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PREFACE
Membrane electrochemistry and Black Sea Conferences
We do not realize that our every movement from the flick of the wrist to the
spiritual impulse is a membrane process. Maybe we are not even aware that the
faces of the conference participants are the most beautiful of the membranes, and
that all functions determining our life are the membranes’ functions.
The first person who took this idea from nature in the simplest form and
used it for the human’s good was French scientist and abbé Jean-Antoine Nollet. In
1748 he used a pig bladder as a membrane and separated the most exciting
substances for man, water and alcohol. From the rich history of membrane science,
we choose another event that has occurred just one hundred years ago. In 1912,
Loeb and Beutner have established the phenomenon of selective permeability of
cations across an apple skin as a membrane.
Apples have always been a reliable object of knowledge, ranging from the
apple, which Eve plucked from the tree of knowledge, and including the apple
whose falling led Newton to the discovery of the law of universal gravitation. In
our time, the company Apple is trying to continue this tradition.
Let us return from the trip through time to the beginning of our conferences
on membrane electrochemistry. From 1975 to 1993 they were annually held in the
village of Dzhubga on the Black Sea. Their organizer was Nikolai Petrovich
Gnusin, Titan in life and work. The conferences he held allowed the scientists of
the Soviet Union working in the field of membrane electrochemistry to form a
united scientific community. Its distinction was a combination of friendly relations
between colleagues with a productive criticism and mutual aid. We did not meet
other communities in which friendship and adherence to principles were combined
so lucky. A feature of the Dzhubga conferences was inobservance of time limits, as
questions and discussions were not limited, and there was a case of their
continuation during a whole night until morning.
Since 1994, the organizer of the conference was Victor Ivanovich
Zabolotsky. The peculiarity of the Conference 1994 was holding it completely in
English. There was extensive involvement of European scientists, which became
possible due to research activity by Victor Vasilievich Nikonenko at the Paris 12
University and his scientific contacts with scientists from France. Millenium 2000
was held in Sochi, and then the annual conferences began to be held in this blessed
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place, near Tuapse. By this time, the ranks of professionals in electrodialysis were
cut so that the conference had to expand its scope. However, the community
maintained a high scientific potential through the participation of the outstanding
scientists of the institutes of the Russian Academy of Sciences and Moscow
University, who reported on a variety of issues of inorganic chemistry, physical
chemistry and electrochemistry, coupled with the problems of membrane
electrochemistry. Now the number of participants increases from year to year, and
the English language becomes more and more fluent in communications and
discussions.

Andrey Borisovich
Yaroslavtsev
participates actively in
the Conference since
2000. Now he is the
Chairman of Organizing
Committee.

The Young Competitions
have the increasing
popularity. They are
organized annually within
the framework of Conference
as tradition.
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There are still a lot of unsolved problems challenging activities within our
scientific community. Let us mention some of them:
1. There are no mathematical models of real electrodialyzers, such as EDI with
ion exchange bed filling the intermembrane space.
2. We can not measure concentration fields in the membranes.
3. The problems of membrane scaling and fouling during electrodialysis are not
fully resolved, which prevents the wide use of electrodialysis for
demineralization and purification of waste waters from of heavy metals and in
other application.
4. There are no ion exchange membranes with an active layer on the substrate like
membranes for reverse osmosis.
5. Despite the fairly large number of ion exchange membranes produced in
different countries, there are no membranes, which fully meet the specificity of
particular electromembrane processes. There are no satisfactory membranes for
fuel cells, no stable anion exchange membranes for the separation of solutions
containing large organic anions (dairy industry, separation of amino acids, etc.),
no low-cost and quality bipolar membranes, no membranes for hightemperature electrodialysis.
6. There is no microscopic theory of membrane transport on the basis of quantum
chemical and molecular dynamic methods.
To the problems listed above, I would add the problem of visualization of
solution electroconvection in electrodialyzer compartments, although it can be
solved by laser Doppler anemometry with the same success with which the
problem of visualization of concentration fields was solved by the method of laser
interferometry. John Bernal believed that it is much more difficult to see a problem
than to find a solution for it. But in this case, the vision of problems so far not led
to their solution. Richard Bowen said: "If you are tired of membranes, you are tired
of life." We are not tired of membranes, or of life, because there are a lot of
unresolved problems stimulating our activity, and we wish to the participants of
the Conference success in their solution.
Vladimir Alexeevich Shaposhnik,
Professor at Voronezh State University
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Introduction
Nowadays, the study of hydrogen-containing multicomponent gas mixtures separation is of
great importance because the demand of hydrogen is increasing. Hydrogen is used in many
important chemical process industries, such as hydro-cracking, methanol production,
manufacture of silicon, fuel cells, etc. Due to the environmental concern, clean-burning
characteristics of H2 make it attractive as vehicular fuel, especially for urban areas. There are a
lot of available gas mixtures seems to be promising sources for hydrogen production for example
bio-sources (bio-hydrogen obtained by means of bacteria [1,2] and bio-syngas produced as a
result of solid organic waste or wood pyrolysis [1,3]). The problems of hydrogen recovery from
multicomponent gas mixtures assume the development of safe technologies with low power
consumption. Membrane and adsorption methods are examples of such processes, since they do
not require energy for phase transition.
Experiments
This study is focused on the recovery of hydrogen from multicomponent gas mixtures by
integrated membrane/PSA system. The paper presents the following results: computational
estimation of the six-component mixture (H2/CO/CO2/N2/CH4/H2S) separation by means of
membrane modules; estimation of the integrated membrane/PSA system efficiency; experimental
results of gas mixtures separation by integrated membrane/PSA system with commercially
available membranes (GENERON® hollow fiber membrane module and PVTMS flat sheet
membrane module). The experiments were carried out using model gas mixtures (He/CO2/O2
which imitates H2/CO2/CO mixture and He/H2/CO2/N2).
Results and Discussion
It is shown that hydrogen recovery degree may achieve 90-97% for bio-synthesis gas and
petrochemical gas in case of 70% hydrogen pre-concentration at the membrane stage. As a
result, the hydrogen of 99.9 % purity may be obtained at the PSA stage. Obtained results could
be considerably improved by application of new membrane materials and new adsorbents. The
H2S, CO and H2O permeability through the membranes was estimated by means of the
correlation analysis. Prospects of suggested hybrid technology are considered as well.
Acknowledgements: This work is partially supported by GK № 16.516.11.6139
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Introduction
This study shows the properties of experimental heterogeneous bipolar membrane samples [1]
which were analyzed by the electrodialysis apparatus with industrial solutions.
Experiments
Three compartment electrodialysis stack was assembled to study properties of bipolar
membranes. This stack is shown in Fig.1 and it consists of three compartments: diluate
compartment (2, 5, 8) concentrate (acid and base) compartment and electrode compartment (1,
11). The cell in the electrodialysis stack consists of cation-exchange, anion-exchange and bipolar
membranes.

Figure 1. Scheme of the stack configurations by electrolytic dialysis with bipolar membranes
It is a standard three-compartment stack in conjunction with the electrodes [2]. All membranes
in cell were heterogeneous type. In table 1 you can see quantities analysis of initial industrial
solutions.
Table 1: Composition of salt solution
Parameters

Unit

pH
conductivity
Na2SO4
Cl
2+
Ca ,
Mg
U

mS/cm
g/l
mg/l
mg/l
mg/l
mg/l

industrial
solution
3-4
60 – 65
65 – 85
800 – 1000
< 30
< 30
< 0,05

Table 2 presents test conditions of electrodialysis apparatus with model solution (A) and real
solution (B).
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Table 2: Conditions of electrodialysis apparatus
Condition
type of apparatus
2
active area of the membrane in the cell S, cm
type of assembly (three-compartment)
compartments number
membranes numbers
bipolar (BM)
anion-exchange (AM)
cation-exchange (CM)
solution Na2SO4
salt volume V(Na2SO4), L
volume of chamber in the stacks for
generations acid and base V(H2O), L
unit voltage U (V/cell)
solutions circulation rate, v l/h
work apparatus regime

B
EDR-Z
64
AМ|BМ|CМ
6
6
6
7
real
50
0,5
1,5-5,0
25
batch

Results and Discussion
In the Table 3 there are process parameters at tested conditions. There are also final acid and
alkali concentrations including current efficiency, production rate and specific energy
consumption. The optimum process voltage is between 3 – 4 V per cell. Increasing voltage above
4 V doesn’t have effect on acid and alkali production and only lead to increase energy
consumption.
Table 3: Electrodialysis Process Parameters
U,
No. (V/cell
)
1
2
3
4
5

1,5
2,0
3,0
4,0
5,0

I, A/m

2

time
t, min

Concentratio
n С, g/l

Current
efficiency η,
%

production rate,

eq/(h m²)

specific energy
consumption

W, Wh/g

H2SO4 NaOH H2SO4 NaOH H2SO4 NaOH H2SO4 NaOH
68,75
71,88
228,12
342,19
376,56

1100
1100
1100
1100
1100

49,8
62,4
94,3
117,5
132

53,3
71,1
102,5
117,1
118,1

52,10
55,83
64,43
65,70
54,60

68,17
59,00
42,90
42,65
30,31

1,42
1,95
3,03
3,79
4,47

1,13
1,93
3,01
3,98
3,82

3,22
2,62
9,26
12,85
17,14

2,48
2,22
5,72
7,97
12,29
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Introduction
Narrow pores, produced by the track-etching process in dielectric foils, have been successfully
used as model cylindrical channels with electrically charged walls since the 1970‘s [1, 2]. The
uniqueness of the track-etching technology arises from the possibility to independently vary the
pore number and the pore size. Moreover, the pore geometry can also be varied at will. Recently,
several etching methods were developed which allow for the formation of pores of predetermined configuration. Sophisticated irradiation equipment makes it possible to produce
single tracks, or regular arrays of tracks, in polymer foils. Therefore, the ion track technology is
a good platform for developing engineered micro- and nanoporous membranes, the transport
properties of which can be finely tuned. In the present report, different irradiation and etching
procedures that allow for the fabrication of nanoporous membranes, with pre-set pore geometry
and pore number, are presented. Such membranes can be used for nano- and ultrafiltration, for
the development of sensors, ion pumps and other nanofluidic devices.
Experiments
The membranes were produced from polymer foils and inorganic thin films. Polyethylene
terephthalate (PET) and polycarbonate (PC) foils were 10-23 um thick. Silicon oxide and silicon
nitride films were 300-500 nm in thickness. Irradiation with heavy ions was performed on the U400 and IC-100 cyclotrons of the Flerov Laboratory (JINR, Dubna), the linear accelerator
UNILAC (the GSI Helmholtzzentrum fuer Schwerionenforschung GmbH, Darmstadt) and the
Tandetron tandem accelerator (INP, Řež). These accelerators provide ion beams with energies
from 0.1 to 11 MeV/u. Further chemical etching was performed using appropriate reagents,
depending on the particular material.
Asymmetric diode-like nanopores
One-sided etching with electro-stopping provides conical nanopores [3]. Asymmetric etching
using a surfactant-doped etchant opens up the possibility of creating longitudinal profiles other
than conical, i.e., with a degree of taper that varies along the pore [4]. One-sided pre-treatment
with ultra-violet radiation and subsequent two-sided etching in the surfactant-doped alkaline
solution makes it possible to fabricate pores with a highly-tapered (“bullet-like”) pore tip (Figure
1A). In electrolyte solutions, the asymmetric pores with a highly-tapered tip exhibit substantially
non-linear current-voltage characteristics (Figure 1C). The formation of nanopores with different
tip shapes is based on the interplay between chemical attack by alkali and the protective effect of
surfactant. These two components of etching solution diffuse into the pore at different rates.
Varying the etchant component concentrations makes it possible to tune the degree of taper and,
thus, the ion current rectification properties of the nanopore. Among all of the structures
fabricated and tested, the asymmetric bullet-like pores, with a tip radius of 13 to 20 nm and a
base radius of 100 to 150 nm, showed the highest rectification. In contrast, the relatively short
conical pores that widen too much (see Figure 1B) showed almost symmetric current-voltage
characteristics. Therefore, we have found an optimum shape of pores to be used as nanofluidic
diodes.
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A
B
C
Figure 1. A, B – FESEM images of asymmetric pores in PET foils with a highly-tapered tip
and a wide cone angle; C – the I-V characteristics of the pores with the bullet-like tip. The
numbers at curves denote KCl concentration. The pore diameter on the upper side of both
membranes is 50 nm
Nanopores in thin inorganic matrices
To provide improved membrane robustness, allow for miniaturisation and integration with
other ionic and electronic devices, silicon-based platforms are the perfect choice. Attempts have
been made to develop nanopore membranes of silicon oxide and silicon nitride. Silicon nitride is
extremely radiation-resistant. We succeeded in getting a satisfactory nanopore structure by
irradiating SiN films with particles as heavy as Bi ions at an energy of 710 MeV. The obtained
ultrathin freestanding membranes (with a thickness of 200-300 nm, and a pore diameter of 3-100
nm) feature excellent selectivity based on the permeate charge and size [5]. Due to their small
thickness, membranes with extremely low diffusion resistance can be fabricated.

