex 

АМ(Н)-РР (1, 4) and MA-41 (2, 3) in Cl--ionic form; (b) – diffusion fluxes of lactic acid (1, 2) 

and sodium chloride (3, 4) for Ralex AM(H)-PP (2, 4) and MA-41 (1, 3) membranes. 
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According to the data on the electrical conductivity of the samples in extremely dilute solutions, 

the diffusion coefficients of lactate anions in ion exchange membranes according to the Nernst-

Einstein equation were calculated. At the same time, it was believed that the electrical conductivity 

of the samples is provided by two types of counterions, namely by chloride and lactate ions. At 

the same time, non-exchangeably sorbed lactic acid does not contribute to the overall electrical 

conductivity of the membrane. The obtained diffusion coefficients (2.55⸱10-7 and 2.34⸱10-7 cm2/s 

for Ralex AM(H)-PP and MA-41, respectively) were used to simulate the diffusion transfer of 

lactic acid through an anion exchange membrane. 

For lactic acid, diffusion fluxes through the anion exchange membrane have a higher value than 

for sodium chloride. Unlike NaCl, lactic acid exists mainly in molecular form in solutions of the 

studied concentrations, and the electrostatic repulsion of molecules from negatively charged fixed 

groups is almost not manifested. The diffusion transfer depends on the grinding degree of the ionite 

that is part of the membranes. In addition to the uniformity of the distribution of a more dispersed 

charged ionite in the membrane, we can talk about an increase in the area of the charged surface 

inside the membrane. 

However, the mechanism of lactic acid transfer through the anion exchange membrane is more 

complex given the role of pH inside the anion exchange membrane. It was demonstrated [1, 2] that 

it is higher than the pH of the equilibrium solution because of the Donnan exclusion of H+-ions as 

co-ions from the anion exchanger. We simulated the lactic acid transfer as the dialysis of “lactic 

acid + NaCl” aqueous solution based on the membrane ion transport in the studied system. The 

transport of ions in the system was assumed to be performed by the diffusion mechanism. The 

problem was solved numerically by the finite element method using the COMSOL Multiphysics 

software package for a one-dimensional three-layer model, which simulated the membrane 

together with the adjacent interface diffusion layers (Figure 2). 

 
Figure 2. One-dimensional three-layer model scheme 

The initial concentrations of Na+- and Cl–-ions were assumed to be equal to the volume 

concentration of the salt. The concentrations of the components on the outer borders of the studied 

three-layer model were assumed to be same in the volume of the intermembrane space. The ion 

exchange membrane was considered as a homogeneous phase. The reactions of water and lactic 

acid dissociation in external diffusion layers and in the membrane internal solution were also taken 

into account. The results are shown on Fig. 3.  

In the solution on the receiving side of the membrane, lactic acid is in molecular form. However, 

its dissociation is observed in the membrane, and with a gradient distribution of Lac--anion along 

the membrane thickness. This correlates with the change in pH inside the membrane: on the 

receiving side of the anion exchange membrane it has a lower value, whereas on the permeate side 

which is in contact with water it has a higher value. 



151 
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b 

Figure 3. (a) – concentration profiles of lactate-anion (Lac-) and lactic acid (HLac) and (b) – pH 

distribution of the solutions in the adjacent layers and in the membrane calculated at different 

origin HLac concentration in the solution. 
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Introduction 

The widespread use of carbon materials is currently observed all over the world. Activated 

carbon materials are actively used as sorbents for the purification of polluted media, both liquid 

and gas, as well as for the concentration and isolation of noble substances. Relatively new little-

studied carbon materials discovered in 1985 are fullerenes. Due to their unique structure and 

method of production, they have different properties. For example, modification of materials with 

fullerenes can lead to an improvement in physical and mechanical properties, as well as to an 

increase in sorption-active characteristics. 

Experiments 

In the course of this work, experiments were carried out on the modification of activated carbon 

fibers with fullerenes and the study of their sorption-active characteristics. Activated carbon fibers 

were obtained on the basis of hydrate cellulose fibers, and C60 fullerenes were selected from the 

entire line of fullerenes. Various technologies for modifying activated carbon fiber with fullerenes 

were studied. Based on the data from the source [1], a modification technology was applied using 

an aromatic compound (ort-, paraxylene) as a solvent for fullerenes and ultrasonic treatment of 

fullerenes followed by drying of samples for one hour at a temperature of 50°C and further, with 

an increase in temperature every hour by 10 ° C, the maximum drying temperature was 100 °C. 

The second variant of modification of the activated carbon fiber with fullerenes excluded aromatic 

solvents and ultrasonic treatment. Carbon tetrachloride was used as a solvent, drying was carried 

out according to the first option. 

Results and Discussion 

The sorption characteristics determined by GOST methods (by absorption of methylene blue 

dye, toluene, iodine) of the obtained materials were compared with the characteristics of the initial 

activated carbon fiber. It was shown that the maximum (before the onset of sorption equilibrium) 

adsorption capacity for methylene blue in non-modified sorbents was 523 mg/g, and after 

modification according to the first variant with a fullerene content of 0.005 wt.% decreased to 244 

mg/g. The total volume of the sorption space determined by toluene also decreases from 0.61 to 

0.55 cm3/g. Iodine adsorption drops from 110% to 32%. Such a decrease in the characteristics of 

the modified activated carbon fiber by fullerenes indicates a change in the porous structure of the 

sorbent. One of the reasons for the deterioration of sorption characteristics may be the fact that the 

solvent is not completely removed from the sorbent volume at the drying temperature, and an 

increase in drying temperatures above 100 ° C is impossible due to the fact that fullerenes C60 are 

resolved at this temperature. 

When carrying out the modification according to the second option, it was shown that the 

adsorption capacity of methylene blue in the modified fiber (containing fullerenes 0.005 wt.%) 

was 477 mg/g, which is lower than the sorption capacity of the initial activated carbon fiber, but 

higher than that of the modified activated carbon fiber with fullerenes in the first variant. The total 

volume of the sorption space determined by toluene vapor is 0.38 cm3/g, which is significantly 

less than that of the starting material and the sample modified according to the first variant (which 

is the purpose of further research). The value of iodine adsorption was 77%. The data obtained 

indicate the advantage of the second modification option over the first. 

In order to identify the effect of the fullerene content in the sorbent on sorption characteristics, 

the kinetics of adsorption of methylene blue was studied. The sorption process was carried out 

before the onset of sorption equilibrium under conditions similar to previous experiments. As can 

be seen from the presented data (Figure 1) at a concentration of fullerenes above 0.005 wt.% 
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sorption equilibrium occurs after 200 minutes and is 477 mg/g, and for a sorbent containing 0.001 

wt.% fullerenes sorption capacity at the same time is 405 mg/g. 

 
Figure 1. The kinetics of the sorption of methylene blue with modified activated carbon fiber 

(Sorption conditions: of Cinitial (methylene blue)=1500 mg/l, modulus 500, stirring, temperature 

20 ± 5 ° C). 
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Rapid changes in global energy trends and sustainable energy policies has catalysed the 

demands for scientific and technological innovations to avail net-zero carbon footprint energy 

harvesting technologies. Ever since 1970s, the electrochemical energy devices (EEDs) seems to 

be reliable and most promising alternative to intermittent renewables. In EEDs like fuel cell, redox 

flow batteries and electrolyzers, the polyelectrolyte membranes (PEMs) plays a crucial role and 

allows selective passage of ions (preferably, H+ and OH-) to complete the electrochemical circuit 

and generation/store electricity. To introduce, the PEMs are advanced functional thin films bearing 

fixed charged groups viz positive (-N+R4) in anion conducting PEMs and, negative (-SO3
-) in 

cation conducting PEMs which allows counter-ions to pass through it and exclude any co-ion 

migration. 

In recent years, the challenges underlies developing strategic designing of stable and cost-effective 

membrane materials. Thus, the objective of this work focuses on the introduction of some efficient 

PEM designs for its strategic devising in electrochemical energy storage and conversion systems 

like vanadium redox flow batteries, alkaline organic redox flow batteries and fuel cells, 

respectively. It is expected that the polyelectrolyte membrane materials are potential alternative to 

elite fluorinated PEMs for respective energy applications.  

 

Keywords: Advanced functional materials, polyelectrolyte membranes, stable hydrocarbon 

architectures, electrochemical energy, electrolyzers, fuel cells, batteries.   
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LAYER WITH POLYANILINE 

Natalia Kutenko, Natalia Loza 
Kuban State University, Krasnodar, Russia, E-mail: natalakutenko818@gmail.com 

Introduction 

Electrodialysis allows for a number of important processes, such as separation and 

concentration of electrolyte solutions, extraction of precious and non-ferrous metal salts, 

conditioning of food raw materials and products, separation of organic acids from mixed solutions, 

removal and recovery of nutrients from wastewater. The main element of the electrodialyzer is ion 

exchange membranes. Available commercial membranes, despite their variety, cannot fully satisfy 

the needs of electrodialysis processes. Therefore, a large number of articles is dedicated to 

developing new types of ion exchange membranes or modifying the existing ones. 

Experiments 

The aim of the work is to change the microstructure of the surface of a heterogeneous cation 

exchange membrane by applying a thin film of a homogeneous cation exchange polymer to it, 

followed by the formation of a barrier layer of a modifier. A layer of a homogeneous cation-

exchange film MF-4SK (MK40/MF-4SK) was preliminarily deposited on one of the surfaces of 

the MK-40 membrane. Then, polyaniline was synthesized in it as a result of the oxidative 

polymerization of aniline under the action of ammonium persulfate (MK-40/MF-4SK/PANI). 

Comprehensive characterization of the obtained materials, including the determination of specific 

conductivity, diffusion permeability, and CVCs in solutions of sodium chloride, calcium, and 

hydrochloric acid will allow us to evaluate the prospects for using the obtained materials in 

electrodialysis. 

Results and Discussion 

The deposition of an MF-4SK film on the surface of a heterogeneous MK-40 membrane does 

not significantly affect the electrotransport properties of the membrane. However, after its 

modification with polyaniline, a significant decrease in the diffusion permeability and conductivity 

of the samples is observed in comparison with the initial MK-40 membrane and MK-40/MF-4SK 

one in all the studied solutions. 

Based on on the obtained concentration dependences of the electrical conductivity of the initial 

and modified membranes in HCl, NaCl, and CaCl2 solutions, the transport numbers of counterions 

in the membrane were estimated within the extended three-wire model (fig.1).  

 
a      b 

Figure 1. The transport numbers of counterions in the membranes in HCl (a) and CaCl2 (b) 

solutions. 
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The modification of bilayer membranes with PANI leads to a slight decrease in their selectivity in 

a solution of NaCl and HCl. However, in the calcium chloride solution, there is a significant 

decrease in the transport numbers of counterions for the two samples. 

An asymmetry of the CVC of bilayer membranes modified with PANI was found. It consists 

of an increase in the length of the limiting current plateau when the composite is oriented with the 

modified side to the counterion flux compared to the reverse orientation by 25–30%, regardless of 

the membrane modification time. For the composite with the longest PANI synthesis time (4 h), 

an insignificant decrease of about 8% in the limiting current density is observed when the modified 

side is oriented towards the counterion flux. 

The change in the slope of the ohmic section (∆iohm/∆Eohm) of the CVC is coherent with the data 

on the specific conductivity of membranes: for bilayer membranes, the lowest values of the 

specific conductivity of the electromembrane system are observed (fig.2). The traditional 

dependence of the limiting current density and the slope of the ohmic section on the nature of the 

electrolyte is also observed: the limiting current density and the slope of the ohmic section decrease 

in the series HCl > NaCl > CaCl2. 

 
Figure 2. The slope of the ohmic section of the CVC of the initial and modified MK-40 

membrane in solutions of 0.05 mol-eq/l NaCl. 

A decrease in the diffusion permeability and specific conductivity of the membranes was found 

after their modification with PANI. This allows us to conclude that a PANIC barrier layer is formed 

on the membrane surface. The selectivity of the heterogeneous cation-exchange membranes MK-

40/MF-4SK/PANI significantly decreases in calcium chloride solution but hardly changes in 

hydrochloric acid and sodium chloride solutions, compared to the initial MK-40. This indicates 

the appearance of charge selectivity for modified membranes. However, the detected slight 

asymmetry in the shape and parameters of the CVC is insignificant and does not indicate the 

presence of the specific selectivity of the obtained bilayer membranes to singly charged cations. 
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Introduction 

Dense (nonporous) membranes are used for the separation of low molecular weight components 

in different membrane process, including nanofiltration (namely, for removal of metal ions and 

salt from water). Besides high selectivity, nanofiltration  is an environmentally-friendly and low 

energy consuming process with inexpensive and compact equipment. However, for the effective 

separation the advanced membrane materials is needed to develop. One of the perspective way to 

get membranes with tailored properties is the creation of mixed matrix membranes (MMMs) by 

modifying a polymer with an inorganic and/or organic modifier. MMMs combine the simplicity 

of preparation of polymer membranes with the superior properties of modifier.  

Experiments 

In this study, the novel mixed matrix membranes based on poly(ester-block-amide) (PEBA, 

Pebax® 2533) modified with Ho-based metal-organic frameworks (Ho-MOFs) were developed. 

Ho-1,3,5-H3btc, Ho-1,2,4-H3btc, Ho-1,2-H2bdc, Ho-1,3-H2bdc, Ho-1,4-H2bdc were ued as Ho-

MOFs. Dense (nonporous) membranes were formed by evaporation induced phase inversion 

method (EIPS). The developed membranes based on PEBA and PEBA/Ho-MOFs composite were 

studied by different physicochemical methods, such as Fourier-transform infrared spectroscopy 

(FTIR), scanning electron microscopy (SEM), atomic force microscopy (AFM), 

thermogravimetric analysis (TGA), swelling experiments and measurement of contact angles. The 

transport properties of the developed membranes were studied during the nanofiltration of water 

with heavy metal ions (Cd2+, Cu2+, Pb2+).  

Results and Discussion 

It was found that the introduction of Ho-MOFs into the PEBA matrix led to changes in the 

structural, physicochemical, and transport properties of membranes. The tailored membrane 

properties were achieved due to the unique physicochemical and structural properties of the Ho-

MOFs modifiers such as particle shape and pore size, thermal and chemical stability, large specific 

surface area and its ability to change the surface roughness, hydrophilic-hydrophobic balance, and 

swelling characteristics of dense PEBA membranes. There was a slight change in the structure of 

the membranes (shown by FTIR and NMR), a change in the morphology of the cross-section and 

surface (confirmed by SEM and AFM, Table 1), as well as a change in the surface hydrophilic-

hydrophobic balance (confirmed by contact angle measuring) and sorption characteristics 

(confirmed by swelling degree measuring) of membranes. The introduction of MOFs led to an 

increase in the permeability and rejection coefficients of heavy metal ions (Cd2+, Cu2+, Pb2+), 

which could be explained by the structure of modifiers, containing both hydrophilic and 

hydrophobic parts in the structure.  
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Table 1: Cross-section SEM Micrographs and AFM Images of Developed Membranes 

Membrane 
Cross-section SEM 

micrographs 
AFM images 

PEBA 

 
 

PEBA/Ho-1,3,5-H3btc 

  

PEBA/Ho-1,2,4-H3btc 

  

PEBA/Ho-1,2-H2bdc 

  

PEBA/Ho-1,3-H2bdc 

 
 

PEBA/Ho-1,4-H2bdc 
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Introduction 

The aim of this work is theoretical and experimental study of the influence of cation-exchange 

resin particle size on the electrochemical and transport characteristics of heterogeneous 

membranes, as well as the mechanism of transmembrane transfer under different current regimes. 

The theoretical evaluation of the influence of the size of resin particles in the membrane on the 

internal parameters of electromembrane systems MK-40/0.01M NaCl solution has shown that the 

crucial role in the development of electroconvection is played not by the field effect, but by the 

peculiarities of electrical heterogeneity of the membrane surface. 

Experiments 

The geometry of heterogeneities on the membrane surface is complex, and its mathematical 

description is difficult. One of the possible solutions to this problem can be modeling of the real 

surface of a heterogeneous membrane by a simpler surface having parameters equivalent to the 

surface of the real membrane. As an equivalent substitute, the geometry of the surface was used, 

in which the conductive regions of circular shape are equidistant from each other and staggered, 

and the rest of the surface is covered with a non-conductive material.  

Numerical values of the distance between the conductive regions l are found from the known 

values of the radius of the resin particles �̅� and the fraction of non-conductive surface . The side 

of an equilateral triangle a must satisfy the equation  
1

2
𝜋�̅�2

1

2
𝑎2

√3

2
⁄ = 1 − .   

Equation shows that the ratio of the area of half a circle to the area of an equilateral triangle 

with side a is equal to the fraction of conductive regions. From (14) we obtain the value 𝑎 =

�̅�√
2𝜋

√3(1−)
. The value for the distances between the neighboring circles is equal to 𝑙 = 𝑎 − 2�̅� or 

 𝑙 = �̅� (√
2𝜋

√3(1−)
− 2)          (1)   

Results and Discussion 

The total and partial current-voltage characteristics of the membranes were studied by the RMD 

method [1]. The scheme of the RMD setup is shown in Figure 1. Based on the obtained 

experimental total current-voltage curves and the Hittorf ion transport numbers, partial CVCs of 

hydrogen cations Figure 2 we have calculated the spatial charge with mathematical model Figures 

3,4. 

To solve the nonlinear boundary value problem [2], a solution method was developed [2-4]. 

With increasing size of cation-exchange resin particles in the studied membranes, a decrease in 

the maximum value of the spatial charge density in the diffusion layer of the solution was revealed 

with a simultaneous increase in the absolute value of the SCR thickness. However, taking into 

account the difference in the values of the solution diffusion layer thickness δ in the studied 

systems, the dimensionless thickness of the SCR in the solution at the membrane boundary at the 

current 4ilim decreases from 0.092δ to 0.085δ when the resin particle size increases from <20 μm 

to 56-71 μm. 
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Figure 1 Scheme of the setup with a rotating 

membrane disc. 1 - upper half-cell (anode 

chamber); 2 - membrane under study; 3 - lower 

half-cell (cathode chamber); 4 - capillary for the 

solution inlet; 5 - capillary for the solution 

outlet; 6 - Pt electrodes; 7 - Luggin-Haber 

capillaries; 8 - galvanostat; 9 - millivoltmeter; 

10 - reference electrodes Ag/AgCl; 11 - pulley 

(Zabolotskii et al., 2006b). 

Figure 2: Total (1-5) and partial CVCs of 

H+ ions (6-10) of cation-exchange 

membranes with different resin particle 

sizes obtained in 0.01 M NaCl solution at 

an RMD rotation speed of 100 rpm. Resin 

particle sizes, µm: 1, 6 – 56-71; 2, 7 – 40-

56; 3, 8 – 32-40; 4, 9 – 20-32; 5, 10 – <20. 

a 

 

b 

Figure 3 Scheme of distribution of concentrations of counterions c+, co-ins с− ,  electric 

potential drop φ (a) and volumetric spatial charge density ρ (b) in the region of diffusion layer 

and cation-exchange membrane under overlimiting current regime (i≥ilim). δ and d are 

thicknesses of the diffusion layer and the membrane; ,   are space charge regions in the 

diffusion layer and in the membrane;
s  is thickness of the dense part of the SCR in the 

diffusion layer. 

The mathematical program calculates the spatial charge, which is the cause of the observed 

phenomena: electroconvection and dissociation of water molecules.  The spatial charge in the 

diffusion layer is the cause of electroconvection, and the spatial charge in the membrane is the 

cause of the decomposition of water molecules into catalytically active ionogenic groups. The 

charges in the diffusion layer and in the membrane are equal in absolute magnitude, but different 

in sign  |𝑞1| = |𝑞2|,   𝑞1/𝐹 = ∫ (∑ 𝑐𝑖
4
𝑖=1 )𝑑𝑥

𝛿

0
,    𝑞2/𝐹 = ∫ (∑ 𝑐𝑖

4
𝑖=1 − 𝑄)𝑑𝑥

𝑑

0
  ensuring the 

electroneutrality of the system as a whole. However, the relative charge changes with a change in 

particle size are significantly different |∆𝑞1|/𝑐0/𝐹 ≫ |∆𝑞2|/𝑄/𝐹, which is clearly seen from Fig. 

4, in which the difference between curves 1 and 2 is noticeable in the diffusion layer, whereas in 

the membrane they practically do not differ. This leads to the fact that the spatial charge affects 

the electrical convection, and the effect on the dissociation of water is weak, in addition, with a 

decrease in particle size, the total surface of the catalytically active groups decreases, which 

0

2

4

6

8

10

12

14

16

18

0 2 4 6 8 10

i, mA/cm2

∆φ, V

1

10 9 8 7 6

5 4 3 2



161 

follows from formula (1). This leads to a slight decrease in the rate of dissociation of water 

molecules. 

 

 

a 

 

b 

 

c 

 

d 

Figure 4. Distribution of volumetric spatial electric charge density (/F in concentration units) 

in the solution diffusion layer (µm) and membrane (nm) at current density 1.5ilim (a), 2ilim (b), 

3ilim (c) and 4ilim (d) and the membrane disc rotation speed of 100 rpm for MK-40 cation-

exchange membranes with different resin particle sizes: 1 – 56-71 μm; 2 – <20 μm. 

Theoretical and experimental studies of the mechanism of transport of electrolyte ions and 

water splitting products through sulfonated cation-exchange heterogeneous membranes with 

particle size of resin KU-2-8 from <20 μm to 56-71 μm have been carried out. It is shown that as 

the size of the resin particles decreases, the contribution of electroconvection to the total mass 

transfer increases, whereas the contribution of electrodiffusion and water splitting reaction 

products decreases. 
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Xingya Li 
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Precise and efficient ion separation, one of the most difficult and challenging tasks to be tackled 

in chemical separations, has a major national demand in the fields including lithium extraction 

from salt lakes, sea water refining, and water purification. Microporous framework materials such 

as metal-organic frameworks (MOFs), porous organic cages (POCs) and covalent-organic 

frameworks (COFs), have permanent porosity, angstrom-sized pores and various functional sites. 

Our research1-6 has demonstrated that MOFs, POCs and COFs with tailorable angstrom (Å) scale 

channels can be used as a platform for constructing fast and selective ion transport channels, 

indicating microporous frameworks have great potentials for developing angstrom-porous ion 

channels and membranes (Figure 1). These findings also provide some strategies to further 

improve the permeability and selectivity of current membranes for energy-efficient separations 

and high-efficiency energy conversion7. 

 
Figure 1. Angstrom-scale confined membranes for precise and efficient ion separations. 
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Introduction 

One of the main issues of modernpower industry is the development of post-lithium power 

sources such as sodium-ion batteries (SIBs) with improved electrochemical characteristics. For 

this reason the search and investigation of novel electrode materials are needed. For example, 

manganese and cobalt based layered oxides are promising materials with high specific capacity 

and rate capability. In this work P2-Na0.68Mn0.45Co0.55O2 was synthesized and characterized, its 

ionic and electronic conductivity were determined as well as percolation thresholds of mixtures 

with carbon additives were found. The aim of the research was to find the best carbon additive and 

composition with the active material to obtain the best electrochemical properties. 

Experiments 

P2-Na0.68Mn0.45Co0.55O2 was synthesized from Mn and Co nitrates using self-combustion 

method and annealed at 500 °C for 6 h and then at 950 °C for 15 h in air. The structure of the as-

prepared samples was characterized by X-Ray Diffraction (XRD), the morphology was determined 

by Scanning Electron Microscopy (SEM) and elemental composition by Atomic Absorption 

Spectroscopy. Mixtures with three different carbon additives were investigated: Acetylene Black 

(ACB), Vulcan XC-72 (VUL) and Carbon Nanotubes (CNT). The electronic conductivity and 

impedance of the mixtures were investigated in two-electrode cells. After optimum compositions 

were found, electrodes were made with PVDF binder. Sodium half-cells were assembled with the 

1M NaClO4/PC electrolyte.Theelectrochemical properties of the cells were characterized by 

Cyclic Voltammograms (CVs)and Charge-Discharge Curves. 

Results and Discussion 

XRD analysis revealed pure P2-phase structure of the synthesized material with good 

crystallinity, while SEM photographs showed uniform disc-like micron-sized particles (Fig. 1 

(left)). The intrinsic electronic conductivitiesof the material is (5.8±0.5)·10-8 S/cm and of the 

carbon additives ~ 20 S/cm. The percolation thresholds were 4, 2 and 1 vol. % for ACB, VUL and 

CNT, respectively. The dependence of the conductivity on carbon additive fraction is shown on 

Fig. 1 (right). The sodium half-cells with positive electrode based on mixture with ACB showed 

110 mAh/g discharge capacity being cycled with 0.05C current.Having a good specific capacity 

and cyclability, the studied materials proved their performance in SIBs. 

   
Figure 1. SEM photograph of the as-prepared P2-Na0.68Mn0.45Co0.55O2 (left); Dependence of 

the conductivity on carbon additive fraction (right) 
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COMPRESSOR PLANT 

Dmitrii Lopatin, Elizaveta Korzhova, Oleg Baranov, Igor Voroshilov 
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Introduction 

Starting from 2019, the Krasnodar compressor plant has been developing not only compressor, 

but also a membrane and gas separation equipment, which includes hollow fiber membranes for 

gas separation and hemodialysis, proton exchange membranes for electrolysis, desalination unit 

with membrane distillation. 

Hollow fiber membranes 

The membrane technology of the gas detention is relevant and in demand in the market for gas 

separation for more than 20 years. The main suppliers of membranes to the Russian market are 

foreign manufacturers such as Air Products (USA), Air Liquide (France). Membrane modules 

based on hollow fibers have the highest value of the surface area, and are most convenient for gas 

detective, but are quite difficult to manufacture. The team of the Krasnodar compressor plant 

(KKZ) has experience in operating membrane installations for nitrogen stations since 1999 - flat 

membranes, since 2002 – hollow fiber membrane modules. 

On production and laboratory section of the KKZ, an laboratory hollow fiber spinning machine 

was developed in an initiative to study the technology of manufacturing hollow fibers from 

Russian polymers with gas separation properties. The fiber spinning machine was successfully 

tested and a trial batch of hollow fiber was made, Fig. 1, the  mechanical parameters of hollow 

fibers are approaching those from Air Products. Membrane module was measured the 

characteristics: a)for the separation of nitrogen and oxygen, b)for dehumidification and 

purification of  methane in natural gas. Hollow fibers for hemodialysis and the technology of filling 

dialysis cartridges have been developed, Fig. 2. The size of the pore is less than 1 μm. 

Flat sheet membranes 

Technology and installation for the manufacture of flat membranes based on polymer nano-

rocked using the electro-spinning method were developed. Spiral membranes with a dividing layer 

of cellulose acetate and a substrate of nano -rod nylon for signs for natural gas, and for the 

separation of methane and carbon dioxide, are investigated. Also, the manufacture of a filter for 

filtering droplets of oil, dust and soot in front of the membranes was mastered from the nanofibers, 

which increases the service life. Testing showed 99.5 % filtration for particles of 0.06 μm.  

Membrane distillation 

Desalination unit  and membranes have been developed for desalination of sea water by 

membrane distillation, which allows the use of the energy of solar collectors and cooling diesel 

generators. The process is more energy -efficient compared to conventional distillation and 

membranes more durable compared to the reverse osmosis. 

The technology for the production of membranes for membrane distillation was developed and 

patented [1,2] - membranes are hydrophobic, do not pass water, but pass air and water vapor. The 

size of the fibers is less than the sizes of the viruses and does not pass them.  

The membrane essentially works as a valve for a water vapor. Normally, a part of the molecules 

breaks off the surface from the surface and condenses back. With membrane distillation, a 

molecule with low kinetic energy can condensate behind a thin membrane, but do not contain salts. 

It works as follows by sea water enters the filter, Fig 3, then from the filter it enters the cell where 

it heats up, the heated water is in contact with the membrane, where the upward steam rises and 

condenses on the metal plate having an environment cooled by the radiator and cooler. Next, the 

condensate is absorbed by vacuum pump and accumulated in a vessel with drain. Brine salt water 

through an electric valve passes from the other end of the cell, gives its warmth of incoming water 

and merges. 
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The energy consumption was 0.8-1 kWh of electric/mechanical energy + 12-20 kW hours of 

thermal energy per 1 cubic meter of desalinated water. For thermal energy, 15 degrees of 

temperature difference is enough. 

The desalination of 5% (50,000 ppm) of the salinity of water from the shallow lagoon of the 

Gulf of Persian canals has been achieved to 1100 ppm, 0.1% desalinated water, which is included 

in the norms of GOST for drinking and agricultural water, the rejection of the membrane module 

amounted to 98%. 

Proton exchange membranes for electrolysis 

The development of proton exchange membranes and their manufacturing technologies from 

completely Russian materials, according to some characteristics, exceeding foreign counterparts 

[3,4]. 

Electrolyzers were also developed for hydrogen production. The company has a full cycle of 

the production of membranes and most components of the electrolyzer, thanks to this it achieves 

less cost, greater energy efficiency and more service life compared to analogues. Container 

electrolyzers can be autonomous without energy, for example, for the accumulation of energy from 

remote solar and wind farms. 

Catalytic and electrode materials 

Nano-fibers have a high specific area for catalysis and filtering. Materials were developed based 

on electrically conductive carbonic fibers for converting the synthesis of gas into methanol, and 

the use for electrolysis, fuel cells and anodes of lithium-ion accumulators are also researched. 

  
a b 

Figure 1. Hollow Fiber for Gas Separation (a), Comparison of the Surface of the KKZ 

Manufactured Gas Separation Hollow Fiber (b, Below on the Left) and Hollow Fiber Air 

Products (b, From Top Right), Frame Size 800x600 m. 

 

a 

 

b 

Figure 2. SEM of Hollow Fiber for Hemodialysis, Made by KKZ (left), Cartridge Samples 

(Right). 

 

600 m 

KKZ 

Air 
Products 
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c 
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Figure 3. Membrane Distillation Unit (a) and SEM of the Nanofiber Membranes for Membrane 

Distillation, Surface (b-c), Cross Section (d) 
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EVOLUTION OF PROPERTIES OF MF-4SK PERFLUORINATED MEMBRANES 
DURING THEIR MODIFICATION WITH ZIRCONIUM PHOSPHATE 

Julia Loza, Natalia Loza, Irina Falina 
Kuban State University, Krasnodar, Russia, E-mail: julialoza@list.ru 

Introduction 

Perfluorinated membranes are the most important element of the membrane-electrode assembly 

(MEA). They combine high thermochemical resistance and optimal mechanical properties. 

However, their conductive properties under conditions of low humidity and high temperature are 

unsatisfactory. To improve the performance of a perfluoropolymer, it is modified with various 

organic and inorganic additives, in particular zirconium phosphate [1]. 

The goal of the work was to obtain composites based on zirconium phosphate and 

perfluorinated homogeneous membrane, study the physical-chemical and transport properties of 

the resulting material. 

Experiments 

The MF-4SK membrane produced by Plastpolymer JSC (St. Petersburg, Russia) in air-dry state 

was conditioned by oxidative-thermal preparation: it was successively boiled in 5% HNO3, 10% 

H2O2 and deionized water for 3 hours in each. The resulting material in wet state, H+-form, has 

been marked as “MF-4SK” and is considered the initial membrane.  

The modification procedure included three stages. Firstly, the initial membrane was exposed to 

water-ethanol mixture (1:1 vol.) at a temperature of 60±5 ℃. An organic solvent, such as ethanol, 

has a wedging effect on the polymer chains of the membrane. Due to this effect, the membrane 

enters an expanded state [2]. Secondly, the membrane was held in ZrOCl2 solution for 9 hours at 

a temperature of 70-85 ℃, thus taking the zirconyl-ion form. Lastly, the membrane was exposed 

to H3PO4 solution for 8 hours at a temperature of 70±10 ℃. During the last stage, X-ray amorphous 

zirconium hydrogen phosphate had been forming in the membrane matrix. 

To evaluate the effect of each stage of modification, two separate samples were prepared. The 

first one was not exposed to ZrOCl2 solution. It has been marked as “MF-4SKa”, where “a” stands 

for alcohol treatment. The second one went through the full modification procedure. It has been 

marked “MF-4SK/ZrHP”. All three of the samples were studied. Their specific conductivity, 

diffusion permeability and CVCs in HCl solutions and physical-chemical properties were 

determined. 

Results and Discussion 

Figure 1 presents physical-chemical properties of studied membranes normalized to the 

properties of initial MF-4SK. Figure 2 shows the conductivity and diffusion permeability of the 

samples in 0.2 and 0.25 M HCl solution correspondingly. Water content, thickness, diffusion 

permeability and specific conductivity are significantly higher for MF-4SKa than for MF-4SK due 

to higher swelling of the membrane in alcohol. After ZrHP intercalation water content, diffusion 

permeability and specific conductivity decrease while the membrane thickness does not change. 

The ion-exchange capacity for MF-4SK/ZrHP is almost two times higher than for the initial 

membrane, because the modifier itself contains protons. Minor differences in the CVCs of the 

samples might be explained by the surface peculiarities and structure differences. 

According to microheterogeneous model [3], transport-structural parameters such as the 

volume fractions of the gel and intergel phases in membrane, mobility of counter-ions and 

transport numbers, are calculated. Structural changes in the membrane as a result of treatment with 

alcohol and deposition of the modifier were distinguished. The increase in mobility of counter- 

and co-ions caused by swelling of the polymer chains in alcohol is revealed. 
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Figure 1. Physical-chemical properties of 

membranes in dimensionless coordinates. 

Figure 2. Transport properties of membranes 

in M HCl solution. 

Thus, the key influence on the structural characteristics and transport properties of 

perfluorinated membranes when they are modified with ZrHP by the saturation-sedimentation 

method is exerted by the stage of heat treatment in an water-alcohol solution. The introduction of 

ZrHP mitigates this effect. 
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Introduction 

Perfluorinated membranes such as Nafion (DuPont, Wilmington, DE, USA), Flemion (Asahi 

Glass Co., Ltd., Japan), Aquivion (Solvay SA, Belgium), 3M (3M India Ltd., India), 

Fumion/Fumapem (FUMATECH BWT GmbH, Germany), and MF-4SK (JSC “Plastpolymer”, 

Russia) widely used as a polymer electrolyte in the fuel cell because of their high conductivity, 

stability in redox environments and at elevated temperatures. Currently, the undisputed leader 

between these materials is the perfluorinated Nafion membrane. Nowadays the insufficient 

attention is paid to the patterns of the influence of membrane thickness on its transport 

characteristics, which is of fundamental importance [1]. The present work discusses the 

conductivity and diffusion permeability of perfluorinated sulfonic cation exchange membranes of 

various thicknesses in hydrochloric acid solutions. 

Experiments 

The objects of research are the experimental samples of perfluorinated MF-4CK membranes 

with sulfonic acid groups (JSC “Plastpolymer”, St. Petersburg, Russia). The series of studied 

membranes includes samples of various thicknesses obtained via extrusion and casting. The 

perfluorinated Nafion NRE-212 membrane (Du Pont,Wilmington, DE, USA) is also studied. The 

main physical-chemical properties of membranes were presented in Table 1. 

The conductivity of membranes was obtained from the active part of the membrane AC 

resistance measured by the mercury contact method. The diffusion permeability was measured for 

the membrane in freestanding state under the diffusion of hydrochloric acid solution with defined 

concentration through the membrane into distilled water [2]. 

Table 1. Physical-chemical properties of membranes 
No Membrane l, μm IEC, 

mmol/gdry 
Wdry, % nm, 

mol H2O/mol SO3
- 

1 Nafion NRE-212 65 ± 2 1.05 ± 0.05 23 ± 0.5 23 

2 MF-4SK (extrusion) 60 ± 2 0.93 ± 0.05 20 ± 0.5 20 

3 MF-4SK (cast) 60 ± 2 0.98 ± 0.05 18 ± 0.5 18 

4 MF-4SK (extrusion) 90 ± 2 0.93 ± 0.05 13 ± 0.5 13 

5 MF-4SK (extrusion) 170 ± 2 0.93 ± 0.05 13 ± 0.5 13 

6 MF-4SK (extrusion) 240 ± 2 0.91 ± 0.05 14 ± 0.5 14 

7 MF-4SK (extrusion) 300 ± 2 0.65 ± 0.05 20 ± 0.5 20 

Results and Discussion 

The diffusion permeability for studied membranes in 0.1 M hydrochloric acid solution are 

resented in Figure 1, a. The points for MF-4SK membranes form one group regardless on thickness 

and water content of membranes while Nafion membrane has higher value of diffusion 

permeability that is probably caused by its high water content.  

An isoconductivity value of studied membranes was calculated based on the concentration 

dependents of membranes conductivity and microheterogeneous model. Isoconductivity value is 

the conductivity of a gel membrane pseudophase [2]. Obtained results presented in Figure 2, b.The 

points presented in Figure 1, b form two groups: samples 4-7 with thickness from 90 to 300 μm 

and close values of water content about 22 – 23 %; and samples 1-3 with thickness about 60-70 

μm and higher water content in the range from 30 to 44 %. Among membranes with a thickness 

above 70 µm, the electrical conductivity decreases as their water content decreases. The sample 2 

of extrusion membrane has higher conductivity compared to casting sample 3 and close value of 

diffusion permeability that makes it most promising for use in fuel cells. 
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a b 

Figure 1. Diffusion permeability in 0.1 M HCl and isoconductivity of perfluorinated membranes. 

The numbers of points correspond to the sample number in Table 1.  

Unusual effect is lower conductivity of Nafion NRE-212 membrane in comparison with MF-

4SK membrane samples No 4 and 5 while Nafion has higher diffusion permeability and water 

content.  
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Introduction 

Electrodialysis is often used in practice to concentrate electrolyte solutions. For example, 

currently more than 1 million tons of edible salt per year are extracted from seawater by 

electrodialysis with further evaporation [1]. Electrodialysis is also used to concentrate mine waters 

and increase the salt content of ultrafiltration and reverse osmosis concentrates [2, 3]. 

To concentrate solutions, electrodialyzers of two designs are used: with flow-through and non-

flow-through concentration chambers. The first type of electrodialyzers has no different from the 

devices used for desalting. To increase the salt concentration, the process is carried out in several 

stages or the concentration chambers of the electrodialyzer are not flow-through. The concentrate 

is formed due to the transfer of ions and solvent through ion-exchange membranes [4]. Unlike 

conventional desalting in electrodialyzers with flow chambers, where the process of water transfer 

is not significant, in electrodialysis concentration this process determines the current output, 

productivity and maximum concentration of the resulting solution. Water transfer can be carried 

out by various mechanisms. When concentrating salts, water is transferred to the concentration 

chamber mainly by the electroosmotic mechanism in the hydration shells of ions. In the case of 

acid concentration, along with electroosmosis, the proportion of osmotic water transfer increases. 

The maximum concentration of acids in the process of electrodialysis concentration of acids is 

limited due to the leakage of protons through the anion exchange membrane from the concentration 

chamber to the desalting chamber, which significantly reduces the current efficiency. In practice, 

the task is often to separate or extract substances present in a multicomponent solution. The use of 

technologies based on electrodialysis can successfully solve this problem. Thus, electrodialysis 

with special membranes that have specific charge selectivity allows the separation of singly 

charged and multiply charged ions [5].  

Experiments 

In this work, to impart specific selectivity to the membranes, a selective anion exchange layer 

of N,N-dimethyl-N,N-diallylammonium chloride and ethyl methacrylate copolymer was deposited 

on the surface of the MF-4SK cation exchange membrane. Applying a thin homogeneous anion 

exchange layer to the surface of a cation exchange membrane leads to a significant decrease in the 

limiting current density, but the selectivity of the membrane to singly charged ions increases 

significantly. Selective concentration of salts of singly charged ions from mixed solutions will 

reduce the risk of sedimentation in concentration chambers. For example, when concentrating 

seawater, predominantly sodium chloride will be transferred through such a membrane, which will 

significantly reduce the risk of precipitation of poorly soluble calcium compounds in the 

concentration chamber. 

The process of limited electrodialysis concentration of an equinormal mixture of sodium and 

calcium chlorides was studied using bilayer membranes MF-4SK with a thickness of 200 μm with 

a selective layer 5 μm thick on the surface facing the flow of counterions. In all experiments, the 

solution concentration was 0.4 mol-eq/L for Cl– ions. MA-41 membranes were used as anion 

exchange membranes. The experiments were carried out in galvanostatic mode. The composition 

of the solution in the desalting chamber was maintained constant. During the experiment, using a 

measuring cylinder, the volume of the solution formed in the concentration chamber, the 

concentration of sodium and calcium chlorides in this solution, as well as the value of the voltage 

drop across the electrodialyzer were determined.  

Additionally, the electrical conductivity of the membranes in a mercury contact cell and the 

diffusion permeability in sodium chloride solutions were measured. 
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Figure 1. Hydraulic scheme of a laboratory setup for electrodialysis concentration. 

Results and Discussion 

The results of the experiments showed that the electrical conductivity of the modified 

membranes decreases by 15-30 % depending on the concentration of sodium chloride. In this case, 

diffusion permeability decreases by 5-10 times. 

The permselectivity coefficient PNa+/Ca2+ will increase from values of 0.5-1 to 1.6-2 when using 

model solutions of sodium and calcium chlorides, that is, the membrane after applying the modifier 

layer becomes selective to singly charged ions. Thus, the use of bilayer membranes will make it 

possible to selectively isolate salts of singly charged metal ions from multicomponent mixtures. 

Reducing the concentration of multiply charged ions in the concentration chamber of the 

electrodialyzer will significantly reduce the risk of sedimentation during electrodialysis 

concentration of industrial wastewater and natural waters. 

Based on the research performed, processes for selective electrodialysis concentration of 

electrolytes from multiionic solutions can be developed using new bilayer and industrial ion-

exchange membranes. 
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Introduction 

Norbornenes derivatives are attractive monomers for their use as precursors for obtaining 

polymer ionic liquids because of the variety of polymerisation mechanisms of norbornenes and 

the high chemo- and thermostability of the resulting polymeric materials [1]. 

Vinyl-addition polynorbornenes exhibit high mechanical strength, high ionic conductivity, and 

chemical stability in various pH environments [2]. 

During the ionic conductivity study, it was found that the block copolymers can form ionic 

channels and have an increased ionic conductivity in contrast to the random copolymers, in which 

the ionic conductivity is markedly lower. However, in the case of polynorbornenes, random 

copolymers could also have high ionic conductivity close to the block copolymers. Moreover, the 

obtained polymers retained their mechanical properties after ageing in 1 M NaOH at 80 °C for 

1000 h [3]. 

Results and Discussion 

This work describes the optimization of the conditions for synthesising high-molecular-weight 

homo- and random copolymers based on 5-(4-bromobutyl)bicyclo[2.2.1]hept-2-ene (figure 1, R) 

with 5-hexylbicyclo[2.2.1]hept-2-ene (figure 1, R1). As a result, vinyl-addition polymers obtained 

in the work have high molecular weights, improving the resulting membranes' mechanical 

properties. In addition, physicochemical properties of the obtained polymers, were studied with 

various methods such as DSC, TGA, WAXD and others. 

 
Figure 1. Vinyl-addition homo- and copolymerization of 5-(4-bromobutyl)-norbornene and 5-

hexyl-norbornene. 
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Introduction 

Fuel cells (FC) are promising energy sources. One of the most used are hydrogen-air FC with 

proton exchange perfluorinated membranes. The advantages of FC include environmental 

friendliness and high efficiency. The main disadvantage at the moment is the higher cost of energy 

production compared to classical energy generation methods. To overcome this drawback, it is 

important to improve the characteristics of FC and increase their efficiency [1]. One of the main 

factors reducing the efficiency of FC is the so-called hydrogen crossover, i.e. the diffusion of 

hydrogen through the membrane without its decomposition on the catalyst. The purpose of this 

work is to study the influence of various factors (membrane thickness, the amount of inert additives 

and modifier in the membrane) on the power characteristics and gas permeability of the membrane 

when operating in a hydrogen-air FC. 

Experiments 

To study the hydrogen crossover and the power characteristics of FC, a measurement setup was 

assembled that can operate both in the mode of supplying air to the anode side of the membrane-

electrode assembly (MEA) (to measure power characteristics) and in the mode of supplying 

nitrogen (to measure the hydrogen crossover current), hydrogen was fed to catode side of the MEA. 

The membranes were tested in an MEA with a commercial catalyst E-TEK; a solution of 

perfluorosulfonic acid LF-4SK in isopropanol was used to prepare the catalytic ink. 

The gas permeability of the membranes was assessed based on the hydrogen crossover current 

using cyclic voltammetry and potential step method (PSM) [2]. The hydrogen crossover current 

was determined as the arithmetic mean between the reverse and forward response current at a 

voltage of 400 mV on a cyclic voltammogram measured in the potential range from 0.1 to 1.2 V 

with a sweep rate of 0.01 V/s. For the PSM, the hydrogen crossover current was determinated as 

the cutoff on the ordinate axis tangent to the limiting current plateau in the potential range 250-

400 mV on a potentiostatic current-voltage curve measured in the potential range from 0.025 V to 

0.4 V with a step of 0.025 V.  

Results and Discussion 

To assess the effect of membrane thickness on its gas permeability, a series of MF-4SK 

membranes: base with a thickness of 220, 45, 30 μm and modified with zirconium hydrogen 

phosphate (ZrHP) with a thickness of 30 μm, are selected. The hydrogen crossover current 

measured by the PSM increases from 0.14 mA/cm2 for a membrane with a thickness of 220 μm to 

0.73 mA/cm2 for a membrane with a thickness of 30 μm, and for the modified membrane the 

hydrogen crossover current is 1.6 mA/cm2 (Fig. 1). 

 
Figure 1. Hydrogen crossover current determined by PSM for membrane with a thickness 30 and 

45 μm 
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Based on the results for membranes of various thickness, we can conclude that a decrease in 

membrane thickness leads to an increase in gas permeability, which seems absolutely natural. At 

the same time, the modification with ZrHP leads to an increase in gas permeability by 

approximately 2 times compared to an nonmodified membrane. At the same time the power 

densities of the modified and nonmodified samples have close values about 90 mW/cm2, and for 

the membrane with a thickness of 220 μm the power density is noticeably lower. Thus, reducing 

the thickness of the membrane leads to an improvement in power characteristics, but worsens its 

degradation stability. 

To maintain performance characteristics, a promising direction is to introduce an inert 

fluoropolymer into the membrane composition. To evaluate the effect of the content of inert 

fluoropolymer, a number of experiments were carried out. 

The object of study is a series of perfluorinated membranes MF-4SK with a thickness of about 

300 μm containing an inert fluoropolymer F-26 (a copolymer of vinylidene fluoride with 

hexafluoropropylene) from 10 wt. % to 30 wt. %. It is established that the power density of MEA 

with a membrane containing 10% F-26 is approximately 15% higher compared to a membrane 

without additive (Fig. 2). However, the introduction of more than 20% F-26 into the membrane 

composition leads to a decrease in this characteristic, so that the power density of MEA with a 

membrane containing 30% F-26 is almost 40% lower than that of a MEA with a membrane without 

additive. 

 
Figure 2. Power density of the MEA for membranes with different F-26 contents 

The gas permeability of the membranes with inert polymer is very low due to their large 

thickness and decreases with increasing content of inert fluoropolymer in the MF-4SK membrane. 

For samples containing 20% and 30% of inert fluoropolymer, the hydrogen crossover current is 

below the detection limit of both cyclic voltammetry and PSM. Thus, the optimal amount of inert 

polymer F-26 in the perfluorinated membrane MF-4SK is 10%. This does not have a significant 

effect on the structure and electrotransport properties of the membrane, while elasticity of the 

membrane increases [3]. When it is used in a hydrogen-air FC, it reduces the hydrogen crossover 

current and increases the maximum power density by 15%. 

To study the effect of ZrHP on the power characteristics of the FC and the gas permeability of 

the MF-4SK membrane, a series of membranes were selected in which the amount of ZrHP varied 

from 0 to 10 wt. %. The results of the hydrogen crossover current by the PSM (Fig. 3), the 

hydrogen flux density (Fig. 4) and the diffusion flux in 0.1 M HCl (Fig. 5) [4] are given below. 

Modification with ZrHP showed an increase in the gas permeability of the membrane compared 

to the original membrane of the same thickness. However, ZrHP modification gives an increase in 

efficiency due to the higher conductivity of the membrane at low humidity, which prevails over 

the negative factor of increasing the gas permeability of the membrane. It was found that the 

optimal ZrHP content in the membrane is 6%, because it provides the increase in power density in 

29% compared to the membrane without a modifier, and the hydrogen crossover current for this 

sample is minimal. The results obtained are in qualitative agreement with the change in the 

diffusion flux through these membranes in electrolyte solution. 
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Figure 3. Hydrogen crossover current determined by PSM for membranes with different ZrHP 

contents 

 

 

Figure 4. Flux density on the ZrHP content in 

the membrane 

Figure 5. Diffusion flux in 0.1 M HCl solution 

on the ZrHP content in the membrane 

Conclusion 

Summing up the results of the study, we can conclude that reducing the thickness of the 

membrane leads to an increase in power characteristics and the gas permeability. To reduce the 

gas permeability of thin membranes, the inert fluoropolymers could be introduced into the 

membrane, in an amount of 10 wt. %. Modification with ZrHP improves the power characteristics 

of the MEA, with the optimal content being 6 wt. %. 
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Introduction 

High temperature polymer electrolyte membrane fuel cells (HT_PEMFC), capable of operating 

at 120–200 C and low humidity, are among the many promising devices for producing 

environmentally clean energy [1]. Under these conditions, the catalytic activity of platinum, its 

tolerance to an increase in CO impurities and fuel cell management are simplified. One of the main 

types of membrane materials for their construction are polybenzimidazoles (PBI) doped with 

phosphoric acid (PA). These are of interest due to their high thermal stability, excellent mechanical 

properties and high proton conductivity at FC operating temperatures. 

The PA doping level, temperature and relative humidity are important parameters affecting the 

proton conductivity of PBI membranes. At the same time, a high PA doping level leads to a 

deterioration in mechanical strength, dimensional stability and membrane selectivity (an increase 

in gas permeability). In addition, the conductivity decreases due to acid leaching during FC 

operation, which leads to an irreversible loss of battery power and the corrosion of components.  

The membrane modification by inorganic oxides with high sorption activity promotes both 

stabilisation of the acid and an increase in the degree of doping, which is important for maintaining 

high conductivity values [2]. However, as the doping degree increases, the mechanical properties 

of the membranes and their dimensional stability inevitably deteriorate. Additionally, there is a 

possibility of migration of dopant particles outside the membrane during FC operation. Covalent 

crosslinking is a possible method of modification that can enhance mechanical properties and 

improve the morphological and oxidative stability of membranes [3]. Restricting the pore size of 

cross-linking bridges can lead to a more compact structure, resulting in reduced gas permeability 

and acid sorption.  

In this work an approach to membrane modification is proposed that combines the introduction 

of silicon oxide, which has enhanced sorption capacity due to the surface modification with 

imidazolinpropyl groups, and covalent silanol crosslinking to maintain mechanical and 

dimensional stability. 3-(Bromopropyl)trimethoxysilane was chosen as the crosslinking agent, on 

base of previous work [4]. 

Experiments 

Membrane modification was performed performed using an in situ method. On the first stage, 

3-(Bromopropyl)trimethoxysilane was linked to the main PBI chains. On the second one, precursor 

for silica particle was added. After film formation the hydrolysys was performed with the 

formation of silane network. The samples are referred to as PBI/SiO2-(silane)-x, where x is the 

silica content. The PBI-O-PhT membrane without silane-crosslinking was used as a comparison 

sample. To ensure conductive properties, all the obtained samples were kept for seven days at 25 

C in phosphoric acid (conc. 75%). After that, the weight of the membranes increased 2.5–3 times. 

The samples were investigated by different physico-chemical methods. Morphology, 

conductive properties, oxidative and thermal stability, gas permeability were characterized. 

Results and Discussion 

The silanol cross-linked samples exhibited higher stability when tested with Fenton's reagent 

and retained their morphological integrity even after 360 hours of testing. The study shows that 

covalent crosslinking improves the stability of dopant particles in the membrane matrix and 

prevents their leaching during acid treatment. 

One of the most important properties affecting the capacity of fuel cells based on polyelectrolyte 

membranes is the proton conductivity. When silica is added, the conductivity increases. Its 

maximum increase is reached in the high temperature region (36 mS/cm for the reference sample, 
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52-58 mS/cm for the samples with SiO2 at 160℃). For the cross-linked samples, the conductivity 

increases with increasing dopant content and is 33, 38, 43 and 55 mSm/cm at 160℃ for samples 

with 0, 3, 5 and 10 wt% SiO2, respectively. The silanol cross-linked sample without silica has a 

slightly lower conductivity compared to the original PBI. This is due to the fact that the structure 

of the polymer matrix becomes more rigid and the nitrogen atoms of the imidazole ring associated 

with the organic substituent of the silane are excluded from the proton transfer process. However, 

as the silica content increases, the membrane conductivity increases slightly, which, according to 

the theory of the limited elasticity of membrane pore walls, is determined by the simultaneous 

expansion of pores and connecting channels, which limit the conductivity. An additional factor 

may be the creation of additional proton transfer centres at the oxygen atoms of SiO2. 

Gas permeability also plays an important role in the application of membranes in FCs. It 

determines the fuel transfer through the membrane that is not accompanied by energy production. 

All the samples obtained are characterised by a lower hydrogen permeability compared to the 

initial PBI membrane, which makes their use in hydrogen energy technology even more attractive. 
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Introduction 

Membrane materials have enabled the rapid development of various high-tech processes and 

devices. The use of ion-exchange membranes in electrodialysis processes allows for deep 

purification of aqueous media, isolation of valuable components from wastewater [1], production 

of high-frequency hydrogen in membrane electrolysers [2], and increased efficiency of fuel 

cell-based power units [3]. However, creating ion-exchange membranes for electromembrane 

applications is labour-intensive. Additionally, the resulting materials may not possess the 

necessary properties for operational and chemical stability. 

Poly(benzimidazole)-based membranes, which are used in medium-temperature fuel cells, are 

among the most stable materials [4]. To confer conductive properties, these materials should be 

impregnated with concentrated phosphoric acid. However, the most effective method could be the 

introduction of charged functional groups into the structure of poly(benzimidazole). Therefore, the 

objective of this study was to create ion-exchange membranes doped with d-metal ions based on 

carded poly(benzimidazole). 

Experiments 

The starting material for this study was poly(benzimidazole) based on 3,3',4,4'-

tetraaminodiphenyloxide and 3,3-bis(p-carboxyphenyl)phthalide, obtained through a 

polycondensation reaction. The metal ions selected for the study were Zn2+, Cu2+, and Cr3+. The 

studied membranes are labelled as M-number, where M corresponds to the metal ion in the 

structure of the cardo-PBI (Zn, Cu and Cr) and the number is the content of the metal ion. The 

metal thickness distribution of the obtained membranes was studied using scanning electron 

microscopy with EDX, and IR-spectra were recorded in the ATR mode. To investigate the 

transport properties of the membranes, we measured the ionic conductivity by impedance 

spectroscopy and the anion transfer number using a SmartStat PS-20 potentiostat-galvanostat. 

Results and Discussion 

Ion-exchange membranes are characterised by their conductivity. Non-functionalised 

membranes based on PBI-analogous polymers lack ionic conductivity. Therefore, the introduction 

of stable charged groups, such as metal ions, into their structure should result in the appearance of 

ionic conductivity. The conductivity of the resulting membranes was studied in nitrate form using 

the contact method. The initial membrane exhibited a conductivity lower than 5-10-8 S/cm. 

However, with the introduction of metals, conductivity increases and reaches the level of classical 

anion exchange membranes. The maximum conductivity value at 25°C was 0.73 mS/cm. 

Additionally, impedance hodographs of the studied membranes were analyzed, which is another 

important factor to consider. For both Zn-50 and Zn-100 membranes, the high-frequency 

half-circle (capacitive) and low-frequency half-circle (double electric layer at the 

membrane-electrode boundary) are not completely separated and instead smoothly transition into 

each other. The low-frequency half-circle slope angle of these membranes corresponds to 

45 degrees, indicating the significant role of diffusion in the charge/discharge of the double electric 

layer at the membrane/electrode interface. This is associated with contact inhomogeneity due to 

changes in surface morphology or composition. For membranes containing copper and chromium 

ions, the impedance hodographs have a classical form. The data on the conductivity of the 

membranes obtained in nitrate form confirm the presence of charged groups in the polymer 

structure, with metal ions playing a role. Additionally, the obtained materials have high transfer 
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numbers of nitrate-ions, exceeding the corresponding values for commercial anion-exchange 

membranes. 
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Introduction 

Baromembrane processes (microfiltration, ultrafiltration, nanofiltration and reverse osmosis) 

are widely used to separate, purify and concentrate solutions [1]. In these processes, a 

transmembrane pressure difference is applied, which causes solvent and solute to flow across the 

membrane. The dissolved substance is completely or partially rejected by the membrane resulting 

in a highly concentrated layer on its surface that resists mass transfer. This phenomenon is known 

as concentration polarization [2]. Polarization phenomena accompany many membrane separation 

processes. Since the reduction of transmembrane flow negatively affects technical and economic 

performance of the membrane, it is necessary to take measures to eliminate the causes associated 

with this phenomenon. To reduce concentration polarization, various measures can be applied: 

stirring the solution, regulating the flow rate along the membrane, or affecting the mass transfer 

coefficient by changing the module shape and size, e.g. reducing the length or increasing its 

hydrodynamic diameter [3]. Mathematical modelling is used to better understand and predict the 

effects of concentration polarization. Previous works considered one-dimensional (film) models 

and two-dimensional models of concentration polarization, which showed good agreement with 

experimental data [4]. 

The purpose of this work is to develop a mathematical model that describes the phenomenon 

of concentration polarization in a tangential filtration cell with a radial flow of solution. Figure 1a 

shows a cross-section of a filtration cell, for which we developed a mathematical model and carried 

out calculations. The feed flow is supplied to the center of the membrane perpendicular to its 

surface. Then the fluid moves in a radial direction from the center to the edges of the membrane, 

and is removed through a slot gap adjacent to the membrane edge. The membrane is characterized 

by liquid permeability and rejection of solute. 

 

Figure 1 – Cross-sectional view of the filtration cell (a) and the geometry of computational 

domain (b). 

Mathematical model 

To simulate the flow in the filtration cell, an axisymmetric mathematical model is used. It is 

based on the Navier-Stokes equations, the continuity equation and the solute transport equation in 
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cylindrical coordinates ( , ).r z  Let us introduce the following notation: ( , )r zV VV  is the velocity 

vector (mm/s), P is the pressure (Pa) and C  is the concentration (mol/m3). 

A constant volume flow of solution is supplied to the inlet perpendicular to the membrane 

surface fV . The solution moves in radial direction from the center to the edges of the membrane 

and is removed through the slot gaps in the upper part (Figure 1b). At the inlet, the radial velocity 

component is set to zero and the solute concentration is specified 

z fV V  , 0rV  , fC C . 

The no-slip condition and the absence of mass flow of the dissolved component are set on the 

walls 

 0V ,     0
C

C D
n


  


V n , 

where n  is the surface normal vector, D  is the solute diffusion coefficient. 

On the surface of the membrane, a constant volume flow of solution it is set to mV , and the 

radial velocity component is assumed to be zero 

z mV V  ,    0rV  . 

Let us denote the permeate concentration by pC , and the concentration on the membrane surface 

by mC . Then the flux through the membrane is given by 

 
m m

dC
J C V D

dz
   . 

We assume that p mJ C V   resulting in the following boundary condition on the membrane 

surface 

0m m

C
C RV D

z


 


,     1

p

m

C
R

C
  , 

where R  is the rejection of solute. It is assumed that the velocity vector components and 

concentration do not change in the normal direction to the outlet 

0r zV V C  
  

  n n n
. 

Calculations are performed for an aqueous solution of potassium chloride with a diffusion 

coefficient 1.996∙10–9 m2/s, kinematic viscosity v  = 1.005∙10–6 m2/s and densityρ  = 998.2 kg/m2. 

Results and discussion 

Using the computational fluid dynamics package Ansys Fluent R21, we have calculated the 

dependences of average solute concentration mC  on the membrane surface on the feed 

concentration, the feed flow rate, and the flow rate through the membrane. 

Figure 2a shows the curves corresponding to solute rejection of 100%, 90% and 80%. 

Regardless of the percentage of rejection, in all three cases an increase in the feed flow rate reduces  
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Figure 2 – Dependence of the ratio of average membrane concentration to the feed 

concentration on feed volume flow rate for a membrane flow rate of 0.0278 mm/s (a). Flow 

streamlines on the filtration cell (b). 

the concentration at the membrane surface due to convective flow along its surface. It is found that 

the average concentration on the membrane surface increases with increasing solute rejection. 

Note that due to the peculiar geometry of the filtration cell, flow separation from the membrane 

occurs at a distance of 7 mm from the center (Figure 2b, blue color) at feed volume flow rate in 

the range from 0.1 m/s to 0.2 m/s. It gives a noticeable increase of concentration at the membrane 

surface near the outlet (Figure 2a). The concentration reaches its maximum value when the feed 

volume flow rate is about 0.15 m/s. The calculations show that further optimization of the filtration 

cell design is necessary to eliminate areas with increased concentration on the membrane surface. 
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Introduction 

Ion-exchange membranes have a crucial role in water treatment processes, such as 

electrodialysis, by allowing for the selective separation of ions with different charge signs under a 

potential gradient. However, it is also essential to ensure selectivity of ion-exchange membranes 

for the transportation of ions with the same charge sign but different charge values [1,2]. The 

membrane materials currently used in the electrodialysis process are unfortunately more selective 

towards the transport of multi-charged ions. It is challenging to develop materials with a 

completely new mechanism of ion separation. Therefore, it is urgent to search for barrier-free 

methods to modify commercial materials to alter their transport selectivity. For instance, 

composite materials are noteworthy for their ability to combine the properties of the introduced 

filler (dopant) and the initial matrix in one object. Dopants such as cerium [3], zirconium, silicon, 

titanium [4] oxides and cerium oxide with functionalized surfaces [5] can be used. Additionally, 

hybrid membranes containing inorganic ion-exchangers as dopants, such as acidic zirconium 

phosphate or acidic cerium phosphate, are worth studying. 

Modification of Ralex CM membrane with acidic zirconium phosphate increased the selectivity 

of sodium ion transport in sodium-calcium pairs. Symmetric surface modification also had a 

similar effect [6]. The study of these materials for the separation of lithium and magnesium ions 

is also of interest. In the case of anion-exchange membranes, an increase in selectivity for the 

transport of single-charged anions can be achieved by introducing acidic cerium phosphate, which 

has cation-exchange properties. 

The aim of this work was to obtain and study the properties of hybrid ion-exchange membranes 

modified with inorganic particles of acidic cerium phosphate and zirconium phosphate and 

phosphonate. 

Experiments 

The investigated hybrid membranes were obtained by surface or bulk modification of 

commercial membranes Ralex® AM and CM, Neosepta AMX and FujiFilm® AEM. To modify 

the surface, the membranes were fixed in a two-section cell and treated alternately on one side 

with (NH4)2[Ce(NO3)6] solutions (for anion-exchange membranes, AEMs), ZrOCl2 or Ce(NO3)3 

solution (for cation-exchange membranes, CEMs). Then, the same side of the membrane was 

treated with different phosphorus-containing precipitants (NH4H2PO4, H3PO4, Ph-P(O)(OH)2). 

The CEMs were modified volumetrically by incubating a membrane sample in solutions of 

concentrated phosphoric acid, in which CeO2 was pre-dissolved, or in ZrOCl2 solution. 

Subsequently, the same membrane samples were placed in a solution of phosphorus-containing 

precipitant (NH4H2PO4, H3PO4, Ph-P(O)(OH)2). The values of water-uptake (𝑊𝐻2𝑂), ion 

exchange capacity (𝐼𝐸𝐶), ionic conductivity (𝜎), potentiometric transfer numbers (𝑡𝑖), and 

selectivity coefficients 𝑃(𝐴/𝐵) for the transport of single-charged ions were investigated for all 

the obtained materials. 

Results and Discussion 

Ten hybrid commercial AEMs with a gradient distribution of cerium phosphate over the 

thickness were obtained by varying the time and number of treatment cycles, the concentration of 

(NH4)2[Ce(NO3)6], and the nature of the phosphorus-containing precipitant. The content of 

cerium phosphate varied from 0.5 to 12 wt.% depending on the type of membrane. The study 

involved varying the type of dopant and its distribution in the polymer matrix, the number of cycles 
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of surface treatment with precursors, and the type of precipitant for hybrid cation-exchange 

membranes. This resulted in the production of four volumetrically modified membranes and six 

surface-modified membranes, containing between 1.2 and 27 wt.% of inorganic dopant, depending 

on the modification method used. 

The study analysed the impact of modification on characteristics such as 𝐼𝐸𝐶 and 𝑊𝐻2𝑂 for the 

obtained materials. The introduction of acidic cerium phosphate into the membrane resulted in a 

decrease in 𝐼𝐸𝐶 and 𝑊𝐻2𝑂 for several hybrid AEMs. This was due to the formation of salt bridges 

between the negatively charged surface of the nanoparticles and the positively charged functional 

groups of the membrane. The effect was levelled out by increasing the concentration of 

(NH4)2[Ce(NO3)6] due to the preferential formation of dopant on the surface. Introducing neutral 

cerium(III) phosphate into the CEM matrix resulted in a 27% decrease in 𝐼𝐸𝐶. However, bulk 

modification with acidic cerium phosphate had little effect on 𝐼𝐸𝐶 and 𝑊𝐻2𝑂 values. In the case 

of modifying CEM with zirconium phosphates and phosphonates, a decrease in 𝐼𝐸𝐶 was observed, 

particularly for the bulk modified membranes. The introduction of zirconium phosphate led to an 

increase in 𝑊𝐻2𝑂 for all modified membranes. However, for the membrane with volumetric 

distribution of zirconium phosphonate, the value of 𝑊𝐻2𝑂 decreased by more than 20%. 

The influence of modification on the transport properties of the studied membranes was 

considered. Specifically, the 𝜎 values in the forms of single- and double-charged ions and 𝑡𝑖 were 

examined. The introduction of cerium phosphate particles into the system of pores and channels 

of AEMs resulted in a significant decrease in 𝜎(𝐶𝑙). Conversely, the study of 𝜎(𝑆𝑂4) showed a 

preference for increased values. For CEMs with neutral cerium(III) phosphate, there was a 

decrease in both 𝜎(𝐿𝑖) and 𝜎(𝑀𝑔). In contrast, for membranes with acidic cerium phosphate, these 

values decreased insignificantly. When modifying CEMs with zirconium phosphates, the values 

of 𝜎(𝐿𝑖) and 𝜎(𝑀𝑔) were lower compared to the original membrane. On the other hand, the values 

of 𝜎(𝑁𝑎) and 𝜎(𝐶𝑎) increased for membranes whose dopant was precipitated with NH4H2PO4 

and H3PO4, but decreased for all other samples. The hybrid membranes, however, were strongly 

dependent on the method of dopant production. 

As part of the work, model experiments were conducted to study the values of 𝑃(𝐶𝑙/𝑆𝑂4), 
𝑃(𝑁𝑎/𝐶𝑎) and 𝑃(𝐿𝑖/𝑀𝑔). The introduction of cerium phosphate into the pore and channel system 

of AEMs resulted in a 55% increase in the rate of selective transport of chloride ions relative to 

sulfate. When investigating the effect of modification with cerium phosphate on the selectivity 

values of CEMs for transporting single charge ions, it was found that the maximum increase in 

𝑃(𝐿𝑖/𝑀𝑔) was 12%. Modification of CEMs with zirconium phosphate allows for an even greater 

relative increase in selectivity coefficients. The maximum increase in the 𝑃(𝑁𝑎/𝐶𝑎) value was 

168%, and the maximum increase in 𝑃(𝐿𝑖/𝑀𝑔) was 108%. The increase in selectivity coefficients 

in the lithium-magnesium pair is consistent with an increase in the conductivity ratio in these ionic 

forms. However, the increase in selectivity in the sodium-calcium pair cannot be explained in the 

same way. 

Thus, the work developed methods for modifying commercial ion-exchange membranes with 

cerium phosphate or zirconium phosphate and phosphonate. The use of cerium phosphate in AEMs 

resulted in increased selectivity coefficients in both dilute and concentrated salt solutions. It has 

been demonstrated that modifying CEMs with zirconium phosphate or phosphonate membranes 

results in the greatest increase in selectivity coefficients. 
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Introduction 

Electrodialysis (ED) is one of the effective methods in wastewater treatment [1]. The limiting 

factor of ED is the concentration polarization, which depends on the diffusion layer thickness. A 

various spacers are actively used to reduce this factor [2]. Significant progress in the development 

of spacer has been achieved in the ultrafiltration and reverse osmosis processes. Along with 

experiments, mathematical modeling is carried out for the above processes. In this study, the spacer 

proposed in [2] theoretically was studied with the aim of it application in the ED process. 

Experiment 

One of the proposed spacers was adapted from [2]. It was created using a 3D modeling program 

FreeCAD and printed using a Phrozen Sonic Mighty 8K Resin 3D Printer (Fig. 1) for experimental 

studies, described in [3]. The spacer has the following characteristics: the diameter of longitudinal 

rods is 0.75 mm, located at a distance of 5 mm from each other in two directions at an angle of 45 

and 135 degrees relative to the walls of the electrodialyzer chamber, cylinders perpendicular to the 

surface of the membranes with a diameter of 2 mm, ensuring fixation of the rods at a strictly 

specified distance from membranes. 

  

a b 

Figure 1. 3D Model (a) and 3D Printed Version (b) of Spacer. 

Theory 

A three-dimensional model of liquid flow in electrodialyzer was created. The model geometry 

accurately repeats the constructed geometry of the electrodialyzer chamber (Fig. 2). The stationary 

liquid flow is described by the Navier-Stokes equations for a solid ideal incompressible Newtonian 

fluid. The following boundary conditions were used: a plug-flow profile is set at the inlet, a 

constant pressure and zero back-flow are set at the outlet, and a no-slip condition is set at all other 

boundaries. 

The calculations were carried out in COMSOL Multiphysics 5.5 software. 

Results and Discussion 

The theoretical distribution of liquid flow in the system under study was obtained using spacer 

and without using it (Fig. 3). This spacer made it possible to evenly distribute the liquid flow, 

significantly reduce the stagnant areas and increase the liquid flow directly near the surface of the 

membranes. It can be seen that despite the lateral location of the inlet and outlet of the 

electrodialyzer chamber, the efficiency of spacer is beyond doubt. Further theoretical studies will 

make it possible to determine the optimal arrangement of spacer rods across the chamber width. 
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a b 

Figure 2. Theoretical Distribution of Liqid Flow in the Studied Electrodialyzer Chamber Without 

a Spacer (a) and With It (b). Red Color Corresponds to Low Flow Velocity, Blue – High Flow 

Velocity. 
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Introduction 

Ammonia is an important intermediate in various branches of the chemical industry, and as a 

result is produced in significant volumes (19.9 million tonnes in 2021). In order to improve 

efficiency, the process of producing ammonia from a mixture of hydrogen and nitrogen involves 

a step of recovering hydrogen from purge gases. In addition to its traditional applications (in the 

production of fertilizers, plastics, and other products), ammonia has been recently seen as a 

potential easily liquefiable carrier of hydrogen for transportation of hydrogen fuel to locations of 

consumption and the development of a hydrogen-based energy infrastructure. This development 

further increases the importance of research into hydrogen extraction techniques from gas mixtures 

that contain nitrogen and its derivatives. 

Among the existing technologies for the separation of gas mixtures, membrane gas separation 

processes have a significant prospect for the separation and purification of hydrogen. Membrane 

devices are characterized by their modularity, compact design due to the high packing density of 

membranes in the device, ease of installation and maintenance, as well as scalability. Additionally, 

the performance of the membrane-based separation system is excellent. Polymer membranes based 

on polyimides have been successfully used for the separation and purification of hydrogen due to 

their thermal and chemical stability, satisfactory performance, and separation selectivity. 

Therefore, the aim of this study was to investigate a polyimide film as a potential material for 

concentrating hydrogen from gas mixtures. 

Experiments 

The dense membranes were cast from solution in chloroform with polymer concentrations of 2 

wt.% onto commercial cellophane. The cast film was then covered with a Petri dish and left for 

slow evaporation for several days, followed by drying until a constant sample weight was reached. 

This enabled membranes to be obtained with a thickness of 20–30 µm. 

The resulting film was analysed for the permeability of individual gases using a Time Lag 

Machine. Gas permeability and diffusion coefficients of membrane materials for individual gases 

(N2, CO2, CH4) were measured at 30 °C according to Daynes–Barrer standard tech-nique using 

the precise unit “Helmholtz-Zentrum Geesthacht” mounted with a pressure sensor (“Baratron”), 

with an accuracy of 10-7 bar. Permeability was given in Barrer. Pure gas permeability coefficient 

Pi was determined by the variable pressure/constant volume method, the diffusivity Di was 

measured according to the time-lag method, and the solubility coefficient Si was estimated as. 

Results and Discussion 

The results of the measurements of the polyimide film for individual gases are provided in 

Table 1 below.  

Table 1: Gas transport properties of polyimide film for individual gases.  
Gas Permeability 

coefficient, Barrer 
Diffusion coefficient, 

cm2/s 
Solubility coefficient, 

cm3/(cm3*cm Hg) 

H2 11.4 2.2*10-6 5.2*10-4 

N2 0.064 1.4*10-8 4.6*10-4 

Не 12.3 4.9*10-5 2.5*10-5 

CH4 0.076 1.2*10-9 6.3*10-3 

CO2  3.6 5.8*10-9 6.1*10-2 

The table shows the gas transport properties of polyimide. It can be noted that the polymer has 

acceptable values of gas permeability coefficients for helium, hydrogen and carbon dioxide, as 
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well as a low gas permeability value for methane. As a result, the material is characterized by high 

selectivity for helium/methane, hydrogen/methane and carbon dioxide/methane (162, 150 and 47, 

respectively). Thus, the polymer is promising for membrane separation applications such as natural 

gas conditioning and hydrogen separation from process gas streams. 
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Introduction 

Membrane separation is a low-energy; environmentally friendly technology that effectively 

solves many issues of gas separation and purification, due to, among other factors, the ease of 

scale-up and operation. For real applications where cost and energy efficiency should be 

considered, an important factor, along with selectivity, is the performance of the membrane. 

Composite membranes with ultra-thin selective layers are a rapidly developing area of academic 

research and commercialization for new types of membranes [1]. The simplest version of a 

composite membrane is a structure composed of a layer of a selective, usually nonporous material, 

located on the surface of a porous support made from another material [1]. It is worth noting that 

hollow fiber composite membranes have several advantages compared to flat-sheet membranes. 

The most significant advantage is the high packing density of the hollow fibers in the module [2]. 

This significantly increases the efficiency of the device per unit volume. In early research on 

composite membranes, it was believed that the porous support performed only a mechanical role 

for a thin selective layer [3]. However, later research has shown that, at high flow rates, the porous 

support can significantly contribute to the overall resistance to gas transfer through the membrane 

[4]. Therefore, it is important to minimize the contribution of the porous support when 

development of highly permeable composite membranes. 

Experiments 

To create a hollow fiber membrane, a dope solution was prepared using polysulfone (PSF) as 

the membrane-forming polymer, N-methyl-2-pyrrolidone as the solvent, and polyethylene glycol 

with an average molecular weight of 400 g/mol (PEG-400) as pore-forming additive. PSF and 

PEG-400 were combined in a thermostated reactor and stirred at 150 rpm at a temperature of 50 

°C. N-methyl-2-pyrrolidone was then added to the reactor, increasing the stirring speed to 500 

rpm. The resulting dope solution was then filtered under a pressure of 0.18 to 0.2 MPa using a 

stainless steel filter with a mesh size of 4 to 5 μm. The filtered solution was degassed using a 

vacuum pump to remove any air bubbles. 

Samples of hollow fiber membranes were prepared using a dry-wet phase inversion method in 

the "free spinning" mode. Different bore liquids (n-hexane, n-heptane, ethanol/hexane mixture 

(20/80 wt.%)) were introduced into the liquid capillary of the dope solution, and the top side of 

the capillary was irrigated with distilled water. This is known as the "wet air gap" method. After 

spinning, the membranes were successively washed with tap water, ethanol for two hours, and n-

hexane for two hours, followed by drying in air at room temperature. 

To evaluate the gas transport properties of the produced hollow fiber membranes, the 

permeability of helium (He), nitrogen (N2) and carbon dioxide (CO2) was measured using the 

volumetric method. The membrane structure was investigated using scanning electron microscopy 

(SEM) using a Thermo Fisher Phenom XL G2 Desktop SEM facility (USA). 

A thin polymer layer of polydecylmethylsiloxane (PDecMS) was applied onto the top surface 

of the hollow fiber supports. Composite PDecMS/PSF membranes were produced by the direct 

dip coating process [27]. The support was immersed in the PDecMS solution for several minutes, 

then removed and dried in an oven for 24 hours at 100°C, where the solvent evaporated and 

crosslinking occurred. 
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Results and Discussion 

Three samples of hollow fiber porous supports were spun using n-hexane, n-heptane and an 

ethanol/hexane mixture (20/80 wt.%) as bore liquids, respectively. They are designated as S-hex, 

S-hep and S-e/h, respectively. The hollow fiber supports were studied by SEM. As an example, 

Figure 1a displays a photomicrograph of a cross-section of the S-hex support. In the first 

approximation, the support morphology can be described as consisting of the following layers of 

porous structures: a finely porous skin layer on the top surface, a transitional layer with a spongy 

structure, and, next, an internal drainage layer with characteristic finger-like macrovoids. Figures 

1b-1d shows micrographs of the lumen side for all supports in more detail. As be seen in Figures 

1b-1d, large pores are observed on the lumen side of PSF supports spun using C6–C7 alkanes. 

However, if a weak coagulant (ethanol/hexane mixture) is used, there are no micron-sized pores 

on the lumen side of the hollow fiber, which indicates a denser skin layer structure. 

 a) 

b) c) d) 

Figure 1. SEM images of a) the cross-section of the S-heх support; b) the lumen side of the S-

hex; c) the lumen side of the S-hep and d) the lumen side of the S-e/h.  

Table 1 presents the geometric dimensions of hollow fiber PSF supports: inner (ID) and outer 

(OD) diameters and wall thickness (L). The transport properties of the resulting hollow fiber PSF 

supports are shown in Table 1. It was found that when hexane and heptane are used as bore liquids, 

the permeance of the hollow fiber support membranes significantly increases. For example, in the 

case of CO2, these values increase from 20400 to 36700 GPUs for hexane and heptane, 

respectively. The ideal He/CO2 selectivity is equal to 3 for S-hex and S-hep supports, which 

indicates that the Knudsen regime of gas flow through the porous structure of the membranes is 

realized. Of particular interest is the comparison of the gas permeances of S-hex and S-e/h hollow 

fiber supports with the same geometric dimensions (Table 1). It can be seen that the addition of as 

little as 20% of ethanol, which is a coagulant for PSF, to hexane reduces the CO2 permeance by a 

factor of forty: 20400 and 550 GPU for S-hex and S-e/h, respectively. Thus, it can be concluded 

that the spinning of hollow fiber supports using alkanes (hexane or heptane) as “inert bore liquids” 

results in significantly more efficient PSF supports than by addition of a weak coagulant into the 

fiber. As it can be seen from Figures 1b and 1d, in the case of an ethanol/hexane (20/80 wt.%) 

mixture, a porous structure that is formed on the lumen side of the S-e/h support is denser than on 

the S-hex support. The presence of this additional skin layer significantly impairs the gas transport 

properties of the S-e/h support. It is worth adding that еhe transport properties of hollow fiber PSF 

supports developed in this work using hexane and heptane as the bore liquids are by an order of 

magnitude better than those of similar PSF supports described in the literature [5]. 
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Table 1: Properties of the hollow fiber PSF supports. 
Support ID, 

mm 
OD, 
mm 

L, 
μm 

Permeance, GPU α 
(Не/СО2) He CO2 N2 

S-hex 1.1 1.7 300 61500 20400 25200 3.0 

S-hep 1.5 1.9 200 110000 36700 44400 3.0 

S-e/h 1.1 1.7 300 1700 550 670 3.1 

Using S-hex and S-e/h supports, hollow fiber composite membranes with a selective layer of 

PDecMS with a thickness of 3 μm were obtained (PDecMS/S-hex and PDecMS/S-e/h, 

respectively) and the transport properties was investigated. For the first time, a modified resistance 

model has been proposed that takes into account the resistances of a selective polymer layer on the 

membrane surface (R1), a layer of this polymer that has penetrated into the pores of the support 

and the surface layer of the support material (R2) and transport pores of the support (R3). At the 

same time, for the first time a more general approach is being considered, where the thickness of 

the selective polymer layer that has penetrated the pores of the support is not necessarily equal to 

the thickness of the porous support skin-layer itself. Using a modified resistance model, it has been 

demonstrated that the presence of macropores on the lumen side of a hollow fiber can reduce the 

contribution from the support resistance by up to 10%, while simultaneously increasing the 

contribution from the selective layer resistance to the overall resistance of the composite 

membrane by a factor of two (see Table 2).  

Table 2: Resistance components for gas permeation in the PDecMS/PSF hollow fiber 

composite membrane. 
Resistance R1,  1010 s 

Pa/mol 
(R2+R3),  1010 s 

Pa/mol 

R,  1010 s Pa/mol R1/R,  100% 

Membrane 

 N2 

PDecMS/S-hex 6.43 23.91 30.34 21.2 

PDecMS/S-e/h 5.37 42.01 47.38 11.3 

 CO2 

PDecMS/S-hex 0.59 2.29 2.88 20.5 

PDecMS/S-e/h 0.50 3.34 3.84 13.0 
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Introduction 

In the field of membrane electrochemistry, anisotropic ion-exchange membranes were initially 

discussed by Frilette (as a bipolar membrane) [1] and Leitz (as cationic-anionic) [2]. Both studies 

outline an ion-exchange membrane comprising cation-exchange and anion-exchange layers; the 

distinction lies in Leitz's proposal of a membrane capable of desalting sodium chloride while 

simultaneously alkalizing or acidifying the solution. 

Researchers in [3] referred to membranes capable of both desalting and adjusting the pH of a 

solution as "semi-bipolar." The drawbacks of these semi-bipolar membranes include a lack of 

mechanical stability. However, incorporating a modifying layer made of an ion-polymer film can 

yield mechanically stable "semi-bipolar" membranes. 

Enhancing stability and specific ion selectivity involves depositing thin layers/films on the 

substrate membrane's surface. This specificity typically targets singly charged ions [4], focusing 

on the permselectivity coefficient. Some studies also highlight a reduction in the limiting current 

on the modified membrane compared to the original one [5]. 

When the charge of the modifying layer's matrix opposes the charge of the membrane-substrate 

matrix at their interface, a space charge region forms, with electric field strengths reaching around 

109 V/m. Essentially, most ion-exchange membranes with similar surface modifications can be 

considered asymmetric bipolar membranes. Zabolotskiy et al. [6] demonstrated that asymmetric 

bipolar membranes can maintain high salt flux at low currents, functioning similarly to bipolar 

membranes at high current densities. 

Unlike the production of acid and alkali, adjusting the pH of a solution does not necessitate the 

use of bipolar membranes with high selectivity. Additionally, it is feasible to integrate the 

desalination process with simultaneous pH adjustment, as suggested by Leitz. However, the salt 

ion flux through bipolar membranes is notably low. Nevertheless, asymmetric bipolar membranes 

are well-suited for this specific application. 

In our prior studies, we have made progress in understanding the regulations governing ion 

transfer processes in bilayer membranes. In [7], we demonstrated the feasibility of creating 

inorganic catalysts for the water splitting reaction in an asymmetric bipolar membrane. In [6], we 

illustrated that the combination of Gerischer and finite Warburg elements in series could elucidate 

the impedance spectrum of an asymmetric bipolar membrane. In [8] we observed a transition in 

the nature of the limiting current in bilayer membranes from outerdiffusional to interdiffusional. 

In [9] a mathematical model was introduced for the numerical simulation of the current-voltage 

curve of the bilayer (bipolar) membrane. 

In this study, we define asymmetric and conventional bipolar membranes and monovalent 

selective membranes as bilayer membranes. The term "bilayer membranes" emphasizes that their 

main function is not predetermined during synthesis but can change based on operational 

conditions. We aim to investigate the electrochemical processes with the use of bilayer membranes 

under different working conditions, considering factors such as current density, solution 

composition, and chemical nature of the layers. 

Results and Discussion 

Reactive separation of a mixture of strong and weak electrolytes  
Effective removal of the strong electrolyte (chloride ion) from a mixture with the anion of a 

weak acid is possible when the water dissociation reaction on the bipolar membrane proceeds at a 

noticeable rate, while the rate of accumulation of molecular acid in the volume of the processed 

solution is still sufficiently low. Evaluation of ion transport numbers through the bipolar membrane 

shows that effective separation is possible within a fairly narrow range of ratios of salt ion (chloride 

ions) and hydrogen ions transport numbers (1.5-1.8), in a "mixed" mode of bipolar operation, 
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where salt ion transport and water dissociation proceed with sufficient efficiency. Under these 

conditions, the selectivity coefficient of the chloride/total acetate pair increases from 3.3±0.2 (for 

the substrate membrane) to 61±21.  

Electrodialysis desalination with simultaneous pH correction  

A kinetic model of an electromembrane system has been developed to describe the ion transport 

process and pH changes over time. Analytical expressions have been derived for the concentration 

dependence of all solution components over time for certain specific cases. These analytical 

expressions can be used to calculate small electrodialyzers designed for pH adjustment of 

solutions. Solving the mathematical model yields a dataset showing the pH dependence of the 

solution in the acidic or alkaline chambers of the electrodialyzer as a function of current density 

and membrane channel length. By knowing the operational dimensions of one chamber of the 

electrodialyzer, the volumetric flow rate of the solution, and the linear flow rate of the solution 

through the electrodialyzer chamber, one can determine the number of elementary cells required 

to adjust the pH to the desired value. 

Preparation of lithium hydroxide from lithium chloride in the presence of non-aqueous solvents 

(dimethylacetamide and isobutyl alcohol) 

The study presents the test results of an electromembrane installation designed for the 

comprehensive processing of the process solution formed during the production of para-aramid 

fibers. The installation is divided into two main blocks and employs three different 

electrodialyzers: the first block is an electrodialyzer with bipolar membranes aimed at producing 

lithium hydroxide (EDS-m); the second block is a standard electrodialysis module intended for the 

preliminary treatment of the process solution and concentration of lithium chloride (ED-m), while 

a dialyzer with ion-exchange packing (EDN-16) is used for final purification and complete 

removal of ionic impurities from the solution. Optimal process parameters were identified, 

enabling the processing of 6.3 m³ of process solution per day. 

The original process solution contains N,N-dimethylacetamide, isobutyl alcohol, lithium 

chloride, hydrochloric acid, iron ions, and water. The lithium hydroxide production process was 

tested using both an aqueous concentrate of lithium chloride obtained through ED-m (cycles 31-

77) and a neutralized process solution containing up to 40% organic solvents (cycles 1-30). The 

composition of the solutions at the inlet and outlet of the main tracts of the installation is presented 

in a table. 

Table 1: Mean chemical composition of the solutions 
Component H2O, % DMAA, % IBA, % LiCl, % HCl, % LiOH, % pH 

Unit inlet  
(cycles 1-30) 

59.71 25.46 14.75 0.84 - 0.03 11.3 

Unit inlet 
(cycles 31-77) 

98.13 1.31 0.56 2.09 - 0.08 11.8 

ED-m DC outlet 59.07 27.01 13.93 0.07 - 0.03 9.7 

EDS-m alkali outlet 99.26 0.56 0.18 0.17 - 0.66 12.7 

EDS-m acid outlet 99.41 0.5 0.09 - 0.89 - 0.8 

EDN-16 DC outlet 57.46 27.32 15.22 - - - 7.6 

Sodium naphtenate conversion 

The study focused on processing sodium naphthenate to produce naphthenic acids and alkalis 

using bipolar electrodialysis. A membrane stack arrangement was proposed, comprising a bipolar 

membrane and two cation exchange membranes. To enhance the process efficiency, it was 

recommended to add a strong electrolyte (like sodium sulfate) to the sodium naphthenate solution. 

The incorporation of sodium sulfate into the solution resulted in an increase in current yields for 

naphthenic acids from 0.23 to 0.4 and a decrease in specific energy consumption from 0.9 to 0.4 

kWh/L. 
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Two-stage electrodialysis scheme for wastewater treatment. 

In practical processes (including the ones described above), the current efficiencies for bipolar 

electrodialysis often drop to 0.3-0.5. The decline in current efficiency during bipolar 

electrodialysis is directly related to the non-selective transfer of salt ions into acid or alkaline 

solutions. 

A potential solution to this issue is a two-stage technology for recovering concentrated acids 

and alkalis from salt solutions. In the first stage, salt recovery is performed, resulting in diluted 

solutions containing few salt impurities. In the second stage, these diluted solutions (either acid, 

alkali, or both) are concentrated in an electrodialyzer-concentrator with non-flow-through 

concentration chambers. 

The results of the research on the two-stage scheme for obtaining sulfuric and nitric acids are 

presented in Table 2. 

Table 2: Results for different acids production using one-stage and two-stage scheme 

Acid Stage 
Acid 
concentration, 
M 

Salt cations 
concentration 
in acid 
(Na+/NH4

+), M 

Current 
efficiency, 
η 

Specific 
energy 
consumption, 
E, kWh/mole 

H2SO4 

BPED using MB-3 0.41 0.024 0.66 0.73 

BPED using MB-2м 0.71 0.050 0.75 0.68 

Stage I (BPED using 
MB-3) 

0.10 0.002 0.89 0.40 

Stage II (EDC) 1.16 0.005 0.26 0.43 

HNO3 

BPED using MB-3 0.38 0.087 0.49 1.26 

Stage I (BPED using 
MB-3) 

0.10 0.005 0.91 0.40 

Stage II (EDC) 1.69 0.005 0.22 0.86 
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RESEARCH OF THE PROCESS OF LIMITED ELECTRODIALYSIS 
CONCENTRATION OF SALTS, ACIDS AND ALKALI  

Stanislav Melnikov, Svetlana Eterevskova, Victor Zabolotsky 
Kuban State University, Krasnodar, Russia, E-mail: vizab@chem.kubsu.ru   

The impact of electrolyte nature on the concentration process utilizing a Ralex CMH/Ralex 

AMH membrane pair has been investigated (fig. 1). 

 
Figure 1. Brine concnetration vs. current density. Solutions are:  

1 – 0,1 M NaCl, 2 – 0,06 M NH4NO3, 3 – 0,3 M NH4NO3, 4 – 0,28 M LiCl, 5 – 0,3 M HNO3, 6 – 

0,15 M Na2SO4, 7 – 0,15 M H2SO4, 8 – 0,3 M H2SO4, 9 – 0,15 М NaOH 

The data reveals that the maximum achievable concentrations for salt solutions surpass those 

of acid and alkali solutions. Through the lens of the limiting electrodialysis concentration model, 

transport coefficients for various membrane pairs have been determined (Table 1).  

Table 1 – Calculated transport coeffcients for membrane pair Ralex CMH/Ralex AMH for 

various solutions 

Solution η  , molH2O/mol-solute Ps, 10–3 dm/h Pw, 10–3 dm/h 

NaCl 0,28 M 0,82 11,8±0,5 1,4 31 

NH4NO3 0,06 M 0,68 10,0±0,6 1,7 49 

NH4NO3 0,3 M 0,65 11,1±0,5 2,2 31 

LiCl 0,28 M 0,76 16,6±1,1 1,6 270 

Na2SO4 0,15 M 0,49 26,8±0,8 1,4 105 

H2SO4 0,15 M 0,30 12,2±0,9 1,8 400 

H2SO4 0,3 M 0,28 14,5±0,9 1,2 358 

HNO3 0,3 M 0,29 11,2±1,2 1,3 217 

NaOH 0,15 М 0,60 5,5±0,8 0,6 325 

It has been ascertained that for ammonium nitrate and sodium chloride, the primary reason for 

brine concentration decrease is the electroosmotic transfer of solvent within the hydration shells 

of ions, with osmotic transfer and electrolyte back diffusion exerting minimal influence. In the 

case of lithium chloride, at current densities up to 1 A/dm², osmotic solvent transfer to the 

concentration chamber predominates over the electroosmotic mechanism. However, at current 

densities exceeding 2 A/dm², electroosmotic water transfer emerges as the limiting mechanism. 
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In a sulfuric acid solution, osmotic water transfer remains significant across all current densities 

examined, alongside nonselective proton transfer through the anion-exchange membrane, 

contributing significantly to the electrolyte concentration decrease in the concentration chamber. 

For sodium hydroxide, the primary concentration-reducing mechanism is the osmotic water flow. 

These findings on the influence of electrolyte nature on transfer mechanisms can inform the design 

and operation of concentrator electrodialyzers and/or bipolar electrodialyzers. 