Figure 2. Nanopores in freestanding thin film, with an average diameter of 70 nm. left: SiO2
irradiated with 1 MeV/u Xe ions and etched in 4% HF at 22oC; right: SiN irradiated by Bi ions
and etched in H3PO4 at 143oC
Regular nanopore arrays
For nanotechnological applications, an array of nano-apertures with a regular spatial
distribution is favored, whereas the normal ion irradiation technique distributes ion tracks at
random. The microbeam facility at GSI (Darmstadt, Germany) allows a „deterministic“ irradiation
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so that a regular pattern of a pre-set number of single tracks, placed at certain distances, is
produced [6]. SEM images in Fig. 3 show the appearance of the membranes having conical pores
spaced at a 5 um interval. Due to the highly asymmetrical shape, the narrow pore tips can be
considered as pinholes in a thin partition to be used in atomic beam optics and in sensor
applications. All the transport characteristics of the membrane can be precisely adjusted either by
pore geometry and number of pores.

Figure 3. Arrays of regularly distributed conical pores produced using the microbeam
irradiation [6] and the asymmetrical etching [4]. Left: polycarbonate foil 28 µm thick; right:
PET foil 4 µm thick. The larger pore diameter is about 2 µm, and the smaller pore diameter is
about 50 nm in both membranes. The smaller pore diameter is below the observation limit at the
magnification used. Scale bars: 10 µm
The same principles allow control over the hydraulic resistance of the membrane. The
diameter of a wide part of the pores provides for a relatively high flow rate through the
membrane, whereas the small diameter of pore necks governs the retention properties. Our study
shows that the degree of tapering and, thus, the viscous flow rate can be varied at will [7]. A
wide variety of engineered porous membranes, with specific architecture, can be fabricated and
used in micro- and nanofluidics.
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Introduction
Numerous biological, physical, chemical, photochemical or electrochemical processes were
developed for water treatment. Electrochemical processes are particularly interesting because of
their relative simplicity and the possibility to generate in situ oxidizing species. Electrochemical
techniques are for example used to eliminate organic compounds such as pesticides or dyes via
the electro-Fenton reaction in which hydroxyl radicals with a strong oxidizing ability are electrogenerated [1]. Two mains routes are used to in situ synthesize hydroxyl radicals. The first one is
the dioxygen reduction on carbon electrodes to product hydrogen peroxide which is chemically
reduced to hydroxyl radicals by Fe2+ used as catalysis, according to equation (1).

Fe 2 + + H 2 O 2 → Fe 3+ + OH − + OH •

(1)
The second route is water oxidation on boron doped diamond which directly electro-generates
radicals because of the high overpotential of oxygen production on this materials. The main
drawback of the use of boron doped diamond is the high equipment cost.
For this purpose, we focused our attention on the elaboration of electronic conductive carbon
materials to produce porous membranes that will be used as electrodes for the electro-Fenton
reaction. Carbon membrane materials are becoming more important in the area of membrane
technology due to their high selectivity, permeability and stability in corrosive and high
temperature operations [2, 3]. With the aim to develop graphitic porous membranes, we describe
here the synthesis and characterization of carbon based tubular supports and their use as
contactors for the electro-Fenton reaction.
Experiments
Different graphite carbon powders (Timcal Corporation, Switzerland) with various particles
sizes (25, 44 and 150 µm average particle size) are mixed with a phenol-formaldehyde resin
solution and organic additives. The formulation was extruded and treated at different
temperatures under nitrogen atmosphere to get first a porous tubular support with a highly
uniform porous structure. The composite membrane was analyzed by scanning electron
microscopy, X-ray diffraction, Raman spectroscopy, and mercury porosimetry. Conductivity and
mechanical resistance were also determined.
First results showed the porosity and the conductivity of the tube which constitutes the support
can be sharply controlled depending on the organic additives nature, carbon particles size and
carbonization temperature. The optimal carbonization temperature is 1000°C leading to average
conductivity values of 10 ohm-1.cm-1 (Fig. 1).
Conductivity (Ω-1.cm-1)
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Figure 1. Evolution of the conductivity with
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This porous carbon tube was then used as support to prepare micro-filtration active layer. The
mineral charge used in the formulation developed for the slip casting process is a graphite
powder of 4 µm average particle size. Layers of 20 µm thickness with a mean pore size of 0.8
µm were obtained (Fig. 2).

Figure 2. SEM micrograph of porous carbon tube with filtration layer
Performances of the as-prepared porous graphite membranes were determined toward the
electro-Fenton reaction. Best chemical and electrochemical conditions to produce hydrogen
peroxide were determined.
The Acid Orange 7 (AO7), a common dye, was then used as a model molecule to determine
the ability of the membranes to mineralize this pollutant. Spectrophotometric measurements
were conducted on the treated solutions as a function of chemical and electrochemical conditions
to determine the degradation kinetic of AO7.
Mineralization rate (i.e. the turn of organic carbon to inorganic carbon) was also measured as
a function of time (Fig. 3).
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Figure 3. Decolorization of AO7 solution during electro-Fenton process with porous graphite
membrane
A total decolarization of AO7 solution at 10-5 M was recorded after 40 minutes in the best
conditions. Nevertheless the total mineralization of the dye was not effective after several hours.
Figure 4 presents the evolution of the UV/Vis spectrum of AO7 solution during the electroFenton process with carbon membrane. All the peaks can be attributed to different molecule
groups. The TOC (total organic carbon) is due to the slow degradation of aromatic rings (228,
254 and 310 nm).
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Figure 4. Evolution of AO7 solution during electro-Fenton process with porous graphite
membrane
This study shows that porous graphite membranes can easily be used as electrode in an
advanced oxidation process, the electro-Fenton process. Work in progress consists in the
optimization of this process via (i) the optimization of the electrochemical and chemical
conditions, (ii) the study of the relation between structure and properties of the membrane
material and (iii) the optimization of the membrane material elaboration.
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The investigations of synthesis and properties of composite membranes MF-4SC/polyaniline
(Flourans) are carrying out in Membrane Materials Laboratory study of Physical Chemistry
Department, Kuban State University. Variety of the synthesis conditions permits to elaborate a
number of preparation methods, which allow to obtain 8 different type of surface and bulkmodified by polyaniline MF-4SC composite membranes. Physico-chemical properties and
electrochemical behavior have been studied with help of up-to-date experimental techniques
such as Atomic Force Microscopy, Electron Scanning Microscopy, Differential Scanning
Calorimetry, membrane conductometry, voltammetry and electroosmosis. New effects of PAn
influence on the nanostructure of flouropolymer membranes are:
•
evolution of morphological and transport properties in relation with PAn localization in
fluorocarbon matrix nanostructure;
•
the peculiarities of transport properties in dependence on membrane orientation by
polyaniline layer to ions and water fluxes;
•
the varying of parameters of current-voltage curves and etc.
The scale of ratio between diffusion and conductive properties and structure of composites is
represented.
The description of conductivity, diffusion, electroosmotic properties of composites are
performed with help of micro-heterogeneous and three conductive model approaches,
percolation theory and others. The set of parameters that reveal interaction between structure and
transport properties is offered.
The effects of PAn influence on composite characteristics are used to evaluate application
fields for composites family obtained. The barrier properties of surface-modified membranes
towards water transference are employed to increase electrodialysis concentrating efficiency.
Composites with asymmetric diffusion permeability in which PAn intercalation leads to
hydrophility and proton conductivity stabilization and thermostability increase can be used for
application in membrane-electrode assembles of polymer electrolyte fuel cells. There is the
ability to select fluoran-type composites conductivity in range from 0.15 to 5 S/m by means of
synthesis conditions fitting. The bipolar function of surface modified membrane in polarization
conditions due to the presence of interpolymer complex between SO3--groups and nitrogencontaining aromatic chains of PAn was discovered. Pan intercalation causes “locking” effect to
proton flux and could be applied for membrane switches and diode devices. Anion-exchange
function of PAn layer on the surface of non-charged perfluorinated matrix can be used as pHsensor.

Fluoran-type composites
MF-4SC/ polyaniline
Sensory units
Relay and diode
detectors

Solid polymer
electrolyte fuel cells

Electrodialysis
concentrating and
separation
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Introduction
The track membranes (TM) was shown to be effective in the some processes of the liquid and
gas mixtures separation [1-3]. The results of investigations devoted to TM application in
template nanostructures formation are published permanently in last decade [4]. Particularly, it
was shown the metallic nanostructures of extended surface formation possibility with metal
plating in TM pores [5-6]. On our opinion, it is very interesting to investigate the water-soluble
crystal nanostructures formation with TM ability as these structures can possess with special
properties as compared with macrocrystalline ones.
Experiments
The goal of investigation was the process of the acid HIO3 microchips formation in the TM
pores. The HIO3 crystals are optically active and the ones can be used in the light high harmonics
generation. The acid HIO3 is applied in acoustic line of optoacoustical equipment generation, in
medicine, in definition of carbon monoxide microquantities, in gas mask as absorber.
The SEM microscope JSM – 740 1F was applied to get microphotographics of the TM surface
and cleavage. Prior investigations have shown that ordinary membrane staying in supersaturated
solution (supersaturation was around 20 %) didn't result in crystals formation in TM pores.
Apparently, it was stipulated with depletion of crystallization solution in boundary layer. The
flow of supersaturated HIO3 solution through TM pores in the dead-end filtration cell (Fig. 1)
was used to realize the supersaturated solution supply to crystallization centers at TM pores
surface.
Compressed gas

4

1

5

2
3

6
Filtrate

Figure 1. Filtration cell scheme: 1 – cell body; 2 – cell base; 3 – track membrane; 4 – HIO3
supersaturated solution; 5 – silicone gasket; 6 – macroporous substrate
TM with pore diameter of 110 nm and surface pore density 108 cm-2 were used in
experiments.
The membrane was putted on macroporous substrate and pressurized with silicone gasket. The
HIO3 supersaturated solution was embedded in the cell and forced through TM with compressed
nitrogen under transmembrane pressure of 0.4 kgf/cm2. Te experiments are executed under room
temperature. The supersaturation varied from 10 % up to 22 %.
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Results and Discussion
Crystallization process qualitatively different stages was shown to be registered under solution
concentration increase with step of 1.5 – 2 %. Transition from lack of microchips falling-out in
TM pores to partial covering of pore walls with microchips was observed at first (Fig. 2). The
microchips overlapped the pores considerably and solution flow through membrane decreased
under solution supersaturation increase up to 16 % (Fig. 3).

Figure 2. First stage– microchips cover the
Figure 3. Second stage – TM pores overlapped
TM pore walls
with microchips
Greater supersaturation (up to 20 %) resulted in long microchips formation on both sides of
membrane. It must be noted that formed microchips were longer at the membrane side faced to
solution flow. Effect of microchips growth was weaker at the membrane opposite side.
Apparently it was result of the solution depletion in growth zone stipulated with pore
overlapping and solution flow decrease. Cross sizes and direction of microchips corresponded to
the ones of membrane pores (Fig.4). The formed microchips cutting correspond to HIO3
crystallographic one. The founded crystallization process was shown to be mass one. It covered
considerable membrane surface (Fig.5).