The salt flux through the membrane pair is solely dictated by the electromigration current 

efficiency, while the brine concentration is restricted by the electrolyte hydration number. In the 

case of acids, solution concentration diminishes due to both electroosmotic and osmotic water 

flows into the concentration chamber, whereas for sodium hydroxide, the osmotic solvent flow 

holds the most sway. The diminished current efficiency observed during acid solution 

concentration stems from the non-selective proton transfer through the anion-exchange membrane 

from the concentration chamber to the desalination chamber. These conducted studies enable the 

selection of membranes and electrical modes that optimize the concentration of electrolytes in 

specific electrodialysis processes. 
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Introduction 

There are several requirements for membranes used in a fuel cell, including mechanical 

strength, proton conductivity in limited humidity conditions, low gas permeability and resistance 

to degradation in an oxidizing conditions [1]. Introduction the inert fluoropolymer to the 

membrane composition permits to reduce the diffusion and gas permeability of the membrane. 

Intercalation of the zirconium hydrogen phosphate (ZrHP) improves the proton conductivity of the 

membrane in restricted humidity, but increases its permeability [2, 3]. It is possible to achieve a 

compromise of these characteristics by adding inert fluoropolymer and zirconium hydrogen 

phosphate in membranes structure simultaneously. The purpose of present study is to investigate 

the effect of adding the inert fluoropolymer and hydrated zirconium phosphate to the 

perfluorinated membrane structure on its diffusion properties. 

Experiments 

The objects of study were the series of experimental cation exchange perfluorinated MF-4SK 

membranes obtained by casting with content of inert F-2M fluoropolymer (polyvinylidene 

fluoride) from 15 to 25 % and zirconium hydrogen phosphate (ZrHP) from 4 to 8%. The two-

compartment cell was used to determine diffusion permeability of membranes. The diffusion flux 

was determined under the transport of electrolyte through the membrane to chamber initially filled 

with water. The concentration growth was registered by conductometry. 

Results and Discussion 

Dependences of the membrane diffusion permeability in hydrochloric acid solution on inert 

fluoropolymer and ZrHP content are presented in Figures 1 and 2. It is shown that diffusion 

permeability coefficient value for the samples containing 4% and 6% of ZrHP decreases with 

introduction of F-2M fluoropolymer in membrane structure. However, varying the content of the 

inert fluoropolymer in the pure membranes from 15 to 25% does not lead to a significant change 

in diffusion permeability (Figure 1). The diffusion permeability of membranes containing 20% of 

F-2M fluoropolymer does not significantly change as the content of ZrHP changes from 0 to 6 wt. 

%, while the sample with 8 wt. % of ZrHP has 20 % higher diffusion permeability than other 

samples (Fig. 2). 

 

Figure 1. Dependence of the diffusion permeability of perfluorinated MF-4SK membranes with 

various concentration of ZrHP on the mass fraction of inert F-2M fluoropolymer in 0.5 M HCl. 
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Figure 2. Dependence of the diffusion permeability of perfluorinated MF-4SK membranes with 

20% of F-2M fluoropolymer on the mass fraction of ZrHP in 0.5 M hydrochloric acid solution. 

A study of the concentration dependences of the specific conductivity of membranes in 

hydrochloric acid solutions with concentrations from 0.01 to 0.075 M shows that for all samples 

it amounts to 0.2 – 0.45 S/m.  

Investigation of the membranes conductivity in conditions of restricted humidity and elevated 

temperature would permit to obtain additional information about influence of both components on 

membrane transport properties. 
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Introduction 

Nowadays, membrane technologies can be an alternative for traditional separation methods as 

they are related to sustainable processes. Pervaporation is the most perspective method for 

separation of liquid mixtures of compounds with low molecular weights, especially for bioalcohol 

dehydration. The use of bioalcohols as a sustainable energy source is gaining global interest. The 

rapid development of pervaporation requires novel materials with tailored properties and effective 

membranes based on them. Thereby, polyelectrolytes are received great attention as a promising 

membrane material for this. The creation of membranes based on polyelectrolyte complex (PEC) 

(formed from opposite charged polyelectrolytes) allow getting optimal membrane functionality 

and improved selective water permeation due to the “salting-out-effect” towards organic 

substances. Also, one of the promising areas is the modification of membranes with nanoparticles, 

namely, the creation of mixed matrix membranes. 

Experiments 

In this work, novel highly effective pervaporation membranes based on a polyelectrolyte 

complex (PEC) made from polyethylenimine (PEI) and sodium alginate (SA) modified with 

graphene oxide (GO) were developed for dehydration of bioalcohols. The effect of PEI/SA ratio 

and GO (1-5 wt.%) concentration in the PEC composition on membrane characteristics was 

investigated. To enhance the performance of dense membranes, supported membranes with a thin 

selective layer, obtained from PEC and PEC/GO composite, and deposited onto a porous substrate 

from polyacrylonitrile (PAN) were developed. To achieve stability of supported membranes in 

diluted solutions, chemical cross-linking with glutaraldehyde and H2SO4 as a catalyst was applied. 

Structure and physicochemical properties of composites and membranes from them were studied 

by microscopic and spectroscopic methods, measurements of water contact angles, 

thermogravimetric analysis. Transport properties of membranes were evaluated in pervaporation 

for dehydration of ethanol in a wide concentration range (4-90 wt.% water). 

Results and Discussion 

The development of the supported membrane allowed decreasing the thickness of the selective 

layer from 50 μm to 500 nm, while the cross-linking led to smoother structure of the inner 

morphology and surface of the selective layer (Figure 1).  

 

 

(a) (b) 

Figure 1. (a) The cross-sectional SEM micrographs and (b) surface AFM image of cross-linked 

supported membrane based on PEC (50/50 ratio of SA/PEI) modified with 2.5 wt.% GO. 
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The cross-linked supported membrane with the thin selective layer based on PEC (50/50 ratio 

of SA/PEI) modified with 2.5 wt.% GO deposited onto PAN substrate demonstrated 2 times 

increased permeation flux and higher selectivity compared to the pristine SA membrane. 
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Introduction 

Electrolysis of water is an electrochemical process that produces pure green hydrogen, which 

can later be used as fuel [1]. However, the slow kinetics of the anodic oxygen evolution reaction 

(AER) and the insufficient durability of the catalysts limit the conversion efficiency and large-

scale application of electrolyzers [2]. Currently, much research is aimed at developing highly 

efficient, durable and economical electrocatalysts for OER. Under highly electro-oxidative 

conditions in an acidic environment, the precious metal Ir and its oxides are considered the most 

effective materials, possessing high catalytic activity in the OER and stability [3, 4]. 

Experiments 

In this study, we investigated the influence of the composition and structure of iridium-

containing electrocatalysts on their activity in the oxygen evolution reaction.  

For the study, iridium catalysts were obtained using liquid-phase synthesis methods. Ethylene 

glycol and NaBH4 were used as reducing agents. The structural characteristics of the obtained 

materials were studied using X-ray phase analysis. Catalysts obtained using ethylene glycol as a 

reducing agent have an Ir/IrO2 and Ir/IrOx structure (Tab. 1) and are characterized by a small 

crystallite size of up to 1.5 nm. The material obtained using NaBH4 is iridium black (Tab. 1), with 

a crystallite size of up to 3 nm. The electrochemical characteristics of the resulting materials were 

assessed using a rotating disk electrode in a three-electrode cell. 

Table 1: Functional characteristics of iridium containing catalysts 

Material 

Average 
crystallite size 

(XRD), nm 

I.mA/cm2 
(Е=1.53V) 

I.mA/cm2 
(Е=1.55V) 

Overvoltage, 
mV 

Tafel, 
mV/Dec 

Ir/IrOх <1 12.3 29.0 324 44 

Ir/IrO2 1.5 10.9 25.6 336 46 

Ir 2.9 3.2 8.3 406 50 

Com 3.0 1.7 3.5 412 54 

Results and Discussion 

The Ir/IrOx and Ir materials show current density values at a potential of 1.53 and 1.55 V, as 

well as a lower overvoltage OER value, compared to commercial materials. A catalyst with an 

oxidized surface of nanoparticles exhibits activity 8.3 times higher than its commercial 

counterpart. The activity of materials in OER was assessed by linear voltammetry using 

polarization curves (Table 1). For comparison of activity, a commercial analogue of Com is shown 

in Figure 1d. To achieve 10 mA/cm2 the commercial catalyst required an initial overvoltage of 

412 mV. The overvoltage values of the materials under study change: Ir/IrOx > Ir/IrO2 >> Ir ≥Com.  

Materials with an oxidized surface of Ir/IrO2 and Ir/IrOx nanoparticles exhibit activity 8 times 

higher than the commercial analogue and show an overvoltage value of the OER significantly 

lower than for iridium black and the commercial analogue. Thus, the use of ethylene glycol as a 

reducing agent helps to obtain an iridium catalyst with a small crystallite size, having a non-binary 

structure, which is a mixture of iridium and iridium oxides and is characterized by high functional 

characteristics, significantly exceeding the commercial analogue.  
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Introduction 

In recent years, Zero Liquid Discharge (ZLD) or Minimal Liquid Discharge has received an 

increasing amount of attention in the literature. ZLD systems use combined circuits including 

membrane methods. It is known from the literature that the use of internal collectors leads to a 

decrease in current efficiency due to current leakage through these collectors [1,2], also known as 

ionic shortest currents, possibly due to transport of ions through the multimembrane system past 

the membranes. With an increase in the concentration of the processed brine, when using 

membranes with large area resistance, in the case of relatively short channels and large manifolds, 

leakage currents increase. In addition, spacers significantly influence the efficiency of 

electrodialysis by reducing the concentration polarization phenomenon. 

Development 

A new electrodialyser chamber with external collectors was designed and printed on a Phrozen 

Sonic Mighty 8K Resin 3D Printer. The chambers were printed directly with spacers was adapted 

from the work [3]. 

 

 

Figure 1. 3D Model of the Developed Chamber (a), Collector that is Located at the Inlet and 

Outlet of the Chamber (b) and the Spacer (c). 
 

The working area of the chamber is 10 cm long and 3 cm wide, the intermembrane distance is 

2 mm. A small wall refinement is also added in the center of the chamber to avoid leaks and 

membrane damage. The collector consists of a connector with nine channels each 2 mm wide, 

23 mm long and 0.6 mm high. In spacer, all threads and cylinders across the solution flow are 0.75 

mm. 

Results and Discussion 

For experiments, an electrodialysis cell with three desalination, three concentration and two 

buffer chambers were assembled. MA-41 and MK-40 membranes were used. Concentration and 

desalination were carried out using 0.1 M NaCl solution which was pumped in desalination, 

concentration and buffer chambers. 0.065 M Na2SO4 solution was pumped in the electrode 

chambers, at this concentration the electrical conductivity of the solution coincided with the other 

chambers. 
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Figure 2. Schematic Representation of the System Used for Electrodialysis concentration of 

Solutions: 1 - Membrane Pump; 2 - pH Sensor; 3 - Conductometric Sensor; 4 - Solution Cooling 

System; 5 - Rotameter; 6 - Luggin Capillaries; 7 - Silver Chloride Electrodes; 8 - Voltmeter; 9 - 

Current Source. 

During concentration, 100 ml of solution was pumped through the concentration chambers and 

10 L was pumped through the desalination chambers. For desalination, 10 L of solution was 

pumped through the concentration chambers and 100 ml through the desalination chambers. In 

3600 seconds, the solution was concentrated at a current of 0.75 A from 0.011 S to 0.055 S, in 

order to know if we do not reach the limit state, the pH was monitored in the cells. The distillation 

process was carried out at 11 V, and in 1800 seconds an electrical conductivity of solution changed 

from 0.011 S to 0.0005 S. 

 

Figure 3. Time dependence of conductivity at concentration (a) and at desalination (b) process. 
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Introduction 

Fuel cells (FC) based on proton exchange membranes demonstrate advanced technology and, 

despite existing examples of vehicles based on them, continue to actively develop towards 

increasing efficiency and miniaturization of devices. The present work is aimed at obtaining 

Aquivion-type polymer membranes by solution casting method and comparing their mechanical 

strength, structure, transport properties and electrochemical performance with annealing and type 

of liquid phase in the polymer dispersion. 

Experiments 

Short side chain polymer was synthesized by emulsion copolymerization of tetrafluoroethylene 

with 2-fluorosulphonyl perfluoroethylvinyl ether (Aquivion structure). Based on the obtained 

polymer, membranes were prepared using N,N-dimethylacetamide (DMAA) or a water-alcohol 

mixture as a liquid phase for polymer dispersion. The resulting membranes were annealed in 

vacuum at various temperatures. Their proton conductivity and hydrogen permeability have been 

studied and membrane electrode assemblies (MEA) have been tested for the best samples. 

Results and Discussion 

Membrane obtained from water-alcohol dispersion had higher hydrogen permeability in 

comparison to DMAA based films and Nafion 211, but they demonstrated higher proton 

conductivity (σ) slightly exceeding the data for Nafion 211 (Fig. 1a,b). MEA with the best 

membrane demonstrated power characteristics 400 mW/cm2 which was higher than an MEA with 

a commercial Nafion 211 membrane. 

 
Figure 1. Proton conductivity for membranes obtained from water-alcohol based dispersions (a) 

and DMAA dispersions (b). 
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Introduction 

The change in the rate constant of water dissociation at interphase boundaries is important for 

understanding the processes occurring in transport processes using ion-exchange membranes. An 

increase in the rate constant of dissociation of water molecules at interphase boundaries 

(membrane/solution or membrane/membrane) can have several reasons, as indicated in [1]. 

There are three approaches to explain this increase for bipolar membranes: 

1. Weakening of the H-OH bond in a water molecule under the influence of an electric field 

2. Model of cooperative proton transfer through a chain of favorably oriented water molecules 

3. Exponential dependence of the water dissociation rate constant on the electric field strength 

This work examines the effect of the electric field on the equilibrium constant of the 

dissociation/recombination reaction of water molecules. It is currently accepted that the 

equilibrium constant in strong fields depends exponentially on the electric field strength.  

Mathematical model 

We propose to use a formula where, unlike others, the change in the speed of the equilibrium 

constant is associated with the magnitude of the space charge, and not the magnitude of the tension.  

Indeed, as follows from the Poisson equation ( )r

dE
x

dx
  , if the intensity E  is large but 

constant, then we find that the electrical neutrality condition ( ) 0x   is satisfied. This means that 

there should be no increase, since, in the region of electrical neutrality, the dissociation rate 

constant is constant.   

Thus, we find that the change in the dissociation rate should depend on the magnitude of the 

space charge, that is, ( )wK  . Expanding this formula into the Taylor series in   and limiting 

ourselves to the first approximation, we obtain  bKK ww  0)( , where b  is a constant that 

must be determined, for example, from experimental data, and 0wK  is the usual classical 

equilibrium constant. In this work, we conduct a study by considering b  as a parameter and 

changing it within certain limits.  

Using this formula, we propose the following mathematical model of the stationary transfer of 

salt ions for a 1:1 electrolyte in the diffusion layer of a cation-exchange membrane, considering 

the space charge and the dissociation/recombination reaction, the system of equations of which 

has the form: 0i
i

dj
R

dx
   (1), i

i i i i i

dCF d
j z DC D

RT dx dx


    (2), 

2

2

r

d

dx

 


  (3), 021  RR  

23 4 3 4 3 4( ) ( ( ) )d H O r r wR R k C k C C k K C C      (4), 11 z , 12 z , 13 z , 4 1z  

, 



4

1i
ii jzFI (5) 

Here (1) are the material balance equations, (2) are the Nernst-Planck equations for the flows 

of potassium ( , 1)K i  , chlorine ( , 2)Cl i  , hydrogen ( , 3)H i   and hydroxyl 

( , 4)OH i   ions, (3) are the Poisson equation for the electric field potential, where 

1 1 1 2 3 3 4 4( )F z C z C z C z C     . (4) are formulas describing the reaction 

dissociation/recombination of water molecules, where  bKK ww  0)( , (5) is the current flow 

equation, which means that the current density I flowing through the cross section of the desalting 
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channel is determined by the flow of ions, that is, it is the Faraday current density (we neglect the 

charging current), r  is the dielectric permeability of the solution, F – Faraday number, R  – 

universal gas constant,   – potential, 
d

E
dx


   – electric field strength, iC , ij , iD  – 

concentration, flow, diffusion coefficient of the cation ( 1)i   and anion ( 2)i  , 
8 31.1 10 ( / )rk m c mol   – rate constant recombination, 8 2 6

0 ( / ) 10 ( / )w d rK k k mol m    – 

classical equilibrium constant (ionic product of water), 5 12*10dK c    – rate constant of 

dissociation of water molecules. 

Boundary conditions of the mathematical model: 
1 10(0)С С , 

2 20(0)С C , 

030303 ,)0( wKCCC  , 304 /)0(
0

CKC w , 040302010  CCCC , (0) d  , 

kChC 11 )(  , 2
2 2 2 0

x h

F d dC
C D D

RT dx dx





 
  

 
, 3( )

0
dC h

dx
 ,

4
4 4 4 4k

x h

F d dC
C D D j

RT dx dx





 
  

 
, ( ) 0h  ; 

The boundary conditions assume ideal selectivity of the cation exchange membrane. The 

concentration of cations on the surface of the membrane is determined by its exchange capacity. 

Results and Discussion 

It is shown that a change in the equilibrium constant, in accordance with the proposed 

mathematical model, leads to an increase in the fluxes of H 
and OH  ions commensurate with 

the change in the parameter b . In this case, a local increase in the equilibrium constant occurs, for 

example, in the region of a quasi-equilibrium boundary layer by 50–100 times, which corresponds 

to order of experimental data [2]. 

 
Figure 1. Equilibrium constant graph 

WK , equilibrium function graph 
WP  
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Introduction 

As a result of the rapid development of industry, most countries face a significant threat to the 

safety of aquatic ecosystems. This issue became particularly actual due to the local shortage of 

water resources. Since industrial wastewater is the main source of pollution of drinking water, its 

reuse and purification are promising directions to solve the environmental problem. Among the 

substances polluting wastewater, antibiotics are the most dangerous, since microorganisms 

develop resistance to them over time [1]. Due to that, old antibiotics become ineffective for 

treatment, forcing the pharmaceutical industry to constantly search for new drugs. Therefore, the 

creation of effective methods for removal of antibiotics from wastewater are important. The use 

of traditional methods of wastewater treatment, such as flocculation, coagulation and flotation, 

leads to the effective removal of dissolved, suspended and colloidal particles. However, these 

methods can be ineffective for removal of some types of antibiotics. Moreover, traditional methods 

have a number of disadvantages associated with the complexity of the work, the duration of 

treatment and the high cost of reagents. Filtration processes considered as perspective alternative 

to these methods [2]. They do not require reagents, demand low energy costs, and are insensitive 

to environmental conditions. In this work, composite membranes made of polyethylene 

terephthalate (PET) and alginates crosslinked with cations of II and III valence metals were 

developed. Alginates are natural polymers that are very effective as membrane materials for 

filtering aqueous media due to their hydrophilic and film-forming properties, which is why they 

are less prone to fouling.  

Experiments 

Composite membranes were obtained by deposition of thin layer of alginate cross-linked with 

cations of II and III valence metals to the surface of PET porous support. Sodium alginate was 

dissolved in distilled water at a concentration of 10 wt.% until a homogeneous gel was formed. A 

thin layer was casted onto the surface of the PET with a doctor blade with a layer thickness of 0.2 

mm and cross-linked with 0.5 mol-eq/L aqueous solutions of inorganic salts for 30 minutes. 

Inorganic salts were used for crosslinking metal alginates: CaCl2∙2H2O, AlCl3∙6H2O, 

Fe(NO3)3∙9H2O, CuSO4∙5H2O. After crosslinking, the membranes were washed twice with 

distilled water. The resistance of membranes to organic solvents was determined by soaking in 

ethanol, N-methylpyrrolidone (NMP) and dimethylformamide (DMF). The hydrophilicity of the 

membrane surface was determined by measuring the wetting angle measurements using the LC-1 

goniometer by the lying drop method. The membrane structure and morphology were determined 

by scanning electron microscopy (SEM). Dead-end filtration cells were used to study the 

nanofiltration properties of obtained membranes. To study the separation properties of membranes, 

a model dye Remazol Brilliant Blue R (626 g/mol) was used, since it has a molecular weight close 

to many antibiotics. The antibiotic ceftriaxone with a molecular weight of 555 g/mol was also used 

to validate membrane performance in antibiotics removal process. The concentrations of solutes 

in feed and permeate were determined using spectrophotometric analysis [3]. 

Results and Discussion 

An analysis of the resistance of composite membranes to organic solvents showed that PET and 

alginates crosslinked with cations of II and III valence metals do not dissolve in pure solvents, 

including polar aprotic (NMP and DMF), which are characterized as aggressive solvents for many 

polymers (Table 1). Calcium alginate has minimal sorption characteristics. Sorption of NMP is 

0.04, ethanol – 0, and DMFA – 0.02 g/g.  
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Table 1: Sorption of PET and metal alginates in organic solvents, g/g 

 

Sorption, g/g 

NMP DMF Ethanol 

PET 0.23 0.33 0.28 

CaAlg 0.04 0.02 0 

AlAlg 0.07 0.13 0 

FeAlg 0.08 0.18 0 

CuAlg 0.05 0.08 0 

The measurement of the water contact angles showed a decrease of this parameter for composite 

membranes cross-linked with calcium, aluminum and copper (II) alginate from 67.6 (PET 

support) to 35.6-59.0, which means an increase in the hydrophilization of the membrane surface. 

Hydrophilization of the surface is a factor that leads to a decrease in organic molecules fouling of 

membranes. To assess the fouling ability with nonpolar organic compounds, chloroform droplets 

were applied to the surface of composite membranes. A drop of chloroform spreads over the 

surface of membrane. On the surface of the PET-AlAlg and PET-FeAlg composite membranes, 

the droplets have a chloroform contact angle exceeding 90º.  

The water permeability of the membranes decreased compared to PET support from 1.9 to 0.25-

1 kg/(m2·h·bar), due to a decrease in pore size when modifying highly porous PET with aglinates 

of II and III valence metals. As studies of filtration characteristics show, the crosslinking metal 

plays an important role in the final selectivity (Table 2). Thus, in the filtration of the model 

solution, when the crosslinking cation changes in the Ca-Cu-Al-Fe series, the retention coefficients 

of the Remazol Brilliant Blue R dye increase from 21.0 to 99.3%. Thus, among the studied 

composite membranes, it was PET-FeAlg and PET-AlAlg that showed the best results in filtering 

the model solution both in terms of dye retention and in terms of permeability of the composite 

membrane. 

Table 2: Characteristics of membranes in the process of separation of water from Remazol 

Brilliant Blue R (626 g/mol) at a concentration of 100 mg/L 

Membran Permeance, kg/(m2·h·bar) Retention, % 

PET-CaAlg 0.14 21.0 

PET-CuAlg 1.01 75.2 

PET-AlAlg 1.29 98.5 

PET-FeAlg 1.30 99.3 

A comparison of the separation properties of a composite membrane PET-FeAlg and PET 

during filtration of a ceftriaxone solution showed that the application of iron alginate to PET leads 

to an increase in the retention of the membrane by an order of magnitude: from 6.9% to 69.9% for 

PET and PET-FeAlg. At the same time, the permeability naturally decreases from 10.7 

kg/(m2·h·bar) to 3.7 kg/(m2·h·bar) for PET and PET-FeAlg. The PET-AlAlg composite membrane, 

when separation the ceftriaxone solution, demonstrated permeability values higher than that of 

PET-FeAlg and amounted to 4.5 kg/(m2·h·bar), however, the retention of such a membrane turned 

out to be 16% lower compared to PET-FeAlg (Figure 1). Such characteristics of the resulting 

composite membranes demonstrate the high potential of its use for the removal of both dyes and 

antibiotics from aqueous media. 
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Figure 1. Retention and permeability of the PET-AlAlg composite membrane separation of an 

aqueous solution of sodium ceftriaxone at a concentration of 300 mg/L 
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Introduction 

Asphaltenes play a significant role in determining the properties of oil and oil products. Their 

content in oil can vary from 0% to 15%, and this has a direct impact on the specific gravity, 

viscosity, and difficulty of extraction, transportation and processing [1]. Traditionally, the 

deasphalting process was used to process vacuum residue associated with the production of 

valuable raw materials [2]. Currently, solvent deasphalting is also used in the refining of heavy 

oils and petroleum residues by removing undesirable components or impurities to facilitate, enable 

subsequent transportation, processing through thermal and catalytic cracking processes. The 

search for innovative technologies in the field of oil refining, which can reduce energy 

consumption and the cost of production processes, is a strategic priority today. One possible 

solution that is currently being actively investigated worldwide is the utilization of membrane 

separation crude oil and its products [3]. 

However, oil separation is the challenging tasks for membrane separation [4]. The recent active 

development of membranes for the separation of organic media allowed consider this process for 

isolation of asphaltenes from heavy oil and oil residue. Main problem in this way is membrane 

fouling which can be significant problem in heavy oil separation [5]. Another problem with oil 

fractionation connected with wide variety of oil composition. Depending on oil content, 

asphaltenes can form clusters and particles with size 5-300 nm [6]. As a result, membranes with 

different pore sizes should be applied for different oils fractionation [7-8]. Hence this work focuses 

on asphaltenes removal from Salym oil using PAN membranes with different pore size.  

Experiments 

Porous asymmetric PAN membranes with different were prepared by non-solvent induced 

phase separation (NIPS). Membranes pore size varied by changing casting solution composition 

(polymer content, solvent type, additives). The DMSO and NMP were used for casting solution 

preparation. Acetone as week solvent added to part of casting solutions to obtain membranes with 

the lowest pore sizes.  Various carbon particles were also used as additive to casting solution. 

Membranes were obtained with the addition of graphene oxide (GO), particles of PAN pyrolyzed 

under the influence of IR radiation (IR-PAN-a) and nanodiamonds (ND).  

Casting solutions were prepared by mixing PAN, solvent and additives (if added) with desired 

composition. Components were stirred at ambient conditions for 72 h to obtain a homogeneous 

solution. Then, the polymeric solution was placed in the ultrasonic bath for 30 min to ensure 

complete dissolution and removal of air bubbles. The polymer solution was cast on a glass plate 

with a doctor blade or a gap of 200 μm with a speed of 2.5 m/min. Casted film was immediately 

immersed in the coagulation bath (distilled water, 20°C). Obtained membranes were washed 

several times with distilled water and then kept in distilled water for 24 h to wash out the solvent 

residues. The membrane was washed with ethanol, isobutanol and, then dried at room temperature 

and humidity of 20%. 

The dead-end cell was used for filtration measurements with 16 cm2 effective membrane area. 

The concentration of asphaltenes was measured using a PE-5400UF spectrophotometer. Combined 

gas chromatography–mass spectrometry (GC–MS) was used for more accurate determination of 

the solution composition.  

Results and Discussion 

PAN membranes with pore sizes from 4 to 26 nm was obtained by varying solution 

composition. The lowest pore size 4 nm was obtained with addition of acetone as a co-solvent. 

Such membranes have the molecular weight cut-off value (MWCO) of 1800 g/mol. This 

membranes have a retention for asphaltenes of 73% at a concentration of 1 g/L and more than 95% 

when the oil content in the solution is 10 g/L or more (Table 1). In case crude oil filtration 
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membranes with lowest pore size were not permeable. Membranes with pore size from 12 to 27 

demonstrated much better performance and oil permeance 0.4-2.4 L/(m2·h·bar).  

 Table 1: Characteristics of membranes in the process of separation of oil solutions in toluene 

Membrane Casting solution 

Pore 
size, 
nm 

Permeance, L/(m2·h·bar) Retention, % 

1 
g/L 

10 
g/L 

100 
g/L 

Crude 
Oil 

1 
g/L 

10 
g/L 

100 
g/L 

Crude 
Oil 

M-1 PAN/DMSO/acetone 4 19.5 13.2 2.6 0 73 94 99.6 - 

M-2 PAN/DMSO 20/80 21 32.0 19.2 3.9 0.38 35 63 94 99.93 

M-3 PAN/DMSO 15/85 27 46.0 27.0 5.4 0.84 26 58 89 99.87 

Addition of carbon particles into casting solution slightly decrease pore size from 17 nm for 

pure PAN membrane to 15-12 nm for membranes with addition of carbon particles. This led to a 

decrease in the water permeance from 160 L/(m²·h·bar) to 80-120 L/(m²·h·bar). Also the addition 

of particles caused slight hydrophilization of the surface, as the water contact angle decreased from 

65° to 48-55°. Retention of asphaltenes from crude oil was more 99.9% for all investigated 

membranes. At the same time according to GC-MS data membranes retain components with 

molecular weight higher 590 g/mol. The filtered oil became noticeably clearer (Fig. 1) with no 

significant changes in the concentration of compounds lower 320 g/mol. This demonstrates that 

porous PAN membranes can be used not only for oil deasphalting but also for oil fractionation.  

a)  b)  

Figure 1. Photographs of the initial mixture and permeate after filtration: (a) oil solutions in 

toluene with an oil content 100 g/l through a membrane with a pore size of 4 nm; (b) oil through 

a membrane with a pore size of 21 nm (b). 

It was also observed, that addition of carbon particles increases oil permeance up to 2-3 times 

from reference PAN membrane. At the same time, addition of GO and IR-PAN-a dramatically 

increase irreversible fouling of membranes due to increase of surface roughness. From the other 

hand, addition of ND decrease fouling of obtained membranes. Such membranes demonstrated the 

highest oil permeance up to 2.4 L/(m²·h·bar) and recover more than 96% of initial pure toluene 

permeance after wash with toluene.  
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Introduction 

Reducing the energy consumption of existing and new production facilities, as well as 

optimizing resources while minimizing the negative impact on the environment, are urgent goals 

in industry, including the petrochemical industry. A significant area of focus is finding energy-

efficient processes for oil refining. Ultrafiltration (UF), which is a low-energy alternative to 

distillation for crude oil separation, is currently being explored. Another important area is the 

regeneration of used oils that are contaminated with toxic substances. This is particularly important 

for remote locations and facilities, such as the Arctic region, drilling rigs, quarries, and offshore 

production platforms, where the logistics costs of transporting new materials can be high. 

To implement baromembrane separation, it is necessary to reduce the viscosity of the 

hydrocarbon medium. This can be achieved by increasing the process temperature or diluting the 

viscous liquid with a non-viscous, volatile solvent. Both approaches involve the creation of 

thermally and chemically resistant UF membranes, as well as the study of the purification process 

for viscous hydrocarbon media. This raises the need to solve a number of interrelated problems in 

the fields of both engineering and chemical science. 

The main aspects of the engineering solution for the developed process of baromembrane 

separation include the creation of membranes with the required porosity and a narrow pore size 

distribution. Polyacrylonitrile (PAN) is a traditional membrane material that has been well studied 

both in terms of obtaining membranes with a given porous structure and in terms of ways to modify 

it for increased stability in organic media. Therefore, the aim of this study was to filter waste oils 

using membranes based on PAN. 

Experiments 

In this work, the ultrafiltration of used engine oil (UEO) on PAN membranes was investigated. 

A casting solution of 15% PAN in DMSO (dimethyl sulfoxide) was used to produce the 

membranes. Membranes were fabricaed by the method of nonsolvent-induced phase separation 

(NIPS), where structures with a large number of elongated finger-shaped macro-voids are formed. 

The membrane structure and morphology were analyzed by scanning electron microscopy (SEM). 

The pore size in the membranes was determined by liquid porometry on a POROLIQ 1000 ML 

device. Toluene was used as a diluent to reduce the viscosity of the oil. Filtration experiments were 

carried out in a dead-end stirred filtration cell. The membrane rejection was estimated using 

solution optical density. This parameter was measured using a PE-5400UF spectrophotometer 

(PromEcoLab, Shanghai, China). Toluene was used as a reference solution. The optical density 

was determined at a wavelength of 610 nm. 

Results and Discussion 

The thickness of the dense layer on the surface of the resulting membrane was 0.8 nm. The 

membrane had an asymmetric structure with a large number of finger-shaped macro-voids and a 

dense layer on the surface (Figure 1). 

(a) (b) (c) 

   
Figure 1. SEM images of the surface (a) and lateral cleavage (b, c) of PAN membranes obtained 

from solutions of 15% PAN in DMSO. 
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According to liquid porometry, the membrane pore size was 27 nm, while the largest pore size 

was 41±3 nm. The ultrafiltration membrane was also characterized in terms of water and toluene 

permeability: the membrane permeability for water and toluene was 198±15 and 66±11 

kg/(m2·h·bar), respectively. To study the separation characteristics of the membranes, solutions 

with an oil content in toluene of 50 wt.% and 100 g/L were prepared. When filtering a solution of 

used engine oil in toluene with a mass fraction of 50 wt.%  oil, the permeability of the membrane 

was 0.33 kg/(m2·h·bar), while dilution to 100 g/L leads to an increase in permeability to 12.6 

kg/(m2·h·bar), which is almost 40 times higher than a less diluted solution. An increase in the oil 

content in the solution led to an increase in the retention capacity to 59%, which is a consequence 

of an increase in the size of macroparticles with an increase in their concentration in solution. 

Acknowledgement. This work was funded by the Russian Science Foundation (Project no. 24-

63-00026). 
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Introduction 

Environmental and climate problems, which have sharply worsened in recent years, persistently 

require a reduction in energy costs in industry and a transition to a circular economy. As is known, 

large-scale processes such as steam reforming or cracking of light hydrocarbons, which is 

endothermic and thermodynamically unfavorable, are among the most energy-intensive processes 

in petrochemistry. In this regard, the transition to exothermic processes of partial oxidation 

(PO)/oxidative dehydrogenation (ODH) of alkanes to obtain valuable products is a promising 

alternative route [1]. The main energy savings for alkane PO/ODH stem from the ability to operate 

under autothermal conditions, which reduces external heat requirements. Unlike current thermal 

or steam cracking catalysts, which require frequent extensive regeneration, carbon deposits formed 

over PO/ODH redox catalysts are readily removed in situ by oxygen in the reactant feed [1].  

Another promising alternative for use in oxidative processes instead of cryogenic oxygen or 

oxygen produced by swing adsorption is the use of oxygen transport membranes (OTMs) [2]. The 

main advantages of dense OTMs include (i) infinite selectivity with respect to oxygen – resulting 

in a very pure product (>99.99% oxygen), (ii) the ability to thermally integrate oxygen separation 

into high temperature process - reducing the energy needed for the separation process, (iii) the 

modular design of OTM reactors – which makes oxygen separation more versatile and 

economically viable also on small and medium scale, (iv) a better process yield – as exclusively 

oxygen anions are allowed to diffuse through the membrane, this can cause significant effects on 

yield and selectivity in chemical reactions, (v) another advantage of membrane reactors is that not 

only air, but also water vapor and carbon dioxide can be used as a source of oxygen - which reduces 

the carbon footprint from large-scale processes of light hydrocarbons conversion[3]. 

The work presents the results of the partial oxidation of methane (POM) and oxidative 

dehydrogenation of ethane (ODHE) in a membrane reactor based on oxygen transport 

microtubular membranes (MT OTMs). 

Experiments 

Polycrystalline LSFM5 powder was synthesized via ceramic method from the corresponding 

oxides and metal carbonates. The composite SFM5-GDC was obtained by the Pechini method, 

materials were validated by scanning electron microscopy and X-ray diffraction techniques. 

Oxygen permeability measurements were performed on MT OTMs obtained from the LSFM5 

powder and SFM5-GDC composite by the phase inversion method. The high-temperature 

experiments on the catalytic activity of the membrane in the reaction was applied in the air and 

CO2 –containing atmosphere. 

Results and Discussion 

Membrane reactor based on LSFM5 MT OTMs was tested in two modes: in the synthetic 

air/(20% CH4/80%Ar) and (20%CO2+80%N2)/(20% CH4/80%Ar) gradients. It has been shown 

that, under optimal conditions, the membrane reactor provide 100% methane conversion with H2 

and CO selectivity above 90% and a H2/CO ratio close to 2 starting already from 900 °C (Fig.1). 
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Fig. 1. Temperature dependences of methane conversion, CO/H2 selectivity and H2/CO ratio in 

air/diluted methane (a) and (CO2+N2)/diluted methane (b) gradients obtained on LSFM5 

membranes decorated by nickel particles. 

The catalytic activity of MT membranes based on SFM5-GDC in the reaction of oxidative 

dehydrogenation of ethane was studied as a function of temperature. It is shown that at a 

temperature of 900 ⁰C in the air/Ar gradient the selectivity for ethylene reaches a value of ~ 67% 

with ethane conversion of ~ 95%.  When CO2 is used as an oxygen source, ethylene selectivity 

reaches ~ 62% and ethane conversion ~ 99% at T=900 ⁰C. 

 

 

Fig.2 Ethan conversion and ethylene selectivity in SFM5-20CGO MT OTMs in CO2/C2H6 

gradient heated by furnace (a) and alternating current (b).  
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Introduction 

Concentration polarization (CP) is the phenomenon of concentration changes near 

membrane/solution interfaces under the influence of an external driving force [1]. These 

concentration changes cause other (coupled) effects, such as an increase in the system resistance 

and, as a consequence, in the potential drop at a given current density. In addition, due to a strong 

decrease of electrolyte concentration at the membrane surface, an extended space charge region 

(SCR) develops from initially equilibrium electrical double layer. The action of the external 

electric field on the SCR gives rise to electroconvection, which (1) enhances delivery of the “fresh” 

electrolyte solution from the bulk solution to the membrane surface and (2) promote the removal 

of the depleted solution from the membrane surface to the bulk solution. A small concentration of 

salt ions at the membrane surface encourages also generation of H+/OH− ions, since newly 

appeared water ions can compete in charge transfer with salt ions.   

Discussion 

The above effects are discussed in the presentation. In particular, the antagonistic nature of two 

coupled phenomena, electroconvection and water splitting, is analyzed. It is found that when a 

membrane is modified in such a way that electroconvection is enhanced, water splitting decreases; 

conversely, when a modification increases water splitting, it leads to a decrease in 

electroconvection. Special attention is paid to concentration polarization in membrane systems 

with ampholyte-containing solutions. Although the catalytic mechanism of water dissociation, 

known as “water splitting”, is rather well understood [2,3], another mechanism called “acid 

dissociation” mechanism has recently been discovered [4]. In the origin of this mechanism is the 

Donnan exclusion of H+ cations as coions from an anion-exchange membrane. When an acid anion 

of an amphoteric substance, such as H2PO4
−, enters an anion-exchange membrane, it gets into an 

environment whose pH is higher than the pH of the external solution, since there is a tendency to 

medium the pH of which is higher than the pH of the external solution, because there is a trend of 

exclusion of H+ ions. Therefore, a part of H2PO4
− anions when crossing the membrane interface 

dissociate, and H+ ions are released into the near-membrane diluted solution.  

Fig. 1 represents different coupled effects of concentration polarization.  

 
Figure 1. Coupled effects of concentration polarization in systems with ion-exchange membranes 
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The red box refers to the case non-studied in the literature.  The scheme of the possible reactions 

is anticipated by similarity with the case of a polybasic acid salt.  

The report discusses phenomena associated with concentration polarization, methods of 

modifying the membrane surface to enhance electroconvection and weaken the dissociation of 

water molecules, the use of separators and other techniques, including the application of a pressure 

field. 

A better understanding of these phenomena allows one to enhance the desirable ones and 

eliminate the undesirable ones. 
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Introduction 

The study of electromembrane processes, which involve the combination of electrochemical 

generation of hydrogen and hydroxyl ions through bipolar membranes and chemical reactions in 

solution, is of significant interest in membrane electrochemistry. These processes are relevant for 

the production of lithium and sodium hydroxides through the conversion of salts using bipolar 

membranes in electrodialysis. Bipolar membranes are composite materials composed of two layers 

that accelerate the dissociation of water under an external electric field, leading to the formation 

of hydrogen and hydroxide ions that enter the solution on both sides of the membrane. The 

possibility of producing hydroxides, including lithium hydroxide, in a single step using carbonates 

of these metals, is also of interest. 

Experiments 

The study of alkali production through bipolar electrodialysis was carried out using a 

laboratory-scale electrodialysis apparatus (LabED, Kuban State University, Russia). The BMED 

stack included two electrodes and 5 membrane couples within a three chambered unit with a single 

unit configuration CEM-BM-AEM. Each membrane unit included CEM (MK-40), AEM (MA-41) 

and BM (MB-3), all manufactured by «ShchekinoAzot» Russia. The effective area of the 

membranes was 1 dm2. Solutions of sodium carbonate and lithium were used as the initial 

solutions, with additional solutions of sodium sulfate and lithium studied for comparison. The 

initial concentrations of the salt solutions were 0.5 mol-eq/dm3 and 0.3 mol-eq/dm3 (for Li2CO3 

due to its low solubility, which is 1.33 grams per 100 grams of H2O at 20°С). he concentration of 

the salts was kept constant throughout the experiment, within ±0.05 mol-eq/dm3. To maintain 

conductivity at the start of the process, 0.1 mol-eq/dm³ hydroxide solution was added to the 

alkaline chamber and 0.05 mol- eq/dm³ Na₂SO₄ to the acid chamber when converting a solution 

containing carbonate ions, or 0.1 mol-eq/dm³ H₂SO₄ was used for a sulfate-containing salt solution. 

The solution flow rate was 10 l/h. The current density studied was 2 A/dm2.  

The monitored parameters included: voltage across the electrodialysis module, electrical 

conductivity, pH in all compartments of the device, and the concentration of sodium hydroxide in 

the alkaline compartment, as well as the content of sulfate and carbonate ions in the sodium 

hydroxide solution. The concentrations of the resulting alkaline solution and the content of 

carbonate impurities were determined using potentiometric titration. The content of sulfate ions 

was measured using ion chromatography. 

Results and Discussion 

Figure 1 displays the relationships between the concentration of sodium and lithium hydroxides 

over time, the alkali current efficiency, and the specific energy consumption dependencies on the 

alkali concentration in the alkaline chamber.  

In the process of obtaining lithium hydroxide and sodium hydroxide from carbonate and sulfate 

containing salts using a laboratory electrodialysis apparatus, the concentration of alkalis from 

carbonate containing salts in the alkali chamber increase more than that of sulfate containing salts 

(Fig. 1a). As a result, the integral current efficiency of alkalis from carbonate containing salts is 

higher (Fig. 1b). 
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a b c 

Fig. 1. The dependence of the concentration of sodium (1, 3) and lithium (2, 4) hydroxides in 

the alkaline chamber on the time of the process (a), the dependence of the current output (b) 

and specific energy consumption (c) on the concentration of alkali. 

The feeding solution: 1, 2 – carbonate containing salt; 3, 4 – sulfate containing salt 

The observed differences in alkali current efficiency, depending on the concentration of the 

final product, indicate various mechanisms that limit the achievement of maximum alkali 

concentration. When using sulfate salt as a starting solution, hydrogen ions accumulate in the acid 

chamber. An increase in the concentration of sulfuric acid leads to the protonation of ionogenic 

groups in the cation exchange layer, reducing its exchange capacity and increasing diffusion 

permeability. This diffusion flow from the acidic chamber to the alkaline one prevents further 

accumulation of acid and alkali, thereby limiting the maximum alkali concentration that can be 

achieved.  

In the event that a carbonate salt is used as the starting solution, the alkaline current efficiency 

is maintained at a high level, even at elevated alkaline concentrations. The processes occurring in 

the acidic compartment of the electrodialyzer are described in reference [1]. The form of carbonic 

acid in a solution depends on its pH value. At pH values below 4.5, carbonic acid dominates, which 

exists in aqueous solutions as dissolved carbon dioxide molecules. Between pH levels of 4.5 and 

8.2, bicarbonate ions dominate. At pH values above 8.2, carbonate ions become the dominant form. 

The balance between these different forms of carbonic acid can be expressed by equations: 

3

2(aq) 2 2 3 0CO H O H CO , K 1,7 10 mol/L    (1) 

4

2 3 3 1H CO HCO H ,  K 2,5 10 mol/L       (2) 

2 11

3 3 2HCO CO H ,  K 4,69 10 mol/L        (3) 

The reaction between carbonate ions and hydrogen ions, which occurs on the bipolar 

membrane, inhibits the accumulation of acid in the acidic chamber. This reaction eliminates the 

contribution of diffusional acid transport, and it can be inferred that the limiting factor for 

increasing the concentration of the product in the alkaline compartment is the osmotic transfer of 

water from the salt compartment through the cation exchange membrane. 

Analysis of the mass composition of the solution in the alkaline chamber (Fig. 2) reveals 

significant contamination of the alkali with sulfate ions when using salts containing sulfates (more 

than 30% for Na2SO4 and 40% for Li2SO4). In contrast, there is no more than 20% contamination 

with sulfate and carbonate ions when salts containing carbonate are used. 

Although the mass transfer properties of the process are improved when a carbonate-based salt 

is used, it is still not possible to completely prevent the loss of selectivity, which results in a 

decrease in the purity of the final alkali product. This can be attributed to the formation of 

bicarbonate ions in the acid chamber, which is caused by the recombination of hydrogen ions and 

carbonate ions. In addition, bicarbonate ions present in the cation exchange layer of the bipolar 
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membrane can be converted to CO2 [2], which can facilitate the diffusion of other ions, such as 

sulfate ions, into the alkali solution. As a result, these contaminants can lower the purity of the 

product. The implementation of this operating mode, in which weak acid anions are prevented 

from entering the cation exchange layer, is expected to improve the performance of the process 

and enhance the purity of the final product. 

 

Fig. 2. The content of impurities in the sodium and lithium hydroxide solutions at different 

initial solutions in the salt chamber. 

1 – alkali; 2 – sulfate ions; 3 – carbonate ions 

In this study, the production of alkali through the process of bipolar electrodialysis, using 

carbonate-based salts and MB-3 bipolar membranes, was investigated. The study found that, when 

compared to producing alkali from solutions containing strong acid anions, such as sodium and 

lithium sulfates, it is possible to obtain a higher concentration of final alkali products, ranging 

from 0.92 M to 1.7 M for sodium hydroxide (NaOH) and from 0.68 M to 1.59 M for lithium 

hydroxide (LiOH), under similar operating conditions. Based on the analysis results, it can be 

concluded that carbonate-based salts demonstrate relatively higher efficiency in this process and 

produce less pollution compared to salts containing sulfates. 
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Introduction 

Transmission electron microscopy (TEM) is an analytical method used to visualize the smallest 

structures of matter. In contrast to optical microscopes, which use visible light, TEM can reveal 

detail at the atomic level, magnifying structures up to 50 million times. This can be feasible due 

to electrons' ability to have significantly shorter wavelength than the wavelength of visible light, 

when accelerated in a strong electromagnetic field, increasing the microscope's resolution by 

several orders of magnitude. 