Figure 4. Third stage – the microchips
formed in the pores arise above TM surface

Figure 5. The evidence of the microchips
formation mass character

Microphotography of track membrane cleavage prove the pores role in observed mass
crystallization phenomena (Fig.6). This photo was performed with element composition
attachment. Iodine content is highlighted with white colour.
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Figure 6. The TM cleavage reveals the pore function in microchips formation
Presented investigation results have proved that supersaturated crystallization solution
filtration through track membrane pores results in formation of monocrystalline structures with
cross sizes and direction corresponding to the pore ones.
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INVESTIGATION OF DIMETHYLACETAMIDE AND ISOBUTYL ALCOHOL
INFLUENCE ON THE OBTAINING LITHIUM HYDROXIDE BY
ELECTRODIALYSIS WITH BIPOLAR MEMBRANES FROM
TECHNOLOGICAL SOLUTIONS
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Introduction
The necessity of technological solutions’ neutralization containing dimethylacetamide, isobutyl
alcohol, lithium chloride, hydrochloric acid and water for producing paraaramide fibers appears
in industry. Electrodialysis with bipolar membranes allows reagent-free producing hydrochloric
acid and alkali from solution containing lithium chloride instead of consumption of lithium
hydroxide. As a result the cost of paraaramid fibers is reduced. Information about the
characteristics of electrodialyzer-synthesizer (EDS) in the processing of aqueous-organic
solutions is required for determination of the optimum operating conditions of industrial
electromembrane device. The purpose of this work was the determination of the basic
electrochemical characteristics of the laboratory EDS designed to obtain the lithium hydroxide
from solution of lithium chloride and comparison of the process characteristics depending on the
composition of technological solution.
Experiments
In this work the electrodialysis process of lithium hydroxide and hydrochloric acid obtaining from
the aqueous-organic solutions was studied. Compositions of these solutions are given in the Table 1.
Table 1: The chemical composition of the initial of technological solutions
Technological solution
1
2
3

DMAA, %
0
24.9
40.6

Concentration of components
IBA, %
Н2O, %
0
98,7
24.1
49.8
38.10
20.0

LiCl, M
0,3
0.3
0.3

Effective area of each membrane in electrodialyzer-synthesizer was 1 dm2, the intermembrane
distance was 0.9 mm, the width of the working membrane area was 5 cm, length – 20 cm. Chambers
were filled with net-shaped separator for prevention of membranes bending due to pressure
difference between chambers and in order to increase the limiting electrodiffusion current at the
membranes as a result of the decrease of the thickness of diffusion layers near the membranes. Free
volume of each chamber filled with separator was 80% of the chamber volume. Industrial
heterogeneous MB-3 bipolar membranes, MC-40 cation-exchange membrane and MA-40 anionexchange membranes were used in the membrane stack of electrodialyzer-synthesizer (Fig. 1).
During investigation of the process the density of supplied electric current was 1 A/dm2.
In order to investigate the main electrochemical characteristics of EDS the device (Fig . 1),
that allows to determine current efficiency of lithium hydroxide and hydrochloric acid, specific
productivity and specific power consumption of EDS on lithium hydroxide and hydrochloric
acid was used. Investigation of electrodialyzer-synthesizer electrochemical characteristics was
made in a circulation mode.
Current density, which was used in the experiments (1 A/dm2, galvanostatic regime), was less
than the maximum electrodiffusion current density at the membranes, which constrain the
chamber 4. The difference of potentials across the membrane MC-40 and MA-40 was measured
out using capillaries Luggin – Haber, which were filled with solutions, the composition and
concentration which coincided with the composition and concentrations of solutions in contact
with the membrane. The capillaries were connected to silver chloride electrodes.
Differential current efficiency η (Fig. 3a), specific power consumption Wsp (Fig. 3b) and
specific productivity Psp (Fig. 3c) of EDS on lithium hydroxide and hydrochloric acid were
calculated from the formulas:
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η=

FU un.cell
FV dn
V dn
, Wsp =
, Psp =
,
η
nI dτ
nS dτ

where F– Faraday number, C/mole; n– number of unit cell, pcs, V– volume of treated solution, L; I
–EDS supplied current, A; Uun.cell – unit cell voltage, V; S – effective area of membrane, m2. The
dependence of amount of lithium hydroxide and hydrochloric acid (Fig. 2) in the contours of
chambers 2 and 3 on the time τ was approximated by second-degree polynomial.
Solution:IBA, DMAA,
Н2О, НСl, LiCl
Solution: LiOH 0.05 M

MB-3
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MC-40 MA-40
1

2
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−

ОН–
Li+
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Figure 1. Scheme of electromembrane device for testing of EDS, intended for reagent-free
producing from lithium chloride, contained in the solution, lithium hydroxide, used for neutralizing
the technological solution. 1 – cathodic chamber; 2 – acidic chamber; 3 – alkaline chamber; 4 –
salt chamber; 5 – acidic chamber; 6 – anodic chamber; 7 – volume with spent neutralized
technological solution, which passed micro-filtration; 8 – reservoir with solution, in which lithium
hydroxide is accumulated; 9 – reservoir with lithium hydroxide solution, which circulates through
the electrode chambers; 10 – reservoir with solution, in which hydrochloric acid is accumulated
Results and Discussion
Fig. 2 and 3 shows that the rate of accumulation and differential current efficiency of lithium
hydroxide and hydrochloric acid in alkaline 3 and acid 2 circuits are close. The differential
current efficiency of alkali and acid reduces when its concentrations increase due to increasing of
co-ions transport numbers through the bipolar, cation-exchange and anion-exchange membranes.
Current efficiency of acid is always lower than alkali regardless of technological solution
composition. It may be related with acid consumption on protonation of secondary and tertiary
groups of MA-40 anion-exchange membrane while acid's accumulation in the solution,
circulating through chamber 2. The decrease of differential current efficiency of acid and alkali
results in reduce of EDS productivity and increase of power consumption.
n, mmol

HCl solution 3

160

LiOH solution 3

140
120

Figure 2. Dependence of amount of lithium
hydroxide and hydrochloric acid, produced in the
electrodialyzer-synthesizer from solution 3 on
time

100
80
60
40
20
0
0

20

40

60

τ , min80

The table 2 shows that current efficiency of acid and alkali and specific productivity of EDS
is greater but specific energy consumption is smaller if initial solution is 1. Increase of specific
energy consumption in salt solution with increasing concentration of organic compounds
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(solutions 2 and 3) is explained by reduction of electrical conductivity of solution, thereby
increasing the voltage at the unit cell.
W , kWt*h/kg

η
0,70

HCl solution 3

LiOH solution 3

7

HCl solution 3

LiOH solution 3

6

0,65

5

0,60

4

0,55
3

0,50
2

0,45
0,40
0,00

1

0,05

0,10
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0,20

0
0,00

0,25
0,30
c, M

a
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Figure 3. Dependence of differential current
efficiency of lithium hydroxide and
hydrochloric acid (a), specific power
consumption for producing one kilogram of
product (b) and specific productivity of the
membrane stack (c), obtained from solution
3 on concentration of lithium hydroxide and
hydrochloric acid

0,25
0,30
c, M

c
Reduction of the current efficiency of acid and alkali and specific productivity of EDS is due
to both a decrease in the transport numbers of counter-ions through the cation-exchange and
anion-exchange membranes in consequence of an increase the rate of dissociation of water
molecules at the membrane – solution boundary and the influence of organic components on the
structure of the cation- and anion-exchange membranes. As a result transport numbers of co-ions
across membranes are increasing and current efficiency is reducing.
Table 2: The average values of the electrochemical characteristics of the EDS measured
using 1 – 3 solutions
Technological
solution
1
2
3

η
(HCl)
0,620
0,589
0,564

η
(LiOH)
0,640
0,630
0,623

Pacid,
2
kg/(m *year)
742
702
672

Palc,
2
kg/(m *year)
520
500
489

Wacid,
kWt*h/kg
1,34
1,57
4,50

Walc,
kWt*h/kg
1,54
2,30
6,20

Conclusions
The use of electrodialysis with bipolar membranes allows obtain lithium hydroxide and
hydrochloric acid from the aqueous-organic solutions of lithium chloride with different content
of organic components with comparable current efficiency. Specific power consumption of
electrodialysis process increases when content of organic compounds in solution increasing.
Investigated electrodialysis process of obtaining lithium hydroxide from lithium chloride using a
bipolar membrane is a basis for the complex industrial electromembrane technology for reagentfree neutralization of spent technological solution with further removing of lithium chloride by
electrodialysis and its concentration. Basic electrochemical characteristics of EDS allows to
evaluate the cost-effectiveness of implementing the method of reagent-free neutralization
This work was supported by Foundation for Assistance to Small Innovative Enterprises in
Science and Technology, State Contract № 8665р/13954 and grant of RFBR № 09-03-96527
r_yug_a.
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Introduction
Increasing information content stimulates the search of new principles of information storage
and transformation. Structures with memristor effect [1] are of great interest. Works [2, 3] show
the possibility of creation of switching devices with memory and logic elements using solid-state
electrolyte on the argentum halogenide basis. The principle of these strictures operation is based
on changing conductance of tunnel gap by mass transfer and oxidized/reduction reaction on the
borders of ionic conduction layers
Experiments
We have seen the opportunity of application vacuum tunnel-thin barrier instead of membrane
from organic dielectric (polystyrene) layers and porous silicon (PS). Porous silicon layers were
produced both by an electrochemical etching and by aqueous non electrolitic etching method.
We observed Ag mass transfer through layers with ionic conduction directly under the electronic
beam in SEM effect.
Results and Discussion
We used as nanometer ionic conduction layers, the layers created by direct iodine vapor
interaction with metallic argentum film and nanoparticles AgI coated with PVP shell on metallic
argentum film. Figure 1 presents Ag clusters produced under the influence of AgI layers
exposure by electronic beam on Ag wafer in SEM.
It has been found experimentally that interaction of iodine vapor with Ag surface leads to
creation of non solid films (at starting stage). Mass transfer through discontinuous film is not
observed. AgI Nanoparticles consists of AgI core and PVP shell. Nanoparticles interacting with
electronic beam produce more solid production of Ag clusters on the surface as compared to AgI
films. Thus, Ag transfer through PVP shell is stated.
In our work we have shown the opportunity of creation a switching device with memristors
effect on the basis of Ag-AgI-ПК-nSi structure. Silicon wafer КЭС – 0.01 (111) and Cr film
evaporated on Ag layer function as ohmic contact. Ohmic contacts (square 1 mm2) were
produced by resistance evaporation method in vacuum.

а

b

Figure 1. Ag mass transfer in Ag –Ag structures under the effect of electric beam in SEM
a - AgI nanolayer produced by iodination of Ag, b - AgI nanoparticles in PVP on Ag wafer
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Volt-ampere characteristic structure show that resistance is changing from 12 to 1.5 KOm
under operating voltage less then 1.5V. Voltage is shown concerning Si wafer. Resistance
changing are shown with arrows. Threshold voltage switching is less than 1.5V. Current linear
dependences from voltage let us not to take into consideration barrier effects rectification on the
borders of layers.

Figure 2. Volt-ampere characteristic structure Ag-AgI-ПК-nSi

Figure 3. Structures scheme consists of PS layer and Ag-AgI
The produced memristor structure is schematically shown on fig. 3. Reversible resistance
change of structure is determined by Ag transfrer through ionic conductor and filling or releasing
of pore PS layer. Thus, it is shown that porous silicon layers and PVP posess with membrane
effect and could be used in structures with reversible ionic masstransfer.
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Introduction
Homogeneous perfluorinated sulfonated cation-exchange polymeric membranes and tubes
MF-4SC, which are Russian analogues of Nafion©, were used as an electrodoactive material in
PD-sensors for the quantitative determination of vitamins and pharmaceuticals in polyionic
aqueous solutions and dosage forms [1–4]. The presence of hydrophobic (i.e.,
polytetrafluoroethylene chains) and hydrophilic (i.e., sulphonate ionic groups) regions in such
membranes provides the matrix with labile structural components, which allows for the
electrochemical properties of MF-4SC membranes to be controlled by changing the ionmolecular composition of the membranes.
The protolytic and ion-exchange reactions at the interfaces of ion-exchangers and test
solutions are potential determinating for the PD-sensors. As a consequence, hydrophobicity of
the MF-4SC membranes matrix and complete absence of macropores together provides the
increasing of analytical signal, sensitivity and accuracy of PD-sensors in comparison with
hydrocarbonic membranes. The treatment of MF-4SC membranes with polar organic electrolytes
(alcohols, glycols, amides, etc.) leads to inversion of sulphonate ionic groups to the surface,
expansion of pores and channels, and an increase in hydration number of ion-exchange groups
both in the phase and on the surface of the polymer.
The possibility of use perfluorinated sulfocation-exchange membranes, doped with zirconia,
as electrodoactive material of potentiometric sensors, which are sensitive to organic anions in
multiionic aqueous solutions was investigated.
Experiments
Initial and modified membranes MF-4SC were used as an active material in electrode. PSP
membranes doped with zirconia were obtained via two methods described in [5].
The individual aqueous solutions of HCl, HNO3, KCl and KGly (equimolar solutions of KOH
and amino acid glycine with рН ranged from 6.54±0.05 to 11.61±0.05) were investigated for
estimation of influence counter- and co-ion nature on the response of PD-sensors.
The aqueous solutions of amino acid cysteine (Cys) and potassium hydroxide (KOH) were
investigated for estimation of the possibility of organic and sulfurous anions determination in
multiionic aqueous solutions by MF-4SC -based PD-sensors. Such solutions contain excess of
KOH (рН ranged from 9.71±0.05 to 13.55±0.05). The ionic composition of such solutions is
presented by anions CH3COСОO-, HS-, ОН- and cations K+, NH4+. Analytical concentrations of
the various solution components in individual and multiionic solutions ranged from 1.0·10-4 to
5.0·10-2 М.
Results and Discussion
ZrO2 incorporation into MF-4SC results in the increase of ion conductivity in comparison with
unmodified membranes. The highest value of ion conductivity is observed for the MF-4SC
modified with 5 wt.% of ZrO2. Conductivity value amounts to 6.5·10-2 Ohm-1sm-1 at 25°C that is
0.5 order of magnitude higher that conductivity of initial membranes. Moreover MF-4SC
modification results in the decrease in the value of the conductivity activation energy from
13.7±0.2 kJ/mol for unmodified membranes to 10-12 kJ/mol for modified membranes.
Diffusion coefficients of MF-4SC membranes doped with 5 and 7 wt.% ZrO2 in 0.1 M NaCl
solution amount to (7.00±0.05)·10-8 cm2/s, (9.41±0.05)·10-9 cm2/s, accordingly that is lower for
the initial membrane ((7.00±0.05)·10-8 cm2/s) correspondingly. Cations diffusion rate is greatly
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higher than anions diffusion rate in the membranes. Thus diffusion permeability is limited by the
anion diffusion rate. Thus zirconia incorporation results in the considerable selectivity increase.
It was shown, that sensitivity of PD-sensor based on MF-4SC with gradient zirconia
distribution to counter-ions decreases insignificantly in comparison with unmodified MF-4SC based PD-sensor. The use of membrane with gradient ZrO2 distribution for PD-sensor
organization leads to significant contribution of anions into analytical signal of sensor in contrast
to unmodified samples. It is important to note, that coefficients of calibration equations, which
define sensitivity of sensor calibration to cations and anions, have opposite sign.
The difference in electrochemical behaviour of unmodified and modified with ZrO2 MF-4SC,
samples depends on next factors. Firstly, concentration of available cation-exchange fixed
groups of membrane (-SO3H) decreases after ZrO2 incorporation due to reduce of free volume of
pores and channels. Secondly, ZrO2 particles in modified membranes display both cation- and
anion-exchange properties [5]. So co-ions concentration near modified MF-4SC/ test solution of
electrolyte interface increases in comparison with initial membranes. This allows to increase
sensitivity of gradient modified MF-4SC -based PD-sensors to co-ions in aqueous solutions. The
influence of co-ions nature on the response of uniform distribution modified MF-4SC - based
PD-sensors is insignificant. The reason of this is that co-ions concentration gradients on the MF4SC/ test solution and MF-4SC/reference solution interfaces are oppositely directed and
compensate each other.
Obtained results evidences of the possibility of use modified K+-type MF-4SC samples with
gradient on the length ZrO2 distribution as electrodoactive material in PD-sensors, which are
sensitive to organic anions in aqueous solutions. Such PD-sensors with set of ion-selective
electrodes can be used for determination of organic and sulfurous anions in multiionic aqueous
solutions.
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Introduction
Pectin is a polyelectrolyte of plant origin, which makes physiological processes in our body
work without a failure. It is used in food technology as a structure building element. Also, it is a
detoxicante of the human body. The pectin molecule consists of a series of chains of
polygalacturonic acid. Some of its carboxy groups are methoxyled. Pectin is extracted from
horticulture products with help of acids, mainly saline acid. This is followed by neutralization and
ethanol precipitation [1]. Such a method, however, leads to a waste of saline acid. In our
experiment we used electrodialysis with ion exchange membranes in order to extract saline acid
from pectin extracts for reusing it. In this way it is possible to reduce the amount of alkali reagents
as well as pollution level of the precipitator and the environment.
Experiments
We analysed pectin extracts made from sugar beetroot and apple press with help of saline acid.
The original amount of HCl was 0.05 moles per litre for each one. The extracts underwent
electrodialysis in a 4-section machine consisting of anode-anode section (1) – a membrane MK-40–
the concentration section (2) - a membrane MA-40–a deionization section (3) - a membrane MA-40
–cathode section (4) – cathode. The size of the sections was 100 cm3 and the working area of the
membranes was 30.8 cm2. The experiment was repeated 5 times and the current density was
5mA/cm2 within an hour. The extracts were put into the deionization section (3), from which
сhloride-ions were transferred through the membrane separating sections 2 and 3. Chloride-ions
together with the hydrogen ions, generated on the anode and transferred through membrane MK40, formed saline acid. Hydroxyl ions, generated on the cathode, were transferred through the
membrane MA-40 into the deionization section (3), where the saline acid was neutralized. After
the experiments, the solutions in sections 2 and 3 were analyzed argentometrically in order to
identify chloride-ions. The results then were used to identify the degree of acid regeneration,
namely: the number of chloride-ions concentration was compared with that in the deionization
section. The demineralization degree was established through identifying the difference between
the initial and final number of chloride-ions in the deionization section and the initial number as
well as that of transferred in the membrane MA-40. Using ethanol, we then extracted pectin from
the extracts and solutions, which underwent eletrodialysis. The pectin was analysed
potentiometrically in order to identify free and esterified carboxy groups [1].
Results and Discussion
Table 1 illustrates the results of the research.
Table 1: Concentration of HCl after electrodialysis in the concentration section (C2) and
the ionization section (C3), mmoles per litre; concentration of transference number of
chloride-ions in the membrane MA-40 (tCl), the degree of the acid regeneration (P, %) and
the demineralization of the extract (R, %)
Pectin
from apples
from beetroot

C2
0,0485±0,0035
0,0492±0,0038

C3
0,0059±0,0016
0,0068±0,0003

tCl
0,826±0,052
0,831±0,064

P, %
97,0±7,0
98,4±7,6

R, %
88,2±3,2
86,4±0,6

The figures show that a final amount of the saline acid becomes close to its concentration
necessary for extracting pectin (0.05 moles/l, pH 1.30). As for the number of transportations of
chloride-ions in the membrane MA-40, it is lower than usual (0.94) [2]. It is due to the fact that
pectin molecules in the deionization section, sorbed on the membrane MA-40 which separates
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sections 2 and 3, form some potential barrier for chloride-ions. It is also the reason for a lower
degree of demineralization of the extract as compared with the degree of the acid regeneration.
Table 2 illustrates how electromembrane processing of pectin extracts influences the functional
composition of pectin molecules.
Table 2: The number of free (Cfree), esterified (Cesterfied) carboxy groups and their total
number (Ctotal) (mmoles/l) in pectin
Pectin
Extracted from
beetroot

before
electrodialysis
after
electrodialysis

Cfree

Cesterfied

Ctotalb

1,95

1,56

3,51

1,46

2,42

3,38

1,66

2,49

4,15

1,52

2,72

4,24

Extracted from
apples

before
electrodialysis
after
electrodialysis

After the electrodialysis the molecules of both apple and beetroot pectin show the decrease in
the number of free carboxy groups and the increase in the number of esterified groups. This change
is more vivid with the beetroot pectin, though. It is apparently due to the fact that the beetroot
pectin has lower molecular weight than the apple pectin [3]. It seems that during the electrodialysis
the most low-molecular fractions of beetroot pectin with a higher containment of free carboxy
groups are transferred through the membrane MA-40 and, as a result, the pectin is enriched with
molecules with higher ester groups.
Conclusions
Electrodialysis with ion-exchange membranes of acidulous pectin extracts makes it possible to
fully regenerate saline acid necessary for reusing. Electrodialysis of the pectin extracts results in
the decrease of free carboxy groups and the increase of esterified groups.
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COMPOSITES ON THE BASE OF METALOXIDES (TIO2, ZNO) AND CARBON
NANOTUBES FOR ELECTRICAL DEVICES
Alina Chanaewa, Beatriz Juarez, Horst Weller
Hamburg University, Hamburg, Germany

In this thesis carbon nanotubes were combined with metal oxides such as zinc oxide and
titanium dioxide. They were tested in several electrical devices. Therefore, CNTs were coated
with ZnO nanoparticles as well as a few nanometer thin TiO2 film, representing two very
different morphologies. To achieve a high degree of coverage wet chemistry methods were
applied to pristine CNTs. CNTs were not covalently functionalized preserving their electronic
structure, which ensures the outstanding transport properties of the CNTs. ZnO-CNT composites
were investigated particularly in regard to the nature of binding between nanoparticles and the
graphitic surface of CNTs. Raman spectroscopy and transmission electron spectroscopy along
with computer simulations indicate electrostatic interactions being the reason for nanoparticle
attachment to CNTs. Furthermore, the influence of CNTs on ZnO-NP synthesis was studied in
oriented attachment and Ostwald ripening regimes. It was found that CNTs can efficiently
prevent the formation of elongated structures (vis. oriented attachment). In contrast, they do not
show any impact on the Ostwald ripening.
By using a ZnO-DWCNT composite as s field-effect transistor channel, oxygen and light
sensitivity of the formed device was ascertained by transfer characteristics. Comparable
behaviour of blank devices with untreated DWCNTs was not observed.
In addition to commercial CNTs, which were used in suspensions, three dimensional CNT
arrays were integrated into the coating procedure. The CNT arrays were produced via chemical
vapor deposition using two different ovens. Both ovens represent novel steady-state setups which
were developed and built up in the course of this thesis. CNT growth was performed on
transparent ITO substrates using iron as the catalyst. Changes in the synthetic procedure yielded
nanotubes with an average length of 200 nm or with a length of 3-6 µm. It is worth to emphasize
that CNT growth on ITO substrates is not trivial due to its chemical and thermal instability.
Electrocatalytical activity of the CNT-ITO electrode was monitored using the Fe[(CN)6]4-/
Fe[(CN)6]3- redox pair. Cyclic voltammetry analysis showed doubled increase in activity
compared to a simple ITO electrode.
Finally, suitability of metal oxide CNT-ITO electrodes for the use in photovoltaic devices was
studied. ZnO coated CNT-ITO substrate was integrated into a P3HT/PCBM-based solar cell,
which showed rather low efficiency of 0.07%. Nevertheless, the efficiency is expected to be
improved in future by optimizing the manufacturing technique.
The coating of CNTs with nanometer thick metal oxide films was performed successfully
using a low-cost wet chemical procedures. The following integration of composite materials into
electrical devices demonstrated several examples for application-oriented material design on the
nanometer scale.
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FREE-STANDING ELECTROSPUN CARBON NANOFIBERS MAT AS
EFFICIENT ELECTRODE MATERIALS FOR BIOELECTROCATALYSIS OF O2.
Ai-Fu Che, Vincent Germain, Marc Cretin, David Cornu, Christophe Innocent,
Sophie Tingry
Institut Européen des Membranes (IEM) UMR 5635, ENSCM / CNRS / UM2, Place E. Bataillon, CC
047, Montpellier, France, E-mail: sophie.tingry@univ-montp2.fr