TEM exists in different forms, but they all share the same fundamental principles. The two main 

types of TEM instruments are conventional TEM and STEM (scanning transmission electron 

microscopy). 

Zooming down to the atomic scale allows scientists to see the fundamental building blocks of 

different materials such as nanoparticle catalysts, batteries, semiconductor devices, and various 

kinds of films and membranes. Focused electron beams can also be used to manipulate materials 

in situ, allowing to study and discover "nanotechnologies" and new phenomena. The potential 

level of detail at this scale makes it possible to understand the relationship between structure, 

properties and performance, allowing scientists to design nanomaterials in a bottom-up manner. 

The purpose of this work is to demonstrate the capabilities of TEM (and various related 

methods) in the study of a wide range of materials, such as: catalytic materials, membranes, films 

and nanocrystals. 

Experiments 

All results presented were obtained using a Multi-purpose Electron Microscope JEM-F200 

(JEOL, Japan), located in the share use center "High-resolution electron microscopy" of the 

Southern Federal University (Rostov-on-Don, SFEDU) 

Microscope is equipped cold field emission electron gun, operating at accelerating voltage of 

200 kV; high-resolution CMOS AMT camera with 4096x3000 pixels resolution; EDX 

spectrometer Bruker Xflash 6T/60 Quantax 400-STEM with 4000 channels, including an energy-

dispersive Peltier-cooled XFlash detector, 0.45 mm detector thickness and -25oC working 

temperature and secondary electrons detector (SEI) which allows you to obtain three-dimensional 

images in the HAADF mode. 

Results and Discussion 

Figure 1 shows the study of NiAl-layered double hydroxide (LDH) nanosheets with embedded 

Pd, synthesized using co-precipitation method. The presence of dispersed palladium improved the 

catalytic performance of this material for oxygen evolution reaction (OER) and hydrogen 

evolution reaction (HER) using as-prepared Pd-NiAl-LDH nanosheets in 1.0 M KOH solution. 

Pd-NiAl-LDH materials showed significantly improved activity, stability and overpotential. The 

Pd-NiAl-LDH electrocatalyst remained stable for 48h with minimal potential deviations observed 

in both OER and HER. Moreover, Pd-NiAl-LDH materials showed better activity than NiAl-LDH. 

It was possible to confirm the presence of trace amounts of palladium and its dispersed presence 

between the sheets using TEM and EDX methods. 

Figure 2 shows a study of the phase composition of periodic Mo/Si multilayers with different 

thicknesses of silicon and molybdenum layers. A cross section of the sample was obtained using 

a JEOL EM-09100IS ion slicer. To study the phases and microstructure of a periodic multilayer, 

high-resolution TEM was used. In particular, the nanobeam diffraction (NBD) method was used, 

which allows one to obtain a diffraction pattern from a very small surface area (in this case, 

approximately 5x5 nm). 
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Although the intermetallic silicide phases (Mo5Si3, Mo3Si and MoSi2) developed similarly in 

multilayer and bilayer systems, differences in specific phases were observed compared to bilayer 

systems in the Mo–on–Si and Si–on–Mo sequences. The amorphous silicon layer in periodic 

multilayers is highly disordered compared to the amorphous silicon layer in bilayer films. This is 

due to the formation of specific silicide phases in periodic multilayer and bilayer systems. 

 
Figure 1. Study of Pd-NiAl-LDH nanosheets: a) highlighted area for SAED (yellow rectangle); 

b) SAED with highlighted patterns for NiAl-LDH; c-f) EDX elemental mapping including Ch0 

base image 

 
Figure 2. Mo/Si multilayers: a) selected study area: image area b is highlighted with a red 

rectangle, the EDX line scanning area is highlighted with a yellow line, nanobeam diffraction 

area with orange rectangle; b) High-resolution image with highlighted area for nanobeam 

diffraction (NBD); c) EDX line-scan with scale in nm; d) NBD diffraction image for a single Mo 

layer 
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TEM study of Al-doped (1–10 at.% Al) thin nanocrystalline transparent ZnO films, which were 

synthesized by solid-phase pyrolysis at 700 °C, is shown in Figure 3. 

TEM showed that the films were continuous and had a uniform distribution of nanoparticles 

with an average size of 15–20 nm. TEM and EDX confirmed the production of Al-doped ZnO 

films. The transmittance of Al-doped ZnO films in the range of 400–1000 nm is more than 94%. 

The introduction of 1% Al into ZnO leads to a narrowing of the band gap compared to ZnO to a 

minimum value of 3.26 eV and a sharp decrease in the response time to radiation with a wavelength 

of 400 nm. An increase in aluminum concentration leads to a slight increase in the band gap, which 

is associated with the Burstein–Moss effect. 

 
Figure 3. Al-doped nanocrystalline transparent ZnO thin film: a) area of study with highlighted 

areas for EDX mapping (red) and HRTEM (yellow); b) HRTEM image of single ZnO 

nanoparticle; c-e) elemental mapping of thin film; f) FFT pattern of single nanoparticle from 

image b; g) selected interlayer distances in the nanoparticle from figure b 
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OPTIMIZATION OF METHODS FOR SYNTHESIS OF Pt-BASED 
ELECTROCATALYSTS TO INCREASE THEIR FUNCTIONAL 
CHARACTERISTICS 

Kirill Paperzh, Julia Pankova, Anastasia Alekseenko, Vladimir Guterman  
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Introduction 

Proton exchange membrane fuel cells (PEMFC) with zero emissions of harmful substances into 

the atmosphere are one of the key components of the rapidly developing hydrogen energy industry. 

An integral part necessary for the operation of PEMFC is an electrocatalyst that accelerates the 

occurrence of current-generating reactions: at the cathode - the electroreduction of oxygen, and at 

the anode - the electrooxidation of hydrogen. The oxygen electroreduction reaction (ORR) at the 

cathode occurs at a low rate, which leads to a high overvoltage and, as a consequence, a decrease 

in the power characteristics of PEMFC. Commercially produced PEMFCs use composites based 

on platinum nanoparticles (NPs) (less commonly, its alloys) and an electrically conductive carbon 

support as catalysts. The distribution of platinum nanoparticles in the catalytic layer must be 

uniform over the entire surface of the carbon support, which is necessary for access of reagents to 

the electrochemically active surface of platinum and elimination of diffusion problems. A 

commercially in demand electrocatalyst must be characterized by high values of active surface 

area (ESA) and activity in the ORR, as well as be resistant to degradation during the operation of 

the device and maintain high residual activity. To improve the functional parameters of a catalyst, 

it is necessary to learn how to control its morphology (the size and shape of metal nanoparticles, 

their composition and spatial distribution over the surface of the support), because it determines 

the characteristics of the final product [1]. In this regard, it is necessary to develop and optimize 

methods for the synthesis of highly efficient Pt-based electrocatalysts that combine scalability, 

speed and reproducibility of the characteristics of the final product. 

Experiments 

To develop and optimize methods for producing Pt/C with the ability to control the morphology 

of catalysts, the influence of temperature conditions, the presence and absence of a carbon carrier 

before nucleation during the synthesis process on the final parameters of the materials were studied 

[1, 2]. The structural and morphological characteristics of the obtained Pt/C materials were studied 

using the methods of X-ray diffractometry, thermographimetry, and transmission electron 

microscopy. The electrochemical parameters of the obtained catalysts (ESA, ORR activity, 

stability) were studied using cyclic and linear voltammetry. The commercial analogue JM20 was 

used as a comparison catalyst. 

A study of the influence of temperature conditions on the average size of platinum particles and 

ESA values showed that with an increase in the temperature of the reaction system from 60 to 

90℃ during the synthesis process, the average crystallite size and the average size of platinum 

nanoparticles decrease slightly, by approximately 0.1-0.2 nm, and ESA values increase by 10–12 

m2 g-1
Pt (Fig. 1). 

 
Figure 1. (a) Cyclic voltammograms of the synthesized Pt/C samples. The potential sweep rate is 

20 mV s-1. The electrolyte is the 0.1 M HClO4 solution saturated with Ar. (b) Histograms of the 

ESA values calculated from cyclic voltammograms. Pt/C materials are hereinafter referred to as 

P60, P70, P80 and P90, where the specified number corresponds to the synthesis temperature in 

degrees Celsius. 
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The discovered effect of temperature in liquid-phase synthesis during homogeneous nucleation 

makes it possible to select the optimal temperature, which is in the range of 80–90℃, to obtain 

electrocatalysts with high ESA values. 

A comparative study of the structure of the P80, PA80 and P80C, PA80C Pt/C samples obtained 

by introducing the carbon suspension into the system after and before the synthesis, respectively, 

has been carried out. For the materials obtained under conditions of the formic acid synthesis 

(PA80 and PA80C), the most intense reflection peak of the 111 platinum facet is slightly narrower 

(Fig. 2a) than for the P80 and P80C materials obtained by the formaldehyde method, which 

indicates a larger particle size. 

 
Figure 2. (a) X-ray diffraction patterns of the Pt/C materials. TEM micrographs of the obtained 

samples and histograms of the NPs’ size distribution in the corresponding materials P80C (a), 

PA80 (b), PA80C (c) and JM20 (d). 

The larger particle size in the PA80 and PA80C samples obtained under conditions of the formic 

acid synthesis compared to P80 and P80C is also confirmed by the TEM method. The size 

dispersion is almost 1.5 times wider and the average particle size is 1–1.4 nm larger than those of 

the formaldehyde-synthesized materials (Fig. 2). The materials obtained by the formaldehyde 

synthesis method are only characterized by a smaller average size of platinum NPs compared to 

the commercial analog JM20 (Fig. 2). It is worth noting that the aggregation degree of particles 

calculated from the ratio of the values of the determined ESA and the geometric surface area of Pt 

decreases with the synthesis being carried out in the carbon suspension (Table 1). The absence of 

any changes in the size of the formed NPs indicates that there is no significant contribution of the 

heterogeneous nucleation in the systems containing formaldehyde. The presence of the carbon 

support in the initial reaction medium contributes to the rapid sorption of the formed platinum 

NPs, which prevents the aggregation of the particles formed. In the PA80C sample obtained under 

conditions of the formic acid synthesis in the carbon suspension, the size of Pt NPs is smaller than 

that of PA80 (Table 1). This may be a reflection of the contribution of the heterogeneous nucleation 

to the process of the phase formation of Pt NPs. Under conditions of the heterogeneous nucleation, 

the activation energy for the nucleation of a new phase is known to decrease. This effect is due to 

a decrease in the energy required for the formation of new interphase surfaces during the nucleation 

at the already existing interphase boundary. 

Table 1: Structural-morphological and electrochemical characteristics of the Pt/C  
Sample DXRD (nm)  ESA (m2 g-1

Pt) Sgeom (m2 g-1
Pt) Aggregation degree (%) 

P80 1.4 89 122 30 

P80C 1.4 106 117 10 

PA80 3.1 27 76 64 

PA80C 2.7 59 82 30 

Thus, carrying out the synthesis in the carbon suspension leads to an increase in the ESA of the 

Pt/C materials. In the event of the formaldehyde synthesis, this is due to the rapid sorption of Pt 

NPs, which prevents their aggregation in the solution, and in the case of the formic acid synthesis, 

this may also be due to the contribution of the heterogeneous nucleation to the Pt phase formation 

process. It is noteworthy that the formaldehyde and formic acid methods for synthesizing the 

electrocatalysts have a number of differences, e. g., the acidity of the medium at which the 

reduction process proceeds. 
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Taking into account the above requirements for the formaldehyde synthesis, we have obtained 

the Pt/C home-made catalyst in the amount of 1 g at a temperature of 80 °C in the reaction system, 

with the introduction of the carbon support before the phase formation. The platinum mass fraction 

in the resulting Pt/C home-made is 20%. The ESA values of the commercial catalyst JM20 are by 

23 m2 g-1
Pt less than those of the Pt/C home-made material (Fig. 3a). 

According to the potentiodynamic curves of the ORR at different rotation speeds, the 

Koutetsky–Levich dependence has been plotted (Fig. 3b, c), using which the electrokinetic 

parameters of the reaction have been estimated. The mass activity in the ORR of the Pt/C home-

made material has proved to be by 13 A g-1
Pt higher than that of the commercial analog.  

 
Figure 3. (a) Cyclic voltammograms of the Pt/C samples. (b) Potentiodynamic polar-ization 

curves of the ORR. The RDE rotation speed is 1600 rpm. O2 atmosphere. (c) Dependence of the 

current strength on the rotation speed of the RDE in the Koutetsky–Levich coordinates. (d) 

Change in the ESA during the stress-test in the mode. 

According to the results of the stress-testing, we may point out the ongoing degradation of both 

the home-made material and its commercial analog. The decrease in the ESA values occurs almost 

linearly for both the samples (Fig. 3d). The stability of the studied catalysts has turned out to be 

close, however, the Pt/C home-made sample exhibits the higher initial and residual values of the 

ESA at the end of stress testing compared to the JM20. 

To obtain the materials by the formaldehyde synthesis method with a platinum crystallite size 

of less than 1.5 nm, an average NPs’ size of less than 2.5 nm, their narrow size dispersion (from 1 

to 4 nm) and low aggregation, as well as the ESA values of more than 85 m2 g-1
Pt, it is necessary 

to use a temperature mode of at least 80°C and the carbon support introduced into the reaction 

medium before the phase formation and the heating. 
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Introduction 

Electrocatalysts play a pivotal role in advancing proton-exchange membrane fuel cell (PEMFC) 

technology for hydrogen energy applications [1]. Electrocatalysts for the PEMFC cathode, which 

are nanoparticles of platinum or its alloys deposited on a carbon support, must exhibit high activity 

in the oxygen reduction reaction (ORR), maintain their characteristics during operation, and 

contain less expensive platinum than their analogues, available today [1]. 

The need to produce these materials encourages the search for new approaches to controlling 

their microstructure, which, in turn, requires an assessment of structural characteristics for real-

world catalysts at the nanoscale. The complexity of this assessment is largely due to the fact that 

the composition and condition of the catalyst surface as a whole and the platinum-containing 

nanoparticles (NPs) in particular may differ significantly under real operating conditions and in 

the “as-prepared” state [2]. 

To study the processes of the electrocatalysts surface and NPs structure rearrangement, the 

method of identical location transmission electron microscopy (IL-TEM) imaging is used, which 

allows for the evaluation of morphological changes occurring at the same surface section of nano-

objects [2]. 

In our previous work [3] we have shown that the conditions of electrochemical activation, in 

particular the value of the upper limiting potential (UPL), affects the activity of PtCu/C electrodes 

in the oxygen reduction reaction (ORR). It has been found that the bimetallic catalysts activated 

in the potential range up to 1.0 V exhibit 1.5–2 times higher specific and mass activity in the ORR 

compared to the equivalent samples activated with a higher UPL. 

The object of this research is the PtCu/CN catalyst synthesized using a carbon support doped 

with nitrogen. To obtain the catalyst, the gram-scale synthesis technology, which is deemed 

promising for commercial use, has been applied. It has been previously established that the 

application of bimetallic PtCu NPs to the surface of particles of an N-doped carbon support (CN) 

makes it possible to produce electrocatalysts characterized by enhanced stability and ORR activity 

compared to the Pt/C and PtCu/C materials based on standard carbon black supports [4]. The 

unique method for synthesizing bimetallic NPs with a core–shell structure, which is based on the 

application of a gradient approach, has allowed further increasing the ORR activity of the PtCu/CN 

catalyst [5].  

Experiments 

The multistage liquid-phase synthesis of the PtCu/C catalysts was carried out in the water–

ethylene glycol solution [5]. Sodium borohydride was used as the reducing agent. At the first stage, 

copper NPs were formed on the surface of the support. Therefore, during the second and third 

synthesis stages, platinum and copper atoms were deposited on the obtained cores, and at the fourth 

stage, we only deposited platinum atoms, thus forming a platinum shell. The sample is labeled as 

G-N. 

We used an N-doped support produced by PROMETHEUS R&D by special treatment of 

Ketjenblack EC600JD. The resulting PtCu/CN catalyst contains a 21% Pt loading. The composition 

of the metal component determined by the X-ray fluorescence with total reflection (TXRF) 

analysis is Pt:Cu = 1:1. 

The composition of the metal component was determined by TXRF. The phase composition as 

well as the average size of PtCu crystallites were determined by the X-ray powder diffraction 

(XRD) method. 
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The size distribution, average size and structure of NPs were assessed by transmission electron 

microscopy (TEM), high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM), scanning electron microscopy (SEM) and secondary electron imaging 

microscopy (SEI). The composition of the catalyst local sections was studied using energy-

dispersive X-ray spectroscopy (EDX).  

The electrochemical behavior of the catalysts was studied by cycling and linear voltammetry. 

When comparing the functional characteristics of the catalysts, the commercial Pt/C catalyst 

(JM20) (HiSPEC3000, Johnson Matthey, 20% Pt loading) with a close platinum content was 

chosen as the conventional sample. 

Results and Discussion 

The electrochemical behavior of the G-N catalyst has been studied after its activation in two 

potential ranges (0.04–1.0 V and 0.04–1.2 V). The ESA values determined by the given CVs, in 

turn, also almost do not depend on the activation mode (Figure 1a). It is worth noting that the 

resulting PtCu/CN catalyst exhibits a relatively high surface area, which is only slightly inferior to 

that of the commercial Pt/C analog (JM20) (Figure 1d). 

Unlike the ESA, the mass activity of the catalyst in the ORR depends on the UPL during the 

preceding activation stage. After cycling the catalyst up to E=1.0 V, the mass and specific activity 

of the material has proved to be 1.7 times higher than after cycling up to E=1.2 V (Figure 1 c, e, 

f). This fact confirms the significant influence of the limiting activation potential on the functional 

characteristics of platinum–copper catalysts established by us in [3]. According to the 

measurement results, the mass activity of the obtained G-N catalyst after less and more hard 

activation modes has turned out to be, respectively, 5 and 3 times higher than that of JM20 (Figure 

1e). It should be noted that the preceding activation mode has no effect on the ORR activity of the 

Pt/C catalyst [3]. 

 
Figure 1. CVs of the catalysts after their activation up to 1.0 V (JM20 and G-N) and up to 1.2 V 

(G-N) (a); linear sweep voltammograms of the ORR at 1600 rpm (b) and the corresponding 

dependences in the Koutetsky–Levich coordinates (c). Histograms of the ESA (d), mass activity 

(e) and specific activity (f) values for the catalysts. The orange line represents the U.S. 

Department of Energy's (DOE) 2020 mass activity target (e). 

To identify the reasons for the significant difference in the activity of the PtCu/CN catalyst after 

various activation modes, we have conducted a detailed study of the material microstructure before 

and after the activation by the IL-TEM method (Figure 2). It has been found that after the activation 

up to the UPL=1.2 V, the particle is compressed, accompanied by a decrease in its size in two 

directions by almost 1.4 and 0.7 nm, as well as a thickening of the section, which can be deemed 

a platinum shell, by 0.4 nm compared to the initial state (Figure 2 a, b). With an increase in the 

UPL up to 1.4 V, the particle tends to take a more regular spherical shape, and the shell thickens 

by another 0.3 nm, with the core–shell structure being still preserved (Figure 2c). Increasing the 

UPL up to 1.6 V is conducive to the complete rearrangement of the NP into a “solid-solution” 
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structure, as well as a further decrease in its size caused by the dissolution of platinum atoms. It is 

noteworthy that despite the presence of the carbon support sections subjected to degradation, there 

is no oxidation observed for carbon in contact with the studied NP even at the higher UPL=1.6 V 

(Figure 2 d). The carbon sections with an amorphous structure appear to be subjected to the 

oxidation to a greater extent, the presence of contact with the platinum NP not being the main 

cause of the support oxidation. 

 
Figure 2. HR-TEM images of an individual NP for the PtCu/CN sample at various stages of the 

study. 

In this experiment, we have also determined the composition of the metal component for the 

same section of the catalyst surface, which varies as follows: Pt2.3Cu (initial sample), Pt2.6Cu 

(0.04–1.0 V activation), Pt3.7Cu (0.04–1.4 V activation), Pt5.9Cu (0.04–1.6 V activation). As the 

UPL increases, there is a significant decrease observed in the relative copper content as well as an 

increase in the platinum one. Thus, the particle compression shown in Figure 2 can be associated 

with both the active leaching of copper and the more moderate dissolution of platinum during the 

electrochemical treatment.  

The work performed demonstrates that the PtCu/CN catalyst studied behaves as a “living” 

changing object during the electrochemical activation. These alterations are caused by the spatial 

movement of NPs as well as the changes in their composition, size, structure and shape. In this 

regard, the transition from the cyclic activation mode at the UPL=1.0 V to the mode at the 

UPL=1.2 V does not result in a substantial change in the composition of NPs and the ESA of the 

catalyst, although it significantly reduces its activity in the ORR. The main reason for this effect 

is believed to be associated with the features of the NPs structure rearrangement, leading to an 

increase in the thickness of the NPs platinum shell and a decrease in the promoting effect of the 

“inner” copper atoms after the activation of the catalyst at the UPL=1.2 V. 
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Introduction 

Palladium-based membranes are used for gas separation and production of high purity 

hydrogen. The main important characteristics of palladium membranes are high permeability and 

selectivity for hydrogen (product purity 99.999%) [1]. However, pure palladium membranes are 

prone to hydrogen embrittlement and have a high cost. The solution seems to be alloying them 

with other base metals, which will increase the strength of the membranes when working in a 

hydrogen atmosphere and reduce the cost of the final product. Such a most promising material for 

creating hydrogen permeable membranes is an alloy of palladium and copper with an optimal 

copper content of 40% [2]. 

Experiments 

In the study, samples of Pd-Cu 40% alloy foils were obtained, made by three methods: melting 

and rolling with intermediate annealing, magnetron sputtering using a solid target and a composite 

target. The essence of the first method was to produce a homogeneous Pd-Cu 40% alloy by melting 

the components in an electric arc furnace in an argon atmosphere. To achieve uniformity, the alloy 

was obtained by a series of melts. Next, the resulting ingot was rolled out on a roller machine with 

intermediate annealing to a thickness of 20 microns. The essence of the second method was to 

obtain thin defect-free films of Pd-Cu 40% alloy by magnetron sputtering from a solid target. 

Palladium-copper foil with a copper content of 40%, obtained by the first method, was used as a 

target. As a result of spraying, thin films of Pd-Cu alloy 40% with a thickness of 300 nm were 

obtained, deposited on both sides of the niobium base. As part of the third method, the palladium-

copper film was made using a composite target assembled from rolled palladium and copper foils 

with an area ratio of 60:40. This technique makes it possible to quickly and easily obtain alloys 

with different ratios and composition of components. 

Results and Discussion 

Samples of the obtained Pd-Cu 40% films were studied as membranes in hydrogen transport 

processes. Figure 1 shows data on the dependence of the density of the penetrating hydrogen flow 

on overpressure for Pd-Cu40% membranes manufactured by magnetron sputtering using solid (a) 

and composite (b) targets and by melting and rolling with intermediate annealing (c). 

 
Figure 1. Temperature dependence of the density of the penetrating hydrogen flow at an 

overpressure of 0.1 MPa on the inlet side of the membranes of the Pd-Cu alloy is 40%. 
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According to the presented data, the highest flow density was demonstrated by membranes 

manufactured by magnetron sputtering. Both membranes obtained using solid and composite 

targets had sufficiently close values of the penetrating flux densities – 60 and 40 mol s–1 m–2. The 

obtained values turned out to be up to 7 times higher than for a membrane manufactured by melting 

and rolling with intermediate annealing, which demonstrated numerical values of flow density up 

to 7 mol s–1 m–2. The recorded significant increase in the flux density of membranes obtained by 

magnetron sputtering is probably due to a significant decrease in film thickness and ordering of 

the solid solution to form a β-phase with a less dense crystal lattice, compared with the HCC lattice 

of α-aphasic.  

As a result of the work carried out, it can be concluded that the magnetron sputtering method is 

a fairly promising method for obtaining defect-free thin-film materials with high permeability. The 

method is also characterized by significant savings in the consumption of precious metal by 

reducing the thickness of the resulting films. 

Acknowledgement. This research was funded by the Russian Science Foundation and the Kuban 

Scientific Foundation grant No. 24-19-20070, https://rscf.ru/project/24-19-20070/. 

References 

1. Filipov. S.P., Yaroslavtsev. A.B. Hydrogen energy: development prospects and materials // 

Russian Chemical Reviews, 2021, V. 90, P. 627–643. 

2. Burkhanov G.S., Gorina N.B., Kolchugina N.B., Roshan N.R. // Russian Chemical Journal, 

2006, V. 50, P. 36-41. 
 

  



235 

THE INFLUENCE OF PULSED ELECTRIC FIELDS ON THE TARTRATE 
STABILIZATION EFFICIENCY OF WINE MATERIALS BY ELECTRODIALYSIS 

Natalia Pismenskaya, Evgeniia Pasechnaya, Anastasiia Klevtsova, 
Anastasiia Korshunova, Daria Chuprynina 
Kuban State University, Krasnodar, Russia, E-mail: n_pismen@mail.ru 

Introduction 

Electrodialysis (ED) is increasingly used for tartrate stabilization of wine. This process 

preserves valuable components and has a low environmental impact. The widespread introduction 

of ED tartrate stabilization of wine into the winery industry is limited by fouling of ion-exchange 

membranes (IEMs) and a decrease in the transport characteristics of IEMs during their 

operation [1]. There are also difficulties with the rather limited range of IEMs currently used for 

tartrate stabilization of wine. However, recently many new experimental and commercial IEMs 

have appeared. In addition, a number of studies have been published [2,3], which show the 

effectiveness of replacing traditional ED current modes (direct continuous electric field, CEF) with 

pulsed electric field (PEF) current modes.  

The purpose of this work is to evaluate the applicability of homogeneous (CJMA-3//CJMC-3 

and AMX-Sb//CMX-Sb), as well as heterogeneous (MA-41//MK-40 and AMH-PES//CMH-PES) 

ion exchange membranes for ED tartrate stabilization of wine using CEF or PEF current modes.  

Experiments 

Tartrate stabilization of wine was carried out in batch mode using a six-compartment laboratory 

ED cell. The experiment was carried out until the electrical conductivity in the desalination stream 

decreased by 20%, which corresponds to the conditions of reducing the concentration of tartrates 

to the specified values [4]. Two current modes were used in the experiments: CEF and PEF. 

Before and after ED process the quantitative content of potassium, tartrate and chloride 

removed from the desalination stream was determined using ion chromatography. Then, the degree 

of extraction of ion i was calculated as: 

            𝛾𝑖 = 
(𝑐𝑜
𝑖 -𝑐𝑡

𝑖)

𝑐𝑜
𝑖 ⋅ 100%             (1) 

Here 𝑐𝑜 and 𝑐𝑡 are the molar concentrations of the i ion at the initial moment and at the ED duration 

t, respectively. In addition, energy consumption in the ED process was estimated. 

Results and Discussion 

The results of the experiments are presented in Table 1. 

Table 1: The Degree of Extraction of Potassium Cations (K+), Tartrate (H(2-x)Tx-) and 

Chloride (Cl-) Anions from a Model Wine in the Desalination Stream of the ED Setup 
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K+ H(2-x)Tx- Cl- 

CMX-Sb 
CEF 19.0 

AMX-Sb 
CEF 19.9 32.1 

PEF 13.1 PEF 24.0 32.2 

CJMC-3 
CEF 5.5 

CJMA-3 
CEF 17.5 18.1 

PEF 15.5 PEF 19.0 20.0 

МК-40 
CEF 19.5 

МА-41 
CEF 7.5 42.2 

PEF 23.9 PEF 10.1 52.1 

CMH-PES 
CEF 20.1 

AMH-PES 
CEF 10.2 41.9 

PEF 22.3 PEF 13.1 48.0 

The structural parameters of heterogeneous MK-40 and CMH-PES membranes ensure removal 

of K+ cations comparable to homogeneous CJMC-3 and CMX-Sb membranes. At the same time, 

the transport of large, highly hydrated tartrate anions in heterogeneous MA-41 and AMH-PES 
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membranes is sterically hindered. The preferable transfer of chloride anions through these 

membranes is the result of these steric hindrances, despite the concentration of which in the model 

wine is an order of magnitude lower than that of tartrate anions (Table 1). 

It follows from estimates of the energy consumption of the ED tartrate stabilization of model 

wine, that the use of PEF current mode requires less electrical energy than the use of CEF current 

mode (Fig. 1). Energy savings range from 10 to 33% for various membrane pairs. Energy 

consumption is reduced most significantly when using membrane pairs AMX-Sb//CMX-Sb (33%) 

and AMH PES//CMH-PES (21%). 

 
Figure 1. Energy Consumption for ED Tartrate Stabilization of Model Wine Using the Study 

Membrane Pairs Referred to 1 kg of Extracted Tartrates. 
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Introduction 

Electrochemical oxidation advanced processes (EAOPs) are widely used for the treatment of 

wastewater and natural waters polluted with various organic compounds, as they are highly 

efficient, easy to optimize and quite versatile. Among EAOPs, one of the popular methods is 

anodic oxidation, which generates hydroxyl radicals with high oxidizing activity on the anode 

surface [1]. 

Porous materials are the most promising for anodic oxidation. Sub-stoichiometric titanium 

oxide (Ti4O7) is used, which has a large electrochemical active surface area, increasing the 

oxidation rate due to a rapid delivery of organic substances to the electrode surface [2]. Moreover, 

this material has high conductivity, chemical stability, and high oxygen evolution overpotential. 

Particle electrodes may be a simple alternative to porous electrodes [3]. 

In this study, anodic oxidation of photopolymer-based microplastics was investigated. 

Photopolymers are used in 3D printing and various engineering applications and are hazardous to 

human health and the environment if disposed of improperly. 

Experiments 

The experimental setup consists of an electrochemical flow cell and a hydraulic system 

providing a continuous supply of solution at a constant rate. The constant current is maintained by 

means of a current source, the potential drop between the cathode and anode is recorded by a 

voltmeter. The electrochemical cell is a rectangular flow electrolysis chamber with a plate stainless 

steel cathode and a particle anode made of porous Ti4O7. The electrodes are divided by a mesh 

separator made of inert material (polypropylene). The sealed case of the cell is made of 

polytetrafluoroethylene, which ensures the tightness of the system. 

The microplastic suspension was obtained by dissolving of photopolymer resin in water (0.5 g 

per 100 ml) followed by UV irradiation for 15 minutes. As a result, the almost transparent solution 

became turbid and the largest microplastic particles settled to the bottom of the container after a 

few hours. The suspension with the finest microplastic particles was then taken from the top of the 

solution container after 12 hours of settling. 

Before starting the experiment, to evaluate the effect of microplastic deposition in the pores of 

the anode, the tested solution was pumped through the cell without current for 30 minutes. Before 

and after pumping, samples were taken. Then the experiment was conducted at 0.5 A current for 

3 hours. The concentration of microplastic particles was evaluated by the turbidity of the solution. 

 
Figure 1. Optical Imaging of Microplastic Particles (a) and Particle Size Estimation (b). 

 

 

a b
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Results and Discussion 

The optical density values obtained during the experiment and presented in Table 1 indicate 

partial sorption of microplastic particles by the anode granules. It is shown that after 30 minutes 

the most of particles of microplastics were sorbed by anode. After that the electrical current was 

switched on. In the presence of the background electrolyte sodium chloride (NaCl) in the system, 

the concentration of particles decreases more than 20 times compared to the system with sodium 

sulphate (Na2SO4), in which the concentration of microplastic decreased 2.5 times, indicating the 

possible generation of chlorine radicals actively involved in the process. However, in both cases 

the microplastic concentration in the samples was minimal, indicating the high efficiency of the 

applied process: sorption and anodic oxidation. 

Table 1: Optical Density of Samples 
 Photopolymer + 0.1M NaCl Photopolymer + 0.1M Na2SO4 

Before experiment 0.841 0.658 

After 30 minutes of pumping 
without current 

0.214 0.047 

After 3 hours of anodic 
oxidation, current is 0.5 A 

0.009 0.018 
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Introduction 

Perfluorinated polymer cation-exchange membranes (PPM) have long been successfully used 

as solid electrolytes in fuel cells and separating film in membrane electrolyzers, electrodialysts, 

and sensors [1]. It is well-known that American perfluorosulfonic acid (PFSA) materials, such as 

Nafion® membranes (DuPont de Nemours, USA) are the most extensively applied materials for 

such membrane type. The incorporation of an inert polymer reinforcing cloth to the composition 

is one of common way to increase the mechanical strength of this membranes (Nafion N438 or 

Nafion 324) [2], though it leads to decrease in some important characteristics.  

In this work, we have investigated some characteristics of experimental PPM designated below 

as M1. M1 was prepared by pore-filling method. This membrane have practical potential for import 

substitution. Nafion N438 membrane was examined for comparison. 

Experiments 

Nafion N438, which known also as Teflon Fabric Reinforced Membrane (TFRN) [5], is 

reinforced with plain weave fabric. This monofilament reinforcement fabric is made from 

polytetrafluoroethylene (PTFE). The mesh cells of the fabric have dimensions 300 × 300 × 0.320 

mm3. Experimental M1 cation-exchange membrane contains a non-woven fluoropolymer 

reinforcing filler.  

Characterization included scanning electron microscopy (SEM), FTIR-spectroscopy, as well as 

measuring of the water uptake and ion-exchange capacity. In addition, the concentration 

dependences of specific electrical conductivity of the membranes were obtained using the 

difference method with clip-type cell, then the data were treated with microheterogeneous model 

[3]. The concentration dependences of integral coefficient of diffusion permeability were 

determined using two-chamber flow-through cell. Determined dependences were used for 

evaluation of counterion transport numbers by the algorithm suggested in study [4]. The 

experiments were conducted in NaCl solutions at 25°С.  

Results and Discussion 

Table 1 presents both membranes characteristics, including thickness (lsw), ion exchange 

capacity (Qsw) in the swollen state, surface contact angles (θsw) and tensile strength. 

Table 1: Properties of Investigated Membranes in Na+ Form  
Membrane lsw, μm Q, mmol/gsw W, gH2O / gdry  θsw, grad Tensile strength, MPa 

Nafion N438 340  6 0.91 0.21 
*SI 80  4 

SII 62  5 
27.5 [2] 

M1 38  3 0.48 0.28 
SI 74  3 

SII 74  3 
46.7 

*SI and SII are opposite membrane surfaces 

The thickness of the swollen Nafion N438 membrane is several times greater than that of the 

swollen M1 membrane. The ion exchange capacity of this commercial membrane almost two time 

higher compared to M1 membrane. 

The SEM images of the surface SI (Fig. 1a) and cross-section (Fig. 1b) of M1 membranes show 

that the fibers acting as reinforcing material are distributed chaotically within the ion exchange 

material.  
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Table 2 lists the values of volume fraction of intergel phase (f2) and of specific conductivity of 

the membrane in isoelectrical conductivity point (kiso) found from concentration dependences of 

specific electrical conductivity of the membranes (Fig. 2a). The kiso parameter characterizes the 

conductivity of the gel phase of the membranes and gives insight on the transport characteristics 

of ionconductive polymer the membrane is produced from. The f2 parameter corresponds to the 

fraction of the membrane volume occupied by electroneutral solution and also allows evaluating 

its pore size. 

  
a b 

 
c 

Figure 2. Concentration Dependences of Electrical Conductivity (а), Diffusion Permeability (b) 

and Transport Numbers of Counterions (c) Through Studied Membranes. 

Table 2: Selected Characteristics of Studied Membranes in NaCl Solution 

Membrane *κ, mS cm-1 *R, Ohm cm2 κiso, mS cm-1 f2 

Nafion N438 12.9 2.6 10.9 0.10 

M1 10.3 0.3 7.4 0.15 
*in 0.6 M NaCl solution 

It follows from the obtained data that the specific electrical conductivity of M1 membrane is 

comparable with conductivity Nafion N438. At the same time, the f2 values of membrane M1 

higher than the f2 measured for Nafion N438, indicating the presence of large pores within the M1 

membrane. 

It should be noted that M1 membrane possess the integral coefficient of diffusion permeability 

that exceeds the values measured for commercial Nafion N438 membrane (Fig. 2b). The 

concentration dependences of integral coefficient of diffusion permeability of M1 membranes are 
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closer to the values typical for commercial heterogeneous membrane МK-40 or homogeneous 

membrane FujiFim CEM Type 1 [6].  

In dilute (С<0.1 M) NaCl solution the counterion transport numbers through all studied 

membranes tend to 1 (Fig. 2c). At higher NaCl concentrations the selectivity of M1 cation 

exchange membrane is noticeably lower, due to either the higher values of f2, or/and the low ion-

exchange capacity.  

Hence the M1 membrane possess strong mechanical properties (tensile strength of 46.7 MPa) 

as well as good electrochemical characteristics such as low electrical resistance (<0.4 Ohm cm2), 

high cation transport number (>0.97). The selectivity of the M1 membrane with a high f2 value 

can be improved by partially eliminating structural defects caused by the embedding of the 

reinforcing cloth.  
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Introduction 

The development of lab-on-chip technology is one of the most promising applications of 

microfluidic devices [1]. These devices are used for conducting various medical tests on samples 

at the microscale. A major challenge in the development of these devices is overcoming the issues 

related to low concentrations, mixing, and separation. 

Recently, superconcentration techniques have become popular in this field [2, 3]. 

Superconcentration occurs near ion-selective membranes, leading to an increase in analyte 

concentrations up to millions of times in a localized area. While experiments have confirmed the 

existence of this phenomenon, the precise conditions for its occurrence remain unknown. This is 

due to the difficulty in solving this problem analytically or numerically. 

The system of Nernst-Planck-Poisson-Stokes (NPPS) equations is non-linear, becoming even 

more complex when considering each ion type separately. Therefore, the problem cannot be solved 

using conventional methods. In addition to the various parameters that may be varied, the issue 

also encompasses thin Debye layers, which typically occur near ion-selective interfaces. These 

layers substantially complicate numerical computations, hence we will consider simplified models 

with a view to studying concentration. 

Results and Discussion 

In this paper, we examine the NPPS system in various configurations, starting with a 

fundamental formulation for a binary electrolyte in the absence of advection. As an illustration, 

we use the decomposition method [4] to reduce the system of partial differential equations to a 

single equation [5]. Next, we apply this approach analogously for a ternary electrolyte. Having 

solved the resulting equation via asymptotic decomposition, we analyze the outer and inner 

solutions. 

Furthermore, we consider a more complex formulation with sliding velocities for limiting and 

underlimiting currents, building upon the work of Rubinstein and Zaltzman [6]. 

An exact analytical solution to the system has not yet been found in general. However, some 

approximate solutions have been derived, which provide a good understanding of the system's 

behavior. Equations have also been formulated to help elucidate the effects of superconcentration 

on the system. The analysis of external and internal solutions, obtained through asymptotic 

expansion, reveals a complex relationship between the solution of the system and the charge 

number of the third species. 

The results could also be applied to improve electrobaromembrane methods for metal recovery 

from electrolytic solutions [7]. 

mailto:GSGanchenko@fa.ru


243 

 
Figure 1. Geometric statement of the problem. 
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Introduction 

In terms of fundamental understanding of membrane structure and its main properties, the 

basics of membrane surface properties influence on transport characteristics is among the most 

topical issue, since the first electrolyte−membrane interaction occurs at the membrane surface. 

Many research papers emphasize the effect of surface properties on membrane performance in 

electrochemical processes [1,2]. Furthermore, such influence on the transport characteristics of 

anisotropic membranes is noted even in the absence of an electric field. For example, the studies 

[3,4] present the asymmetry of diffusion permeability of the surface-modified MF-4SC/PANI 

membrane. The results suggest that membrane sides orientation in a diffusion cell defines the 

concentration dependence of the diffusion permeability coefficient of the membrane. This effect 

is determined by the ion concentration gradient within the membrane, which complicates ion 

transfer in one of the directions [5].  

However, asymmetry of the transport properties can also be observed for commercial samples. 

The study of this issue is quite important for the purposes of developing methods for membrane 

modification or fundamental studies of the structure-transport properties relationship. This paper 

presents a study of the effect of surface roughness on the asymmetry of the diffusion permeability 

of commercial ion-exchange membranes. 

Experiments 

In this work, the characteristics of the homogeneous cation-exchange membranes Neosepta 

CMX (Astom, Japan), CJMC-3 (Hefei Chemjoy Polymer Materials, China), SYMC-2 (Anhui 

Zhongke Shenyang, China), Fuji CEM Type 1 (Fujifim, The Netherlands) are studied. Diffusion 

permeability in sodium chloride solutions is determined using a two-compartment flow cell. 

Surface roughness is studied using the TR200 profilometer [6]. All membranes underwent 

standard salt pretreatment before measurements. The optical microscope SOPTOP CX40M 

(Yuyao, Zhejiang, P.R. China) with a digital USB camera was used to visualize the surface and 

cross section of swollen ion-exchange membranes. 

Results and Discussion 

Table 1 presents the membrane surface roughness parameters. The CMX membrane has 

identical properties of both surfaces within the measurement error. Other membranes have 

asymmetric properties of both surfaces (surface I for each membrane has higher values of the r, Rt 

и Ra). 

Table 1: Roughness Characteristics of Swollen Membranes 
Membrane Surface r Rt, µm Ra, µm Sm, µm 

CMX 
I 1.003 31.3 ± 3.8 4.9 ± 0.5 605 ± 78 

II 1.003 30.5 ± 3.8 4.7 ± 0.6 540 ± 53 

CJMC-3 
I 1.006 19.2 ± 2.6 2.9 ± 0.4 280 ± 20 

II 1.002 15.4 ± 4.8 2.8 ± 0.4 285 ± 27 

SYMC-2 
I 1.022 62.4 ± 3.8 11.8 ± 0.5 357 ± 30 

II 1.000 11.6 ± 1.5 1.7 ± 0.3 514 ± 80 

Fuji CEM Type 1 
I 1.003 40.5 ± 8.3 7.6 ± 1.1 952 ± 138 

II 1.001 38.5 ± 3.4 6.8 ± 0.9 707 ± 140 

r is the roughness factor; Rt is the height distance between the deepest valley and the highest 

hill; Ra is the arithmetic mean roughness; Sm is the mean width of the profile elements. 
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In order to illustrate the differences in surface properties of different sides of commercial 

membranes, Figure 1 presents optical images of the surfaces and cross-section of the SYMC-2 

membrane, as well as profilograms of the surfaces. 

 
Figure 1. Optical Images of the Surfaces I (a), II (c) and Cross-Section (b) of the SYMC-2; and 

Profilograms of the Relevant Surfaces I (d) and II (e). 

The concentration dependences of membranes diffusion permeability obtained with the surface 

I or II facing the electrolyte solution are shown in Figure 2. 

 
Figure 2. Concentration Dependences of the Integral Coefficient of Diffusion Permeability of the 

Studied IEM. The Solid Lines are Guides for the Eye. 

As Figure 2 shows, that the membranes characterized by asymmetric surface properties 

demonstrate asymmetry in diffusion permeability as well. There is also a notable correlation 

between surface roughness of the membrane side facing electrolyte solution and membrane 

transport properties: the more prominent roughness of the surface, the higher the diffusion 

permeability coefficients. In [7], authors observed similar effects in gas separation membranes. 

The demonstrated phenomenon of an increase in membrane permeability due to rougher surface 

facing gases is explained by the growth in active surface area and changes in surface free energy. 

Such an explanation might be also applied in our case. Another contributing factor is probably 

hydrodynamics of the electrolyte solution flow near the membrane surface of a particular 

roughness when determining diffusion permeability in the two-compartment cell. The rougher 

surface causes more turbulence and better stirring of the electrolyte solution in its compartment, 

which provides faster delivery of ions from the bulk solution to the membrane surface and 

intensifies transport across the membrane. 
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Introduction 

In recent years, electrochemical advanced oxidation processes (EAOPs) became a widely used 

for the treatment of wastewater and natural waters contaminated with various organic compounds 

due to the high oxidation efficiency, simplicity of design and versatility. Anodic oxidation (AO) 

is the most common among EAOPs. This method allows the oxidation of organic compounds 

without the use of chemical reagents through the generation of highly active hydroxyl radicals or 

by direct electron transfer from the compound to the electrode surface [1]. 

Porous materials, such as sub-stoichiometric titanium oxide (Ti4O7), are the most promising 

ones for AO [2]. It has a large electrochemical active surface area, and the porous structure allows 

to intensify the process rate due to the rapid delivery of organic compounds to the electrode 

surface, which increases the total oxidation process rate. Besides, Ti4O7 has chemical stability, 

high electrical conductivity and a high oxygen evolution overpotential. As a simple alternative for 

porous electrodes, particle electrodes may be more readily available [3]. 

In this study, a two-dimensional model of the AO of oxalic acid on a particle electrode was 

developed. Quantitative agreement between experiment and theoretical data was obtained. 

Model formulation 

The system under study consists of a cathode made of stainless steel, a particle anode made of 

porous Ti4O7, as well as two layers of separators between the electrodes. The upper layer of 

separators is macroporous and has special grid to effectively mix the solution near the cathode 

surface. The lower layer has relatively small pores (approximately 1 mm) and is designed to fix 

the anode particles. For the simplification of simulation, the system is represented as two-

dimensional instead of 3D. The schematic representation of the system under study is presented in 

Figure 1. 

 
Figure 1. Schematic Representation of the System Under Study. 

Based on previous studies related to the porous electrodes [4,5], a reactive transport model was 

developed to study the processes of AO in the reactive electrochemical membrane (REM) reactor 

made of electrode particles. The transport of dissolved species in solution is described by the 

equation system, consisting of Fick's law with the convective term, the material balance equation, 

Ohm's differential law for each of the phase, the charge conservation law and Darcy's law. The 

equation system includes two parallel reactions: direct oxidation of organic compounds and 
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oxygen evolution on a porous electrode, while the interaction of OH-radicals with organic 

molecules is not taken into account. 

Results and Discussion 

The kinetics of oxalic acid oxidation at different current densities was investigated. The 

dependences of AO concentration on time of experiment and mineralization current efficiency 

(MCE) on concentration at different current densities are presented in Figure 2a and b respectively. 

The concentration dependence at low currents has a pronounced linear character, while at high 

currents the dependence differs from linear in the region of small concentrations. At low currents, 

MCE does not depend on concentration, while at high currents it decreases with concentration. 

This behavior can be easily explained by reaching the limit state associated with insufficient 

diffusion flow of oxalic acid to the electrode surface. However, according to our calculations, the 

current density in the system in a wide range of concentrations does not reach the limiting state. 

The limiting state is the kinetics of oxidation on the electrode surface, which is associated with the 

proximity of formal potentials for oxidation of oxalic acid and oxygen evolution on the surface of 

Ti4O7 electrode.  