Introduction
Electrospinning is a simple and versatile technique for preparing nanofibrous materials from a
variety of precursors including organics and inorganics [1]. The resulting electrospun membrane,
with high specific surface area, is a weblike structure composed of continuous fibers with
diameters ranging from tens of nanometers to several micrometers. In order to produce
conductive nanofibers, an efficient method consists on subsequent carbonization at high
temperature of the electrospun nanofibers prepared from polymer precursors with high carbon
yield [2]. Investigation of these materials to fabricate electrodes with good conductivity and high
specific surface has been carried out to evaluate their performance as suitable supports for redox
enzyme immobilization applied to oxygen reduction.
Experiments
In this research, carbon nanofibers electrodes have been synthesized by electrospinning.
During this process, the nanoscale fibers are generated by the application of a strong electric
field of a polyacrylonitrile (PAN) solution, followed by convenient stabilization treatment at
250°C and carbonization between 700 and 1400°C. The resulting mat consists of a carbon
residue with high mechanical properties and conductivity [3]. The appropriate conditions of
electrospinning and thermal treatment have been determined. The morphology of the nanofibers
was characterized by IR, Raman and XRD techniques.
Two nanofibrous mats, with electrical conductivity of 30 S cm-1 and different thickness (50
and 90 µm) were prepared by varying the deposition time (5 h and 10 h, respectively) during the
electrospinning process. For the thicker nanofibrous mat, we demonstrated the potentiality of the
CNFs mat as efficient electrode material for laccase immobilization, known to catalyze the fourelectron reduction of O2 completely to H2O [4]. The enzyme was co-immobilized with the 2,2’azinobis (3-ethylbenzothiazoline-6-sulfonate) (ABTS) as redox mediator within a polypyrrole
matrix adsorbed on the CNF electrode (fig. 1).

Figure 1. Electron transfer processes at the electrode
Results and Discussion
The fibrous morphology of the electrospun nanofibers was observed by SEM (Fig. 2). During
the chemical conversion of PAN nanofibers to carbon nanofibers, structural changes were
induced and the diameters of the nanofibers decreased from ~ 250 nm to ~ 180 nm, due to the
weight loss resulting. When used as an electrode, the resulting electrospun mat did not need
adding any polymer binder or conductive material and the structure affords an easy handling.
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Figure 2. SEM image of carbon nanofibers after heating treatment, and image of the carbon
nanofibrous mat
By varying the temperature of the heating-treatment (from 700 to 1400 oC), the carbon
nanofibers present higher electrical conductivity induced to more ordered carbon
microstructures, observed by Raman spectroscopy. The influence of the nanofibrous mats
thickness on the electrochemical properties of the electrodes was evaluated from characteristics
of the voltammograms of a redox probe in solution. The results suggested the benefit effect of
thicker electrospun nanofibers mat (90 µm) that may enhance electron transfer kinetics.
Finally, the benefit effect of the electrospun CNFs as efficient conductive support for the
immobilization of laccase enzyme was evaluated from the electrocatalytic reduction current of O2
to water observed on the current density vs. voltage curves (Fig. 3). In the absence of the redox
mediator ABTS (square curve), the current densities are ~ 0.5 mA cm-2 and the oxygen reduction
current on the biocathode begins at 0.42 V vs Ag/AgCl, indicating that the CNFs are sufficient to
promote the adsorbed enzyme orientation for direct electron transfer between the electrode, the
copper centers of laccase and the oxygen. In the presence of immobilized ABTS (circle curve), the
bioelectroreduction of O2 is enhanced, as reflected by a more positive reduction potential (0.58 V)
and intensified cathodic current densities (~ 1 mA cm-2), two to six times higher than results
previously reported. The contribution of the CNFs results in higher performance by inducing
higher loading of active species and faster kinetics at the electrode surface.

Figure 3. Polarization curves of laccase/ABTS modified CNFs in O2-saturated CPB solution
(pH 3, 0.1 M) obtained initially (●) and after 3 (○) days, respectively. Comparison with the
polarization curve of laccase modified CNFs (□).ν = 10 mV.s-1
The specific interactions between laccase-ABTS-CNFs lead to efficient electrode materials for
mediated bioelectrocatalysis. The simple and facile procedure makes the CNFs electrode
promising prospect in developing bioelectrochemical devices.
1.
2.
3.
4.
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INFLUENCE OF MODIFICATION STRONG BASIC ANIONEXCHANGE
MEMBRANE МА-41 AT CHEMICAL STABILITY UNDER OVERLIMITING
CURRENT MODE
Ruslan Chermit, Mikhail Sharafan, Victor Zabolotsky
Kuban State University, Krasnodar, Russia

Introduction
Until now, detailed studies of ion-exchange membranes with a wide variety of theoretical and
experimental approaches were mainly carried out for cation-exchange membranes. So far, the study
electric transport properties of anion-exchange membranes has been paid less attention. However, the
actual process of electrodialysis separation efficiency of various ions determined by the properties of
membrane pairs. Since the functional groups in the anion-exchange membranes are less stable than
the cation-exchange samples, and more susceptible to poisoning in the process of electrodialysis, the
transport and chemical properties of these membranes are essential in membrane processes. Also
important is the fact that the hydroxyl ions forming during reaction of water dissociation can
significantly modify the structure and chemical composition of the surface layer of anion exchange
membranes.
It was shown earlier [1] that the OH- ions provoke termohydrolysis quaternary ammonium
groups, which takes place on the border of anion-exchange membrane / solution from the reaction of
Hoffmann, by changing the composition of the surface layer of anion-exchange membrane. During
the Hoffmann's cleavage of quaternary ammonium bases are formed tertiary ammonium base, olefin
and water [2].

This approach explains the high intensity of the dissociation of water molecules in the
strongly basic anion exchange membranes АМН and MA-41, containing mainly quaternary
amine groups, which according to the series (1) [3] is not active in the dissociation of water.
Thus, it remains an open question about the search for ways to improve the chemical stability is
strongly basic anion-exchange membranes at high densities of electric current in membrane
systems, as well as finding new ways to improve the mass transport and the operational
characteristics of these membranes.
The purpose of this paper is to study the regularities of the processes masstransfer and
dissociation of water and study of chemical stability of the original MA-41 and modified anionexchange membrane MA-41M in condition of overlimiting current mode, using the installation
with a rotating membrane disk (RMD). The investigation methodology of EMS by RMD method
was described in detail in [4].
Results and discussion
Current-voltage characteristics electromembrane system containing the initial membrane
under study are shown in (Fig. 1). It is seen that for a membrane MA-41 form CVC differs from
the classical form due to conjugate effects of concentration polarization.
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Despite the fact that the original strongly basic anion-exchange membrane MA-41 initially
contains mostly quaternary ammonium bases and according to the catalytic activity of ionic
groups in relation to the dissociation of water on the border of the membrane / solution should
not initiate it [3], in reality there is quite a different picture. At the beginning of the experiment
the dissociation of water is about 25% of the total mass transfer on the initial anion-exchange
membrane MA-41, (Fig. 2a, points 1), whereas after 10 hours (Fig. 2a points 3) the part of a
current transported by hydroxyl ions through the membrane is about 40%.
Maximum diffusion current of salt ions are practically unchanged, and the transport of salt
ions decreases in condition of overlimiting current due to decrease the amount of space charge in
the surface layer of the membrane and reduce the electroconvection and mass transfer of salt
ions, as evidenced by Fig.2b
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Figure 2. The partial current-voltage characteristics of hydroxyl ions (a)
and chlorine (b) EMC containing membrane MA-41 in 0.01 M NaCl solution at a rate of rotation
of the disk membrane 100 r / min: where 1 - the original membrane, 2 - after 6 hours of work,
3 - after 10 hours of work
Analysis of the partial current-voltage characteristics of chlorine and hydroxyl ions for the
original MA-41 and modified MA-41M is shown in (Fig. 3a, b).
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Figure 3. The partial current-voltage characteristics of hydroxyl ions (a) and chlorine (b) EMCcontaining membranes MA-41, and MA-41M in 0.01 M NaCl solution at a rotation speed 100 rev
/ min with 1-MA-41 after 2 hours, 2 - MA-41 after 8 hours of work, 3-MA-41M after 2 hours,
4 - MA-41M after 8 hours
As seen from (Fig. 3 a) dissociation of water molecules is much lower on the modified
membrane than on the original and only begins when the potential jump ∆φ = 4V, while in the
original membrane this process begins already at ∆φ = 2V. At the same time on the modified
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membrane MA-41M observed a significant increase in mass transfer of salt ions (35%), as
evidenced by the partial current-voltage characteristics of the ions Cl-(Fig. 3. b, points 3 and 4)
In Fig. 4 shows the dependence of the limiting current (found by the method of tangents) of
the square root of angular velocity (ω) for all investigated systems. The dotted line in this figure
shows the calculation of the dependence of the limiting current of the ω in conformity with the
theory of Levich.
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Figure 4. The dependence of the limiting current density on the square root of the angular
velocity of the membrane disk: dashed line - calculation by the theory of Levich;
points - experimental limiting currents for membranes: 1 - MA-41, 2 - MA-41M, 3 - AMX
The figure shows that the values of the limiting diffusion current in all speed range of the
rotating membrane disk for the modified MA-41M and homogeneous AMX membrane is almost
identical and slightly higher than the values of limiting currents, calculated by the formula
Levich. Thus, developed heterogeneous anion-exchange membrane MA-41 allows to completely
suppress the reaction of dissociation of water molecules at the boundary of the membrane /
solution (in operating voltage range), while significantly increasing a mass transfer in the system
(+35%), and by modifying the initial heterogeneous membrane impart this membrane (MA41M) the properties of homogeneous membranes AMX.
This work was supported by RFBR grant № 11-03-96504-р_юг_ц and RFTP
№02.740.11.0861.
References
1. Zabolotskii V.I., Bugakov V.V., Sharafan M.V., Chermit R.H. Transfer electrolyte ions and
water dissociation in the anion-exchange membrane at intensive current modes // Russ. J.
Electrochem. 2012. V. 48. № 6. P. 721-731.
2. Ui-Son Hwang, Jae-Hwan Choi Changes in the electrochemical characteristics of a bipolar
membrane immersed in high concentration of alkaline solutions. // Separation and
Purification Technology 2006 V. 48. P. 16-23.
3. V.I. Zabolotsky, N.V. Sheldeshov, N.P. Gnusin. // Uspehi khimii. 1988. V. 57. P. 1403.
4. Pat. №78577 RU. 27.11.2008.