  
Figure 2. Dependence of С/С0 on the Time of Experiment (a) and Mineralization Current 

Efficiency (MCE) on the Concentration of AO (b) at Different Current Densities. 
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Introduction 

Palladium-based membranes are a promising material for the production and purification of 

hydrogen in laboratory and industrial conditions [1]. However, at low temperatures (< 200 °C) 

they are practically impermeable. This condition can be overcome by modifying the membrane 

surface with nanoparticle-based catalyst coatings [2]. Palladium-based catalytic systems are 

sufficiently resistant to poisons such as carbon monoxide (CO), which makes them promising 

materials for use in hydrogen diffusion purification devices by steam reforming. The application 

of such coatings will allow to intensify the transport of hydrogen at low temperatures, where the 

surface stages have an overwhelming effect on the process of hydrogen penetration. Therefore, the 

aim of the study was to develop highly active catalytic systems based on Pd-Pt nanoparticles 

capable of intensifying hydrogen transport through palladium-based membranes at low 

temperatures. 

Experiments 

During the study, two types of coatings on the surface of palladium-silver films were 

synthesized using the method of electrolytic deposition according to classical and author's 

methods. The classical method of synthesis of palladium bilge provides for the production of 

particles of only spherical shape. However, variations in experimental conditions, such as current 

and deposition time, and the composition of the working solution, made it possible to obtain 

coatings of special geometry, such as nanostars. The necessary conditions for obtaining particles 

of such morphology are a clear ratio of components in the working solution with the addition of a 

surfactant, as well as a decrease in the deposition current density, compared with classical methods. 

Results and Discussion 

The study of the obtained nanoparticles showed that the coatings of the film samples modified 

with classical palladium black consisted of spherical nanoparticles with a diameter of about 90-

100 nm. The modifiers synthesized by the nanostar technique consisted of pentagonally structured 

nanoparticles with a diameter of about 90-110 nm. Micrographs of the surface of modified films 

are shown in Figure 1. 

 
Figure 1. Micrographs of the surface of Pd-Ag films modified with classical palladium black (a) 

and pento-twinned Pd-Pt particles (b) 
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During the research, it was found that the pentagonal particles in the modifier are hollow. 

During etching with hydrochloric acid, the shell of the particle thinned and multiple explosive-like 

ruptures were formed, which is confirmed by the SEM images shown in Figure 2. The centers of 

destruction of pentagonal particles were the points of intersection of the boundaries of twins and 

disclinations on the surface of the particles, i.e. the points of maximum concentration of internal 

elastic stresses. Thus, it can be assumed that the content of disclinations in electrolytically 

synthesized particles can lead to the formation of an internal void in them. Such a particle structure 

certainly affects the economic benefits, expressed in reducing the consumption of precious metal. 

 
Figure 2. SEM images of Hollow Pd-Pt nanoparticles. 

Thin films modified by catalytic coatings were studied in the processes of alkaline oxidation of 

methanol (Figure 3a). According to the results obtained, the electrode films modified with 

nanostars demonstrated uniquely high values of peak current density up to 60.72 mA cm–2. 

Electrodes with classical nanoparticles had an activity 3.14 times less than the order of 19.28 mA 

cm–2. It should be noted that all synthesized catalytic coatings demonstrated high resistance to CO 

poisoning and long-term stability in the reaction of alkaline oxidation of methanol. Films modified 

by three types of coatings were studied in the processes of low-temperature (25-100 °C) hydrogen 

transport as membranes. As can be seen from Figure 3b, the density of the penetrating hydrogen 

flux through nanostar-modified membranes is up to 2.1 times higher than through membranes with 

classical black, and an order of magnitude higher than for uncoated membranes. 

 
Figure 3. Catalytic and membrane studies of modified films: cyclic voltammograms of modified 

electrodes and uncoated in the reaction of alkaline oxidation of methanol (a), temperature 

dependence of the hydrogen flux density on the input side of modified membranes and 

uncoated (b). 

The result obtained by membranes with a fundamentally new structural organization of the 

catalytic coating can be explained by an increase in the adsorption activity of the surface due to an 

increase in the number of active centers. This, in turn, affects the increase in the catalytic activity 
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of the material in relation to reactions involving hydrogen. Presumably, this is also the reason for 

a decrease in the energy barrier of dissociation and/or recombination of hydrogen molecules on 

the membrane surface, which leads to an increase in the rate of hydrogen penetration. 

The use of nanostructured membrane materials under development will significantly intensify 

hydrogen transport and reduce operating temperatures, which will have a positive effect on 

reducing energy costs in the process of producing high-purity hydrogen. The developed membrane 

materials will be able to become the basis for both low-temperature hydrogen diffusion 

purification devices and membrane modules of steam-gas reforming reactors. 
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Introduction 

Technology of solid-state lithium batteries attracts increasing attention in the energy sector due 

to their high energy density, safety, and stable operation. The key component of such batteries is 

electrolyte, which plays an important role in ion transport and electrochemical processes. 

Polyvinylidene fluoride (PVDF)-based membranes are a promising solution for use as a solid 

electrolyte due to their mechanical strength, wide electrochemical stability window, thermal 

stability, non-flammability, and lack of negative reactions with other materials. Compared to 

inorganic electrolytes, polymer electrolytes exhibit properties such as elasticity and plasticity, 

which provide a good electrode/electrolyte contact.  

Experiments 

Membranes were prepared by casting of dispersed or ultrasonically treated solutions of PVDF 

with different molecular weights (Sigma-Aldrich, Mw = 534,000 g/mol and Gelon, 

Mw = 1,110,000 g/mol) in two solvents (N-methylpyrrolidone (NMP) and N,N-

dimethylformamide (DMF)). The morphology of the prepared membranes was analyzed using 

scanning electron microscopy. Mechanical properties were investigated by stress-strain curve 

measurements. Young's moduli were calculated. The samples were studied by X-ray diffraction, 

and impedance spectroscopy. To investigate the lithium conductivity, the samples were kept in 1 

M LiPF6 solution in ethylene carbonate (EC)/diethyl carbonate (DEC)/dimethyl carbonate (DMC) 

solvent mixture (1:1:1 by volume) for 0, 1, 24, 168 and 240 h. 

Results and Discussion 

All the PVDF-based membranes have porous structures regardless the molecular weight of 

PVDF and solvent used (Figure 1). However, the grain and pore sizes in membranes casted from 

PVDF with Mw = 534,000 g/mol is lower.  

  
Figure 1. Surfaces of membranes casted from solutions of PVDF with different molecular 

weights (solvent: N-methylpyrrolidone, ultrasoni treatment). 

The conductivity of membranes is influenced by molecular weight of PVDF, the solvent used, 

and the method of the polymer solution treatment. A comparison of the methods for the PVDF 

solution treatment showed that ultrasonication results in a higher conductivity than dispersion, 

regardless of the molecular weight of PVDF and the solvent used. The samples obtained from 

PVDF with Mw = 1,110,000 g/mol in NMP by ultrasonic treatment have higher conductivity 

(9.9×10-5 S/cm at 20 °C) than the samples prepared from solutions in DMF (2.2×10-5 S/cm at 20 

°C). At the same time, the conductivities of membranes casted from solutions of PVDF with 
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Mw = 1,110,000 g/mol and Mw = 534,000 g/mol in NMP with ultrasonic treatment are 9.9×10-5 

and 7.1×10-5 S/cm at 20 °C, respectively. It can be concluded that the type of solvent and the 

method of polymer treatment have the most significant influence on the membrane conductivity 

than molecular weight of PVDF. The highest conductivity was observed for samples prepared 

PVDF solutions in N-methylpyrrolidone with ultrasonic treatment. 
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Introduction 

The issue of drinking water treatment is becoming more and more urgent due to the pollution 

of fresh water sources by technogenic discharges and wastes of biogenic origin. Traditional 

methods of water disinfection – chlorine treatment, pasteurization, UV irradiation, ozonation, etc. 

– have a number of disadvantages, including the formation of harmful by-products and high energy 

costs. For this reason, membrane filtration, as a low-energy technology, is becoming one of the 

most popular alternatives for water treatment. However, when filtering microorganism-

contaminated aqueous media, membranes are subject to a number of requirements, which include 

the ability to regenerate and sterilize. Polyphenylene sulfone (PPSU) is a promising polymer for 

casting filtration membranes because it has the best thermal stability, strength and resistance to 

hydrolysis among polysulfone-based membrane materials. However, obtaining membranes by 

phase-inversion method on its basis is hampered by the limited solubility of the polymer in aprotic 

solvents, its hydrophobicity, as well as the low molecular weight (MW) of commercial grades  

(48-65 kg/mol). Therefore, this work was aimed at the synthesis of modified PPSU with optimized 

MW and different concentration of phenolphthalein (PP) cardo fragments, creation of 

ultrafiltration (UF) membranes based on them and investigation of the influence of the chemical 

structure of polymers and copolymers on the structure and properties of the obtained material. 

Experiments 

In this study, two series of samples were synthesized: PPSU of different MW = 13-100 kg/mol 

and PPSU copolymers with different concentrations of cardo fragments from 10 to 90 mol.%. The 

molecular weight characteristics and chemical structure of the polymers were studied by gel 

permeation chromatography and nuclear magnetic resonance spectroscopy. The mechanical, 

rheological, surface properties of the polymers, as well as the kinetics of solution coagulation on 

their basis were studied. The influence of cardo fragments on the solubility of PPSU copolymers 

has been considered. Asymmetric membranes of different configurations were obtained. The 

transport and separation characteristics of the membranes were investigated using distilled water 

and Blue Dextran model dye solution (MW = 70 kg/mol), respectively. 

Results and Discussion 

Tests of the mechanical properties of the PPSU copolymers demonstrated an increase in 

strength from 73 to 97.9 MPa with an increase in the PP concentration from 30 to 90 mol.%. At 

the same time, by introducing cardo fragments into the polymer chain, we achieved a mechanical 

strength 1.3 times higher than the strength of commercial PPSU. The study of the rheological 

properties of casting solutions of PPSU copolymers showed that the introduction of the cardo 

monomer significantly increases the solubility of the polymer in aprotic solvents. Moreover, the 

highest solubility is observed at the concentration of PP 50 mol.%. It is shown that with the 

increasing concentration of PP monomer, the dynamic viscosity of two- and three-component 

polymer solutions in NMP decreases more than five times when the PP concentration in the 

polymer is 90 mol.%. At the same time, the introduction of the hydrophilizing additive PEG 

increases the solution viscosity by 4.4–6.0 times, which is a positive effect from the point of view 

of membrane forming. 
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It is found that as the concentration of the cardo monomer increases from 0 to 90 mol.%, the 

solution coagulation rate increases in the case of PPSU-PP/NMP solutions from 3.61 to 4.67 μm/s 

and, for PPSU-PP/NMP/PEG solutions, from 3.12 to 4.42 μm/s. Reduced viscosity of cardo 

polymer solutions leads to an increase in the non-solvent diffusion coefficients and, as a 

consequence, an increase in the coagulation rate. 

At the next stage of work, flat-sheet asymmetric membranes based on cardo PPSU copolymers 

were obtained. The results of filtration experiments are presented in Figure 1. The permeance of 

membranes increased with increasing concentration of PP from 17.5 L/(m2∙h∙bar) (10 mol.% PP) 

to 85.2 L/(m2∙h∙bar) (90 mol.% PP).  These data are in agreement with the results of a study of the 

coagulation rate of polymer solutions. It was found that there is a clear correlation between the 

coagulation rate and the permeance of the liquid through the membrane. 

 
Figure 1. Dependence of Transport and Separation Properties of Flat-Sheet Asymmetric 

Membranes on the Concentration of Cardo Monomer. 

The MW of synthesized PPSUs was controlled by varying the molar ratio of 4,4′-

dihydroxybiphenyl and 4,4′-dichlorodiphenylsulfone monomers within 1:1–1.15 under the same 

synthesis conditions. Based on the study of rheological properties of PPSU with different 

molecular weights, high molecular weight PPSU with MW = 100 kg/mol was selected for the 

preparation of hollow fiber membranes. In order to form membranes with higher porosity and a 

hydrophilized surface, the pore-forming agent PEG400 was added to the spinning solution. The 

addition of PEG to the spinning solution led to an increase in viscosity, which makes it possible to 

form membranes in the region of lower PPSU concentrations of 18–20 wt. %. Such membranes 

had a looser structure with higher porosity.  

Hollow fiber membranes with outer and inner selective layers were obtained by wet spinning 

method. SEM photographs of the obtained membranes are shown in Figure 2. The results of 

ultrafiltration experiments are presented in Table 1. It is shown that the introduction of PEG 

additive leads to a sharp increase in permeance by more than two orders of magnitude. For 

membranes with an outer selective layer the maximum value of water permeance was achieved at 

the composition of the spinning solution PPSU/NMP/PEG = 20/50/30 wt.%. It amounted to 96 

L/(m2∙h∙bar). At the same time, the membranes had high rejection (99.9%) of the model dye Blue 

Dextran. In the case of membranes with an inner selective layer, the water permeance was 1.2-1.5 

times higher while rejection of the model dye at a high level of 99.9%. The maximum water 

permeance was 130.5 L/(m2∙h∙bar) for PPSU/NMP/PEG = 20/50/30 wt.%. 
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a) b) 

Figure 2. SEM Photographs of Hollow Fiber Membranes: a) Outer Selective Layer, b) Inner 

Selective Layer. 

Table 1: Ultrafiltration Properties of Hollow Fiber PPSU Membranes 

CP, wt.% CPEG, wt.% 
Outer selective layer Inner selective layer 

P, L/m2hbar RBlue Dextran, % P, L/m2hbar RBlue Dextran, % 

18 0 0.7 99.9 - - 

18 20 15.7 78.6 63.6 87.5 

18 25 103.6 87.8 164.7 76.9 

20 0 0.2 99.9 - - 

20 20 36.6 99.9 57.4 99.9 

20 25 59.9 99.9 74.5 99.9 

20 30 95.7 99.9 130.5 99.0 

Thus, for the first time flat-sheet UF membranes based on PPSU copolymers with permeance 

1.5-8 times higher than flat-sheet PPSU membranes due to the introduction of cardo fragments, 

with high rejection of model dye Blue Dextran more than 99.2%, as well as high strength 

characteristics were obtained. Also in this work, for the first time PPSUs of different MW were 

synthesized and hollow fiber PPSU membranes with high filtration characteristics were obtained. 

Acknowledgement. This work was funded by the Russian Science Foundation, Russia (Project 
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Introduction 

Rapid population growth and increased mobility have made modern society vulnerable to the 

rapid spread of new diseases across borders (such as COVID-19, SARS, and H5N1). The synthesis 

of antiviral drugs requires the use of various catalysts and organic solvents. This process involves 

a number of reactions, each of which requires the isolation of the catalyst, removal and replacement 

of the solvent, concentration, and isolation of the target and byproducts. Many stages of the 

synthesis process are carried out at temperatures between 80 and 250 °C. These separation 

problems in organic synthesis can be effectively solved using baromembrane processes, such as 

ultra- and nanofiltration.Since membrane filtration is a thermally stable process without any phase 

transitions, it not only reduces energy use compared to traditional separation methods such as 

distillation, but it also allows the separation of thermolabile substances without their degradation. 

Polyimides are widely considered to be the most promising class of heat-resistant polymeric 

materials for addressing this challenge. Existing industrial asymmetric polyimide nanofiltration 

membranes from the DuraMem series (produced by Evonik using solution technology via phase 

inversion from aprotic solvents and subsequent membrane cross-linking to enhance stability in 

organic solvents) are limited in their number of polymers utilized in industry and scientific 

research to Lenzing P84, Matrimid, and PMDA/ODA. This paper proposes a radically different 

approach to membrane formation utilizing insoluble polyimides. In order to address this 

challenging scientific objective, new multi-block (segmented) copolymers (urethane imides), 

soluble in aprotic solvents, with varying lengths and chemical compositions of polyimide and 

polyurethane segments, will be utilized for the first time in this study. 

Experiments 

Synthesis of copolymers with preferred extent and ratio between aromatic and aliphatic blocks. 

The synthesis of copolymers is a chemical modification of the Kapton polyimide family. 0.005 

mol of polycaprolactanediol (10 grams) and 0.01 mol (1.74 grams) of toluylene-2,4-diisocyanate 

were loaded into a three-necked flask equipped with an upper-drive agitator and a tube for 

supplying and withdrawing argon. The mixture was heated to 80 ° C in an oil bath and kept for 1 

hour. Then 0.01 (2.18 grams) moles of pyromellite dianhydride were added in the form of finely 

ground powder. The mixture was heated to 180 ° C and stirred for two hours until the resulting 

melt was homogenized and the release of bubbles of carbon dioxide formed during the reaction 

stopped. The reaction mass was cooled to 160 ° C and 47 ml of N,N-dimethylacetamide (DMAc) 

was poured into it to dissolve the resulting product. The concentration of the solution according to 

the resulting macromonomer was 23 wt. %. The macromonomer was not isolated from the reaction 

solution. Next, a proportional number of moles for 0.05 mol (10.9 g) dianhydride was loaded into 

a flask containing a prepared macromonomer solution, and for diamine it was 0.055 mol (11 g), 

and after that the concentration of the reaction mixture solution was adjusted to 25% by infusion 

of the required amount of DMAc. After the dissolution of the monomers, the reaction mixture was 

intensively stirred for 4 hours under argon current at room temperature to complete the diamine 

polyacylation reaction. A prepolymer (copolymer (urethane-amidonic acid) was obtained in a 

solution in DMAc. Then an imidizing mixture based on propionic anhydride, triethylamine and 

tetrahydrofuran was added to it. The resulting casting mixture was used for electric spinning of a 

non-woven coating. DMF and DMAc, which are the most commonly used amide solvents, were 

studied as a filtration media. Phthalocyanine with an effective particle diameter of 240 nm was 

chosen as the detained substance.  
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Results and Discussion 

The developed technique for producing nonwoven material includes the introduction of a 

benzene diluent and an imidizing mixture consisting of propionic anhydride and triethylamine into 

a copolymer (urethane-imide) prepolymer solution formed as a result of the polycondesation 

process. Figure 1 shows a micrograph of the SEM of nanofibers forming a nonwoven coPUI 

material (mat). 

 
Figure 1. Micrograph of SEM Nanofibers Forming Non-Woven coPUI Material. 

The fibers have a distinct cylindrical morphology. The resulting mats were heated for 30 

minutes at 360 °C, respectively. The mechanical properties of the heated mats are shown in Table 

1. Nonwoven coPUI mat has high strength and elasticity, as well as resistance to solvents (Table 

2), acceptable for technological use as filtration membranes. 

Table 1: Deformation and strength characteristics of non-woven coPUI mat  

Non-woven mat 
Tensile 

modulus, MPa 
Tensile 

strength, MPa 
Elongation at 

break, % 

coPUI 386.54  42.14 23.21  3.51 26.16  3.44 

Table 2: The stability of non-woven adhesive in aprotic solvents at 100 ° C.  

"S" – the material is stable 
Non-woven mat NMP DMAc DMF DMSO toluene 

coPUI S S S S S 

The results of filtration experiments are presented in Table 3.  

Table 3: Filtration characteristics of non-wowen coPUI  
Non-woven mat η, mPa∙s P, kg / (m2 h bar) R phthalocyanine, % 

DMAc 0.919 103 81.7 

DMF 0.920 67 70.0 

As you can see, the membranes retain the dissolved substance quite effectively. Moreover, the 

rejection and permeance in the DMAc media is higher compared to DMF. The difference in 

filtration properties of solvents similar in nature and viscosity seems to be an unusual fact that 

requires further study. The results obtained are new, since there is no data in the literature on 

filtration of aprotic solvents on nonwoven membranes.  

Thus, we have proposed a new, technologically simpler method for producing non-woven 

polyimide material, compared with the known multi-stage method for producing non-woven 

polyimide with the need for the preparation of spinning solutions to isolate an intermediate in solid 

form in the form of triethylammonium salts of polyamide acid (polyimide prepolymer). 

Acknowledgement. This work was funded by the Russian Science Foundation, Russia (Project 
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Introduction 

Separation of C3+ hydrocarbons from natural gas is an essential step in preparing gas streams 

for transportation. Traditionally, when preparing gas for transportation, oily components are 

removed using low-temperature separation (LTS). The efficiency of this process directly depends 

on the reservoir pressure. One way to improve the separation of C3+ hydrocarbons under lower 

formation pressure is through a combination of LTS and membrane gas separation. The mass-

exchange parameters of the membrane gas separation process are determined by the properties of 

the membrane. Two important membrane parameters are the high permeability and the selectivity 

of the target components. Polysiloxane membranes are widely used in the membrane industry to 

separate C1-C4 hydrocarbons. These materials have high permeability and stable transport 

characteristics over time, due to their cross-linked polymer structure [1]. Polydecylmethylsiloxane 

(C10), which has record selectivity values for polysiloxanes when separating hydrocarbons, also 

maintains high permeability values for the target component. However, there is a significant 

decrease in selectivity when moving from individual gases to gas mixtures due to swelling of the 

polymer in the hydrocarbons. In this work, we first studied the influence of the nature and length 

of the crosslinking agent on the structure and transport properties of the membrane material in 

order to reduce swelling of this polymer in hydrocarbon mixtures. 

Experiments 

Cross-linked polydecylmethylsiloxane (C10) was prepared according to the procedure 

described in [3]. The PMHS was mixed with a 15 wt % solution of 1-decene in isooctane in the 

presence of Carstead catalyst (1,3-divinyl-1,1,3,3-tetramethyl disiloxane platinum (0) complex), 

the solution in xylene was stirred for 2 h at 60°C. Then solution of crosslinking agent (mole ratio 

of 1-decene/crosslinking agent = 15-20) in isooctane was added to the reaction mixture. Types and 

concentrations of crosslinking agent (CA) are represented in Table 1. Stirring of the reaction 

mixture was continued for one hour. After that, 3 wt % PMHS solution in isooctane was added to 

the reaction mixture to the stoichiometric ratio. Membranes were obtained by casting polymer 

solution on a Teflon surface with subsequent drying at 60°С until it reaches constant weight. The 

membrane thickness was 100±10 µm. 

Table 1: Membrane abbreviations  
Membrane abbreviation Crosslinking agent Ratio 1-decene/CA, mol/mol 

C10-OD 1,7-octadiene 20 

C10-DD 1,9-decadiene 20 

C10-DdD 1,11-dodecadiene 20 

C10-Sil500 PDMS (Mn = 500 g/mol) 15 

C10-Sil25-OD PDMS (Mn = 25000 g/mol) + 1,7-octadiene 15 

In order to study the physicochemical properties of the samples, their IR and WAXS spectra 

and DSC curves were obtained. The sorption of toluene was determined to determine the apparent 

crosslinking density [4]. The study of gas transport properties for individual gases (N2, CH4, C2H6, 

C4H10) was performed according to the method described in [5]. 

Results and Discussion 

In this work, the complex influence of the type (hydrocarbon or polysiloxane) and length of the 

cross-linking agent on the structure and transport properties of С10 was studied for the first time. 

It has been shown that the use of hydrocarbon or siloxane cross-linking agent has a different effect 

on the apparent cross-link density and the ordering of side decyl substituents in the polymer. In 
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particular, the apparent crosslink density in the case of diene crosslinking is significantly higher 

than in the case of polysiloxane crosslinking: with a comparable length of the crosslinking agent 

for the C10-DdD sample, the apparent crosslinking density was 2.35·10-4 mol/g, and for C10-

Sil500 1.49·10-4 mol/g. It can be noted that increase of crosslink length favors ordering of the side 

groups of C10, which is observed in low-temperature X-ray diffraction. Short hydrocarbon diene 

cross-linking sterically hinders the mobility of side groups due to the rigidity of the cross-linking 

agent chain and leads to low values of crystallinity degree. Moreover, as the length of the diene 

cross-link increases, the ordering of the side substituents becomes more uniform, as evidenced by 

X-ray diffraction data. As a result, the observed diffusion transfer of nitrogen through membranes 

decreases. On the contrary, the solubility coefficients in the case of increasing the length of the 

diene cross-link increase, which is consistent with the assumption of better ordering of the side 

decyl groups in the polymer.  

The value of the permeability coefficient is of practical importance, since it is directly related 

to mass transfer through the membrane and is a superposition of diffusion and dissolution of gas 

in the polymer material. C10 hydrocarbon crosslinking leads to lower gas permeability coefficients 

for gases for which transfer occurs mainly due to the diffusion component (nitrogen, methane) 

compared to polysiloxane crosslinking. For ethane and n-butane there is no such clear dependence, 

since the sorption component makes a decisive contribution to their transfer through membranes. 

It is worth noting that the highest sorption selectivity is achieved for the C10-Sil25-OD sample 

with combined cross-linking. Apparently, such a combination of cross-linking agents (short 

hydrocarbon and long polysiloxane) ensures not only high availability of the dynamic free volume 

of the polymer for sorption, but also makes it possible to realize the properties of a side substituent. 

It has been shown that using short hydrocarbon crosslinks allows obtaining samples with 

swelling values that are about 2 times lower than those obtained with more flexible siloxane 

crosslinks. The combined crosslinking variant with 1,7-octadiene and PDMS25 provides an 

average swelling value that lies between those of siloxane- and diene-crosslinked samples. 

Moreover, it was found that the C4H10 permeability of the C10-Sil25-OD sample is 1.5 times 

higher than that of the C10-OD sample and 1.7 times higher than the C10-Sil500 sample. This 

effect can be attributed to the high molecular weight of the PDMS crosslink, which is known to 

have high gas permeability, especially for hydrocarbons. Based on the data collected for individual 

gases, the C10-Sil25-OD sample has been selected for use in separating a C4H10/CH4 gas mixture 

(35/65 volume percent). It has been shown that at temperatures close to the low-temperature 

separation process (0 °C), the permeability coefficient of methane in a C4H10/CH4 mixture is about 

1.7 times higher than the corresponding permeability coefficient for individual methane. The 

permeability of n-butane does not change significantly during this process, while the selectivity 

for C4H10 is significantly higher than for PDMS, with a value of about 60. This is almost twice as 

high as that of PDMS [6]. 

It has been shown that by using combined crosslinking (diene-siloxane) with a slight increase 

in swelling compared to diene crosslinking, it is possible to achieve a record high permeability for 

n-butane and a selectivity of 60 for C4H10 over CH4 in the separation of a model gas mixture. 

This work thus demonstrates the fundamental impact of the type of crosslinking agent on transport 

and separation properties for C10, within the context of solving the challenge of efficiently 

separating C1-C4 hydrocarbons 
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Introduction 

Currently, the task of recycling spent technological solutions with a complex composition is 

particularly acute. Such solutions include mix of strong and weak electrolyte (sodium nitrate and 

boric acid), which are formed as a result of the operation of nuclear power plants. Traditional 

methods that are used to treatment these solutions have a number of disadvantages, the main of 

which is the loss of valuable components. To reuse valuable components in the technological 

process, it is necessary to separate them. It can be carried out by electrodialysis. However, 

electrodialysis separation of weak and strong electrolytes solutions is complicated by a shift in the 

equilibrium of the dissociation reaction of a weak electrolyte in the diffusion layer of the solution, 

as well as inside the membrane, with the formation of an ionic form capable of being transported 

through ion-exchange membranes [1, 2]. This effect negatively affects the efficiency of the 

electromembrane separation process. The study of the mechanism of transfer of a weak electrolyte 

through ion-exchange membranes at different pH values, including the reaction of its dissociation 

in the diffusion layer of the solution, will allow controlling the process of electrodialysis separation 

of mixed solutions. 

Experiments 

In the course of the work, the study of the general and partial current-voltage characteristics 

(CVCs) of the anion- and cation-exchange membranes Ralex AMH PES and Ralex CMH PES in 

a solution of 0.01 M NaNO3 with different boric acid content (0-0.05 M) at pH = 5.5 was 

performed. CVCs and effective numbers of ion transport through membranes were studied by the 

method of a rotating membrane disk (RMD) with a surface equally accessible in diffusion and 

electrical terms [3]. Electrodialysis separation of a model nuclear industry waste solution (0.15 M 

NaNO3 and 0.75 M H3BO3) was also investigated on an electrodialyzer containing 5 paired 

chambers formed by 5 Ralex CMH PES membranes and 6 Ralex AMH PES membranes. The 

working area of one membrane is 0.01 m2. 

Boric acid is a weak electrolyte and can be in various forms depending on the pH in the solution 

(Fig. 1). 

 
Figure 1. The distribution of boric acid forms at different pH values. The total concentration of 

all forms of boric acid ∑С(H3BO3)=0,05 М [4] 

At low pH values, boric acid is in molecular form, at high pH values, boric acid is mainly 

represented by the tetrahydroxyborate anion 4В(ОН) . 
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Results and Discussion 

In Fig. 2 а the current-voltage characteristics (CVCs) of a cation exchange membrane in a 

solution of 0.01 M NaNO3 with a different content of boric acid, at pH = 5.5 are presented. The 

same figure shows the partial VAC for borate anions (Figure 5), calculated from the values of the 

effective transfer numbers at a maximum concentration of boric acid 0.05 M. The density of the 

limiting current of the cation exchange membrane does not depend on the content of boric acid in 

solution, and the transfer of borates over the entire range of current densities, due to the 

manifestation of the Donnan exclusion effect of coions, is absent (Fig. 2a, cur. 5). The shape of 

the Ralex CMH PES membrane depends on the content of boric acid. With an increase in the 

content of H3BO3 in the solution, the angle of inclination of the limiting current plateau increases. 

As shown by measurements of partial VAC for hydrogen cations (Fig. 2b), an increase in the angle 

of inclination occurs due to an increase in the intensity of hydrogen cation transfer through the 

cation exchange membrane with an increase in ∑C(H3BO3). This effect is explained by the fact 

that when the limiting state in the electromembrane system occurs at the surface of the cation 

exchange membrane in the depleted layer of the solution, the equilibrium of the boric acid 

dissociation reaction shifts towards the formation of an ionic form: 

3 2 4В(ОН) Н О В(ОН) Н    .    (1) 

As a result, the hydrogen cations are formed near the membrane surface and participate in mass 

transfer through the ion-exchange membrane. 

  
a       b 

Figure 2. General and partial CVCs of the cation exchange membrane Ralex CMH PES: 

а-general CVCs; b – partial CVCs by the hydrogen cations. CVCs in the solutions: 

1 – 0.01 М NaNO3; 2 – 0.01 М NaNO3+0.01 М Н3ВО3; 3 – 0.01 М NaNO3+0.02 М Н3ВО3; 

4 – 0.01 М NaNO3+0.05 М Н3ВО3; 5 – partial CVC by the boric acid in the solution of 0.01 М 

NaNO3+0.05 М Н3ВО3. Angular velocity of rotation of RMD ω=100 rpm 

There is almost no transport of the borate anions through the anion exchange membrane in the 

prelimit current mode (Fig. 3, cur. 5) because of the boric acid exists in molecular form at 5.5 pH 

and do not participate in electric mass transfer. 

However, when the limiting state occurs, borate transfer through the anion exchange membrane 

begins. After reaching the limit current on the anion exchange membrane, the pH inside the 

membrane shifts into alkaline values. The molecular H3BO3 sorbed by the anion exchange 

membrane is transformed into borate anions and their electrodiffusion transfer through the anion 

exchange membrane begins. Thus, the transfer of boric acid through the anion exchange membrane 

at a 5.5 pH in extreme current conditions consists of a stage of diffusion of molecular boric acid 

into the phase of the anion exchange membrane, dissociation of H3BO3 with the formation of 

tetrahydroxyborate anion and transfer in the membrane phase by a migration mechanism. 
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Figure 3. CVCs of anion exchange membrane Ralex AMH PES by 5.5 рН in solutions with the 

different concentration of boric acid: 

1 – 0.01 М NaNO3; 2 – 0.01 М NaNO3+0.01 М Н3ВО3; 3 – 0.01 М NaNO3+0.02 М Н3ВО3; 

4 – 0.01 М NaNO3+0.05 М Н3ВО3. 5 - partial CVC by tetrahydroxyborate anion in 0,01 М 

NaNO3 +0,05 М Н3ВО3 solution. Angular velocity of rotation of RMD ω=100 rpm 

The obtained data about the mechanism of boric acid transfer through individual membranes 

were used in the electrodialysis processing of model waste solutions from the nuclear industry. 

The main characteristic of electrodialysis separation – the coefficient of permselectivity 

(P(NaNO3/H3BO3)) was calculated: 

3 3 3
3 3 3

3 3 3

( ) ( )
( / )

( ) ( )


J NaNO C H BO
P NaNO H BO

J H BO C NaNO
,    (2) 

where J(NaNO3) is the flow of sodium nitrate, mol(m-2h-1); J(H3BO3) is the flow of boric 

acid, mol(m-2h-1); С(Н3ВО3) and C(NaNO3) – the concentrations of boric acid and sodium nitrate 

at the entrance to the desalination chambers of the electrodialyzer, М. 

Data analysis shows that the electrodialysis separation of boric acid and sodium nitrate is most 

effective at low voltage in the pair chamber of the electrodialysis apparatus in the pre-limit current 

mode since this mode corresponds to the highest values of the coefficient of permselectivity 

(P(NaNO3/H3BO3) = 80) and, accordingly, the lowest boron losses (less 5 %). When the limiting 

current on the anion exchange membrane is reached, boric acid losses increase sharply, due to an 

increase of the borate mass transfer through anion exchange membranes and the chemical reaction 

of boric acid dissociation, which mechanism is investigated by RMD. 
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TRANSPORT AND STRUCTURAL CHARACTERISTICS OF ION EXCHANGE 
MEMBRANES IN SODIUM CHLORIDE SOLUTION 
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Alexander Korzhov, Mikhail Sharafan 
Kuban State University, Krasnodar, Russia, E-mail: romanyuknazar@mail.ru 

Introduction 

Ion exchange membranes are used in various fields: water treatment, food industry, wastewater 

treatment, recycling of industrial solutions, synthesis of various substances, electrochemical 

sensors, and even as an independent branch in alternative energy [1]. The effectiveness particular 

membrane process depends on a number of factors, the most significant of which are the properties 

of the membrane used. Commercially available ion exchange membranes do not always meet the 

requirements, therefore, the creation of new membrane materials and the improvement of existing 

ones is an urgent issue. The aim of our research was to investigate and compare the main transport 

and structural properties of various anion exchange membranes in sodium chloride solutions. 

Experiments 

The objects of the study were the following anion exchange membranes: the heterogeneous 

anion exchange membrane MA-41 (Shchekinoazot LLC, Russia), the heterogeneous anion 

exchange membrane Ralex AMH PES (MEGA a.s., Czech Republic), the homogeneous anion 

exchange membrane MA-D, developed by Department of Physical Chemistry of Kuban State 

University [2], and the anion exchange membrane AHT (LANRAN, People's Republic of China). 

Experiments were conducted to investigate the diffusion permeability of these anion exchange 

membranes and the electrical conductivity in sodium chloride solutions according to standard 

methods [3]. 

Results and Discussion 

The concentration dependences of the integral coefficient of diffusion permeability and specific 

conductivity in NaCl solutions are presented in Fig. 1. 

  
a      b 

Figure 1. Concentration dependences of the integral coefficients of diffusion permeability (a) 

and specific conductivity (b) of anion-exchange membranes in sodium chloride solutions: 

1 – MA-D; 2 – Ralex AMH PES; 3 – МА-41; 4 – AHT; 5 – data for solution NaCl 

The analysis of Fig. 1 a shows that the MA-D membrane has the highest diffusion permeability 

(Fig. 1 a, curve 1), the value of the integral coefficient of diffusion permeability is in the range of 

5×10-11 - 12×10-11 m2/s. The high diffusion permeability of the membrane reduces its selectivity 

in the processes of electrodialysis separation and concentration. At the same time, for the dialysis 
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separation process, diffusion transfer is the main one, and the separation of substances is achieved 

due to the high diffusion rate of one of the components of the processed solution. Therefore, the 

MA-D membrane is promising for use in the processes of dialysis separation of substances. The 

value of the diffusion permeability coefficient for electrodialysis membranes does not exceed 

3×10-11 m2/s (Fig. 1a, curves 2-4). The AНT membrane has the lowest diffusion permeability, the 

Pm value for this membrane is on average 4 times lower than the corresponding values for the 

Ralex AMH PES membrane, Fig. 1a (curves 2 and 4). 

Data on the electrical conductivity and diffusion permeability of anion exchange membranes 

were processed within the framework of a microheterogenic model. According to this model, the 

ion-exchange membrane is represented as two pseudophases with different types of conductivity: 

the gel phase (inert polymer, polymer chains, hydrated fixed groups) and the phase of the intergel 

(an equilibrium solution filling the pores of the membrane). 

Data analysis shows that the value of the parameter α, responsible for the mutual arrangement 

of conductive phases, for AНT and MA-D membranes is close to the values for electrodialysis 

membranes, Table 1. At the same time, the value of the electrical conductivity of these membranes 

in sodium chloride solutions occupies an intermediate value between the electrical conductivity of 

Ralex AMH PES and MA-41 membranes, Fig. 1 b. 

Table 1: Transport-structural parameters of microheterogeneous model 

membrane ᴂiso, S/m f2 α G, 10-15 m5mol-1s-1 

MA-D 0.17 0.16 0.41 56,39 

Ralex AMH РES 0.22 0.12 0.39 7.86 

MA-41 0.13 0.15 0.28 1.37 

AHT 0.19 0.06 0.38 4.55 

The value of parameter f2 (the proportion of the equilibrium solution in the membrane phase) 

for the AНT membrane is 2 times lower than that of other membranes. The G parameter 

characterizing the diffusion permeability of the gel phase of the membrane was also evaluated. 

The G parameter for the MА-D membrane highly differs from the rest of the membranes. This is 

due to the high mobility of cations in the gel phase of a homogeneous membrane MА-D. 

The authors of the research [4] showed that the optimal values for transport and structural 

parameters in electrodialysis membranes are within the following ranges: ᴂiso=0.1–1.0 S/m; 

G=10-17-10-14 m5mol-1s-1; f2 = 0.01–0.25; α = 0.01–0.55. Data analysis Table 2 shows that the 

parameters of the new MA-D and AHT membranes are within the these ranges, and their use in 

the process of electrodialysis demineralization and concentration is promising. 
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ELECTROCONVECTION IN ELECTRODEPOSITION: ELECTROKINETIC 
MECHANISMS OF WAVE-LENGTH SELECTION AND PREVENTION OF THE 
SHORT-WAVE CATASTROPHE 

Isaak Rubinstein, Boris Zaltzman 
Ben-Gurion University of the Negev, Israel 

Cathodic electrodeposition is the background in which two instabilities unfold: Morphological 

Instability and Nonequilibrium Electroosmotic Instability. Without a suitable regularization, both 

these instabilities are singular for shortwave perturbations in the following sense. For 

Morphological Instability, the plane-parallel propagation of the electrodeposition front is unstable 

with respect to perturbances of all wave lengths, wherein the growth rate increases indefinitely 

with the increase of the wave number. For Nonequilibrium Electroosmotic Instability, in terms of 

quasi-electroneutrality the voltage threshold is the lowest for infinitesimal wavelength 

perturbations of quiescence. Thus, a self-consistent theory of both instabilities must account for 

some regularizing mechanisms removing the ‘Shortwave Catastrophe’.  

A commonly assumed regularizing mechanism for Morphological Instability is surface tension. 

This is not an easily measurable parameter for a solid/liquid interface. In addition, the surface 

tension as a regularizing mechanism yields a colloidal length scale for the fastest growing 

perturbation mode. This is shorter than the typically observed length scale for dendrites emerging 

in electrodeposition (tens of nanometers versus micrometers). As for Nonequilibrium 

Electroosmotic Instability, it has been known for some time that the regularizing mechanism for it 

is considering the finite width of the Electric Double Layer (EDL) and its adjacent Extended Space 

Charge (ESC). In our two recent studies, we reported that for Morphological Instability, too, 

considering the finite width of the EDL, combined with the finite electrode reaction rate provides 

a regularizing mechanism alternative to surface tension and possibly yielding a longer length scale 

(of the order of microns). This latter (electrokinetic/reactive scale) is the geometric average of the 

Debye length and the reaction/diffusion length (the ratio of the cation diffusivity to the cathodic 

reaction rate). This length scale has been inferred for current densities below the limiting value. In 

the limiting current regime, the formation of the ESC and the onset of Nonequilibrium 

Electroosmotic Instability yields a major further increase of the characteristic length scale towards 

that typical of Nonequilibrium Electroosmotic Instability (tens of microns). This is accompanied 

by a drastic increase of the growth rate in Morphological Instability. 

In my talk I focus on the physical understanding of the mechanisms behind the short-wave 

catastrophe and its electrokinetic regularization. This pertains to the physical mechanism of the 

short-wave catastrophe in Nonequilibrium Electroosmotic Instability and its electrokinetic 

regularization, and the emergence of the electrokinetic/reactive length scale in Electrodeposition. 

Specifically, I address the following issues: 

1. The physical source of the short-wave catastrophe in Nonequilibrium Electroosmotic Instability 

and its electrokinetic regularization that results from considering the effect of the EDL and the 

ESC. 

2. The physical origin of the electrokinetic/reactive length scale, in particular, (a) the role of the 

finite width of the EDL in regularization and (b) the reason why a finite reaction rate is 

necessary for regularization.  

3. The physics of the Nonequilibrium Electroosmotic Instability effect on Morphological 

Instability.   
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Introduction 

The efficiency of the electrodialysis (ED) process is determined by the characteristics of the 

ion-exchange membranes (IEMs) used. To control the processes of increasing the concentration 

of moderately concentrated electrolyte solutions in electromembrane systems, such characteristics 

of ion-exchange membranes as their selectivity, surface resistance and water transport numbers 

should be considered. Based on the mathematical modeling results, it is possible to successfully 

predict the efficiency of using certain membranes in the process of ED concentration with flow-

through ED cells. 

Experiments 

Commercial heterogeneous MK-40 and MA-41 membranes (manufacturer Shchekinoazot, 

Russia) were applied in the experiments. According to [1], a simplified characterization of IEMs 

consists of measuring static properties (ion-exchange capacity, water content, membrane 

thickness, membrane potential) and some transport properties (electrical conductivity and 

diffusion permeability). Concentration dependences (where necessary) of these characteristics 

were obtained during the experiment.  

The electrodialysis concentration process was carried out using a laboratory electrodialyzer 

consisting of three cell pairs formed with MK-40/MA-41 membranes with a 

desalination/concentration path length of 10.1 cm, which allows the results to be scaled to 

industrial devices [2]. The process of concentrating 2.0 M NaCl solution was carried out for 3 

hours. The performance of the ED process was characterized in terms of current efficiency (η): 

    0CS CSn t n F

NI t





  

(1) 

where  0CSn  and  CSn t  are the number of moles of NaCl in the concentrate stream (CS) at the 

initial time and at time t, respectively; N is the number of cell pairs. The values of  0CSn  and 

 CSn t  are found as the products of the corresponding NaCl concentrations and volumes; the 

number of moles of NaCl removed from the CS at each sampling is taken into account. The 

concentrations are determined through the measurements of the solution conductivity. 

Results and Discussion 

A new mathematical model of ED concentration is developed. This model, as well as the model 

of Sun et al. [3], is a time-dependent quasi-stationary model, however, unlike [2], it takes into 

account concentration changes at the membrane surface, like the model of Zabolotskii et al. [4]. 

The model takes into account the time-dependent ion and water fluxes through the ion-exchange 

membranes forming a dilute compartment and concentrate compartments. The contributions of 

diffusion, electromigration, osmosis and electroosmosis are described. 

Concentration dependences of electrical conductivity, κ*, integral diffusion permeability 

coefficient, P, true counterion transport numbers, t1*, and water transport numbers, tw, of studied 

membranes in NaCl solution are presented in Figure 1. The trend line equations for membranes 

(Figure 1) are derived from the experimental data. These equations are used in the developed 

model to describe the concentration dependences of the corresponding transport characteristics of 

ion-exchange membranes. 
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(a) (b) 

  
(c) (d) 

Figure 1. Concentration Dependences of Electrical Conductivity (a), Diffusion Permeability (b), 

True Counterion Transport Numbers (c) and Water Transport Numbers (d) of MK-40 and 

MA-41 Membranes in NaCl Solution. Markers are Experimental Data; Dashed Lines are Trend 

Lines. 

Figure 2 shows the dependences of current efficiency on time for the ED concentration of NaCl 

solution calculated by Eq. (1) from the experimental data (the markers) and found using the 

developed model (the line). The discrepancy between the modeling and experimental results is 

3-5 %, which is comparable to the deviation of the experimental results from each other in different 

experimental runs. The experimental current efficiency is slightly higher than the theoretical 

estimate. This is due to the local value of the coion transport number at the right membrane 

boundary,  * At x d , is used in numerical simulation instead of the average integral value, 
*

At , 

which is present in exact. Replacing average integral value with a local value significantly 

simplified the model used, since the calculation of 
*

At  requires the development of a more complex 

mathematical model based on differential equations. A rather low deviation of the simulated 

current efficiencies from the experimental ones (no more than 5 %) indicates the adequacy of the 

developed model. 
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Figure 2. The Time Dependences of Current Efficiency of the Process of ED Concentration of a 

NaCl Solution Calculated by Eq. (1) for Three Experiments (Markers) and Found Using the 

Model (Blue Line). 

A simple method to calculate the current efficiency, , based on the results of measurements of 

membrane conductivity, *, and diffusion permeability, P, is proposed. It is shown that can be 

approximately evaluated through the ion transport numbers in the anion- and cation-exchange 

membrane, ti
*, found from * and P. The value of ti

* should be taken in the corresponding 

membrane at its boundary with the concentrated solution when accounting for the current-induced 

concentration polarization. The deviation of the calculated value of  from its experimental value 

does not exceed the experimental error of the measurement of  during an ED process. 
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Introduction 

The ion transport in nanoporous media plays a fundamental role in many technological 

processes such as water desalination, separation and purification, osmotic energy conversion, and 

electrochemical sensing. The ability of nanopores to transport ions under the applied electric field 

is characterized by the ionic conductivity, which is the ratio of ionic current to the voltage 

difference. Highly conductive membranes are advantageous in such processes as (reverse) 

electrodialysis, capacitive deionization, and hydrogen energy conversion. 

In recent decades, the attention of researchers has been focused on the development of 

electrically conductive membranes, which surface charge can be altered by applying a prescribed 

potential to the membrane. It provides a powerful tool for changing and adjusting ionic selectivity, 

ionic conductivity, and ion rejection [1]. In a recent work [2], the ionic conductivity of nanopores 

with electrically conductive surface was investigated on the basis of 1D / 2D models, which were 

verified against experimental data. The possibility of regulating the ionic conductivity by changing 

the surface potential of nanopore was demonstrated. 