41

CORRELATION BETWEEN STRUCTURAL AND SELECTIVE PROPERTIES
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The aim of this work is the estimation of membrane selectivity from the structural
characteristics. The porous structure of ion-exchange membranes was studied with method of
standard contact porosimetry. The maximal value of water content (V0), the specific internal
surface area (S) and the distance between the fixed groups (L) were calculated from the
porosimetry curves of the relative water content (V) as a function of the effective radii of pores r
(nm) in the membrane:

S = 2∫

∞

0

∞ dV
1  dV 
dr = 2∫0
2
r  d ln r 
r

L=

,

S
,
QN A

where dV is the differential of water content, Q is the ion-exchange capacity, NA is the
Avogadro’s number.
Selectivity is provided by only micro- and mesopores in gel with effective radius no more than
100 nm. The fraction of these pores in the total pores volume (Vgel/V0) is parameter for
characterization of membrane selectivity. Membrane selective properties were investigated also
experimentally with help of membrane potential measurement in 0.1/0.2 М NaCl solutions. The
transport numbers of counter-ions (tapp) were calculated using equation:
1
E 

t + ( app ) = 1 +
2  Eideal 
where E is the membrane potential , Eideal is the concentration potential.
The porosimetry curves of the ion-exchange membranes are shown in Figure 1. Table 1
presents structural characteristics and the transport numbers of these membranes. As can be seen
from the table, the parameter Vgel/V0 has greater value in the case of MF-4SC membranes. It
correlates with measurements of transport numbers by membrane potential method.
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Figure 1. Integral curves of water distribution on the effective pore radii (r, nm) for ionexchange membranes (The curve number (b) corresponds to the pressure of Polycon pressing
P, MPa)
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Table 1: The structural and selectivity characteristics of ion-exchange membranes
3

МК-40
МА-40
MF-4SC 29
MF-4SC

V0, cm
Н2О/g
0,54
0,62
0,23
0,21

2

Q, mmol/g

S, m /g

L, nm

Vgel/V0

tapp

1,67
2,30
0,93
0,70

421
514
207
167

0,52
0,60
0,51
0,57

0,78
0,87
0,98
0,95

0,97
0,92
0,97
0,96

It was revealed the correlation between structural and selective properties of new membrane
materials Polycon, which contains phenolsulfocationic matrix and fibrous component. The
compacting pressure of samples (P) varied from 5 MPa up to 20 MPa. Figure 1b shows the
curves of water distribution in these samples. The structural characteristics and the transport
numbers of Polycon membranes are summarized in the Table 2. As indicated in Figure, the V0
value of Polycon samples is higher than for membranes base on perfluorinated and polystyrene
matrix. The presence of macropores in region 104 nm in Polycon samples are caused by
formation of structural defects at the interface between the resin and polyacrylonitrile fibers. It
results in lower value of Vgel/V0 parameter. According to Table 2, Vgel/V0 parameter varies from
0.82 to 0.89. Thus the selectivity of these samples is lower in comparative with heterogeneous
ion-exchange membranes; however it is sufficiently high for fibrous materials. The value of
Vgel/V0 parameter correlates with the value of the transport numbers of Polycon membranes.
Table 2: The structural and selectivity characteristics of fibrous composite membranes
Polycon
Number of
Compacting pressure V0, cm3/g
sample

2

3

S, m /g

Vgel, cm /g

Vgel/V0

tapp

1

-

0,71

751

0,63

0,89

0,80

2

5 МPа

0,61

655

0,53

0,87

0,89

3

10 МPа

0,52

596

0,43

0,83

0,80

4

15 МPа

0,61

646

0,52

0,85

0,79

5

20 МPa

0,34

407

0,28

0,82

0,90

The fraction of gel pores volume (Vgel/V0 parameter) can be applied to characterize the
membrane selectivity, but this estimation has approximate character.
The present work is supported by the Russian Foundation for Basic Research (project № 1008-00074-а).
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Introduction
In this work we propose to study the flow of an electrically conducting fluid through a
membrane composed of an array of parallel circular non conducting cylinders using cell model
initiated by Happel. The flow is taken along the axes of the cylinders and the magnetic field in a
fixed direction transverse to the flow. It may be remarked here that we have not taken the
induced electric/magnetic field to be zero as is done by many authors; non-vanishing of the
induced electric field is exhibited in the sequel. In Hartman’s paper too this induced field is
present. In Gold’s [1] study of magnetohydrodynamic pipe flow, which has motivated us to take
up this MHD problem, induced electromagnetic fields appear and are significant. Also, it is seen
that the problem is not axial symmetric and quantities are functions of both radial distance r and
polar angle. It should also be noted that in this problem there is only one component of velocity
along the axes of the cylinders and then as in the concerned references [2] and [3] mentioned
earlier the four cell flow boundary conditions are all identical. Electromagnetic boundary
conditions are also needed. The system is simulated by a single cylinder enveloped by a
concentric cylindrical enveloping surface with axial flow. The analysis leads to the evaluation of
the permeability parameter. The results are then graphically presented and discussed. The effect
of magnetic field is seen to increase the permeability. The similar problem neglecting induced
electric field for a swarm of partially porous parallel cylinders was investigated in [4].
Theory
We have seen that in the cell method, the problem gets reduced to the investigation of a single
particle enveloped in a cell. Here the single particle is an impenetrable cylinder of radius 1 with
axis along the z axis and the cell is a concentric cylinder of radius c. The external flow, induced
by constant axial pressure gradient is ez along the axis of the cylinder. The applied magnetic field
is uniform field ex along the transverse x-direction (Fig. 1).

Figure 1. Transverse (left side) and longitudinal (right side) view of the cell in non-dimensional
form
As observed earlier the problem is not axial symmetric, hence we cannot take quantities to be
function of r alone. These will be functions of both x and y in Cartesian coordinates or both r and
θ in polar coordinates. Thus, we take for vectors of velocity and magnetic field

u = u(x; y)e z = u(r; θ )e z
B = e x + b(x; y)e z = e x + b(r; θ )e z

(1)
(2)

Here, since all conditions are satisfied, we may assume that the induced magnetic field b is
only in the z-direction and then find that
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u × B = u(x; y)e y

(3)

Thus, providing non-zero
∇ ⋅ (u × B) =

∂u
∂y

(4)

Therefore, we have induced electric field
E = Ex e x + Ey e y

(5)

where in terms of electric potential φ
E = −∇ϕ

(6)

Using (1)-(6) the system of dimensionless MHD equations (not presented here) can be reduced
to the following three equations:
p ( x, y , z ) = −

M2 2
b − Pz ,
2 Rm

M 2 ∂b
=0,
Rm ∂x
∂u
−∇2b = Rm
,
∂x

∇ 2u −

(7)
(8)
(9)

where p is a pressure, u is an axial velocity, Rm is a magnetic Reynolds number, M is a Hartman
∂p
number, P = −
is a constant pressure drop applied along z-axis. The above MHD equations
∂z
(8), (9) are in terms of flow field u and induced magnetic field b corresponding to Gold's paper
[1] but for our purpose it will be more convenient to use the flow field u and the electric potential
φ; the equations then are expressible as

 ∂ϕ

∇ 2u + M 2 
− u  = −P
 ∂y

∂u
∇2ϕ =
∂y

(10)
(11)

Since the boundary conditions are conveniently expressible in terms of the radial distance r, we
shall render the equations (10) and (11) in cylindrical polar coordinates (r; θ; z):

∂ϕ
 1 ∂ϕ

∇ 2u + M 2 
cos θ +
sin θ − u  = − P ,
∂r
 r ∂θ

1 ∂u
∂u
∇2ϕ =
cos θ + sin θ
r ∂θ
∂r

(12)
(13)

These equation are to be solved under the boundary conditions, no-slip and no normal current at
the non conducting cylinder boundary r = 1:

u (1) = 0,

∂ϕ
(1) = 0 ;
∂r

(14)

no stress and no surface current at the cell boundary r = c:

∂u
∂ϕ
( c ) = 0, ( c ) = cu ( c ) cos θ .
∂r
∂θ

(15)
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Results and Discussion
As it is a stupendous task to analyze the system for general value of Hartman number M, we
applied the perturbation method to obtain the solution for small values of M2; hence we
substitute
u = u0 + M 2u1 , ϕ = ϕ 0 + M 2ϕ1 .
(16)

in equations (12) and (13) to obtain the zero and first order solution.
Using obtained analytical solution in the form of (16) (not presented here), the dependence of
hydrodynamic permeability on magnetic field is depicted in Fig. 2.

Figure 2. Variation of permeability L with c (left side) and d=1/c (right side) for different values of
Hartman number M
From the left figure 3 we conclude that the effect of magnetic field is to increase the
permeability but this increase gets smaller/negligible when c < 1:5 implying that greater the gap,
greater is the effect of magnetic field. Also it is seen that the effect of increasing the gap is to
increase the permeability, and takes place for all the values of M. From the right figure 3 we
again conclude that the effect of magnetic field is to increase the permeability. But this increase
gets smaller/negligible when d > 0.6 implying that smaller the gap, greater is the effect of
magnetic field. Again it is seen that the effect of increasing the gap is to increase the
permeability.
We believe that taking into account external magnetic field allows us to describe more
accurately the influence of magnetic stirrers on flows of conducting liquid through porous
membranes.
The present work is supported by the Russian Foundation for Basic Research (projects nos
10-08-92652_IND and 12-08-92690_IND).
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Introduction
A search in new barrier materials with unusual properties is in progress due to the increasing
importance of gaseous feed streams for industry and energy generation. Poly(2-methyl-5-vinyl
tetrazole) (PMVT) is distinguished from other polymers by its unique chemical composition –
[C4N4H6]n–. The backbone of its macromolecule is decorated with side groups which are
heterocycles primarily composed of nitrogen atoms. This chemical composition has triggered
interest for studying sorption and permeability of PMVT with respect to gases (N2, O2, etc.).
Experiments
PMVT with Mw=68400 was synthesized by method described elsewhere [1]. Permeability and
diffusion coefficients of nitrogen, oxygen and carbon dioxide for the PMVT film with a thickness
of 50 µm were measured at a feed pressure of 0.6 - 0.8 bar and at temperatures of 25-45oC using a
constant volume/variable pressure experimental setup (GKSS Time-Lag Machine) [2].
Results and Discussion
PMVT gas permeability was studied for the first time. The Arrhenius plots were built (Fig. 1)
from which is seen that permeability coefficient decreases in an order: P(CO2) >P(O2)> P(N2).
The diffusion coefficient decreases with increasing the molecular diameter of penetrant (Table 1)
and with decreasing temperature. High permeability coefficient for CO2 is attributed to its high
solubility coefficient. Such gas transport characteristics make PMVT an attractive material for
further studies in gas separation.

Figure 1. Temperature dependences of gas permeability coefficients for PMVT
Table 1: Diffusion coefficient of N2, O2 and CO2 at different temperatures in PMVT
o

Temperature, C
-8

2

D(CO2), 10 *cm /s
-8
2
D(N2), 10 *cm /s
-8
2
D(O2), 10 *cm /s

25

35

45

0,4
2,3
3,6

0,9
6,8
7,2

1,9
11,1
15,8

Kinetic molecular
diameter, nm [3]
0,407
0,370
0,358
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Introduction
Membrane technologies are an attractive alternative to the existing conventional technologies
of separation and purification. To be useful in an industrial separation process, a membrane must
exhibit the following characteristics: high flux and selectivity, tolerance to the process
conditions, manufacturing reproducibility [1]. In this case composite membranes, consisting of
thin selective polymer layer atop a porous support appear to be attractive. The following
techniques of composite membrane fabrication were explored over the last decades: solution
coating, interfacial polymerization, plasma polymerization and dynamical coating [2]. The first
two methods are commonly used in large scale industrial processes.
This work is focused on the elaboration of composite membranes based on high-permeable
glassy polymer poly[1-(trimethylsilyl)-1-propyne] (PTMSP) for application in organic solvent
nanofiltration (OSN), membrane gas desorption (MGD) and termopervaporation (TPV)
processes.
Experiments
Thin film composite (TFC) membranes are usually fabricated using ultrafiltration level porous
supports such as polyacrylonitrile [3, 4] with N2 permeance typically below 200 m3(STP)*
(m2*h*bar)-1. Unfortunately it eventually results in insufficiently high flux of composite
membrane due to the resistance of porous support to gas transport. In this work commercially
available high-flux microfiltration membranes with specific for each application features were
carefully selected, pretreated and used as supports (table 1).
Table 1: Support material features.
Membrane
application

Industrial
material

Required properties

MGD

metal-ceramic
(MC)
Polypropylene
(PP)
PVDF-PTFE
(copolymer)

Stability at 100 C, 40 bar,
pH ≥12
Chemical stability in
organic solvents
Hydrophobicity

OSN
TPV

o

N2 permeance,
3
m (STP)*
2
-1
(m *h*bar)
638

pore size, µm
max

mean

0,50

0,15

707

0,57

0,30

756

0,48

0,31

Solution coating for lab and pilot scale fabrication of composite membranes was employed.
Standard test method, namely gas-liquid displacement was applied for determination of pore size
characteristics of porous supports [5]. Pure nitrogen and carbon dioxide permeance of porous
supports and composite membranes was measured using volumetric method at pressures up to 40
bar and temperature 25oC. The PTMSP/PVDF composite membrane was applied in the process
of butanol recovery from model fermentation broths using the TPV method described previously
[6]. The PTMSP/PP composite membrane was applied for removal of dyes from ethanol
solutions using the OSN method described elsewhere [7].
Results and Discussion
Gas transport characteristics of elaborated membranes are presented in table 2. The
PTMSP/MC membrane was annealed at 100oC and its permeance decreased by a factor of 20
after 150 hours of exposure to high temperature. However the same membrane showed stable
performance for the next 200 hours of annealing at 100oC keeping nearly the same CO2/N2
selectivity. Upon desorption of CO2 from the saturated 50% aqueous solution of Nmethyldiethanolamine at 40 bar and 100℃, no liquid phase flow through the aged membranes
annealing at 150℃) takes place. Therefore, the as-prepared composite membranes can be used
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for the regeneration of chemical absorbents of СО2 at elevated temperatures and pressures and
this approach makes it possible to solve two following problems: (i) to provide high СО2 flux
and (ii) to ensure high barrier characteristics with respect to a liquid absorbent (the absence of
hydrodynamic flow of an absorbent through the membrane). The PTMSP/PVDF composite
membrane exhibited a flux of 0,43 kg (m2 h) -1. The PTMSP/PP composite membrane exhibited
ethanol flux of 5,5 kg (m2 h) -1 at 5 bar.
Table 2: Gas transport characteristics of elaborated composite membranes at 25оС
Membrane application
N2
Gas permeance,

MGD
7,7

OSN
3,5

TPV
3,5

36,3

16,7

16,6

4,7

4,7

4,7

3

m (STP)*
2
-1
(m *h*bar)

CO2

Selectivity, α(CO2/N2)

The membranes for TPV and OSN can be optimized further in terms of layer thickness to
provide optimum flux/selectivity combination. Therefore they represent a perspective alternative
to commercial PDMS membranes. To the best of our knowledge the membrane developed for
MGD has the highest CO2 permeance at the given conditions in combination with barrier
properties to liquid absorbent.
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Introduction
Despite worldwide reduction of usage of highly toxic mercury its application in chlorine
industry, measuring and lighting device productions is still in use. So to decrease ecological
danger of such productions it is necessary to find effective methods of treatment of mercury
containing wastes which allow both to protect the environment and to return precious mercury
back to the process. From this point of view the application of electrodialysis (ED) has many
advantages in comparison with conventional techniques but requires detailed study of membrane
properties in contacting solutions.
Experiments
In this research the influence of mercury (II) on electrochemical properties such as electrical
conductivity (EC) and total water content (WC) of anion-exchange membranes MA-40 and MA41 in mercury (II) chloride and nitrate solutions and their behavior during the process of ED was
studied. Some characteristic of the membranes are shown in Table 1. Calculations made with the
use of equilibrium and material balances according to [1] show that in chloride solutions
mercury exists mostly in neutral and negatively charged chloride particles.
Table 1: Characteristics of the Membranes under Study
Membrane Type

Type of Matrix

Functional Group

Exchange Capacity,
mg-eq/gdry [2]

+

МА-40

МА-41

Copolymer of ethylene
diamine and
epichlorohydrin
Styrene
divinylbenzene

≡ N−
≡N:

2,19

⋅⋅

=NH
+

N(CH3)3

1,44

Results and Discussion
It was obtained that electrical conductivity of both membranes in mercury (II) nitrate solutions
is much higher than that in mercury (II) chlorides (Table 2). It is explained by low mobility of
negatively charged complicated mercury (II) chloride ions.
Table 2: EC of the membranes in 0,02 eq mercury containing solutions
Membrane Type
МА-40
МА-41

HgCl2
0,019
0,012

EC of the membranes, mS/cm
Hg(NO3)2
2,0
2,6

The presence of mercury (II) in sodium chloride solutions changes significantly as total WC
so as free and fixed water fraction which was measured by means of gravimetric method and
differential scanning calorimeter DSC respectively. The WC of the cation-exchange membrane
MK-40, for example, remains nearly the same (Table 3). This phenomenon can be caused by
specific interaction between functional amino-groups of anion-exchange membranes with
mercury ions which was also proved by changes in IR-spectra and X-ray diagrams [3].
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Table 3: Hydration characteristics of the membranes
Membrane
МК-40
MA-40
MA-41

Solution (0,02 eq)

Water Content,%

NaCl
HgCl2 +NaCl
NaCl
HgCl2 +NaCl
NaCl
HgCl2 +NaCl

61,82
53,37
59,02
15,20
41,22
17,10

Free water
fraction,%
19,52
21,43
30,60
6,22
25,89
7,71

Fixed water
fraction,%
42,30
31,94
28,42
8,98
15,32
9,39

n
7,23
7,51
4,52
1,98
4,20
3,09

n– the number of water molecules per a functional group
The (ED) of sodium chloride solutions containing mercury ions with "hollow" cells formed by
membrane pairs of МC-40 and МА-40 under current densities below limiting ones has shown
presence of material balance, absence of hydroxides formation and decrease of mercury
concentration in desalination cells by 70-76 %. Filling the desalination cells with granules of ionexchange resin of АV-17-8 type increases the degree of mercury desalination up to 95-97%
(Figure 1).
С/С0
1,0

0,8

0,6

4
3
3'
2

0,4
1’
0,2

1

0,0
0,5

1,0

1*
1’*
1,5**

2,0

i/ilim

Figure 1. Efficiency of ED of Sodium Chloride Solution Containing Mercury Ions in Desalination
Cells: 1, 1’ – concentration changes of NaCl and HgCl2 respectively 1*,1'*– the same in packing
ED
Thus, the presence of mercury in the contacting solution slightly decreases the transport
properties of anion-exchange membranes. It is shown that ED may be used as an effective
method of non-detergent waste water treatment from mercury compounds.
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Introduction
Composites based on ion-exchange resins are used in catalytic and electrocatalytic processes
particularly for oxygen removal from water and liquid hydrocarbons as well as for ion exchange
processes [1]. The ion-exchangers, which are selective to As(III) и As(V) anions, were obtained
by modification of anion-exchange resins with Fe(III) oxide [2]. Regarding to heavy metal
cations, zirconium hydrophosphate (ZHP) can be considered as a prospective dopant due to
selectivity towards these species [3]. Moreover organic-inorganic materials demonstrate high
rate of ion exchange [4]. Polymer ion-exchange resins are characterized by complex porous
structure, which involves micro- and mesopores containing functional groups (gel phase), spaces
between gel fields (mesopores) and structure defects (macropores) [5]. The dopant can occupy
both gel fields and spaces between them. Location of particles of the inorganic constituent
undoubtedly determines functional properties of the composite material.
Experiments
Strongly acidic gel-like cation-exchange resin Dowex HCR-S has been chosen as a model
matrix. The resin was immersed with a sol of hydrated zirconium dioxide followed by treatment
with H3PO4. The synthesis procedure was repeated 1 (samp1e 1), 3 (sample 2), 5 (sample 3) and
7 (sample 4) times. Porous structure of the samples was investigated with a method of standard
contact porometry, which can be applied to polymers [5, 6]. The method allows us to investigate
only polymeric constituent since the pretreatment conditions (heating at 353 K) cannot provide
water removal from HZP surface. Also Cd2+→H+ exchange from individual and combined
solutions was investigated both under static and dynamic conditions. Morphology of the samples
was researched using transmission electron microscopy.
Results and Discussion
The composite ion-exchangers contained 31-52 mass % ZHP. TEM and SEM images show
large ZHP aggregates, which consist of brick-like ribbed fragments (Fig. 1). The fragments are
formed due to aggregation of the nanoparticles (≈10 nm). The aggregates of micron size are
evidently located in structure defects. Smaller aggregates (from ≈50 nm) have been also found.
They can be placed both in spaces between gel fields and also in mesopores containing
functional groups.

Figure 1. ZHP aggregates
Differential pore distributions demonstrate several maxima (Fig. 2). Regarding to the initial
resin, the maximum I (logr≈1(nm)) and probably maximum II (logr≈1.4(nm)) can be related to
pores, which contain functional groups [5, 6]. The maxima III (logr≈3.2 (нм)) and IV (logr≈4
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(nm)) are attributed to cracks on the particle surface. Spaces between the particles give the
largest pores. It is possible to observe a shift of the maxima I and II towards lower r values
(modified samples). The maxima II are seen as shoulders of the maxima I. Three constituents are
visible instead of the maxima III (sample 1). The peaks at logr≈3.3 and 3.4 (nm) correspond to
pores, when the dopant is located. The sharp peak (logr≈3.7 (nm)) is related to pores, which are
free from ZHP. These pores become regular due to polymer stretching.
Decrease of size of pores I and II can be caused by a decrease of swelling pressure and also by
squeezing of these pores under the influence of the aggregates. Ribbed fragments can provide a
small contact surface between the particles and pore walls. As a result, the pressure due to
inorganic constituent can be comparable with swelling pressure (≈1.5×107 Па). This causes
incomplete filling of pores with water and decrease of total ion-exchange capacity. For instance,
the total capacity of the initial resin is 4.2 mmol g-1. The content of polymer in the sample 4 is 48
mass %, thus the contribution of the polymer into total capacity is 2 mmol g-1. However the total
capacity of this sample is only 1.8 mmol g-1 in spite of ZHP.
Intensity of the maxima I as well as microporosity increase within the order: sample 4 >
sample 3 > sample 1 > sample 2. A change of porosity is probably due to competition of several
factors: decrease of the polymer content, incomplete filling of pores with water and stretching of
pore walls caused by squeezing. Stretching of the polymer leads to increase of distance between
functional groups and more complete hydration of counter-ions of functional groups.
Intensity of the maxima at logr≈3.7 (nm) decreases within the order: sample 2>sample 1
2>sample 3>sample 4 probably due to competition between stretching of the polymer and filling
of the macropores with ZHP.
Isotherms of Ca2+→H+ and Cd2+→H+ exchange are described by the Langmuir equation (Fig.
3, here n is the number of modification cycle):

C
1
C
=
+
,
À A∞ k A∞
where C is the concentration of equilibrium solution, A is the exchange capacity, A∞ is the
capacity of monolayer, k is the constant, which corresponds to energy of interaction of sorbed
ions with a surface.
dV/d(logr), cm3g-1(nm-1)

A/Cd/(A/Ca+A/Mg)x102
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Figure 2. Differential distributions of pore
volume for initial resin (1) and samples 1 (2),
2 (3), 3 (4), 4 (5)

Figure 3. Relations of kCd / kCa (1, 2) and
ACd /( ACd + AMg ) (3, 4) as functions of a number
of modification cycle. Initial resin and samples
1-4 (1, 2), individual ZHP (3, 4)
k
The
values for the modified samples and individual ZHP are close to each other, thus ionexchange properties of the composites are determined by the dopant. It was found that the
relation of k Cd / k Ca , is larger than 1 both for inorganic and organic-inorganic ion-exchangers
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(Fig. 3). A minimum of the k Cd / k Ca − n curve at n=3 can be caused by a competition of two
factors. The first one is a decrease of microporosity of the polymeric constituent, the second one
is an increase of ZHP amount in the composites.
As found, all the modified samples
CCd, mmol dm-3
demonstrate better selectivity towards
0.03
1
Cd2+ during deionization of combining
solution, which contains also Ca2+ and
Mg2+ (Fig. 4). The lowest Cd2+
2
0.02
concentration at the column outlet has
been found in the case of composite ionexchangers, at the same time the worst
0.01
results have been obtained for the non3
modified resin. The largest relations of
5
4
/
/
/
ACd
/( ACa
+ AMg
)