This work deals with theoretical and experimental study of ion transport in porous anodic 

alumina membranes with carbon nanotubes. It is found that they demonstrate non-linear current–

voltage curves due to polarization of conductive nanopore surface by the applied electric field. 

Theoretical 

We consider a binary aqueous 1:1 electrolyte. The membrane is modelled as an array of straight 

cylindrical nanopores, so it is sufficient to calculate the ion transport inside a single pore. The 

model is based on the 2D Nernst-Planck and Poisson equations combining convection, diffusion, 

and electromigration as driving forces for the fluxes of ions. The equations are solved in the 

nanopore, which connects two reservoirs with equal salt concentrations 0C  and different electrical 

potentials. At the membrane/solution interface, the Donnan equilibrium conditions are imposed. 

The part of electric double layer in aqueous electrolyte inside the nanopore is divided into the Stern 

layer, which contains water molecules, and the diffuse layer, which contains both ions and water 

molecules. The surface charge density   is related to the surface potential w by 

( ),S wC     (1) 

where SC  is the Stern layer capacitance and   is the diffuse layer potential, which can vary along 

the nanopore. We assume that the nanopore is initially uncharged, and the induced charge can 

appear only due to polarization in electric field [3]. In this case, the total charge is conserved and 

remains equal to zero, which determines the surface potential of the nanopore via Eq. (1). 

Experimental 

The porous anodic alumina membranes were prepared by the conventional method, which 

includes the following steps [4]: 1) electrochemical polishing of 500 µm aluminium foil 2) 

anodization in 0.3 M sulfuric acid electrolyte at 25 V and 5 ºC during 8 h 3) removal of anodized  
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layer 4) second anodization at the same 

conditions during 15 h 5) selective etching of 

aluminum foil 6) removal of barrier layer 

with electrochemical detection of pore 

opening. As a result, free standing 

nanoporous membranes of 10 mm in 

diameter and thickness of 70 µm were 

obtained. The carbon nanotubes were grown 

inside the nanopores by catalyst-free 

chemical vapor deposition using ethanol 

vapor as a precursor and argon as a carrier 

gas. The synthesis conditions were as 

follows: temperature 750 °C, pressure 0.5 

bar, argon flow rate 200 ml/min, and ethanol 

flow rate 0.083 ml/min (in liquid phase). The 

SEM image of obtained membrane surface is 

shown in Fig. 1. The carbon nanotubes inside 

the pores with the inner diameter of ~ 16 nm 

are clearly seen. 

The ionic conductivity was measured 

in KCl aqueous solution in a specially 

designed cell, where membrane was placed 

between two compartments with equal salt 

concentrations. The wire Ag/AgCl 

electrodes were used to apply voltage 

between the compartments (from –0.5 to 0.5 

V) and to measure the resulting ionic current. 

 

                Results and discussion 

 

Figure 2 shows the modelling results 

for a nanopore with the diameter of 16 nm 

and length of 70 µm. The bulk KCl 

concentration is 10 mM and the applied 

voltage difference is 100 mV. It can be seen 

that the applied electric field (Fig. 2a) 

induces the electronic surface charge density 

on the conductive surface (Fig. 2b) while 

keeping the total surface charge zero. It leads 

to the increase of anion (cation) 

concentration in the left (right) part of the 

nanopore (Fig. 2c), where the surface charge 

is positive (negative). As a result, the 

concentration of ions (charge carriers) inside 

the nanopore increases in comparison with 

that in the reservoirs. It leads to the 

enhancement of nanopore ionic conductivity 

in comparison with conductivity of bulk 

solution. If we increase the applied voltage 

difference, the magnitude of induced charge 

becomes larger, and the conductivity is 

enhanced further due to the increase of 
 

 
Figure 1. SEM image of porous anodic alumina 

membrane with carbon nanotubes. 

(a)

 
(b) 

 
(c) 

 
Figure 2. The cross-sectionally averaged 

profiles of potential (a), surface charge density 

(b), and ion concentrations (c) along the 

nanopore. 
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(а) 

 

(b) 

 

Figure 3. The dependence of normalized current density on the applied voltage difference for 

different salt concentrations. Model calculations (a) and experiment (b). 

charge carries concentration inside the nanopore. Thus, the ionic conductivity of electrically 

conductive nanopores grows with the applied voltage difference, so the corresponding current-

voltage curve is expected to be non-linear. However, this effect is realized when the nanopore 

diameter is comparable or smaller than the Debye length, which decreases with salt concentration. 

In this case, there is an overlap of electric double layers resulting in the increase of counter-ion 

concentration in positively and negatively charged parts of the nanopore. 

The calculated current-voltage curves obtained for different salt concentrations confirm the 

above reasoning, see Fig. 3a. The current is normalized by the maximum current, which 

corresponds to the voltage difference of 0.5 V. At high concentrations, the curves are linear, but  

with decreasing concentration, the polarization of electrically conductive surface starts to affect 

the counter-ion concentrations inside the nanopore, so the curves become non-linear due to the 

enhancement of ionic conductivity with increasing the applied voltage. 

The experimentally obtained current-voltage curves for porous anodic alumina membrane with 

carbon nanotubes are shown in Fig. 3b. They fully confirm the theoretical predictions on the non-

linear behaviour of CV curves and the corresponding dependence of ionic conductivity on the 

applied voltage. The effect becomes stronger with decreasing salt concentration. Note that there is 

some quantitative difference between model calculations and experiment. 

In conclusion, we have theoretically predicted and experimental confirmed the effect of ionic 

conductivity enhancement in electrically conductive nanoporous membranes. It occurs due to 

polarization of conductive surface by the electric field, which leads to the increase of charge carries 

concentration inside the nanopore and results in non-linear current-voltage curves.  
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Introduction 

One of the most widely known polymeric ion-exchange membranes is perfluorosulfonic acid 

(PFSA) polymer membranes due to their unique transport properties and stability. PFSA 

membranes have a set of characteristics necessary for their practical application: good transport 

properties, strength, elasticity and chemical stability. Nafion® is the most well-known material. 

Over the years, PFSA materials with different structures, equivalent weight (EW), thicknesses 

have been developed and are now commercially available, making them suitable for a variety of 

applications. The aim of this work was comparison of the properties of PFSA membranes with 

different length of side chains and EW were recast from dispersions. 

PFSA polymers of various structure were used to prepare dispersions in N-methyl-2-

pyrrolidone (NMP) and isopropyl alcohol – water mixture (IPA-H2O, v/v=80/20). Chemical 

structure of backbone is given on Figure 1, structure of RF is given in Table 1. Polymers with EW 

ranged from 790 to 1130 mg-eqv/g were used. To form the membranes by casting procedure, the 

obtained dispersions were poured onto the surface of a glass Petri dish and heated to remove the 

solvent. 

 
Figure 1. Chemical structure of backbone of PFSA polymers, RF is side chain. 

Table 1: Structure of side chain of PFSA polymers and trademark of analogues 
RF Name of PFSA polymer 

 

Nafion®/ MF-4SC 

 
3M® 

 
Aquivion® 

Viscosity of PFSA polymers increases with decrease in IEC and with shortening of side chain. 

For example, viscosities of 2.5 wt.% dispersions in IPA-H2O were (η, 25°С): 9.1 mPa·s for Nafion 

(EW=1100 g/mol), 25.1 mPa·s for Aquivion (EW=980g/mol) and 37.7 mPa·s for Aquivion 

(EW=980 g/mol) polymers. The formation of dispersions is prevented by electrostatic interaction 

between functional sulfo groups, therefore, increasing their number (decreasing EW) makes it 

difficult to disperse PFSA polymers.  

The water uptake and transport properties of the obtained membranes were studied. The 

water uptake of the membranes ranged from n(H₂O/-SO₃H)=16.8 to 44.1 in contact with water  

(Figure 2). Water uptake of membrane with short-side chain (Aquivion 87) both in contact with 

water and at low humidity is higher than that of long-side chain (Nafion 212) due to lower specific 

polymer chains limiting the ability to membrane deformation upon swelling. Membranes obtained 

by casting from dispersions in NMP are characterized by higher water uptake than from IPA- H₂O 

mixture due to a lower degree of agglomeration of polymer macromolecules in the dispersion. 

The proton conductivity of the membranes obtained under laboratory conditions is higher 

than the commercial ones due to the pore and channel system optimization (Figure 3). In contact 

with water, the highest conductivity and lowest activation energy were obtained for membranes 

cast from dispersions in NMP. At both high and low humidity, higher conductivity was obtained 

for samples cast from dispersions based on PFSA powders due to the low viscosity of dispersions 

and the higher mobility of polymer moieties, which provides good conditions for pore formation. 
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The gas permeability of PFSA based membranes with a short-side chain is lower than that 

of membranes with a long-side chain and decreases with decreasing EW. For PFSA-based 

membranes of the same chemical composition, obtained by casting from dispersions in a water-

alcohol mixture, the gas permeability is 20% higher than that from dispersions in NMP. A possible 

reason for the increase of non-selective transport rate is the formation of pores or caverns of large 

size when casting membranes from polymer dispersions with high degree of macromolecule 

agglomeration. 

 
Figure 2. Water uptake in contact with water of PFSA membranes with different EW and side 

chain. 

  
a b 

Figure 3. Proton conductivity in contact with water of PFSA membranes with long (a) and short 

(b) side chain. EW of commercial samples is 1100 g/mol for Nafion 212 and 870 g/mol for 

Aquivion 87. 

Figure 4 compares the voltammetry curves and power density dependence for membrane 

electrode assemblies (MEAs) with Nafion® 212 and PFSA membrane with long side chain (LSC) 

with EW=1130. This membrane was obtained from PFSA polymer synthesized in Russia. The 

maximum power density of the MEA with the membrane with EW=1130 has a comparable value 

with Nafion 212. 
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Figure 4. Voltammetry curves and power density dependence on current density for MEAs based 

on commercial Nafion 212 membrane (EW=1100) and analogues recast membrane with LSC 

with EW=1130 (RH = 100%, t = 65°C). 

Thus, the influence of EW, side chain length of PFSA and nature of dispersing liquid on 

properties of dispersions and characteristics of recast membranes was shown. To obtain films with 

good strength, transport, and selective properties it is advisable to use aprotic polar solvents such 

as 1-methyl-2-pyrrolidone, providing optimal PFSA morphology. 
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Introduction 

One of the main characteristics on which the possibility of practical application of a bipolar 

membrane (BM) depends is the current-overvoltage characteristic (CVC) of its bipolar region. The 

current-voltage characteristic of the bipolar region depends on many factors. Thus, the influence 

of the catalytic activity of ionogenic groups of ion exchangers and electric field strength at water 

molecule dissociation reaction rate in bipolar region of a homogeneous BM was taken into account 

in [1] when deriving the CVC. The structure of the bipolar region of a heterogeneous BM that does 

not contain a catalytic additive, taking into account the generating contacts and CVC equation of 

bipolar region was proposed in [2]. It is shown in [3] that addition of a catalytic additive particles 

into the bipolar region of a heterogeneous BM complicates its structure and leads to the appearance 

of new type generating contacts. In [3] the influence of the mass of particles of the catalytic 

additive on the electrical conductivity of the bipolar region was established. However, the method 

for calculating water dissociation reaction constants in both types generating contacts in such 

membranes still remains unknown. 

The purpose of this work is to develop the method for calculating the constants of the limiting 

stages of water dissociation reaction in generating contacts of heterogeneous BM containing 

catalytic additive particles in the bipolar region.  

Theory 

Derivation of the current-voltage characteristic equation for the bipolar region of heterogeneous 

BM containing generating contacts of two types in the bipolar region leads to a rather complex 

equation (1) [3, equation (18)], containing five kcat|a, cat|a, kc|a, c|a, and a constants: 

 

 

.

 

(1) 

Using the CVC equation (1), it is impossible to calculate all reaction constants for the 

dissociation of water molecules in two types of generating contacts: kcat|a, cat|a, kc|a, c|a and 

constant a only from the experimentally found CVC of the BM containing catalyst particles.  

The method for calculating all constants becomes possible if, at the first stage, using the CVC 

of the bipolar region, calculate the constants kc|a and c|a for generating contacts of the first type 

in BM without a catalyst particles according to equation (2) [3, equation (19)]:  

.

 

(2) 

t the second stage of calculating the reaction constants for the dissociation of water molecules 

using equation (3) [3, equation (28)] for a series of BMs with different masses of added catalyst, 

the parameter a is determined: 

. (3) 
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At the third stage, using equation (1), the constants kcat|a и cat|a are calculated for generating 

contacts of the second type in the BM with a catalyst, taking into account the constants kc|a and 

c|a found at the first stage of calculation and parameter a found using equation (3). 

Experiments 

To calculate the reaction constants for the dissociation of water molecules in bipolar 

membranes, the bipolar regions CVCs of industrial bipolar membranes MB-1, MB-2 and MB-3 

(Shchekinoazot), as well as the modified heterogeneous bipolar membrane MBm and aMB-2 

prepared by the authors, were used. MBm was prepared by hot pressing of Ralex CMH cation 

exchange and Ralex AMH anion exchange heterogeneous membranes (MEGA, Czech Republic). 

Before pressing the layer of powder of the KF-1 cation exchanger containing phosphoric groups 

was applied at cation-exchange membrane surface. aMB-2 was prepared by hot pressing of Ralex 

CMH cation exchange and Ralex AMH anion exchange heterogeneous membranes without 

catalytic additive. 

The electrochemical characteristics of BM were investigated in a system containing 0.1 M 

HNO3 and 0.1 M NaOH by the electrochemical impedance technique in a four-electrode 

electrochemical cell. The measurements were carried out in the stationary state both in the absence 

of a superimposed direct electric current and during its flow through the BM in the mode of 

generation of hydrogen and hydroxyl ions. The frequency spectra of electrochemical impedance 

were measured in the frequency range of alternating current from 0.1 Hz to 1 MHz, evenly 

distributed on a logarithmic scale using an AUTOLAB 100N potentiostat-galvanostat with an 

FRA32M impedance measurement module. 

The CVCs of the membranes bipolar regions were calculated from the dependence of the 

resistance of the bipolar region on the current [3]. The reaction constants of water dissociation and 

the parameter a were calculated from experimental data using equations (1)-(3) by nonlinear least 

squares method.  

Results and Discussion 

The rate constants for the water dissociation reaction in the bipolar regions of the MB-1, MB-2, 

and MB-3 membranes are significantly higher compared to the constants calculated in [1], where 

the heterogeneity of the BM was not taken into account (table). 

The product of parameters αcαa included in equations (1) and (3) was calculated using the 

method proposed in [2]. It is equal to 0.083 and is close to the area fraction of 0.078, which was 

calculated from the values for Ralex membranes αс = 0.273 and αa = 0.289, determined using 

scanning electron microscopy in [4]. 

The difference between the constants in this work and in [1] is due to the fact that in a 

heterogeneous BM, the dissociation reaction of water molecules occurs only in generating contacts 

in which the local current density is greater than the current density calculated for the visible 

surface of the membrane. The second reason for the larger values of the rate constant for the water 

dissociation reaction can be the heating in the region of the generating contacts, which should be 

greater than that calculated in [5] without taking into account the heterogeneity of the BM. 

The rate constant for the water dissociation reaction in the bipolar region of the MBm 

membrane (11.7·103 1/s) is greater than for the MB-3 membrane with phosphoric acid groups 

(3.39·103 1/s, equation (7)). This may be due to an increase in area fraction of generating contacts 

of two types in the bipolar region of the MBm membrane as a result of the transfer of polyethylene 

from the surface layers of the original cation- and anion-exchange membranes into the layer of the 

catalytic additive during the production of the modified BM. 
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Table: Effective constants of the limiting stages of water dissociation reaction in the 

space charge region k and parameter  of heterogeneous BMs in 0.1 M NaOH – 0.1 M 

HNO3 at 25С temperature 

Type BM 

Types of 
genera-

ting 
contacts 

Calculation using equations 
(9)-(11), (17), taking into 

account the heterogeneity of 
the bipolar region 

Data obtained in [1] 
without taking into 

account the 
heterogeneity of the 

bipolar region 

αcαa αcαaαcat
 

kS, 1/с b 109, м/В kS, 1/с b 109, м/В 

MB-1 1 323±20 3.05±0.06 8.95 3.65 

0.08
3 

– 

MB-3* 1 (3.39±0.11) 103 4.59±0.07 248 6.41 – 

MB-2 1 72±12** 4.54±0.22** 1.13 6.67  

aMB-2 1 141±4 3.32±0.03 – – – 

MBm*** 
1 141±4 3.32±0.03 

– – 
– 

2 (11.7±0.5) 103 3.67±0.10 – 0,051 

* – the membrane was studied in “0.01 mol-eq./l NaOH – 0.01 mol-eq./l H2SO4” system at the 

4С temperature [6].  

** – the calculation was carried out according to the data obtained in [7] in “0.01 M NaOH – 

0.01 M HСl” system.  

*** – the mass of the added catalyst is 11 g/m2.  
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Introduction 

Designing of wastewater treatment equipment is a complex task involving a number of 

technical and environmental aspects [1, 2]. One of the main problems in this area is the wastewater 

treatment efficiency. Wastewater can contain various components, including toxic substances, 

heavy metals, organic and other pollutants. Therefore, the equipment being developed must ensure 

the effective removal of all these pollutants to levels that meet safety and environmental standards. 

Another problem is related to the scalability and adaptation of the treatment system to specific 

wastewater flows and characteristics. Different types of wastewater (industrial, domestic, 

agricultural) require different treatment approaches, and the equipment must be able to quickly 

adapt to a variety of conditions. In addition, it is important to ensure effective management of the 

cleaning process in order to minimize energy consumption and reduce operating costs. All these 

aspects should be carefully considered and integrated into the design of wastewater treatment 

equipment in order to ensure a safe and efficient treatment process. 

An important role in the design of treatment equipment is currently occupied by digital 

technologies, which includes the use of specialized software for modeling, calculations and 

optimization of treatment systems and, in particular, membrane systems [3, 4]. This allows 

engineers and designers to perform more accurate and efficient process calculations, taking into 

account various parameters such as pressure, temperature, physico-chemical properties of 

substances and membrane structure. 

This work is devoted to the description of the developed software package, which made it 

possible to automate and simplify the predicting the technological parameters of the 

electromembrane purification processes well as to improve the process of membrane purification 

system developing of the required capacity. 

Experiments 

The development of a software package for predicting the technological parameters of the 

electrochemical separation process was carried out in the Python. It is based on a mathematical 

description of the substance transfer through the membrane according to the improved friction 

theory of mass transfer and a series of experimental studies aimed at verifying the technological 

parameter forecasting adequacy of the separation process [5, 6]. 

The algorithm for predicting technological parameters can be presented as follows (Figure 1): 

 
Figure 1. The general scheme of the software package. 
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Results and Discussion 

At the first stage of the calculation, it is necessary to determine the method of electrochemical 

membrane separation, on which the apparatus design type will depend. At the moment, the 

software package provides the possibility of calculating and predicting the parameters of four types 

of devices – an electrodialyzer and electrobaromembrane devices of flat-chamber, tubular and roll 

types (Figure 2). 

 
Figure 2. Apparatus type selection menu. 

After confirming the apparatus type, the membrane used selection takes place. At this stage, 

there are restrictions on the choice of the membrane type, which are due to the previously selected 

design of the apparatus. For example, for electrobaromembrane apparatuses, only reverse osmosis, 

nanofiltration and ultrafiltration types of membranes can be selected, and for an electrodialyzer 

are only ion-exchange ones. This allows you to optimize the choice of membranes in accordance 

with the selected design of the apparatus and ensures the correct operation of the cleaning system, 

avoiding software errors in the calculation process. 

At the next intermediate stage, you can adjust the component composition of the separated 

solutions, enter the values of electrical conductivity, total salinity and pH of the solution (Figure 

3). The menu of this section of the software package provides the ability for all entered data 

resetting, saving data and loading previously saved data from a file in order to simplify the 

calculation process. In addition, reference information is integrated into the developed software 

package, which explains the procedure for filling in, saving and uploading data, as well as a 

number of other frequently occurring issues. This function is called by pressing the "?" button. 

Before the final stage of calculating the technological parameters, the user can enter the required 

values for productivity and purification degree, after which he can already click on the calculation 

button. Next, the software package will calculate the dimensions and a number of technological 

parameters, which include the membrane number, the total and working areas of the membranes, 

current density, electricity and cooling water costs. The "Re-enter" button resets the entered data, 

and the "Save" button allows you to save the calculation results in text format. 

The main result of the work is the developed software package that automates and simplifies 

the process of predicting the technological parameters of electrochemical membrane separation, 

as well as facilitates the development of purification systems of the required capacity. The use of 
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this software package allows you to predict the technological parameters of an electromembrane 

apparatus taking into account such input data as ion concentration, electrical voltage, electrical 

potential and others. 

 
Figure 3. The menu for selecting the solution component composition. 
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Introduction 

Perfluorinated membranes are used in membrane electrolyzers and redox batteries as separating 

diaphragms, as well as in fuel cells as solid polyelectrolytes due to their unique properties. A 

promising way to improving the performance characteristics of polymer membranes and 

increasing their ionic conductivity under low humidity conditions is their modification with 

components of different natures. The incorporation of inert polymers into perfluorinated 

membranes makes it possible to increase their mechanical strength and reduce the crossover of 

uncharged particles, with these improvements being necessary for the use of the membranes in 

fuel cells and redox flow batteries. One of the aims of production of modified membranes is 

stabilization of water content and improvement of their water transport characteristics. The goal 

of this work was to determine the relationship between the content of an inert polymer in 

perfluorinated sulfonic cation-exchange membranes and their equilibrium and dynamic hydration 

characteristics. 

Experiments 

The objects of the study were perfluorinated membranes MF-4SK with varying content of inert 

component F-26 from 0 to 40 wt.% and F-42 from 10 to 25 wt.% on a dry membrane. The samples 

were obtained by casting from polymer solutions in dimethylformamide with the addition of F-26 

(vinylidene fluoride copolymer with hexafluoropropylene) and F-42 (tetrafluoroethylene and 

vinylidene fluoride copolymer) [1]. The water transport numbers tw (mole Н2О/F) were measured 

in NaCl solutions by the volumetric method in a two-chamber cell with reversible silver chloride 

electrodes. Experimental data [2] on measuring ion-exchange capacity (Q) and water content (W) 

were used to estimate equilibrium hydration characteristics – specific water content of membranes 

nm (mol H2O/mol SO3
-). The water distribution on the water binding energy and the effective pore 

radii were studied by the method of standard contact porosimetry [3]. 

Results and Discussion 

The main physicochemical characteristics were obtained and it can be shown that, as the 

fraction of the inert component increases, the exchange capacity and moisture content of the 

samples regularly decrease. The integral coefficient of diffusion permeability and specific 

electrical conductivity of MF-4SC membranes in 0.1 M NaCl solution dependences on the mass 

fraction of inert polymers were investigated. The difference in the characters of the influence of 

F-26 and F-42 fluoropolymers on the transport properties of the MF-4SC membrane is because 

the F-26 contains free –CF3 groups, which may hinder the denser packing of the final material, 

thus providing it with a higher elasticity. Porosimetric curves were used to calculate the structural 

characteristics of the perfluorinated membranes: the maximum porosity as the total volume of 

water in a sample, the specific area of the internal surface, the distance between functional groups. 

The concentration dependences of water transport numbers of the studied samples in sodium 

chloride solutions were obtaned. For all samples an increase in the concentration of the electrolyte 

solution regularly leads to a decrease of water transport numbers due to a reduction in the hydration 

number of ions in the solution. The concentration dependences of the electroosmotic permeability 

have been used to calculate the water transport numbers for a series of perfluorinated sulfonic 

cation-exchange membranes with different F-26 and F-42 contents and to reveal the relationship 

between the equilibrium (nm) and dynamic (tw) hydration characteristics of the samples. The 

Spiegler coefficient was calculated from data on the total water content and water transport 

numbers. This coefficient characterizes the fraction of water that is transported in the electric field 

relative to total water content in the membrane. The dependence of the Spiegler coefficient on the 

content of the inert component is shown in Fig. 1.  
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Figure 1. The relation of tw/nm as dependencies on F-26 (a) and F-42 (b) content in 

perfluorinated membranes in NaCl solutions. 

As can be seen in Fig. 1, the incorporation of different amounts of the inert fluoropolymer into 

the structure of the MF-4SK membranes leads to a change in the tw/nm ratio from 0.6 to 0.8. 

Moreover, for all samples containing of inert fluoropolymer, the coefficient tw/nm is higher than 

that for the initial MF-4SC membrane. This means that the presence of the inert fluoropolymer 

enhances the hydrophobicity of the perfluorinated cation exchange membrane, thus facilitating the 

involvement of water in its transport with counterions in an electric field. This may be due to the 

effect of water slip along the inert fluoropolymer. 

Conclusions 

The analysis of equilibrium and dynamic hydration characteristics has shown that the nature 

and content of an inert component in a perfluorinated membrane has a greater effect on the state 

of water under equilibrium conditions than on the electroosmotic transport of water in an external 

electric field. 
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Introduction 

In many portable electronic devices (mobile phones, watches, toys, flashlight, etc.) batteries are 

power sources. Today lithium-ion batteries (LIA) are the most common. Like any electrochemical 

device, LIA consist of two electrodes divided by electrolyte. Despite the widespread usage of 

liquid electrolytes, the fire and explosion safety of the batteries based on them remains a serious 

problem, the solution to which can be the usage of solid polymer electrolytes [1, 2]. These 

electrolytes have also unipolar ion conductivity instead of bipolar in the liquid ones. Against the 

background of the requirements for electrolytes in LIBs, polymer membranes with the structure of 

commercial membrane Nafion, are very promising. Unfortunately, today Nafion membranes are 

not available for purchase all over the world. So, it is necessary to search for alternative polymers 

that would not be inferior in their properties to Nafion. 

Therefore, the aim of this work was to study several commercially available Chinese 

membranes, plasticized with ethylene carbonate and propylene carbonate from the point of view 

their ion conductivity, molecular and supramolecular structure and thermal stability. 

Experiments 

Four types of commercial polymer cation-exchange membranes manufactured in China 

(Zhongding New Energy and Cantian) were carried out in this work: GP-IEM-102, GP-IEM-105, 

CTPEM1 and CTPEM3. These polymers have the same equivalent weight (1000 g/eq) and 

different thicknesses (15–125 µm). The studied polymers were purified, converted to the lithium 

form and dried from the water according to a standard method for Nafion membranes [6, 7]. To 

obtain plasticized samples, the salt forms of the polymers were kept in anhydrous EC and PC in 

the presence of activated molecular sieves. All manipulations with the membranes and solvents 

were carried out in a glove box. The properties of the membranes in lithium form were studied by 

the methods of simultaneous thermal analysis, IR spectroscopy, small-angle X-ray scattering and 

impedance spectroscopy.  

Results and Discussion 

The report will present the results of the methods listed above and show that the commercial 

analogues of Nafion studied in this work demonstrate their similarity with it in terms of chemical 

structure and thermal stability (up to 450 °C); and ion conductivity of these membranes is not 

inferior in magnitude to the conductivity of Nafion. 
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Introduction 

The rapidly developing field of portable energy sources requires the search and development 

of effective materials for such devices. To improve the safety of the most common metal-ion 

batteries (MIA) (lithium- and sodium-ion), instead of a liquid electrolyte, it is proposed to use a 

polymer electrolyte with unipolar conductivity based on a Nafion-like electrolyte (Inion), 

plasticized with aprotic solvents.  

In addition to the main advantages (wide window of electrochemical stability, high thermal and 

chemical stability, high unipolar ionic conductivity over a wide temperature range), the acidic form 

of the membranes with Nafion structure is easily converted into any cationic form [1, 2]. However, 

to achieve sufficient values of ionic conductivity, any cationic form of such a polymer must be 

swollen with a solvent (for usage in hydrogen-air fuel cells, the acidic form is saturated with water, 

and for MIA it is plasticized with aprotic solvents). By selecting the optimal aprotic solvent among 

carbonates, amide solvents, dimethyl sulfoxide, sulfolane, ethers, etc., or the composition of their 

mixture, one can achieve an expansion of the operating temperature range and window of 

electrochemical stability, an increase in specific ionic conductivity, as well as fire and explosion 

safety [2]. Plasticizers from the carbonate class, in particular cyclic ethylene carbonate (EC) and 

propylene carbonate (PC), are most often used for electrolyte materials MIA [3], including 

polymer Nafion-like ones [4, 5]. 

Therefore, the aim of this work was to study the effect of plasticization of the Inion membrane 

in lithium and sodium forms with cyclic carbonates on thermal stability, molecular and 

supramolecular packing, as well as ionic conductivity. 

Experiments 

Inion polymer membrane (InEnergy Group, Russia; Figure 1) in the acidic form with a 

thickness of 15 μm was purified and converted into Li+ and Na+ forms according to a standard 

method for Nafion membranes [6, 7]. To remove water, the membrane was first dried at 130 °C in 

a vacuum oven for 3 hours. All further manipulations with the membranes were carried out in a 

glove box.  To obtain plasticized samples, Inion in the salt form were kept for 2 days at room 

temperature in anhydrous EC and PC in the presence of activated molecular sieves. The thermal 

stability, molecular and supramolecular packing, as well as ionic conductivity of the plasticized 

Inion membranes in lithium and sodium forms were studied by the methods of simultaneous 

thermal analysis, IR spectroscopy, small-angle X-ray scattering and impedance spectroscopy. 

 
Figure 1. Photo of the initial Inion membrane. 
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Results and Discussion 

The usage of EC as a plasticizer led to the fact that Inion membranes, due to an extremely high 

degree of saturation, ceased to be solid polymers (turned into a gel-like state), which made their 

further studies impossible. The swelling degree for the Inion membranes is significantly larger (4–

5 times) than for Nafion. For all studied systems, the stage of thermal decomposition of the 

polymer matrix is observed above 450 °C. According to IR spectroscopy data, the molecular 

structure of Inion also completely coincides with the structure of Nafion. While differences are 

observed in the supramolecular packing: smaller interplanar distances for hydrophilic and 

hydrophobic domains of the Inion polymer matrix, especially pronounced for its lithium form. 

This difference appears to result in an abnormally high swelling degree of the lithium form of 

Inion and an abnormal swelling of the sodium form in cyclic carbonates. Despite the fact that the 

ionic conductivity of the Na-form of Inion, plasticized with PC, studied in this work is inferior in 

conductivity to Nafion, the membrane showed its promise for use in MIA after refinement of the 

methodology for obtaining the polymer matrix itself, as well as selection of the optimal plasticizer 

based on double or triple mixtures of aprotic solvents, including the usage of cyclic carbonates. 
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Introduction 

Currently, bipolar electrodialysis has become widespread in order to produce acids and bases 

from the corresponding salts. It is becoming increasingly important to study the separation 

processes of complex fermentation broths in order to produce high purity individual organic acids 

[1]. It is necessary to study the characteristics of ion exchange membranes that are part of an 

electrodialysis stack to understand the processes occurring in an electrodialyzer.  

One of the side processes that reduce the selectivity of ion-exchange membranes is the diffusion 

of electrolytes through them. This, in turn, negatively affects the efficiency of electrodialysis 

processes. The purpose of this work is to study the diffusion transport of organic acids salts through 

ion-exchange membranes.  

Experiments 

Heterogeneous Ralex AMH (Mega, Czech Republic) and homogeneous Lancytom® AHT 

(LANRAN, China) membranes were used as the anion exchange membranes under study. Neutral 

sodium salts of organic acids were selected as electrolytes: sodium acetate, sodium malonate, 

sodium citrate. 

The simplest and most accessible method for studying diffusion permeability is the diffusion 

of electrolyte through an ion-exchange membrane into deionized water in a non-flowing two-

chamber cell (Fig. 1).  

 
1 – anion exchange membrane under study, 2 – 

chamber with salt solution, 3 – chamber with 

deionized water, 4 – mixers, 5 – conductometric 

sensor, 6 – conductometer, 7 – computer 
 

a b 

Figure 1. The scheme of a cell for measuring the membrane diffusion permeability (a) and 

typical dependence of the electrical conductivity of electrolyte on time. 

According to the measured dependences of the electrical conductivity of solutions in chamber 3 

(Fig. 1) on time, the characteristics of the diffusion transport of salts through membranes were 

calculated [2]: the diffusion flux of salt, its integral permeability coefficient, parameter β, 

differential permeability coefficient (equations (1)-(4), respectively):  

𝑗𝑚 =
𝑉

𝑆

𝑑𝑐

𝑑𝜏
 (1) 𝑃𝑚 =

𝑗𝑚𝑑

𝑐
 (2) 𝛽 =

𝑑𝑙𝑔𝑗

𝑑𝑙𝑔𝑐
 (3) 𝑃𝑚

∗ =  𝛽𝑃𝑚 (4) 

Results and Discussion 

It is shown that the diffusion permeability of the heterogeneous anion exchange membrane 

Ralex AMH-PES (Fig. 2) by salts more than the homogeneous anion exchange membrane AHT 

(Fig. 3). When the Ralex AMH membrane swells, the rigid polyester reinforcement prevents the 

elongation of the membrane, which leads to an increase in its thickness. This, in turn, causes 
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deformation, leads to an increase in the fraction of macropores in the membrane and an increase 

in the diffusion permeability coefficient of the membrane.  

  
a b 

Figure 2. Concentration dependences of the fluxes (a) and the differential coefficients of 

diffusion permeability (b) of organic acids salts through the anion exchange membrane AHT.  

  

a b 

Figure 3. Concentration dependences of the fluxes in bilogarithmic coordinates (a) and the 

differential coefficients of diffusion permeability (b) of organic acids salts through the anion 

exchange membrane Ralex AMH-PES.  

The differential coefficients of the diffusion permeability of sodium citrate increase with a 

decrease in its concentration both through homogeneous (Fig. 2b) and through heterogeneous 

(Fig. 3b) membrane. This is due to the appearance of sodium hydroxide in the membrane system, 

formed as a result of hydrolysis of citrate anions, whose diffusion permeability coefficient is 

higher.  

As in the case of diffusion transport of organic acid salts through a heterogeneous Ralex CMH 

cation exchange membrane (Fig. 4), as in the case of amine salts through the heterogeneous anion 

exchange membrane Ralex AMH (Fig. 5), diffusion occurs mainly through the membrane pores. 

This is due to the fact that anions of organic acids, being co-ions in the cation exchange membrane, 

are excluded by the Donnan effect, the stronger than greater the electric charge, and their 

concentration in the membrane pores is significantly higher than in the gel phase of the cation 

exchanger.  
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a b 

Figure 4. Concentration dependences of the fluxes in bilogarithmic coordinates (a) and the 

differential coefficient of diffusion permeability (b) of organic acids salts through the cation 

exchange membrane Ralex CMH-PES.  

  

a b 

Figure 5. Concentration dependences of the fluxes in bilogarithmic coordinates (a) and the 

differential coefficient of diffusion permeability (b) of amine salts through the anion exchange 

membrane Ralex AMH-PES.  

The coefficients of diffusion permeability of amine salts through a heterogeneous anion 

exchange membrane Ralex AMH (Fig. 5) unlike the coefficients of diffusion permeability of 

organic acid salts through a heterogeneous cation exchange membrane Ralex CMH (Fig. 4) do not 

increase with decreasing concentration of amine salts, since the dissociation constants of amine 

cations are orders smaller than the constants of hydrolysis of organic acid anions. 
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Introduction 

Non-stoichiometric oxides based on ferrite lanthanum strontium are promising materials for 

oxygen transport membranes in catalytic membrane reactors [1]. This group of compounds has a 

good phase and structural stability in reducing atmospheres, compared to Co-containing oxides. 

However, lower values of oxygen fluxes for membranes are observed. Formation of the 

compositional, charge disorder by partial substitution of Fe by ferroactive highly charged cations 

(Mo, W, Nb, Mo) leads to nanostructuring and high transport characteristics of such compounds.  

In this work, the structure and oxygen permeability of La0.4Sr0.6Fe0.95Nb0.05O3-δ (LSFNb5) 

hollow fiber membranes were studied. 

Experiments 

LSFNb5 sample was prepared by the ceramic method and validated X-ray diffraction 

techniques. The LSFNb5 hollow fiber membranes were fabricated via phase inversion and 

sintering technique. The oxygen permeability measurements  were carried out in a self-made high-

temperature test equipment connected to the quadrupole mass spectrometer QMS 200. The outer 

surface of the membrane was fed with a mixture of N2/O2 or N2/CO2 in various ratios at a constant 

flow rate of 150 mL/min. The inner side of the HF membrane was fed with Ar at flow rate of 50 

mL/min. The feed and sweep flow rates were generated by the UFPGS-4 gas mixing unit (SoLO). 

Results and Discussion 

The evolution of the structure of LSFNb5 material at elevated temperatures and different 

oxygen partial pressures was studied by the in situ XRD experiments. It was demonstrated 

LSFNb5 oxide is stable in air and vacuum (pO2 ~ 10-4 atm) at 30-900 oC. The 

poroelastic/ferroelastic transitions occurred at 400 оС in air and vacuum (pO2 ~ 10-4 atm).  

Oxygen permeation fluxes through LSFNb5 hollow fiber membranes were studied as a function 

of oxygen partial pressure at different temperatures. The values of apparent activation energy for 

studied membranes were determined. The results obtained indicated that the oxygen permeation 

process is controlled by the surface exchange reactions. 

LSFNb5 hollow fiber also demonstrate high stability of oxygen fluxes in long-term oxygen 

permeation test. 
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Introduction 

Ion-exchange membranes are indispensable in electromembrane separation processes, such as 

electrodialysis. Intensifying those processes by increasing the applied electric current is alluring 

yet challenging to adapt to an industrial operation. One problem is excessive Joule heat evolution, 

potentially leading to the burning of the whole desalination unit. Another problem is associated 

with overlimiting phenomena occurring at ion-exchange membranes under high current densities. 

These phenomena possess both positive and negative effects on desalination. While current-

induced convection contributes to ion transfer by mixing ion-depleted layers with bulk, a water-

splitting reaction generates hydroxide and hydronium ions, changing the local pH. 

Experiments 

To shed light on the intensity of various overlimiting mechanisms, we developed special cells 

to study current-induced processes at ion-exchange membranes. These cells, both in batch and 

flow-through formats, allow simultaneous process characterization by electrochemical 

measurements and direct optical observation using particle image velocimetry (PIV). At the same 

time, the cells allow measuring pH changes associated with water splitting.  

Results and Discussion 

Our results show that two types of convection (besides pressure-driven flow) occur in the 

studied systems: electroconvection and natural convection. While the first occurs due to a strong 

electric field acting on a nonequilibrium charge, natural convection is driven by the density 

gradient developing in the system owing to desalination. We describe electroconvection and 

natural convection qualitatively and in terms of characteristic velocities, providing insight into 

their potential impact on ion transfer. Interestingly, although anion-exchange (AEM) and cation-

exchange (CEM) membranes are considered symmetrical in their behavior in DC electric field, 

they are markedly different [1]. While AEMs split water and invoke rather medium 

electroconvection, CEMs show no susceptibility to water splitting but develop very strong 

electroconvection on their surface. However, water splitting at CEM is observed upon adsorption 

of polylysine to its surface [4]. The polarization at both membranes is directly related to the onset 

of strong natural convection, dominating the flow field near the membranes. The dominant role of 

natural convection has been observed in simple electrodialysis systems, where it dictated the 

distribution of concentrations [2]. The analysis of the proceeding phenomena in a single diluate 

channel showed that (i) overlimiting phenomena occur upon setting conditions corresponding to 

the complete desalination, (ii) natural convection is an underlimiting phenomenon assisting in 

mixing diluate in channels without spacers, and (iii) electroconvection manifests itself as intensive 

chaotic waves originating at CEM [3]. 
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Introduction 

Transition metal oxides (TMOs) have been widely investigated for recent decades due to their 

huge potential in magnetic, electronic, optical as well as energy conversion and storage 

applications including supercapacitors (SCs), lithium-ion batteries (LIBs), electrocatalysts, which 

can effectively combat the existing energy and environment crisis. However, precise synthesis of 

photo- and electroactive TMOs – based nanostructures is one of the key challenges that hinder the 

practical application of many important hydrogen energy-related electrocatalytic reactions. 

Therefore, the multitude of studies focusing on the catalyst fabrication make the immense effort 

for the rational synthesis of active and stable catalysts. Compared with conventional chemical 

synthesis routes, electrochemical synthesis has been considered as a sustainable and economically 

attractive method to produce highly efficient catalysts. Furthermore, electrochemical methods can 

be used to synthesize TMOs-based composite structures with carbon support, which are not easily 

accessible, via embedding carbon additives. 

Our research group is dedicated to advancing the field of electrochemistry by developing 

innovative techniques for synthesizing TMOs – based nanostructures using pulse alternating 

current (PAC) electrochemical method. Additionally, we are interested in studying the relationship 

between the structural properties of these materials and their photo- and electrocatalytic 

performance.  

Experiments 

High purity metal plates (Zn, Ti, Cu, Fe, Co, Ni, W or In) used as electrodes were firstly polished 

using sandpaper and then washed with distilled water. The electrodes were immersed in the 

aqueous solutions of salts, acids or alkaline used as the electrolytes and connected to a home-

designed pulse alternating current source. Other synthesis conditions as well as the resulting 

products and their applications are presented in detail in Table 1. 

Results and Discussion 

The energy conversion efficiency of photocatalysis is greatly influenced by light absorption, 

separation and transport of the charge carrier, the number of surface-active sites, and band 

structures. TMOs have important applications in photocatalysis, primarily because they can act 

both as active phases (i.e., bulk or self-supported catalyst) and as supports. Considering the unique 

properties of electrochemically synthesized materials mentioned above, Zn-, Ti-, W-, and In- 

containing oxide materials are viewed as promising photocatalysts with good performances. In this 

section, the recent progress of oxide materials obtained by the PAC electrosynthesis in some 

important applications of photocatalysis, including photocatalytic degradation of pollutants and 

oxidation of biomass as well as photoelectrochemical use is reviewed.  

TiO2 and ZnO are among the most often used photoactive materials in heterogeneous catalysis, 

owing to their reasonably high surface area, higher electron mobility, accelerated electron transfer 

and higher quantum efficiency. Electrochemical synthesis using PAC has been shown to provide 

easy access to the nanoparticulate form of these phases [1,2,4]. These oxide nanostructures provide 

a large surface area with full contact between catalysts and organic molecules and thus inspires the 

study of its environmental applications. Moreover, electrochemically synthesized TiO2 

nanoparticles were used in the oxidation of HMF as a photocatalyst to produce valuable DFF [5]. 

Apart from the photodegradation of pollutants in water, metal oxide can also be used in PEC 

applications. For example, WO3 and In2O3 nanostructures were prepared using PAC 

electrosynthesis and characterized by high photoelectrochemical performances caused by the 

optimal morphological, electronic, and charge-transfer properties [3,13]. 
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Table 1: PAC electrosynthesis conditions and the resulting synthesis products  

Met
al 

Synthesis conditions 

Product(s) ja:jk 
(A·cm-2) 

Electrolyte Others 

Zn 2.4:1.2 
2M NaCl, 2M KCl, 2M 
LiCl and 1M Na2SO4 

stirring and cooling ZnO 

In 2.5:2.5 
stirring and cooling; annealing in air 

for 1h at 400 ⁰C 
c- and c/rh-In2O3 

Ti 0.2:1 

2M NaCl 

stirring and cooling; annealing in air 
for 3h at 400 - 600⁰C 

TiO2 

Cu 
0.5:0.5 
1:1 

1.5:1.5 
stirring and cooling 

CuO or Cu2O-
CuO 

Fe 
3:3 

2M NaOH 

stirring and cooling 
γ -Fe2O3/Fe3O4 

1.2:2.4 γ-Fe2O3/δ-FeOOH 

Co 0.5:0.5 - Co3O4/CoOOH 

Ni 

0.25:0.5 carbon powder as support material NiO/C 

0.5:1 
multilayer graphene as support 

material 
NiO/MLG 

0.13:0.4
7 

multi-walled carbon nanotube as 
support material  

NiOx/MWCNTs 

W 3:3 
0.5M C2H2O4, 0.5M 

H2SO4 and 0.5M HNO3 
stirring and cooling; annealing in air 

for 3h at 500 ⁰C 
WO3 

The electrochemical activity is mainly determined by the number of active sites, the 

configuration states of the atoms, and the conductivity of the active materials. Excellent 

electrochemical performances are expected for (oxihydr)oxide-based materials due to their unique 

structural advantages, charge storage capacity with outstanding charge-discharge performance, 

long cycle life and higher power density. In this section, we mainly focus on the recent progress 

of oxide materials obtained by the PAC electrosynthesis in the different fields of electrochemistry 

including supercapacitors, lithium-ion batteries, alcohol electrooxidation reaction (AEOR) 

applications and non-enzymatic sensors. 

Metal oxide nanoparticles are studied for the AEOR due to their fascinating features of high 

exposed surface area for abundant catalytic active sites and large contact electrolyte area for rapid 

electron transfer. Recently, we reported the electrochemical synthesis of a Cu2O-CuO bilayered 

polyhedra and investigated its electrocatalytic performance in the methanol oxidation reaction [6]. 

In addition, this approach also was successful in the synthesis of Cu2O octahedra with suitable 

specific capacitance for SCs.  

Moreover, other TMOs-based nanostructures are obtained using PAC electrosynthesis for 

energy storage applications. For example, the interaction between NiOx material and various 

carbon-based supports (carbon black, multi-walled carbon nanotube or multilayer graphene) 

improved their electrochemical properties indicating potential applications as high-performance 

supercapacitor electrode materials [10-12]. In addition to Ni-based oxides, electrochemically 

prepared Co3O4/CoOOH nanocomposite material also demonstrated as a promising candidate for 

high-performance SCs and LIBs applications [9].  

On the other hand, TMOs and their composites have been used as efficient materials for non-

enzymatic electrochemical sensing applications. Our group’s recent works has demonstrated 

electrochemically synthesized Fe-based electrocatalysts for use in EC sensors. For instance, the 

finding γ-Fe2O3/δ-FeOOH and γ-Fe2O3/Fe3O4 nanocomposites achieved an excellent analytical 

performance for amperometric determination of acetaminophen and hydrogen peroxide 

respectively [7,8]. Therefore, electrosynthesis using pulse alternating current holds great promise 

for the development of the single and mixed-phased oxide catalysts for multifunctional 

electrochemical applications. 

This work provides valuable insights into the electrochemical synthesis of transition metal 

oxide-based materials and their potential use as highly effective catalysts for photo- and 

electrocatalytic reactions as well as electrochemical energy storage systems. By using pulse 

alternating current, it is possible to obtain nanostructures with unique phase composition and 
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tailored properties, which can be optimized for hydrogen energy-related electrocatalytic reactions. 

With further research, pulse alternating current electrochemical synthesis may enable the 

development of new and improved transition metal oxide-based materials with even higher 

electrochemical activity, making them ideal candidates for use in a wide range of industrial 

processes. 
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Introduction 

Nutrient recovery technologies are increasingly being developed as the reuse of nutrients is a 

promising strategy to reduce the depletion of non-renewable resources and their environmental 

impact [1]. Such substances include ampholytes: dihydrophosphate, hydrotartrate, sodium 

dihydrocitrate. Many developed countries require a significant reduction in the concentration of 

these substances in wastewater and released into the environment. Citric acid, tartaric acid, which 

is used in large quantities in the chemical and food industries. When extracting acids, it is 

necessary to avoid conventional methods that produce solid residues afterwards. Therefore, 

electrodialysis is an environmentally friendly technology and is actively used [2,3]. The aim of 

this work is to study the changes in electrochemical characteristics of anion-exchange membranes 

(AEM) in citric acid and tartaric acid solutions that engage in protonation deprotonation reactions. 

Experiments 

Homogeneous anion-exchange membrane AMX (Astom, Japan), which contains quaternary 

ammonium groups and a small amount of secondary and tertiary amines as fixed groups, was used   

in the experiments. Sodium dihydrocitrate (pH=4.1) and sodium tartrate (pH=3.8) were used as 

the test solutions, which engage in protonation deprotonation reactions with water. 

Electrochemical characterizations were obtained using a four-chamber flow-through                  

electrodialysis cell. 

Results and Discussion 

The current-voltage characteristics (CVCs) of the AMX membrane obtained in 0.02 M 

solutions of the investigated electrolytes are shown in Figure 1. 

 
Figure 1. Сurrent-Voltage Characteristics of the AMX Membrane Obtained in 0.02 M Solutions 

of the           Electrolytes under Study. 

The CVCs in these investigated solutions differ in their shape, which are obtained in solutions 

of strong electrolytes. According to these ideas, the first limiting current, ilim
exp1, which is recorded 

on CVC, has the nature similar to membrane system with strong electrolyte, NaCl. It is caused by 

mailto:Olesia93rus@mail.ru
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the reduction to minimum values of the electrolyte concentration in the depleted solution near the 

membrane surface, as well as by the achievement of the maximum diffusion flux of weak acid 

anions. The more protons are released into the depleted solution, the more blurred is the sloping 

plateau of CVC that corresponds to this current (Figure 1). A further increase in current takes place 

due to the conversion of single-charged acid anions into doubly charged ones, as well as the 

transfer of electric charge at the AEM/depleted solution interface by protons coming from the 

membrane. A second limiting current, ilim
exp2, with a well identifiable sloping plateau is recorded 

in the cases of NaHT. It corresponds to the state in which the AEM is almost completely saturated 

with doubly charged anions. In the case of the membrane system with NaH2Cit, the reason for the 

higher resistance (more significant jumps of the reduced potential) compared to other studied 

systems at i<ilim
theor, is apparently a more intensive accumulation of the molecular form of citric 

acid in diffuse double layer due to the reaction: H2Cit-+H+→H3Cit. This accumulation is caused 

by the simultaneous presence of both single- and double-charged anions in the membrane. 

Therefore, in the case of NaH2Cit solution, a sloping plateau on the CVC is observed only in the 

vicinity of 3ilim
theor, when the maximum flux of H+ ions generated due to the reaction HCit2-→Cit3-

+H+ appears to be reached. 

Obtaining these data will make it possible to study the behavior of AEM in the studied 

electrolytes under conditions of electric current flow and to clarify the mechanisms of mass 

transfer of various forms of citric and tartaric acid. 
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Introduction 

Nanofiltration is a promising method for the separation of liquids in the bioprocessing, 

petrochemical and pharmaceutical industries. Nanofiltration is an environmentally-friendly 

method of separation, for its implementation does not require expensive equipment and high 

energy consumption. The rapid development of nanofiltration requires the search for novel high-

performance membrane materials with desired properties. Currently, the improvement of the 

transport properties of polymer nanofiltration membranes occurs due to the creation of mixed 

matrix membranes (MMMs), by modifying the polymer matrix with an inorganic and/or organic 

filler. 

Experiments 

In the present work, the novel membranes based on poly(ester-block-amide) (PEBA, Pebax® 

2533, Figure 1) were prepared by introducing three zirconium-based metal-organic frameworks 

(Zr-MOFs) - MIL-140A, MIL-140A-AcOH-EDTA and MIL-140A-AcOH into the PEBA matrix. 

The specific surface area of Zr-MOFs was equal to 493.4 ± 0.2 m2/g for MIL-140A, 568.0 ± 0.1 

m2/g for MIL-140A-AcOH, and 529.3 ± 0.2 m2/g for MIL-140A-AcOH-EDTA. The resulting pore 

diameter of Zr-MOFs are 3.1, 4.4, and 3.5 Å for MIL-140A, MIL-140A-AcOH, and MIL-140A-

AcOH-EDTA, respectively. The characterization of membranes was carried out by Fourier-

transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), atomic force 

microscopy (AFM), and thermogravimetric analysis (TGA). Transport properties of the developed 

membranes were investigated in nanofiltration of water with Cu2+, Cd2+, Pb2+ ions.  

 
Figure 1. Pebax® 2533 structure 

Results and Discussion 

The applied Zr-MOFs had different structure and size (Figure 2), and therefore, affected the 

properties of developed PEBA-based membranes in different ways. The introduction of MIL-

140A, MIL-140A-AcOH-EDTA and MIL-140A-AcOH into the PEBA matrix led to changes in 

the physicochemical, structural and transport properties of membranes due to the porous structure, 

hydrophilic/hydrophobic properties, excellent chemical and thermal stability of the Zr-MOFs.  
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(a) 

  
(b) (c) 

Figure 2. SEM Micrographs of the (a) MIL-140A, (b) MIL-140A-AcOH, and (c) MIL-140A-

AcOH-EDTA 
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Introduction 

In the 21st century, the issue of finding new environmentally friendly energy sources is quite 

acute. One of its solutions is the creation of fuel cells (FC). In FC, membranes based on 

perfluorosulfonic acid polymers of the Aquivion type are mainly used as an electrolyte [1]. 

Unfortunately, the available membranes do not fully satisfy the requirements for solid polymer 

electrolytes. The main problem is a decrease in their conductivity at low humidity. A solution to 

this problem may be to create hybrid materials containing inorganic dopants that help maintain 

moisture content and increase the proton conductivity of membranes [2]. Of interest is the study 

of the effect of dopants on the properties of polymers with different side chain lengths. As a result, 

the aim of this work was to obtain hybrid materials based on perfluorosulfonic acid polymers with 

a short side chain (Aquivion®), doped with hydrated silica (SiO2) and titania (TiO2), as well as an 

acidic caesium salt of phospho-tungsten heteropolyacid (CsxH3-xPW12O40). 

Experiments 

Hybrid membranes containing 3% by weight of dopants were prepared by casting Aquivion 

(equivalent weight 790) dispersions in N-methyl pyrrolidone. The water uptake, proton 

conductivity and the mechanical properties of the obtained membranes were studied. 

Results and Discussion 

Membrane fouling increased significantly as operating flux increased. Figure 1 suggests that 

enhanced hydraulic resistance of the fouling layer induced by filtrate flow also contributed to 

increased fouling observed at high operating flux. 

In Table 1 the water uptake of the obtained samples is shown. In contact with water, there is a 

significant difference in the water uptake of the tested membranes. The incorporation of dopants 

leads to an increase in the water uptake of the membranes by 4.3-13% by weight in the case of 

Aquivion-based membranes. The most significant hybrid effect is observed with the introduction 

of hydrated oxides. 

Table 1. Water uptake (W,%) of membranes in contact with water 
Membrane Aquivion  Aquivion + CsxH3-xPW12O40 Aquivion + SiO2 Aquivion + TiO2 

W, % 45.4 49.7 58.4 61. 3 

When dopants are incorporated into the pores of membranes, the proton conductivity of hybrid 

membranes, at RH = 100%, increases compared to the conductivity of the initial Aquivion 

membrane. The highest values of proton conductivity are obtained for Aquivion + CsxH3-xPW12O4 

(Fig. 1). This can be attributed to the increase in the concentration of protons in the membrane, 

which participate in the ion transport process [3]. 
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Figure 1. Proton conductivity of studied membranes measured in contact with water 

The mechanical properties of the membranes based on Aquivion were also measured (Table 2). 

As a result of the modification of the membranes with dopants, the Young’s Modulus and break 

strain increases compared to unmodified Aquivion. 

Table 2. Mechanical properties of studied membranes at RH=32% 
Membrane Young’s Modulus, MPa Break Strain, % 

Aquivion  283±3 18±2 

Aquivion + CsxH3-xPW12O40 331±4 35±18 

Aquivion + TiO2 337±28 35±6 

In general, it should be noted that modification of Aquivion membranes with nanoparticles of 

hydrated SiO2 and TiO2 and CsxH3-xPW12O40 leads to an increase in their proton conductivity at 

high humidity and increases water uptake. 
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Introduction 

Ion exchange and gas separation membranes are finding wider and wider practical application. 

A large number of studies have been devoted to the development of new types of membranes, as 

well as their modification with various additives. However, in order to confirm the obtained 

structure, control the inclusion of introduced components or various functional groups in the 

membrane material, as well as to determine the obtained physico-chemical characteristics of 

samples, the use of various physico-chemical analytical methods (PCAM) is required. 

Results and Discussion 

Analysis of literature data (covering more than 100 scientific articles by Russian and foreign 

authors in this field of research) allows us to identify two main areas of application of PCAM: 

determination of the chemical composition of the obtained membranes (elemental composition, 

presence of definite chemical bonds and functional groups, etc.), and their physical characteristics 

and properties (film thickness, pore dimensions, rheological characteristics, etc.). To establish the 

chemical composition of membranes, the most commonly used are the various types of electron 

microscopy and X-ray phase (X-ray structural) analysis, covering more than 35% of all studies. 

Much less commonly used methods are NMR, Raman, UV and IR spectroscopy. The studies of 

the physical characteristics and properties of the obtained samples are often carried out using 

thermogravimetric analysis, microscopy, electrochemical methods (conductometry, 

potentiometry, voltammetry), spanning about 20% of the publications. The results of differential 

scanning calorimetry, data obtained on tensile testing machines, flotation method, gel 

chromatography, etc. are also presented. 

Based on the results of the literature analysis one can conclude that the arsenal of analytical 

methods used is quite wide. At the same time, it should be noted that no references to any 

supporting analytical methods were found in almost 10% of the papers. In our opinion, the 

specified arsenal of analytical methods can and should be expanded, for example, by wider use of 

elemental analysis, mass spectrometric methods, in particular MALDI. 
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Introduction 

The need for safe drinking water, purification of wastewater from small molecular contaminants 

and recovery of valuable products makes membrane separation processes one of the fastest 

growing technologies. 

Today, it is undeniable that the creation of synthetic ion-exchange membrane is possible only 

at the junction of macromolecular chemistry, quantum chemical calculations, electrochemistry, 

thermodynamics, ion exchange, colloid chemistry, modern research methods [1]. 

 
Figure 1. Trend in investments in membrane technologies (based on analysis of ~1630 patents 

over the last 20 years) for plasma processing of fibers or the surface of finished membranes. 

These membranes are used in many electromembrane technologies: production of deionized 

water, food conditioning, and fabrication of water circulation systems in the chemical industry. 

 
Figure 2. Relationship between fabrication technologies and areas of application of plasma-

modified ion exchange materials. 
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A feature of such membrane systems is the ability to regulate the ratio of the functions of 

transport of salt ions and the generation of dissociation products by changing the thickness of one 

of the layers that make up the bipolar membrane (Fig. 1). One of the technologically advanced, 

environmentally friendly and economical ways to produce membranes is polycondensation filling. 

By nature, polycondensation filling consists of covalent grafting of hydrophilic anion and cation 

exchange components onto a matrix-fibrous base in order to expand the range of new types of 

membrane systems. The developed membrane systems must have a large surface area, mechanical 

strength, thermal stability and a low coefficient of thermal expansion. The intensive development 

of membrane science and technology, the continuously expanding scope of membrane 

applications, as well as the synthesis of new polymer structures give impetus to the development 

of various methods of physicochemical modification. One of the approaches to significantly 

improve the parameters of membranes is processes based on the treatment of membrane 

components with low-temperature plasma [2-3] (Fig. 2). In this work, we investigated the stages 

of pre-treatment of fabric made from novolac phenol-formaldehyde fibers, one of the stages is its 

processing in low-temperature plasma, and we also studied the effect of the post-relaxation period 

on the structure and properties of fabricated membranes. 

Experiments 

Experimental samples of heterogeneous cation-exchange materials were obtained by 

polycondensation filling of a fibrous system (Kynol fabric). The samples contain a cation-

exchange matrix formed in the volume and surface of the fibrous system. Our cation-exchange 

matrix has the character of a strongly acidic cation exchanger with the -SO3H group. We have 

carried out a preliminary basic modification of the fibrous system under low-temperature ion-

plasma conditions. The treatment was carried out with low-temperature high-frequency argon 

plasma at a power of 400 W for 10 minutes at a pressure of 3.7 10-5 Torr (MTI VTC-600-PVD, 

South Korea). At the stage of membrane fabrication, oxidized spherical (~ 30 nm) silicon 

nanoparticles (no more than 1.5 wt.%) (specific surface area 112.7 m2/g) were added to the 

monomerization composition.  The transmission IR spectra of the studied fibre systems before and 

after plasma treatment and of heterogeneous cation exchange materials Polykon were recorded on 

a FTIR-840051 high-speed Fourier spectrophotometer (Shimadzu). 

  
a)                                                                             b)  

Figure 3. a) IR spectroscopy of “Polykon K+Si” samples: 1- without plasma treatment of the 

fiber; treated fiber in plasma at relaxation time, h: 2 – 2; 3 – 24; 4 and 5, untreated and plasma-

treated (relaxation time 24 hours) fabric made of novolac phenol-formaldehyde fiber. 

b). The results of a thermogravimetric study of the Polykon cation-exchange material obtained 

on a plasma-treated fiber system after treatment for 2 (1) and 24 (2) hours with the addition of 

1.5 mass% silicon nanoparticles. 



305 

The heterogeneous cation exchange materials Polykon obtained on fiber systems (plasma 

treated and untreated) were studied by thermogravimetry on a Q-1500D MOM derivatograph 

(Hungary). The fabrication processes of developed membranes were studied using the differential 

scanning calorimetry method (Table 1). 

Table 1. Differential scanning calorimetry of Polykon K samples on fabric made of novolac 

phenol-formaldehyde fiber without and treated in plasma at different relaxation times with 

the addition of nanodispersed silicon particles  

additives 

Relaxation time 
after plasma 

treatment of fiber, 
hour 

Region of intense heat 
release 

Тstart-Тend, oС 
Тmax 

Heat effect 
ΔН, J/g 

without 
silicon 

nanoparticle
s 

1 
70-110 

91 
49,63 

2 
71-110 

90 
47,82 

24 
72-108 

89 
46,96 

with silicon 
nanoparticle

s 

1 
74-110 

93 
83,16 

2 
69-110 

91 
78,11 

24 
73-103 

91 
80,10 

Data from differential scanning calorimetry indicate that membranes with silicon nanoadditives 

have a more pronounced thermal effect, and the effect of the post-relaxation period is leveled out. 

The return of low-temperature plasma to the fibrous system from which the membranes were 

obtained allows for an improvement in physical and mechanical characteristics of at least 40-60%. 

At the same time, the post-relaxation period does not reduce the positive dynamics of the influence 

of plasma, which is especially valuable for future technology. 

Conclusion 

Data from differential scanning calorimetry indicate that membranes with silicon nanoadditives 

have a more pronounced thermal effect, and the effect of the post-relaxation period is leveled out. 

Low-temperature plasma treatment of the fibrous system from which the membranes are obtained 

allows for an improvement in physical and mechanical characteristics of at least 40-60%. At the 

same time, the post-relaxation period does not reduce the positive dynamics of the influence of 

plasma, which is especially valuable for future technology. 
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Introduction 

Composite membranes Polykon are promising generation of polymer ion-exchange materials. 

They are produced by the polycondensation filling, when the synthesis of the ion exchange matrix 

occurs on the surface and in the structure of the fibrous base. The combination of various types of 

fibrous fillers and ion-exchange matrices makes it possible to obtain both cation exchange and 

anion exchange materials with a wide range of properties that have a number of advantages 

compared to ion-exchange resins or heterogeneous membranes. However, if the properties of 

cation exchange membranes "Polykon K" have been sufficiently well studied and described in the 

literature by now, then further research is needed for anion exchange membranes. 

The purpose of this paper is an investigation of the water distribution on the water binding 

energy and the effective pore radii in "Polykon A" membranes. 

Experiments and Results 

A series of samples of composite ion exchange fibrous materials "Polykon A" was prepared on 

the base of the polymer matrix like EDE-10P resin and polyethylene terephthalate fiber 

("Lavsan"). The low-temperature plasma treatment of the fibrous system (LTP) was used in 

combination with the introduction of the ultradispersed additives (UA) of Si (~1.5 wt.%) into the 

monomer composition at the stage synthesis [1]. UA of Si were obtained in different ways. Objects 

of study are presented in the Table 1.  

Table 1: Porous structure characteristics of "Polykon A" membranes 
Membrane LTP UA  V0, cm3/gdry - S, m2/g  L, nm Vgel/V0 

1 - - 1.06 714 0.57 0,64 

2 + + 1.23 714 0.57 0,68 

3 + + 1.00 523 0.48 0,73 

4 + + 1.07 892 0.63 0,52 

MA-40 - - 0.67 575 - 0.85 

The method of standard contact porosimetry was applied to investigate the water volume 

distribution in the membrane on the water binding energy or the effective pore radii (r) [2]. The 

total volume of water (V0), the area of specific internal surface (S), the average distance (L) 

between the neighboring fixed groups at the internal interface and the volume fraction of pores in 

the range of 10-100 nm (Vgel/V0) were calculated from porosimetric curves [3]. 

Results and Discussion 

The results presented in Fig.1 and Table 1. As can be seen from the integral porosimetric curves 

(Fig.1a), the value of total water volume is the same as in "Polykon K" membranes [4] and more 

than in heterogeneous commercial membrane MA-40 which is made of EDE-10P resin and 

polyethylene. All samples have two peaks on the differential curves (Fig.1b). The peak in the 

mesopore region (100 nm) corresponds to water in the ion-exchange matrix while the peak in the 

macropore region (3000-4000 nm) is due to the fibrous base of "Polykon A" membranes. 

Calculated characteristics of the porous structure of samples are presented in Table 1. As can be 

seen from the Table the low-temperature plasma treatment of the fibrous system and the 

introduction of the UA of Si into the monomer composition at the stage synthesis affect the 

structure and, as a consequence, properties of "Polykon A" membranes. 



307 

  

   a       b 

Figure 1. Integral (a) and differential (b) functions of water distribution on the water binding 

energy and the effective pore radii for the membranes. Curve numbers correspond to sample 

numbers in Table 1. 

Conclusions 

The value of total porosity and other characteristics of the porous structure of "Polykon A" 

membranes are comparable to these characteristics for "Polykon K" membranes and are 

significantly higher than for heterogeneous ion exchange membrane MA-40. Pre-treatment with 

low-temperature plasma and the introduction of ultrafine particles of Si at the stage of synthesis of 

the ion-exchange matrix leads to a change of the structure both "Polykon A" and "Polykon K" 

membranes. 

Acknowledgments. This work has been supported by the Russian Science Foundation, RSF  

(project No. 23-29-00346) 

References 

1. Strilets I., Kardash M.M., Terin D.V., etc. Features of Synthesis of Anion Exchange Matrix 

“Polikon A” with Oxidated Ultrafine Additives on Lavsan Textile Bases // Membranes and 

Membrane Technologies, 2020, No. 5. P. 325-331. 

2. Volfkovich Yu.M., Filippov A.N., Bagotsky V.S. Structural properties of porous materials and 

powders used in different fields of science and technology. Springer-Verlag; 2014. 

3. Kononenko N., Nikonenko V., Grande D., etc. Porous structure of ion exchange membranes 

investigated by various techniques // Advances in Colloid and Interface Science. 2017. Vol. 

246. P. 196-216. 

4. Kardash M.M., Kononenko N.A., Fomenko M.A. etc. Influence of the nature of the fibrous base 

of composite membranes on their structure, conductive properties and selectivity // Membranes 

and membrane technologies. 2016, No. 1. P. 41-47. 
   

0

0.2

0.4

0.6

0.8

1

1.2

1.4

-1 0 1 2 3 4

V, cm3/g 

log r (r, nm)

1

2

3

4

-101234

V, см3/г
1

2

4

5

3

log A (A, J/mol)

0

1

2

3

4

5

6

-1 0 1 2 3 4

dV/d lg r

log r 

1

2

3

4

-101234

V, см3/г
1

2

4

5

3

log A (A, J/mol)



308 

RECYCLING LITHIUM FROM SPENT LITHIUM-ION BATTERIES LEACHING 
SOLUTION USING ELECTROBAROMEMBRANE METHOD 

1,2Vasiliy Troitskiy, 1Alexey Budnikov, 1Dmitrii Butylskii  
1Kuban State University, Krasnodar, Russia, E-mail: d_butylskii@bk.ru 
2Platov South-Russian State Polytechnic University (NPI), Novocherkassk, Russia 

Introduction 

Recovery of valuable components from secondary resources is an important task for waste-free 

production. Currently, one of the valuable components are lithium salts. These salts are used to 

produce batteries, ceramics, glass, lubricants, foundry powders, etc. However, only lithium-ion 

batteries (LIBs) are of interest for lithium recycling.  

Lithium is mainly extracted using the hydrometallurgical methods according to the diagram 

presented in Figure 1. After leaching with sulfonic acid, a large concentration of lithium, cobalt, 

nickel and manganese ions remains in the filtrate. Membrane technologies can be suitable for ions 

separation at this stage instead of traditional reagent-based methods. 

 
Figure 1. Scheme for processing lithium-ion batteries using the hydrometalurgical method. 

Nanofiltration (NF) and selective electrodialysis (S-ED) seem to be the most suitable 

membrane-based technologies for this process. However, due to the trade-off effect, these methods 

have limitations [1, 2]. Researchers are faced with a choice between achieving high productivity 

or separation selectivity. 

One of the few membrane technologies for which the trade-off effect is weakly expressed or 

does not manifest itself is the hybrid electrobaromembrane (EBM) method [3]. We investigated 

the possibility of a reagent-free hybrid electrobaromembrane (EBM) method for extracting 

valuable spent LIBs components from filtrates.  

Experiments 

A mixture of 0.05 M Li2SO4, 0.025 M CoSO4, 0.025 M NiSO4 and MnSO4 (pH = 4.8) was used 

to determine the optimal separation parameters. In this work, a TEM #811 track-etched membrane 

with diameter of pores of 35 nm was used. It was produced from a polyethylene terephthalate 

(PET) film at the Joint Institute for Nuclear Research (Dubna, Russia). On the left- and right-hand 

sides, auxiliary anion-exchange MA-41 heterogeneous membranes (JCC Shchekinoazot, 

Pervomayskiy, Russia) were used to form flow chambers surrounded the TEM. Feed solutions of 

the same composition and volume (0.45 L) were pumped through chambers adjacent to the left 

and right of the TEM. A 0.2 M Na2SO4 solution was pumped through the electrode chambers (4 L). 

The separation experiment lasted 50 h. In the membrane system, the current density was set to 

125 A/m2, so that cations moved towards the cathode. At the same time, in the direction opposite 

to their movement in the electric field, the pressure drop (0.3 bar) set the convective flow. The 
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concentration of separated ions was determined using inductively coupled plasma atomic emission 

spectrometry.  

Results and Discussion 

According to Figure 2a, it is established that the amounts of substance (mol) of the coexisting 

ions (Co2+, Ni2+, Mn2+) increase in the chamber through which the solution circulates without 

excess pressure, while the lithium amount of substance decreases. As you can see at a current 

density of 125 A/m2 the fluxes of lithium and doubly charged ions is directed in different ways 

(Fig. 2b). It means that the average flux of Li+ is positive (directed to cathode), but the fluxes of 

Co2+, Ni2+, Mn2+ ions were negatives and directed towards the anode. Their absolute values were 

as follows 0.2, –0.012, –0.03 and –0.08 mol/(m2×h), respectively for Li+, Co2+, Ni2+ and Mn2+ 

(Fig. 2b). This allowed lithium to be fractionated from the mixed solution. Since at a given current 

only lithium passes into the chamber under pressure, then formally, the value 𝐒𝐋𝐢+ 𝐌𝟐+⁄  can not be 

evaluated or can be equated to infinity. 

a) b) 

  

Figure 2. Changes in the lithium, cobalt, nickel and manganese amounts of substance in the 

chamber without pressure (a), as well as the average fluxes of separated ions through the TEM 

#811 track-etched membrane (b). 
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Introduction 

Mixture separation is highly requested technology in modern life. This predefines the intensive 

development of membrane technologies and, in particular, pervaporation [1]. Despite the existence 

of significant amount of experimental data in vacuum pervaporation, in sweeping gas 

pervaporation and in thermopervaporation the lack of proper mathematical models for these 

processes is observed. The present work is devoted to the development of a mathematical model 

for stationary thermopervaporation. 

Statement of the problem 

A pervaporation cell is presented in Fig. 1. A water-methanol solution with a given methanol 

mass fraction 
0s

  circulates to the left of the membrane, and to the right, vapors of the target 

component are accumulated. The temperatures of the feed solution ( fT ) and permeate ( pT ) are 

given, as well as the thermal conductivity coefficients , m   of water-methanol solution and a 

saturated membrane, respectively. The origin of the x axis oriented in the direction of the process, 

is posed at the membrane working side. The problem is solved in the following areas: 0x    

– the diffusion layer (1), 0 x h   – the membrane area (2), where h is the membrane thickness, 

h x B   – the vapor part of the permeate area (3). 

 
Figure 1. The scheme of the pervaporation membrane cell 

The model of stationary thermopervaporation under development includes equations for the 

temperature distribution in the liquid-membrane-vapor system, thermal diffusion equations, as 

well as boundary conditions on all interphase surfaces, representing continuity of temperature and 

diffusion fluxes, jumps in concentration and heat fluxes. 

The thermodiffusion mechanism that describes thermopervaporation includes diffusion through 

thermal activation of the system and concentration diffusion of molecules. It is worth noting that 

it is enough to consider one of the components of the mixture (for example, methanol), since the 

value of the mass fraction of the other can be found from the relation 1,s w   where s , w  – 

mass fractions of methanol (s) and water (w), respectively. Since a stationary process is considered, 

the thermodiffusion equations turn into the condition of conservation of thermodiffusion flux 

, 1,2,3iS i   in each of the aforementioned areas: 

(1 )
,i i i

i

s Ts s s i i
i i i i

i

d k D dT
S D

dx T dx
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where 
is

  are the unknown mass fractions of methanol, iD  are the diffusion coefficients, i  are 

the densities of the mixtures allowing for their aggregate condition, 
i

Tsk  are the thermal diffusion 

constants, iT  are the temperature distribution functions in each of the areas, respectively. We 

demonstrated that the temperature distribution can be described by linear functions in each of the 

areas, because the liquid-vapor phase transition occurring inside the membrane can be described 

as taking place on the working side of the membrane. 

The boundary conditions are 

a) the continuity of thermodiffusion flux: 1 2 2 30 0
,

x x x h x h
S S S S

   
  ;  

b) the given value of the methanol mass fraction at the boundary x   : 
1 0s s

x 
 


 ;  

c) jumps in the mass fraction of methanol on both membrane surfaces: 

1 2 2 3

1 1
0 : ; : ,

1 1 1 1 1 1 1 1 1 1 1 1

v

s s

v v v v v v v v v

s w s w s w s w s w s w s w s w

x x h
 

               

   

       

 

where ,s w   are the densities of components in the liquid phase, ,v v

s w   are the densities of 

components in the vapor mixture, , v

s s   are the distribution coefficients showing the affinity of 

the membrane to methanol, besides, 
v

s  takes into account the process of evaporation on the 

membrane working side, i.e. 
v

s s  ; 

d) the given value of the methanol mass fraction at the boundary x B : 
3s B

x B
 


 . 

Solution and discussion 

The boundary value problem was solved numerically. The distributions of mass fractions in 

each of the studied areas were obtained. It is worth noting that in the limiting case, when full 

saturation is established, the component fluxes in each of the areas are equal to zero and the 

solution can be obtained analytically. 

  
Figure 2. Dependence of separation factor 

  on 
v

s  

Figure 3. Dependence of separation factor 

  on s  

The efficiency of the thermopervaporation process is determined by the separation factor  , as 

well as the pervaporation separation index ( 1)totalPSI J  , where totalJ  is the total flux through 

the membrane. Analysis of the dependences of the separation factor on all parameters of the 

problem showed that the most significantly it is affected by the methanol content in the initial 

mixture 
0s

 , as well as coefficients s  and 
v

s , representing the characteristics of the membrane. 

Fig.2 shows the dependence of the separation factor on s  and 
v

s  with methanol mass fraction 

0s
 in the feed solution equal to 0.1; 0.5; 0.9. The curves were plotted for the following values of 
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the problem parameters: 
1 0.25;Tsk   

2 0.2;Tsk   
3750 kg/m ;s  3990 kg/m ;w   

31.41 kg/m ;v

s   
30.2 kg/m ;v

w   
640 10 m;h    

6100 10 m;    343 K;pT   353 K;fT   

  = 0.37 J/(m∙s∙К); m  = 0.27 J/(m∙s∙К); and also 0.75s   for Fig.2; 700v

s   for Fig.3.  

It can be seen in Fig.2 and Fig.3 that the lower the mass fraction of the target component in the 

initial mixture, the higher the separation factor. Therefore, pervaporation is effective for ultra-high 

separation of diluted mixtures. 

Comparison with the experiments 

 
Figure 4. Total flux as a function of the target component fraction in the feed solution 

measured in experiments [2] (bars), [3] (line) and calculated in the present work (points). 

The theoretically obtained solution was compared with the experimental data of works [2, 3]. 

The dependences of the total diffusion flux on the mass fraction of butanol [2], ethanol [3] and 

methanol in the feed solution are shown in Fig.4. The direct coincidence of the presented 

dependences should not be expected, as they are obtained for different substances. Nevertheless, 

parameter 
v

s  allows to fit experimental data in the framework of the developed model. 

Thus, the developed model represents the quantitative instrument for the analysis of the quality 

and efficiency of the mixture separation process. Within the framework of a computational 

experiment, it allows to study the dependence of thermopervaporation on all the process 

parameters. 
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Introduction 

Mosaic "Polykon" - heterogeneous ion-exchange materials. The prospects of this type of 

membrane were previously discussed in works [1-3]. Our membranes are fabricated using 

polycondensation filling method. Due to the peculiarity of polycondensation filling, the 

preliminary choice of the fibrous matrix was based on their compliance with a number of criteria: 

not to swell and not to degrade in the synthesis and curing environment, not to lose physico-

mechanical properties with technological parameters of the process. Based on the requirements 

put forward and the selected ionite matrix systems, we settled on the following fibrous systems: 

Fabric based on NPF fibers (fabric based on phenol-formaldehyde fiber), and Lavsan fabric FL-4 

(polyethylene terephthalate fiber). To work out the technical techniques and technological 

parameters of all processes, a further step in this direction was to study the influence of the 

chemical nature and textile structure of fibers and fabrics on the wettability of the components of 

anionite and cationite matrices. 

Experiments 

Samples with a length of 30 cm were prepared for testing and fixed in the device, after which 

they were immersed in a cuvette with prepared monomerization solutions before the first contact 

by 1-3 mm. Measurements were carried out by recording the rise of the wetting boundary with a 

certain time interval (60 s), until a complete equilibrium state was established. Kinetic curves of 

wettability were constructed based on the obtained data. The coordinates were the lifting height 

and the impregnation time.  

Results and Discussion 

 

Figure 1. The effect of the introduction of ultradisperse additives into the monomerase 

composition of the cationic component of the mosaic membrane on the wetting process of the 

NPF fiber fabric 
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Figure 2. The effect of the introduction of ultradisperse additives into the monomerase 

composition of the anionite component of the mosaic membrane on the wetting process of the 

NPF fiber fabric 

The effect of the introduction of ultrafine additives into the monomerization compositions of 

both cationite (Figure 1) and anionite (Figure 2) composite mosaic membranes on the course of 

the wetting process of the fibrous base of which was a fabric made of NFF fibers was noted. 

 

Figure 3. The effect of the introduction of ultradisperse additives into the monomerase 

composition of the cationic component of the mosaic membrane on the wetting process of Lavsan 

fabric FL-4 

As the conducted studies have shown, the chemical nature of the fibrous base plays a significant 

role, so on a fibrous basis of dacron fabric it can be noted that the introduction of Fe and Si oxides 

reduces both the initial velocity and the max lifting height (10-12%), while there are no noticeable 

changes with the introduction of Ni oxides (Figure 3). 
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Figure 4. The effect of the introduction of ultradisperse additives into the monomerase 

composition of the anionite component of the mosaic membrane on the wetting process of 

Lavsan fabric FL-4 

A similar effect is noted on the anionite components, so the introduction of ultrafine additives 

into the monomerization composition of the anionite (Figure 4) composite mosaic membranes on 

the course of the wetting process of the fibrous base, which was dacron fabric, slightly affects the 

course of the wetting process.  

Conclusions 

Based on the conducted studies, it can be concluded that the introduction of ultrafine additives 

into the monomerization composition of both anionite and cationite components of the mosaic 

membrane does not require changes in the technological parameters of the wetting process. 
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Introduction 

Mathematical modeling of mass transport in a three-layer system containing an ion-exchange 

membrane and two electrolyte layers makes it possible to describe the selective properties of the 

membrane by determining its fixed charge density. This paper developed a two-dimensional 

mathematical model of ion transfer in a three-layer system for the galvanodynamic mode, when 

the current density in the system is set. The model is formulated as a boundary value problem for 

the system of Nernst–Planck–Poisson and Navier–Stokes equations. The electric field mode is 

determined using a galvanodynamic boundary condition that relates the normal component of the 

potential gradient and the current density. 

Mathematical model 

The considered area of the electrodialysis membrane system includes half of the desalting 

channel (1), the cation-exchange membrane (2) and half of the concentration channel (3), Figure 

1. The transport of ions in all three layers is described using the Nernst–Planck–Poisson equations. 

Poisson's equation describes the electric field, accounting the fixed charge of the membrane in 

layer (2) and the extended space charge region formed in the desalting channel during the flow the 

overlimiting current. The solution flow in layers (1) and (3) governed by the Navier–Stokes 

equation, considering the effect of the electric field on the space charge region. The electric mode 

is modeled using the galvanodynamic boundary condition [1]. 

 
Figure 1. Scheme of a three-layer membrane system with forced flow with an average speed V0 

and profiles of concentrations of cations (c1, red line) and anions (c2, blue line) at current flow 

density i 

Results and Discussion 

Figure 2a shows the chronopotentiogram (ChP) calculated using the proposed model. The 

transition time of the calculation shown in Figure 2 differs from Sand's analytical estimate by less 

than 1%. The cation transport number in the membrane decreases over time and is stable at a value 

of 0.956 (Fig. 2b). The electroconvection developing in the desalting channel is shown in 

Figure 2c. 
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(a) (b) 

 

(c) 

Figure 2. ChP (a), cation transfer number in the cation-exchange membrane (b), anion 

concentration (shown in color) and streamlines (white lines) at t=10 s (c), calculated for a 

solution of 0.1 mol/m3 NaCl and the fixed membrane charge of 4 mol/m3 at lim5.1 ii   

Thus, the proposed model makes it possible to numerically calculate ion concentrations, electric 

potential, space charge, solution flow and ChP of the ion-exchange membrane and two adjacent 

layers of binary electrolyte in galvanodynamic mode. The model takes into account the formation 

of the extended space charge region and the development of electroconvection near the membrane 

under the overlimiting DC current. The model calculation results are in good agreement with 

Sand's analytical assessment of the transition time. 
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Introduction 

By varying the ratio of the conductive and inert phases or the particle size of the ion exchange 

resin, it is possible not only to achieve a compromise between the electrochemical and mechanical 

properties of the obtained samples of heterogeneous ion exchange membranes, but also to enhance 

the overlimiting mass transfer in the electromembrane system due to changes in the geometric and 

electrical heterogeneity of the membrane surface. The purpose of the work was to study the effect 

of changes in the content and size of the cation exchange resin particle in experimental membranes 

on their transport, structural and physicochemical properties. 

Experiments 

The objects of study were two series of experimental samples of heterogeneous cation exchange 

membranes MK-40. They were manufactured at LLC IE Shchekinoazot (Russia). The first batch 

of membranes differed in the mass fraction of ion exchange resin. It varied in the range from 55 

to 69 wt %. In the samples of the second batch of membranes, the particle size of the ion-exchanger 

varied from <20 to 56-71 μm. In this case, the resin content was standard and amounted to 65 wt 

%.  

The physicochemical properties of the membranes were determined using conventional 

methods. The specific electrical conductivity of the membranes κm was determined from data on 

their resistance measured by the mercury-contact method. The diffusion properties (integral 

coefficient of diffusion permeability Pm) of the membranes were determined by estimating the 

amount of electrolyte transferred from a salt solution of a set concentration through the test 

membrane into clean water. The transport properties of membranes were determined at the 

Department of Physical Chemistry, Faculty of Chemistry and High Technologies of KubSU. 

Before the study, all membranes were subjected to chemical conditioning according to the 

generally accepted method. The studies of the surface and cross-section morphology of the 

membranes in swollen state were carried out by scanning electron microscopy (SEM) using a JSM-

6510 LV microscope (Japan). The quantitative estimation of fraction and size of ion-exchangers 

(S) and macropores (P) was carried out with the help of the authors’ software by using the digital 

processing of SEM images [1].  

Results and Discussion 

Effect of mass fraction of ion exchange resin  

Comparison of the properties of experimental membranes with different mass fractions of ion 

exchange resin revealed the influence of the ion-exchanger content on their structural 

characteristics (Fig. 1).  

   
a                                                           b 

Figure 1. Micrographs of the surface of swollen MK-40 membranes with cation-exchange 

resin content of 55 (a) and 69 (b) wt %. 
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With a higher mass fraction of ion exchange resin in the MK-40 membrane, larger particles are 

visualized on the surface. It is obvious that when producing membranes with a low resin content, 

large particles are predominantly found in the bulk of the samples. With an increase in the content 

of the ion exchange resin, the SEM method established an increase in the proportion of ion 

exchanger particles on the surface by almost 2 times. This is accompanied by a 4-fold increase in 

the proportion of macropores. The sizes of ion-exchangers and macropores increase by 1.5 times 

and 2 times, respectively.  

 
a                                                           b 

Figure 2. Dependences of relative changes in physicochemical (a), transport and structural (b) 

properties of the MK-40 membrane on the mass fraction of ion exchange resin (ω, wt %).  

∆А, % = 100∙(Аx –А55%)/А55%, А1/A2=Аx/А55%.  

Data on changes in the structure of the membrane surface obtained from SEM are consistent 

with changes in physicochemical and transport properties (Fig. 2). For membranes, with an 

increase in the mass fraction of ion exchange resin, there is a natural increase in the exchange 

capacity (Qdr), moisture content (W), thickness (l) and specific electrical conductivity κm. The 

increase in diffusion permeability (Pm) is due to an increase in macroporosity and moisture content 

of membrane samples.  

Effect of ion exchange resin particle size 

Micrographs of the surface of swollen samples of MK-40 membranes with different sizes of 

resin particles are presented in Fig. 3a and 3b.  

  
a                                                           b 

  
c                                                           d 

Figure 3. SEM images of the surface (a and b) and the cross-section (c and d) of swollen  

MK-40 membranes with sizes of cation exchange resin: <20 µm (a and c), 56-71 µm (b and d). 
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Visualization of the membrane surface has showed that a number of established features of 

surface morphology require explanation. Firstly, a decrease in the proportion and weighted average 

radius of ion exchange resin areas on the membrane surface was revealed with an increase in the 

size of the ion-exchanger particles set during production. Secondly, the presence of small and the 

absence of large ion-exchangers was established for membranes with resin particle sizes in the 

range of 56-71 μm. Third, a decrease in surface macroporosity was found, but an increase in 

macropore size by more than 20% with increasing resin particle size. Clarifications were obtained 

by studying the membrane internal structure (Fig. 3c and 3d). 

Comparison of SEM images of the surface and cross section of swollen samples of MK-40 

membranes with different resin particle sizes revealed differences in their structural characteristics. 

For a membrane with a maximum resin particle size, a 2-fold increase in the proportion of the 

conductive phase on the section compared to the membrane surface was established. This fact is 

associated with the extrusion of plastic polyethylene from the bulk onto the surface during the 

production of membranes, leading to encapsulation of resin particles. It has been established that 

particles with a radius from 16 to 31 μm are absent on the surface, but their share is 40% of the 

total area of the ion-exchanger phase in the cross-section of the membrane. A greater 

macroporosity of the section compared to the membrane surface was revealed; macropores in the 

range of 10-12 µm are absent on the surface but make up 35% in the section.  

 
a                                                           b 

Figure 4. Dependences of relative changes in physicochemical (a), transport and structural (b) 

properties of the MK-40 membrane on the particle size of the ion exchange resin (dmil., μm). ∆А, 

% = 100∙(Аx –А<20)/А<20), А1/A2=Аx/А<20.  

The exchange capacity of the membranes remains almost constant as the particle size of the 

ion-exchanger decreases, which corresponds to its equal content in the samples. It is 2.50±0.02 

mmol/gdry. For experimental membranes, as the size of the ion-exchanger particles increases, the 

moisture content decreases by 12%, the electrical conductivity and diffusion permeability of the 

membranes decrease by 35 and 55%, respectively (Fig. 4). 

Thus, the effect of the antibate influence of the fraction and size of resin particles on the 

characteristics of heterogeneous ion exchange membranes has been established. An increase in the 

fraction of ion exchange resin in membranes causes an increase in the values of physicochemical, 

transport and structural characteristics, and an increase in the size of resin particles causes their 

decrease. 
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PRODUCTION OF GAS DIFFUSION LAYERS USING FLUOROPLASTICS 
Yulia Vilacheva, Alexander Lysenko  
St. Petersburg State University of Industrial Technologies and design 191186, St. Petersburg  
E-mail: vilachevay@bk.ru 

Introduction 

Hydrogen energy, in the context of the search for alternative energy sources and the partial 

abandonment of traditional fuel, is a promising direction for the development of global industry. 

The conversion of hydrogen's chemical energy directly into electrical energy occurs as a result of 

an electrochemical reaction occurring in a fuel cell (FC). The scheme and operating principle of 

the fuel cell are shown in Fig. 1. 

 

Figure 1 – Scheme and operating principle of FC [1] 

Conventional symbols in Fig. 1: gas diffusion substrate (GDS), consisting of: gas diffusion 

layer (GDL), microporous layer (MPL), catalytically active layer (CL); proton exchange polymer 

membrane (POEM) One of the structural units of fuel cells is the gas diffusion layer (GDL), which 

is responsible for the uniform distribution of reagents near the catalyst layer, ensuring electronic 

conductivity and the effective removal of water as a by-product of the reaction. GDS must have 

high electrical conductivity (electrical resistivity less than 80 mOhm/cm2), certain values of 

surface density (100 - 120 g/m2), porosity (porosity in the range of 50-90%) and hydrophobicity 

(contact angle of at least 110°) [ 2]. 

Experiments 

In this research, GDLs were obtained in the form of composites based on carbon graphitized 

fabrics from a polyoxadiazole precursor (possessing low electrical resistance and high porosity) 

and a hydrophobizing fluoroplastic binder. Since fluoroplastic is a dielectric, electrically 

conductive fillers were introduced into its solution: carbon black (CB) in an amount of 5; 10; 15 

wt. % relative to the polymer; carbon nanotubes (CNTs) and highly dispersed conductive 

graphenes in the amount of 1; 2.5; 5 wt. % relative to the polymer. The content of fluoroplastic 

matrices in the composites was 5 - 15 wt. %. 

Results and Discussion 

Graphs of the dependence of electrical resistance on matrix content at the same filler content 

are presented in Figure 2.  

The specific electrical resistance of GDLs without dispersed electrically conductive fillers 

increases from 15 to 80 mOhm/cm2 with an increase in the fluoroplastic matrix content from 5 to 

15 wt. %. According to the data obtained during the study, with an increase in the content of all 
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types of dispersed fillers, the electrical resistance of the composites decreases at the selected matrix 

content. When introducing 5, 10, 15 wt. % specifications relative to the fluoroplastic matrix, the 

resistance of the composites decreases from 15 mOhm/cm2 to 8.0; 7.0 and 6.5 mOhm/cm2, 

respectively, with a matrix content of 5 wt. %. With a fluoroplastic matrix content of 15 wt. % 

resistance of composites with the same amounts of carbon black (5, 10, 15 wt. %) decreases from 

80 mOhm/cm2 to 75, 70 and 69 mOhm/cm2. 

 
Figure 2 – Dependence of the electrical resistivity of the GDLs on the content of the 

fluoroplastic matrices 

In the same range of matrices contents (from 5 to 15 wt.%), the resistance of composites with 

CNTs in an amount of 1.0; 2.5; 5.0% increases accordingly from 6.0; 5.0 and 4.5 mOhm/cm2 to 

50, 41 and 38 mOhm/cm2. Similar values were obtained when graphenes were introduced into the 

composition of the compounds, which makes them, along with CNTs, effective fillers that reduce 

the electrical resistance of composites.  

With an increase in the amount of fluoroplastic in the studied range, the total porosity of the 

composites decreases from 60% to 50%, and the surface density increases from 95 to 120 g/m2, 

regardless of the content and type of dispersed electrically conductive fillers. The contact angle 

for all types of HDS is 130 ± 5°.  

The experiments showed that CNTs and dispersed conductive graphenes are more effective as 

electrically conductive additives than carbon black. The introduction of 1% CNTs/graphenes 

reduces the electrical resistance by 60% relative to the original composites, while the introduction 

of 5% CB reduces it by 40%. At the same time, in the aggregate of other indicators, the optimal 

matrix content is 7-12 wt. % [3].  

Based on the data obtained, HDS was selected with a fluoroplastic matrices content of 10 wt. 

%, modified with dispersed electrically conductive graphenes in an amount of 5 wt. % for studies 

of output power and current density arising during the operation of fuel cells. Tests in a fuel cell 

showed that the resulting GDS have an output voltage of 1000 mV, and the maximum current 

density reaches -1980 mA, which corresponds to these indicators of imported industrial analogues 

chosen as objects of comparison.  

Composites containing an effective electrically conductive filler are promising for the 

development of GDS low-temperature fuel cells.  
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Introduction 

Currently, lithium-ion batteries (LIB) are the most common in the world. They are used in 

electronics (phones, laptops, tablets, etc.), as well as electric vehicles. LIBs are produced in the 

billions per year. However, they have the following serious disadvantages. They are explosive and 

fire hazardous. Another disadvantage is that there are limited quantities of lithium in the world, 

and therefore it is expensive and its price is rising, especially in connection with such mass 

production of LIBs. In recent years, aluminum-ion batteries (AIB) have begun to be intensively 

developed in the most developed countries. This is due to the fact that, unlike lithium, the world's 

reserves of aluminum are practically unlimited. 

Main part 

An aluminum ion battery (AIB) is a rechargeable electrochemical device that uses aluminum 

as the negative electrode. The charging/discharging processes in AIA occur according to a 

principle similar to LIB. AIB have the following advantages over LIB: 1) Aluminum reserves are 

unlimited, since it is the third most abundant chemical element and the first most abundant metal 

in the earth's crust. 2) Aluminum is three times more energy-intensive than lithium, since its 

charge/discharge involves three electrons per aluminum atom, while the charge/discharge of a 

lithium atom involves only one electron. 3) Aluminum batteries are fire and explosion proof. The 

theoretical volumetric capacity of AIB is 8040 mAh/cm3 compared to 2046 mAh/cm3 for LIB. 

Due to the low cost and abundance of raw materials (aluminum ~ 1520 $/t, graphite ~ 654 $/t, 

NaCl ~ 152 $/t and AlCl3 ~ 1521 $/t), AIB shows very good prospects for commercial application. 

For comparison, we note that the cost of lithium is $80,000/t, and this cost is constantly growing. 

To date, AIAs are already being produced in the USA, Australia, Germany and China. Thus, 

we can say that the era of aluminum energy is coming. The role of the negative electrode in AIB 

is most often performed by aluminum foil, and the role of the positive electrode. often performs a 

carbon (graphite or graphene) electrode in which the process of intercalation/deintercalation of 

Al+3 cations occurs. In this case, the structure of the carbon electrode in the AIA should ensure the 

occurrence of this process, taking into account the fact that the size of Al+3is larger than the size 

of Li+. To date, AIAs are already being produced in the USA, Australia, China and Germany. 

In [1], spinel cathode material Al2/3Li1/3Mn2O4 was synthesized using an electrochemical 

transformation reaction using LiMn2O4 as a precursor. The cathode provided a discharge capacity 

of 151.8 mAh/g at a current density of 100 mA/g, maintaining 64.1% capacity over 1000 cycles. 

The full cell showed a high energy density of 183 Wh/kg. In [2], defective cobalt-manganese oxide 

nanosheets were studied as a cathode material for aqueous AIBs. A very high energy density of 

685 Wh/kg (based on cathode and anode mass) and a reversible capacity of 585 mAh/g at 100 

mA/g were achieved with 78% retention after 300 cycles. These characteristics are higher than 

those of commercial LIBs. 

[3] constructed a porous Al foil anode for high-speed AIB. Porous Al foil coated with a uniform 

layer of carbon (pAl/C) was prepared by etching, deposition and curing of polyacrylonitrile and 

subsequent carbonization. The AIB cell with pAl/C anode and natural graphite cathode 

demonstrated a reversible capacity of 104 mAh/g at 2C. It also showed a high power density of 

3701 W/kg. Compared with Al foil, the discharge rate and power density were significantly 

improved due to the increase in specific surface area. 

Conclusion. Thus, aluminum-ion batteries are extremely promising for commercial use. 
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Introduction 

Aminophosphonic polyampholytes are widely used for selective sorption of polyvalent ions as 

well as in catalytic processes. The structure of metal ion complexes and kinetics of ligand exchange 

are fundamental problems. In the case of paramagnetic transition metal ions electron paramagnetic 

resonance (EPR) technique is a strong tool of this information obtaining. We have investigated 

structure and sorption-desorption kinetics of cupper (II) complexes in polyampholytes containing 

phosphonic groups only (CMF); phosphonic groups and dimethylamine (PA-1), trimethylamine 

(PA-2), diethylamine (PA-3), pyridine (PA-4), ethylenediamine (PA-5) groups. 

Experiments 

The list of polyampholytes and some physical chemistry properties are given in Table 1. 

Table 1: Some physical-chemistry characteristics of polyampholytes 

Brand of 
ampholyte 

Ion-exchange 
groups 

DVB content, % 
Ion-exchange capacity, mg-eq/g 

NaOH HCL 

PA-1 
-CH2PO(OH)2 
-CH2N(CH3)2 

10 3.08 1.71 

PA-2 
-CH2PO(OH)2 
-CH2N(CH3)3 

10 1.33 1.56 

PA-3 
-CH2PO(OH)2 
-CH2N(C2H5)2 

10 2.84 1.13 

PA-4 
-CH2PO(OH)2 
-CH2NC6H5 

10 1.65 1.70 

PA-5 
-CH2PO(OH)2 

-CH2NH(CH2)2NH2 
10 2.81 2.35 

CMF 
-CH2PO(OH)2 

-CH2Cl 
10 3.2 - 

Note: PA and KMF ampholytes are macro porous ionites. 

EPR spectra of Cu2+ polymeric complexes were recorded on Bruker spectrometer ER-420 

Endor. For kinetic investigations the spectra recorded in 10 sec. Sorption cupper (II) was carried 

out from CuCl2 or CuSO4 aqueous solutions. The following desorption was realized by HCl 

aqueous solution. 

Results and Discussion 

The example of Cu2+ EPR spectra shows in Figure 1. At low cupper (II) contents spectra are 

asymmetric lines which are typical for immobile complexes described by the next spin 

Hamiltonian of axial symmetry (1). 

�̂� = 𝛽[𝑔∥𝐻∥𝑆𝑧 + 𝑔⊥(𝐻𝑥𝑆𝑥 + 𝐻𝑦𝑆𝑦)] + 𝐴∥𝑆𝑧𝐼𝑧 + 𝐴⊥(𝑆𝑥𝐼𝑥 + 𝑆𝑦𝐼𝑦)  (1) 

where 𝑔∥, 𝑔⊥ components of g-factor; 𝐴∥, 𝐴⊥  - constants of ultrafine structure in parallel and 

perpendicular orientations relatively to external magnetic field; Sx, Sy, Sz; Ix, Iy, Iz - projections of 

electron and nuclear spins. Constants of ultrafine structure and g-factors obtained from EPR 

spectra enable to identify cupper (II) complexes structure. It was concluded that in CMF tetragonal 

Cu2+ complex forms by two phosphonic groups and four water molecules Cu(R-HPO3)2(H2O)4. 

The same complexes are formed in ampholytes PA-1, PA-2, PA-3, and PA-4. In PA-5 cupper (II) 

forms Cu(R-HPO3)2(H2O)4, Cu(R-N)4(H2O)2
2+ and Cu(R-N)2(H2O)4

2+ complexes where four and 

two nitrogen atoms coordinate Cu2+ ion. Evolution of cupper (II) spectra during cupper sorption 

from 0.001 N aqueous CuSO4 solutions is shown in Figure 1. 
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Figure 1. EPR spectra cupper (II) in PA-5 recorded at different sorption time (in minutes) 

during cupper sorption from 0.001 N aqueous solutions CuSO4. Figures on the arrow are gains. 

On the basis of these data partial kinetics curves for different cupper (II) complexes are 

obtained. In Figure 2 an example of Cu2+ EPR spectra evolution during desorption by hydrochloric 

acid aqueous solution is shown. This process is rather complicate: Amino complexes of cupper 

(II) Cu(R-N)4(H2O)2
2+ transfer in aqua complexes Cu(H2O)6

2+, complexes Cu(R-N)2(H2O)4
2+ in 

Cu(H2O)6 
2+ and Cu(R-HPO3)2(H2O)4 (2).  

[Cu(R − N)4(H2O)2]
2+

HCl
→ [Cu(H2O)6]

2+ 

[Cu(R − N)2(H2O)4]
2+

HCl
→ {

[Cu(H2O)6]
2+

Cu(R − HPO3)2(H2O)4
HCl
→ [Cu(H2O)6]

2+
 

Cu(R − HPO3)2(H2O)4
HCl
→ [Cu(H2O)6]

2+ 
 

(2) 

 
Figure 2. EPR spectra of cupper (II) in PA-5 at different desorption time (in seconds) by 0.1 N 

HCL aqueous solution. 

The concentrations of Cu(H2O)6 
2+ and Cu(R-HPO3)2(H2O)4 in ampholite grain increase initially 

as it is shown in Figure 3.  
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Figure 3. Kinetic curves of cupper (II) desorption in PA-5 by 0.1 N aqueous HCl solutions. 1 - 

Cu(H2O)6 
2+; 2 - Cu(R-N)2(H2O)4

2+; 3 - Cu(R-HPO3)2(H2O)4; 4 - Cu(R-N)4(H2O)2
2+ complexes. 

In Figure 4 the example of complexes the example of Cu(R-N)2(H2O)4
2+ destruction and 

Cu(H2O)6 
2+ desorption by 0.1 HCl aqueous solution in PA-5 with different grain diameters are 

shown. The kinetic of cupper (II) concentration decreasing is approximated by external diffusion 

kinetics. 

 
Figure 4. Kinetic curves cupper (II) desorption from PA-5 by 0.1 N HCl aqueous solution. 

Ampholit grain diameters d are 0.33 mm (1, 1') and 0.73 mm (2,2'). Curves 1,1' - aqua 

complexes, 2,2' - Cu(R-N)2(H2O)4
2+ complexes. 

Summary 

Dynamic EPR spectra registration gave opportunity to obtain kinetic curves of partial cupper 

(II) complexes sorption and desorption. These partial kinetic was approximated by simple models 

of ion exchange processes. 
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Introduction 

Lithium metal batteries, where lithium metal is utilized as the anode, may allow for twice the 

energy density of traditional lithium-ion batteries, which currently reaches ~250 Wh/kg. The most 

important challenge that limits its large-scale application is dendrite growth through the 

electrolyte, leading to deterioration of the electrochemical performance of the battery and 

eventually short circuits [1]. According to the space-charge theory, low lithium transference 

numbers in the electrolyte lead to dendrite formation. Thus, using single-ion conducting 

electrolytes, in which anions are bound to the polymer matrix, is one way to prevent the formation 

of dendrites Gel-polymer electrolytes based on perfluorinated cation-exchange membranes are 

promising electrolytes for lithium metal batteries due to the strength and chemical stability of the 

fluorinated matrix, high values of ionic conductivity and cation transference numbers, which 

contribute to the suppression of dendrite formation. The purpose of this work was to compare main 

characteristics of polymer electrolytes based on Aquivion® perfluorinated sulfocationic 

membranes and polar aprotic solvents, including their lithium conductivity, transference numbers, 

and stability against lithium metal, to evaluate their suitability in lithium metal batteries. 

Experiments 

The membranes Aquivion-87 and Aquivion-98 were conditioned by a standard procedure, then 

soaked in 0.1M LiOH solution for 48 h under constant stirring to obtain membranes in Li+ form. 

The ion-exchange capacity (IEC, mg-eqv/g) of the Aquivion-87 and Aquivion-98 membranes was 

measured by acid-base titration. To obtain the polymer electrolytes, dry Aquivion-87 and 

Aquivion-98 membranes in Li+ form were placed in a dry argon-filled glove box with a moisture 

and oxygen content <5 ppm (SPECS, Russia) and placed in a solution containing equal volumes 

of ethylene carbonate – propylene carbonate (EC-PC) or EC – N,N-dimethylacetamide (EC-

DMA). The membranes were soaked in this solvent over activated molecular sieves (3 Å) for one 

day. The ionic conductivity of the obtained samples of polymer electrolytes in Li+ form plasticized 

by EC-PC and EC-DMA was studied by impedance spectroscopy in the temperature range of 

−20...+50°C in an argon atmosphere. Li+ transference numbers (TLi+) were estimated using the 

Bruce-Vincent method [2] in Li|Aquivion|Li coin-type cells. The cells were polarized by a 

potential difference △V=5 or 10 mV. The interfacial resistance was measured before and after 

polarization by alternating current impedance. To assess the stability of the obtained polymer 

electrolytes against lithium metal, galvanostatic cycling was performed: current density of ±0.1 

mA/cm2 with a cut-off capacity ±0.05 mAh/cm2 in symmetrical Li|membrane|Li coin-type cell 

CR2032. To evaluate the possibility of using the investigated polymer electrolytes in real lithium 

metal batteries, we checked coin-type cells with a lithium metal anode and LiFePO4 (LFP) cathode. 

The required current was calculated based on the mass of active cathode material for each 

electrochemical cell. 

Results and Discussion 

Based on acid-base titration data, the IEC values for Aquivion-87 and Aquivion-98 membranes 

are 1.13 and 0.96 mg-eq/g, respectively. The solvation process increases the thickness of the 

membranes from 50 to 63-78 m. The number of solvent molecules per functional sulfonic group 

increases with the increment of membrane IEC while moving from Aquivion-98 to Aquivion-87. 

The increase is by a factor of 1.4 for the EC-PC mixture and by a factor of 2 for the EC-DMA 

mixture. Ionic conductivity of the membranes, regardless of the solvent nature, increases with 

increasing degree of solvation. The ionic conductivity of the Aquivion-87 membrane exceeds 

Aquivion-98 when solvated with a similar solvent mixture due to the higher concentration of 
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charge carriers and the degree of solvation. The ionic conductivity of membranes solvated by EC-

PC mixture does not exceed 9∙10−5 S/cm. Obtained values are comparable to the literature data for 

Nafion membranes. The use of the EC-DMA mixture leads to an order of magnitude increase in 

the ionic conductivity of the membranes compared to EC-PC. Obtained values of ionic 

conductivity of membranes solvated by EC-DMA mixture (~10−3 S/cm) meet the requirements for 

electrolytes for lithium metal batteries. Obtained TLi+ values were 0.88 and 0.93 for Aquivion-87 

and Aquivion-98 membranes solvated by EC-PC and 0.69 for samples solvated by EC-DMA.  

The difference between the average charge and discharge plateau potentials for the LFP|Li cell 

with polymer electrolyte, containing EC-DMA, and the same cell with liquid electrolyte is 

comparable at 0.1C (Figure 1), which indicates that the membrane electrolyte with conductivity of 

the order of 10−3 S/cm does not contribute significantly to the battery resistance, and this parameter 

is determined by ohmic losses during lithium transfer through the carbon coating and the charged 

(discharged) layer of cathode material formed on the sample surface. 

  

(a) (b) 

 

(c) 

Figure 1. Typical charge-discharge curves of LFP|Li batteries with (a) Aquivion-EC-PC, (b) 

Aquivion-EC-DMA and (c) liquid electrolyte at 0.1C and room temperature (20th cycle). 

Initial discharge capacity of LFP|Li batteries with Aquivion-87-EC-DMA and Aquivion-

98-EC-DMA electrolytes was 142 and 136 mAh/g at a cycling rate of 0.1C (Figures 1 and 2), 

respectively, and is practically the same as the capacity of a similar cell with liquid electrolyte 

(Qdischarge=143 mAh/g). Indicated values correspond to 84% and 80% of the theoretical specific 

capacity of the LFP electrode. Initial discharge capacity of LFP|Li batteries with Aquivion-87-EC-

PC and Aquivion-98-EC-PC and electrolytes was 141 mAh/g and 132 mAh/g at a cycling rate of 

0.1C (Figures 1 and 2), respectively, which correspond to 83% and 78% of the theoretical specific 

capacity of the LFP electrode. The obtained capacity values for the investigated cells are quite 

close and vary within limits close to the experimental error. But this difference becomes more 

noticeable with increasing C-rate. Thus, when increasing the rate from 0.1C to 0.5C and 1C, the 

discharge capacity of the membrane Aquivion-87-EC-PC decreases by 75% and 90%, while 

Aquivion-87-EC-DMA decreases only by 3% and 7% due to the higher ionic conductivity of the 

membranes solvated by the EC-DMA mixture (Figure 2). Battery cell with membrane electrolyte 
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Aquivion-87-EC-DMA have shown a discharge capacity of 136 mAh/g at 1C that is comparable 

with or exceed the best results obtained for LFP|Li batteries with liquid electrolyte. After cycling 

for 70 cycles at 0.1C, capacity retention was 98.8%, 99.9%, 96.3% and 94.4% for cells with 

Aquivion-87-EC-DMA, Aquivion-98-EC-DMA, Aquivion-87-EC-PC, Aquivion-98-EC-PC 

electrolytes, respectively. 

 
Figure 2. Values of discharge capacity and Coulombic efficiency at room temperature and 

different C-rates of LFP|Li batteries with Aquivion-87-EC-PC and Aquivion-87-EC-DMA 

electrolytes (indicated in the figure). 
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Environmental and energy-related technologies, such as redox flow batteries, fuel cells, water 

electrolysis, and electrodialysis-based ion separation, are crucial to realizing peak carbon 

emissions and carbon neutrality. All these mentioned technologies are based on electromembrane 

processes and require ion exchange membranes (IEMs) to fulfill selective ion transport and the 

separation of anode reactions from the cathode reaction.[1] The traditional IEMs, represented by 

the perfluorocarbon Nafion, feature microphase-separated structure, and are well developed but 

suffer from the notorious conductivity/selectivity tradeoff.[2] To break this tradeoff, our group has 

developed the microporous paradigm with confined micropores as ion channels and demonstrated 

this concept with membranes made from charged polymers of intrinsic microporosity [3, 4] and 

ultramicroporous polymer framework membranes[5, 6]. The rigidly confined micropores within 

these membranes can endow both ultrahigh size-exclusion-imposed ion selectivity and 

ultraefficient free volume-induced permeability.[2] Notably, with the combination of rigid pore 

confinement and multi-interaction between ion and membrane, ultramicroporous triazine 

framework membranes could achieve near-frictionless ion flow.[5] The new micropore-confined 

IEMs have demonstrated great effectiveness in flow batteries [4, 5] and water electrolysis [6], and 

we believe they will also contribute to the big development of other electromembrane processes. 

 
Figure 1. The conventional IEMs and Our proposed IEMs with micropore confined channels, 

and their potential applications. 
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Energy is still the most in-demand product. However, humanity has changed its main energy 

sources every century for the last three centuries due to economic expediency. The next change 

will be driven by humanity’s concern about the deterioration of the environmental situation, a 

significant contribution to which is due precisely to the development of traditional energy. In this 

regard, it is believed that the 21st century will be marked by a transition to renewable energy 

sources (energy from the sun, wind, water...). A constant energy supply based on these sources is 

impossible without the development of energy storage devices, the main of which will be metal-

ion batteries and the hydrogen cycle. The purpose of this report is to analyze current trends in the 

development of hydrogen energy in the world and in Russia. Moreover, fuel cells can be used to 

provide backup power and power equipment in the field. 

One of the main problems standing on this path is the need to obtain elemental hydrogen. The 

hydrogen energy development program adopted in Russia was initially mainly focused on the 

production of hydrogen. However, the main methods for its production are associated with the 

conversion of natural gas and carbon, which currently occupy more than 98% of the world market 

[1]. At the same time, in accordance with the Paris Convention, only so-called “green” hydrogen 

produced from renewable sources will be sold on the international market. First of all, this includes 

hydrogen produced from biomass and electrolysis of water, and in the latter case, only hydrogen 

produced using the same renewable energy sources will be in demand. In this regard, in addition 

to the obvious need for fuel cells, significant attention will be paid to electrolyzers designed to 

produce hydrogen [2]. In addition, as part of the development of hydrogen energy, it is necessary 

to solve three more important problems related to the purification, storage and transportation of 

hydrogen. The main method of hydrogen purification at the moment is short-cycle adsorption, but 

membrane hydrogen purification is becoming increasingly popular. And if actively developed 

polymer and carbon membranes can only provide primary purification of hydrogen, membranes 

based on palladium alloys make it possible to provide deep hydrogen purification. 

Among the methods of hydrogen storage, the most common currently is its compression, which 

is energy-intensive and requires the manufacture of new high-pressure cylinders. In addition, 

hydrogen storage seems very promising in the form of hydrides, primarily alloys, capable of 

absorbing quantities of hydrogen that exceed liquid hydrogen in terms of storage density. 

With regard to the transportation of hydrogen, the most discussed are its transportation in 

cylinders, in a liquid state and using gas pipelines as an additive to natural gas. Their obvious 

disadvantages are energy consumption, which will significantly increase the cost of hydrogen, and 

the use of pipelines is complicated by significant risks associated with possible detonation and 

hydrogen embrittlement. In this regard, the idea of the liquid carriers (primarily cyclic 

hydrocarbons and ammonia, capable of participating in the processes of dehydrogenation and 

hydrogenation under relatively mild conditions) use is currently very popular. Lower alcohols can 

be added to this list, which can give quite large quantities hydrogen during steam reforming 

processes. The use of membrane catalysis in these processes makes it possible to obtain high-

purity hydrogen in one stage. 

In modern literature there are different types of fuel cells, which were initially divided 

according to operating temperature into low-temperature (up to 130°C), high-temperature (above 

600°C) and medium-temperature. A more common classification is based on the type of membrane 

(electrolyte) used. From this point of view, solid polymer, alkaline, phosphoric acid, molten 

carbonate and solid oxide fuel cells were usually distinguished. Recently, in the world literature, 

the first of them, not very successfully, began to be called fuel cells based on proton exchange 

membranes. Alkaline fuel cells have been transformed into fuel cells based on ion exchange 

membranes, but this concept is not very suitable for installations that use porous membranes 
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impregnated with an alkali solution. Phosphoric acid fuel cells are currently almost completely 

reduced to units based on polybenzimidazole doped with phosphoric acid (which are often called 

high-temperature polymer fuel cells). Finally, two more types of devices based on medium-

temperature membranes based on anhydrous acid phosphates and/or sulfates and the increasingly 

popular high-temperature fuel cells based on oxides with protic (or mixed proton and oxygen) 

conductivity have separated from solid oxide fuel cells. At the same time, there are other 

classifications based on the type of fuel used, the principle of heat removal, the fuel cell fragment 

on which the design of solid oxide fuel cells is based, etc. In this regard, we divided fuel cells 

according to the type of membrane used [2]. 

Electrolyzers can be formally thought of as fuel cells operating in reverse, generating hydrogen 

and oxygen from water. However, radicals are generated as intermediate products, which typically 

results in high overvoltage in electrolyzers. To reduce it, catalysts other than fuel cells are used 

[3]. 

The most popular type of membranes used to design fuel cells are perfluorinated sulfonic cation 

exchange membranes of the Nafion or Aquivion type with a short side chain. At the same time, 

intensive searches are being conducted for their cheaper analogues with high ionic conductivity 

and low gas permeability. The advantage of fuel cells based on anion-exchange membranes was 

mainly considered to be the novelty of this approach, although it is worth noting that the first fuel 

cells and electrolyzers that operated on Soviet spacecraft were, in fact, largely their prototypes. 

The advantage of such fuel cells is the lower corrosive activity of the environment. This allows us 

to count on the possibility of using non-perfluorinated membranes and catalysts based on transition 

metals in them. This will lead to a reduction in the cost of both fuel cells themselves and the 

electricity generated using them. The main problems of fuel cells on anion-exchange membranes 

are the low rate of hydrogen oxidation and a sharp drop in membrane conductivity due to the 

sorption of carbon dioxide; therefore, only gases deeply purified from CO2, usually oxygen and 

hydrogen, can be used to feed them [4]. As for electrolyzers, another interesting solution was found 

for them - using polymer membranes with a structure close to asbestos, coated with oxides of 

refrigerated metals. 
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Introduction 

Last time contamination of environment by antibiotics and other pharmaceuticals becomes the 

serious ecological problem. For removal of these ones chemical, sorption, oxidative, membrane, 

biological methods and special constructed wetlands are used [1]. Developing of water purification 

technology with using of biochar (activated carbon obtained from biomass of plant or animal 

origin) is one of the promising solution of this problem. For example adding 0.5 g/l of biochar may 

increase recovery of sulfonamide antibiotics (SAA) from swine breeding wastewater by more than 

30 % and reduce membrane fouling [2]. From the other hand nanofiltration (NF) can effectively 

remove from the water multivalent ions and organic substances with molecular mass more than 

200 including antibiotics (up to 99 %) [3]. In this paper methods of fine water purification from 

sulfonamide antibiotics were investigated with using of adsorption on a specially obtained 

biochars, nanofiltration membranes and in combination of these ones. 

Experiments 

Compositional NF membranes were obtained by interfacial polycondensation (IPC) on the 

surface of ultrafiltration (UF) membranes made of polysulfone (PS). Formation of initial PS 

membranes was carried out from 2 types of casting solution: 

1 – PS–polyvinyl pyrrolidone (PVP)–N,N–dimethyl acetamide (DMAA); 

2 – PS–polyethylene glycol (PEG)–PVP–DMAA. 

Water solution of piperazine (PIP) and solution of trimesoyl chloride (TMC) in Nefras C2 were 

used for the interfacial polycondensation. Determination of the transport characteristics of 

obtained NF membranes were conducted in the stirred filtration cell (200 min-1) at transmembrane 

pressure 0.5 MPa. Concentrations of calibrant (0.2% MgSO4) in filtrate and in a bulk solution were 

determined by interferometer LIR–2. 

Sulfadimethoxine («BLDpharm», China) as a model SAA was used in experiments for water 

purification. Concentration of sulfadimethoxine was controlled by spectrophotometer Metertech 

SP8001 (wavelength 267 nm). Mini column with biochar (thickness of layer 3 cm) was made for 

conducting of experiments for water purification from SAA. Biochar with particle size in a range 

380–830 мкм was obtained by combination of pyrolysis and hydrothermal carbonization. Samples 

of the biochar were supplied by Xenan Normal University (China). Circulation of water with 

dissolved antibiotic through the column with biochar was provided by peristaltic pump at 90 

ml/min. Pressure drop in these conditions was negligible. For intensification of sorption processes 

0.0125 mmol/l potassium peroxomonosulfate (PMS) was added to sulfadimethoxine solution. 

When PMS interacting with a stable radicals of biochar generated active oxygen leads to the 

degradation of dissolved antibiotics. 

Results and Discussion 

Two different types of NF membranes were obtained by reaction of the interfacial 

polycondensation on the initial UF membranes (table). Formation composition 1 

(PSPVPDMAA) was allowed to obtain structures with a middle selectivity (RMgSO4 = 91-95%). 

The most selective NF membranes were obtained from formation composition 2 

(PSPEGDMAA). In this case rejection of MgSO4 was 99 % and higher. 
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Table. Transport characteristics of NF membranes. Calibrant  0.2% MgSO4 

Nanofiltration membrane Composition of ultrafiltration membrane J, l m-2 h-1 R, % 

NF-1 PS-PVP-DMAA 11-38 91-95 

NF-2 PS-PEG-PVP-DMAA 19-27 99 

Investigation of influence of the concentration and circulation time of antibiotic solution 

through column with biochar is presented on figure 1. Efficiency of SAA removal from solutions 

by a combination of biochar adsorption and nanofiltration is presented on figure 2. As it can be 

seen from experimental data degree of the antibiotic removal from the water solution with 

concentration 5 mg/l increases in time and after 30 minutes carrying out of sorption process 

becomes 71%. Then a slight decreasing of amount of the adsorbed antibiotic is observed. After 

increasing of antibiotic concentration up to 21 mg/l degree of antibiotic removal was 69 % after 

10 minutes of carrying out of sorption process. Then degree of removal was increasing up to 88 

%. 

 
Figure 1. SAA removal rate vs. solution circulation time through a biochar column. 

 
Figure 2. Efficiency of SAA removal from solutions by a combination of biochar adsorption and 

nanofiltration. 
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Finish purification of water from antibiotics and products of its degradation was carried out on 

nanofiltration membranes with the highest selectivity (NF-2). Degree of antibiotic removal from 

solution with initial concentration 5 mg/l after sorption on biochar and filtration on NF membrane 

was increased up to 90 % (figure 2). For solution with initial concentration 21 mg/l finish 

purification with using of NF membrane was removed SAA up to 99 %. For solution with highest 

concentration SAA (66 mg/l) after 95 minutes of sorption on biochar degree of removal was 88 % 

and after nanofiltration stage – 98 %. Investigation of the one step of nanofiltration of SAA 

solution with 12 mg/l was showed that degree of antibiotic removal was reached 94 %. Finish 

purification of obtained filtrate on column with biochar during 40 minutes was allowed degree of 

SAA removal up to 99% and higher. 

Thus it was established that combination of adsorption on biochar with additional radical 

degradation and nanofiltration with using of compositional membranes obtained by interfacial 

polycondensation on the surface of ultrafiltration membranes made of polysulfone was allowed 

SAA removal from water solutions on 90–99% in dependence on conditions of process 

conducting. 

Acknowledgements. Work is supported by the Belorussian Foundation for Basic Research, 

projectX23KI-024. 

References 

1. De Ilurdoz M.S.,Sadhwani J.J., Reboso J.V. Antibiotic removal processes from water & 

wastewater for the protection of the aquatic environment-a review // J. Water Proc. Eng. 

2022. V. 45. P. 102 –474. 

2. Cheng D. [et al.] Improving sulfonamide antibiotics removal from swine wastewater by 

supplying a new pomelo peel derived biochar in an anaerobic membrane bioreactor // Biores. 

Tech. 2021. V. 319. P. 124–160. 

3. Zhao S. [et al.] Removal of antibiotics using polyethylenimine cross-linked nanofiltration 

membranes: Relating membrane performance to surface charge characteristics// Chem. Eng. 

J.2018. V. 335. P. 101–109. 

  



337 

GRAFTED MEMBRANES BASED ON FLUORINATED FILMS AND 
POLYANILINE FOR ION SEPARATION 

Polina Yurova, Irina Stenina, Andrey Yaroslavtsev 
Kurnakov Institute of General and Inorganic Chemistry RAS, Moscow, Russia 
E-mail: polina31415@mail.ru 

Introduction 

The rapid development of society and population growth lead to the need for the most efficient 

use of the resources available to humanity. In particular, one of the most important resources is 

fresh water. Electrodialysis (ED) is an effective method of water purifying. In addition, ED allows 

separating ions of the same signs, but of different valences [1]. ED uses cation- and anion-

exchange membranes [2]. It is promising to develop new ion selective materials to increase the 

efficiency of electrodialysis. Graft polymerization is one of useful methods for the production of 

ion-exchange membranes. Moreover, certain properties can be imparted to ion-exchange 

membranes by additional modification with conducting polymers. Polyaniline is a conducting 

polymer that is easy to synthesize, stable, and has anion-exchange properties. An anion-exchange 

layer on a cation-exchange membrane can reduce the amount of doubly charged cations in 

membrane, which can lead to increased selectivity to singly charged cations.  

Experiments 

Cation-exchange membranes based on PVDF or ETFE films and polystyrene were obtained by 

the emulsion method with further sulfonation of the grafted polystyrene using chlorosulfuric acid 

and hydrolysis of functional groups. Then, membranes were conditioned by heating in a sodium 

chloride solution and water. Only one side of the membrane was modified by polyaniline. To do 

this, membrane was fixed in a two-section cell. A solution of aniline hydrochloride was in one of 

the sections, and water in another. The membrane was kept in the cell for 10 minutes, after that 

the aniline hydrochloride solution was replaced with an oxidizing agent ((NH4)2S2O8). Before 

studying of the obtained samples, membranes were washed by a sodium chloride solution and 

water.  

Ion exchange capacity, conductivity in contact with water, transport numbers and selectivity 

were determined for the prepared samples. 

Results and Discussion 

The conductivity and transport numbers of the grafted membranes based on both PVDF and 

ETFE films strongly depend on the grafting degree. Membranes for modification were selected 

based on the combination of these parameters. Modification with polyaniline leads to an increase 

in the cation transport number from 0.7 to 0.9 and higher for membranes based on PVDF films. 

The obtained samples demonstrate a significant increase in selectivity to sodium and lithium 

cations: P(Na/Ca) increase from 0.7 to 1.9 and P(Li/Mg) from 0.5 to 2.8. The introduction of 

polyaniline into as-prepared membranes leads to a decrease in conductivity in the sodium form, 

but for ion separation tasks this deterioration in properties is insignificant. 

Thus, in this study, a method for manufacturing of materials with high selectivity towards singly 

charged ions and high cation transport numbers was developed. 

Acknowledgement. This work was financially supported by Russian Science Foundation, grant 

No 23-43-00138, https://rscf.ru/en/project/23-43-00138/. 

References 

1. Tekinalp Ö., Zimmermann P., Holdcroft S., Burheim O.S., Deng L. Cation Exchange 

Membranes and Process Optimizations in Electrodialysis for Selective Metal Separation: A 

Review // Membranes 2023, 13, 566 

2.  Sedighi M., Mahdi Behvand Usefi M., Fauzi Ismail A., Ghasemi M. Environmental 

sustainability and ions removal through electrodialysis desalination: Operating conditions and 

process parameters // Desalination, 2023, 549, 116319  



338 

MULTILAYER ION EXCHANGE MEMBRANES AND ELECTROMEMBRANE 
PROCESSES FOR ENVIRONMENTALLY FRIENDLY CLOSED CYCLE 
TECHNOLOGIES 

Victor Zabolotsky, Stanislav Melnikov, Sergey Loza, Nikolay Sheldeshov, Aslan Achoh, 
Nikita Kovalev, Denis Bondarev 
Kuban State University, Krasnodar, Russia, E-mail: vizab@chem.kubsu.ru 

 

This paper presents the results of research aimed at addressing two significant challenges in 

membrane electrochemistry. The first objective concerns membrane materials and involves the 

development of bilayer membranes with high charge selectivity. The second objective pertains to 

the electrodialysis technique and focuses on enhancing the mass transfer properties of the 

electrodialysis process using bipolar membranes. 

To tackle the first issue, various approaches have been devised to create bilayer ion-exchange 

membranes, both heterogeneous and homogeneous, with exceptional selectivity towards singly 

charged metal cations. An anion exchange layer composed of a copolymer of N,N-dimethyl-N,N-

diallylammonium chloride and ethyl methacrylate was selected. Notably, homogeneous bilayer 

membranes were successfully fabricated by combining the MF-4SK cation exchange membrane 

with the developed copolymer. Through scanning electron microscopy and IR spectroscopy, the 

presence of a modifying anion-exchange layer on both types of bilayer membranes was confirmed. 

In all instances of the developed bilayer membranes, the limiting electrodiffusion current value 

was found to be dependent on the thickness of the modifying layer. The specific selective 

permeability of these membranes was shown to be governed by the equilibrium and transport 

characteristics of the modifying layer, particularly for co-ions. By utilizing the experimentally 

determined parameters of electromembrane systems with the bilayer membranes, a previously 

established four-layer model of ion transport in mixed solutions of ternary electrolytes was 

validated. However, a loss of selectivity was observed in all bilayer membrane samples once the 

limiting state was reached. 

The implementation of bilayer membranes has significantly enhanced the selectivity of 

membranes towards singly charged ions during concentration processes. The findings regarding 

the impact of electrolyte nature and membrane properties on transport mechanisms can be 

instrumental in the design and operation of electrodialyzer concentrators. 

A methodology has been devised for computing the effective constants of the limiting stages of 

the water dissociation reaction in heterogeneous bipolar membranes containing a catalytic 

additive. This method leverages the current-voltage characteristic equation, aligning with 

contemporary fundamental insights into the water molecule dissociation mechanism in bipolar 

membranes and the structure of heterogeneous bipolar membranes. 

The research outcomes also encompass the production of sodium and lithium hydroxides from 

carbonate and sulfate solutions using asymmetric bipolar membranes. Notably, utilizing sodium 

carbonate as the initial solution has enabled a substantial increase in the resulting alkali 

concentration from 0.92 M to 1.7 M under comparable process conditions. The current efficiency 

for alkali exceeds 70% in all experiments when sodium carbonate is employed, whereas it drops 

to 40-50% when producing alkali from a sodium sulfate solution with NaOH concentrations 

exceeding 0.8 M. The energy consumption for transferring one kilogram of alkali ranges from 2.8 

to 13.9 kWh/kg at operating current densities of 1-3 A/dm². 
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With the increasing severity of global water scarcity, a myriad of scientific activities is 

directed towards advancing brackish water desalination and wastewater remediation 

technologies. Flow-electrode capacitive deionization (FCDI), a newly developed 

electrochemically driven ion removal approach combining ion-exchange membranes and flowable 

particle electrodes, has been actively explored over the past seven years, driven by the possibility 

of energy-efficient, sustainable and fully continuous production of high-quality fresh water,  as 

well as flexible management of the particle electrodes and concentrate stream.1 Here, we provide 

a comprehensive overview of current advances of this interesting technology with particular 

attention given to FCDI principles, designs (including cell architecture and electrode and separator 

options), operational modes (including approaches to management of the flowable electrodes), 

characterizations and modelling, and environmental applications for water treatment and resource 

recovery. Furthermore, we introduce the definitions and performance metrics that should be used 

so that fair assessments and comparisons can be made between different systems and separation 

conditions.2 We then highlight the most pressing challenges (i.e. operation and capital cost, scale-

up and commercialization) in full scale application of this technology. We conclude this state-of-

the-art review by considering the overall outlook of the technology and discussing areas requiring 

particular attention in future. 
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Introduction 

Glucose biosensors applying for glucose in blood or interstitial fluid analysis functioned on the 

base of mediated bioelectrocatalytical reaction between enzyme glucose oxidase (mostly used) and 

mediator. The mediators in biosensors for continuous monitoring of glucose level in interstitial 

fluid (SCMG) constructed from redox polymer with functional redox centers (transition metal 

complexes) and chemical groups allowing to bind the enzyme with polymer structure via 

coordination or covalent bonds. The polymer structure and the nature of redox center are important 

for selective, sensitive and long-term analysis of glucose level in tissue fluid of human. In Russia 

the commercial or R&D technologies for fabrication of such biosensors or redox polymers are 

absent. So, the approaches for synthetic procedure, design of such polymers and studying of their 

electrochemical properties in the structure of biosensor is very important task for creation of 

domestic products for glycemia continuous control. This work is dealing with development of 

synthetic procedure of various types of redox polymers based on ferrocene derivatives or osmium 

(III) complexes as the redox centers and studying of their electrochemical and electroanalytical 

properties in glucose bio-oxidation reaction. 

Experiments 

Three types of redox-polymers were synthesized based on poly-4-vinilpyridine (PVP) by the 

use of original synthetic approaches. 6-ferrocenyl(n-hexyl)amine, osmium (III) N,N’-dimethyl-

2,2’-biimidazolium dichloride and [Os(III)(N,N’-dimethyl-2,2’-biimidazolium)2(N-(6-aminohexyl)-

N’-methyl-2,2′-biimidazolium)](Cl6)3 were used for modification of PVP. As a result, two redox 

polymers with covalently bounded redox centers (ferrocene-containing, Fc-RP, and Os(III)-

containing, Os-RP(II)) and one redox polymer with coordinately bounded redox centers, Os-RP(I), 

were designed. These polymers were used for sensor active layer preparation. The glucoseoxidase, 

GOx, solution and cross-linking agent, PEGDGE, were mixed with redox-polymers solutions. In 

some experiments the carbon black was added to composition of active layer to increase the 

electron conductivity. Drop casting method was used to modify the working electrode of three-

electrode screen-printed test-strips (SPE). Glucose model solutions (0, 1, 2, 5, 10, 20, 30 mM) in 

potassium phosphate buffer, pH 7.4, isotonized with 0.15 M sodium chloride, were used for 

amperometric measurements.  

Results and Discussion 

The work of SCMG sensors is based on conjugation of biochemical reaction between enzyme 

with glucose and electrochemical reaction of redox polymer transformation on electrode. The 

oxidation of reduced enzyme forming during biochemical reaction occurs as a result of its reaction 

with transition metal ions of redox centers of polymer. This interaction leads to reduction of 

polymer redox centers. The polarization of working electrode at potential corresponded to 

oxidation of mediator reduced form allows to measure the read-out current of sensor. To realize 

this complicated mechanism of biosensor functioning the enzymatic and redox centers should be 

placed close to each other with uniform distribution in the whole polymer layer. Stability of read-

out signal in time is provided for cross-linking of all components participating in 

bioelectrochemical reaction. So, the ratio of redox polymer to GOx in active layer, the nature of 

redox center, the nature and concentration of cross-linking agent were the key factors for glucose 

sensitivity of prepared SPEs. In addition, the nature of redox centers played an important role in 

electroanalytical properties of modified SPEs. SPE modified with Fc-RP demonstrated reversible 
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redox-responses at 0.2 V in buffer solution vs silver chloride electrode. This value is too high for 

sufficient analytical properties of glucose biosensors due to ascorbic acid and other analytes cross 

sensitivity. Nevertheless, these sensors demonstrated the good calibration dependence on glucose 

concentration in solution. However, one week later the responses were diminished several times 

due to degradation processes in active layer. Similar effect was described in our previous work 

[1]. 

The low content of redox centers in Os-RP(I) leads to absence of any visible redox-responses 

on CVs for corresponding SPEs, while as an individual component Os(III) complex using for 

preparation of this redox polymer demonstrated reversible redox peaks at -0.3 V vs silver chloride 

electrode.  

The best stability and electroanalytical properties demonstrated the SPEs modified with Os-

RP(II) active layer. The redox transformation of such complex occurred at -0.23 V. Optimization 

of active layer composition allowed to achieve the high current responses in dependence on 

glucose concentration with high stability in long-term tests with permanent polarization. So, these 

redox-polymers could be considered in SCMG devices.  
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Introduction 

Glucose biosensors applying for glucose in blood functioned on the base of mediated 

bioelectrocatalytical reaction between enzyme glucose oxidase (mostly used) and redox mediator. 

Commercially used glucose test strips mostly used ferricyanide/ferrocyanide redox transformation 

for conjugation of biochemical reaction and electron transfer on the electrode. To achieve the long-

thermal stability during storage of test-strips the gel polymers like carboxymethylcellulose (CMC) 

or other types of polymers used in composition of active layer. To prevent the degradation of 

enzyme activity the carbohydrates additions and cross-linking agents are using. This work is 

dealing with study of impact of design and composition of active layer for glucose test-strips on 

stability of electroanalytical response of biosensor during storage stress-test.  

Experiments 

Ferricyanide (FC) and ferrocene (Fc) redox mediators were used for active layer preparation. 

Glucose oxidase (GOx) was used as an active enzyme, CMC, sodium alginate (ALG) and Aerosil 

380 (AS) were used as the gel and filler agents. PEGDGE as a cross-linking agent were used for 

several tests. The high temperature storage during several weeks were used as a stress-test to check 

the long-thermal stability of test-strips response. Amperometric measurements at oxidative peak 

potential of redox mediator were used for calibration of test strips in model glucose solutions pH 

7.4.  

Results and Discussion 

Composition and nature of gel components of active layer strongly affected on stability of 

electrochemical response of test strips [1]. For the conventional test-strips without usage of any 

filler agents, i.e. CMC/FC/GOx, the degradation of sensitivity on 25% occurred already after 10 

days of stress-test at 55 oC (corresponds to 247 days of storage at 20 °С) and reached 36% for 30th 

day (corresponds to 741 days of storage). The reason of such an extensive degradation is the 

multidirectional changes of current responses occurring in the whole range of glucose 

concentration: thus, at the low glucose concentration the current increases and at the high 

concentration it decreases. In contrast, for the ALG-based test-strips containing 24 mg/mL GOx 

in citrate buffer, pH 6.0, (CMC/ALG/FC/GOx) after the initial diminution of sensitivity on 20% 

within the consequent 28 days (corresponds to 624 days of storage at 20 oC) the sensitivity was 

practically the same, i.e. 3.1±0.2 µA/mM with only 7.7% of current variation. The diminution of 

GOx content in the layer or replacement of citrate buffer by phosphate one with pH 7.4 did not 

change this tendency for the ALG-based gels. The reason of deviation from linearity seen at the 

high glucose concentration for the ALG-containing gels is the diminution of current responses. At 

the same time, the degradation degree of sensitivity for the AS-containing test-strips as well as 

deviation from linearity were much higher and the current diminution occurs already for 

analytically significant level of glucose, i.e. 0 – 5 mM. Moreover, for the AS-containing gels the 

degradation degree strongly depended on buffer type. In citrate buffer the degradation degree of 

sensitivity for the gels based on AS was about 30% - 55% in dependence on GOx concentration. 

In phosphate buffer with pH 7.4 the diminution in sensitivity reached the level of ~ 80%. 

The current degradation occurring during test-stress discussed above can be a result of two 

processes: (I) the mediator loss/change and/or (II) protein activity lost, i.e. due to water loss. It 

should be mentioned that the loss of enzyme activity in the majority leads to complete and fast 

signal degradation (loss of activity happens immediately after heating) in the whole concentration 

range or to the gradual decrease of electrochemical response.  
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To verify a separate role of process (I) or (II) and to show the impact of biochemical reaction 

caused by change in enzyme activity at the high glucose concentration level apart from a parallel 

mediator degradation on the electrochemical response, next, GOx was deactivated by heating of 

test-strips at 120 oC for 30 s. In this case the loss of sensitivity was visible in the whole tested 

concentration range. In other words, the degradation of enzyme (process II) was responsible for 

the lost in sensitivity of glucose test-strips. Hence, the reason of current degradation at high glucose 

concentration during heating at 55 °C (corresponds to 24 months at 20 °C) most likely was caused 

by instability of RedOx (process I) mediator (i.e. FC) than by degradation of bioreceptor (GOx). 

The LDI-MS analysis and UV-visible spectroscopy verify the degradation of FC inside the 

active layer due to chemical interaction of this mediator with organic components.  

The use of Fc as a mediator increased the stability of analytical response of test-strips during 

stress-tests. Keeping in mind the insolubility of this redox-mediator the carbon additions was used 

in composition of active layer. The results of safety tests are presented on Fig. 1. 

0 5 10 15 20 25 30

0.0

20.0µ

40.0µ

60.0µ

80.0µ

100.0µ

120.0µ

I,
 A

c, mM

 0 week

 1 week

 2 week

 3 week

 4 week

a

0 5 10 15 20 25 30

0.0

5.0µ

10.0µ

15.0µ

20.0µ

I,
 A

C, mM

 week 2 

 week 1 

 week 0

b

 
Figure 1. The results of stress-tests during storage of test-strips with FC (a) and Fc (b) at high 

temperature. 

To sum it up, the water balance in layer supported by filler agent and the stability of using redox 

mediator are the key factors for stability of electrochemical properties of glucose test-strips during 

storage. 
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