0.00
0

200

400
3

V, cm
2+

Figure 4. Cd concentration at the column outlet as
a function of volume of passed solution, which
contained initially (mg dm-3): Cd2+ − 4, Ca2+− 57,
Mg2+− 12. Samples: initial resin (1), individual ZHP
(2), sample 1 (3), sample 2 (4), sample 3 (5)

/

(here A
is the
breakthrough capacity) have been found
both for composite materials and
individual ZHP (see Fig. 3). A shape of
the

curves

of

k Cd / k Ca −

n

and ACd /( ACa + AMg ) − n is similar. This
indicates correlation of data obtained
under dynamic and static conditions.
Thus ion-exchange properties of the composite ion-exchangers are determined by inorganic
constituent.
/

/

/

Conclusions
Modification of cation-exchange resin with inorganic dopant causes transformation of
porous structure of the polymer influenced by aggregates of ZHP nanoparticles. The method of
standard contact porometry, which allows us to investigate only polymeric constituent, was
applied. Analysis of differential pore distribution shows, that this transformation is due to
squeezing of pores, which contain −SO3H groups, and stretching of the polymer. Moreover these
pores are evidently free from water. Thus the inorganic constituent determines ion-exchange
properties of the composites. They are remove preferably Cd2+ ions from combining solution,
which contains also Ca2+ and Mg2+.
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Introduction
One of the membrane technology and particularly gas separation processes keynote goals is
research and development of new membrane materials with high separation and transport
properties at thermal and chemical stability [1]. Alternative way for solving of this challenge task
is modification of already existing materials and membranes. Nowadays a lot of different methods
for membrane post treatment are known: chemical, electrochemical, plasma chemical, surface
modification, including gas-phase fluorination and etc. One of the most effective methods is a
direct gas-phase fluorination method which is traditionally used for polymeric membrane [2-3].
However, inorganic nanoporous materials which demonstrate very perspective gas separation
properties, for example, zeolites and carbon based matrix also could be modified by this method.
Particularly this modification method can seriously influent on surface gas flow and as result on
separation properties of nanoporous materials. One of interesting materials for fluorination is the
nanoporous graphite foils (GF) based on pressed intercalated graphite compounds which provides
high Н2/СО2 and С4Н10/СО2 separation [4]. In the present work the influence of the direct gasphase fluorination treatment on GF gas transport and separation properties was investigated.
Studied objects
In the present work gas separation properties of the membranes base of exfoliated graphite
foils produced by Inumit Co (Russian Federation) with range of density 0,98-1,50 g/cm3 and
thickness 0,3– 0,6 mm were studied.
GF based on exfoliated graphite was obtained by following technique provided required
thickness and density of foil samples: the intercalated graphite was prepared from graphite
nitrate of II stage by following method [5]: natural graphite had been treated by 98 % nitric acid
at mass relation 1:0.8. Then intercalated graphite had been treated by hydrolysis, and then it was
termo-expanded at 900 оС to obtain exfoliated graphite. Then pressing procedure was used to
obtain GF with high mechanical properties.
Fluorination technique
The modification of GF by gas-phase fluorination was carried out by following technique: the
samples were placed in a closed reactor, after that the reactor was degassed till vacuum (10-1-10-2
Torr), than the reactor was heated up in oven. In 3 hour (under continuous de-gassing)
temperature reached the steady-state values that were varied from 195 to 350 °C and pure
fluorine was pumped in the reactor till pressure equal 1 bar is reached. Pressure in the reactor
was kept constant (1.00±0.02 bar) and time of treatment was varied from 1.5 to 2.5 hours.
Samples weight was measured before and after fluorination.
Gas permeance experiment
The permeance of He, N2, H2, CO2, CH4, C3H8 and n-C4H10 was measured by differential
method with chromatography analysis using two techniques:
- sweeping of permeate by carrier gas (He, Ar) in temperature range 296-373 K;
- evacuation of permeate (pperm ~ 10-2 atm).
Results and Discussion
It was found that GF gas-phase fluorination leads to increasing of samples weight by 2–3 %
depending on modification conditions. No variation of samples weight was mentioned after
permeability experiments.
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Gas-phase fluorination of GF resulted in decreasing of the permeance of Не, N2, H2 and
especially CO2 (CO2 permeance decreased almost in 2 times). However, the modification didn’t
seriously influence on the n-C4H10 permeability. It should be mentioned that fluorination
provides enough high level of gas permeance in comparison with initial samples to use modified
membranes in separation processes. Thus the difference of CO2 and hydrocarbons achieved
permeability difference С4Н10/СО2 selectivity increased approximately in 1.5 times.
Temperature dependencies of Н2, СО2, N2 permeance were studied for initial and fluorinated
GF with different density. It was shown that the gas permeance decreasing of fluorinated GF is
less significant and has monotonous form in comparison with initial ones with temperature
growing. It can be result of the significant decreasing of surface flow contribution in overall flow
through the membrane, especially in the case of CO2. Analysis of obtained experimental data
shows that molecular diffusion became more important in comparison with initial samples at not
so significant decrease of gas flux. In this case the flux decrease can be connected with changing
of the least pore diameters as result of fluorine molecules influence.

Conclusion
In the present work it was demonstrated that long-time direct gas-phase fluorination of GF
significantly affects on gas transport properties of studied membranes, especially on temperature
dependences of gas permeability.
Thus the results demonstrate the possibility of application of the direct gas-phase fluorination
modification method for improving of gas transport properties not only of polymeric but also of
inorganic carbon-based membranes.
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Introduction
Milk permeate is the by-product of milk processing by ultrafiltrationto produce protein
concentrates. Permeate contains the soluble parts of the milk or whey; dairy salts and lactose.
Permeate has many different applications. For example spray dried permeateis used in
confectionary products or as a filler for food products or a carrier for seasonings.In additional
whey and milk ultrafiltration permeate are base for various beverages [1]. In our studies
nanofiltration (NF) andelectrodialysis(ED) were used to compare the influence of these
processes on technological properties of permeate [2].
Experiments
Skim milk permeate (Table 1) was processed on nanofiltration pilot plant (Test Unit M20
(Alfa Laval)) withpolymericroll membranes. The process temperature was 12оС, the process
pressure was 20 bar, the concentration factor was 3 – 4. Then part of concentrated permeate was
demineralized on ED-Y pilot plant. The process temperature was 15оС, heterogeneous ionexchange membranes Ralexwere usedand the demineralization level was more than 90%.
ResultsandDiscussion
The composition various types of permeate shown in Table 1, sensory characteristics shown in
figure 1.
Table 1: The composition of permeate after nanofiltration and electrodialysis
Parameter
Total dry extract, %
Lactose %
Total protein, %
Conductivity (mS)
рН

native
5,1±0,1
4,6±0,2
0,19±0,12
5,6±0,1
6,06±0,01

Permeate
NF
treatment
17,5±0,1
12,7±0,2
0,60±0,13
15,6±0,3
4,56±0,03

NF and ED
treatment
15,2±0,2
13,0±0,3
0,65±0,15
0,9±0,1
3,32±0,01

Figure 1. Sensory characteristics of permeate
According to the results demineralized permeate consists less amount of mineral substances;
its taste is sweeter and cleaner. Therefore, demineralized permeate is the preferred raw material
in the manufacture of beverages.
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Introduction
Although pressure driven membrane methods for water solutions separation are applying
widely, the electrodialysis (ED) process for a number of practical applications has no alternative.
The theoretical and practical investigations of some ED applications are carrying out in the
membrane technology department of the MUCTR.
Experiments
The technology of vat residue deactivation after the liquid radioactive wastes treatment was
introduced in the last decade. This technology allows to obtain the non-radioactive brines with total
salinity ca. 100-150 g/l. The brines are considered as the source of chemicals (alkali and acids
solutions primarily) for nuclear power plants operation. In this case the problem of brines disposal
from overloaded storages will also solve. One of the most demanded product of the brines
utilization is boron acid. The two-chamber ED with cation-exchange and bipolar membranes
proposed as a stage of boron acid recovery process chain. The laboratory experiments with model
solutions (NaNO3+Na2B4O7) as the previous before real solutions were carried out.
The modern apatite (calcium halogen phosphate) and nepheline (sodium and potassium
aluminosilicate) processing technology related to large amount of mineral acids using and
mineralized waste water generation. These wastes may be utilized with acid, alkali and
demineralized silica solutions obtaining. The acid and alkali solutions may be recycled, and silica
solutions may be used in construction materials manufacturing. For this process investigation the
ordinary three-chamber ED with bipolar membranes is proposed. The laboratory experiments with
model solutions (potassium alum and aluminum sulfate) and solution after the opening of the
nepheline were carried out.
Results and discussion
In the experiments with the two-chamber ED solutions of sodium hydroxide with pH≈12.5 and
nitric and boron acids blend with pH≈1.5 were observed. The sharp change of pH in the acid
chamber were detected (fig.1).

Figure 1. The changes in the properties of
initial (50 g/l of NaNO3 and 10 g/l of
Na2B4O7) and alkali solutions during the
experiment.  - pH of initial solution;  - рН
of alkali solution;  - conductivity of initial
solution;  - conductivity of alkali solution

In the experiments with aluminum containing solutions the typical picture of acid and alkali
generation while initial solution desalination. A high concentration of aluminum in initial solution
does not lead to membrane fouling.
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Introduction
Methods of membrane technology are increasingly used in various fields of industrial
production, and therefore physical-chemical and electrochemical property demands to the ionexchange membranes are raised. Currently directed search for the source of reactive compounds
and synthesis based on these different types of membranes for electrodialysis processes is carried
out.
Experimental
The synthesis of interpolymer membranes was performed in a three-necked reactor with a
polymeric binder - polyvinyl chloride (PVC) in the total solvent. Next, into the reactor was
placed an ether (diglycidyl ether of resorcinol (DGER) and vinyl ether of monoethanolamine
(VEMEA)), allyl bromide (AB) and amine (polyethylene polyamine (PEPA),
hexamethylenediamine (HMDA), polyethyleneimine (PEI)) pre-dissolving in cyclohexanone
(CH). The reaction temperature was maintained at 700С for two hours stirring. Then the reaction
mixture was cast onto a smooth surface and dried under UV light [1-4].
Results and Discussion
In order to find optimal process conditions the effect of the ratio of initial components and
their nature on the electrochemical and physico-mechanical properties of indicators of the
formed membranes is investigated. Definition of basic electrochemical characteristics was
carried out on laboratory electrodialysis cell. We found that most static exchange (SEC – 4.2 mgequiv./g) have ion-exchange membranes at a weight ratio DGER+VEMEA+AB+amine+PVC =
70 : 30 wt.%. The samples have a low electrical resistivity and sufficiently high to unreinforced
membrane mechanical strength. Further increase in the concentration of the amine has little
effect on changes in SEC membranes (Table 1).
Table 1: Electrochemical properties of interpolymer membranes on the basis of
VEMEA, DGER, АB and binding PVC received in the presence of different polyamines
SEC of 0,1 n НCl
Membranes on the
solution, mgbasis of
equiv./g
VEMEA:DGER:АB in
the presence of
PEPA
2,9
HMDA
3,2
PEI
4,2
МА-40
3,4
Note: МА-40 – industrial membrane brand.

The resistivity,
Ohm⋅⋅cm

Transfer
number,
%

Specific water
permeability,
-14
3
К ⋅10 , cm ⋅sec/g

90
65
54
240

0,98
0,97
0,98
0,94

1,3
1,8
1,9
—

The structure of obtained ion-exchange membranes containing in its composition the different
functional groups was examined by standard and mercury porometry (Figures 1, 2).

Figure 1. Microphotography of samples of synthesized ion exchange membranes
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Figure 2.Pore distribution with radius in synthesized ion exchange membranes on the basis of
VEMEA, DGER, АB and PEPA
The study of the relative and volume porosity of membranes is of some theoretical and
practical interest, since their number and relative position in the ion exchanger has a significant
influence on the sorption and electrochemical properties of the final products. The structure of
the dry samples is significantly different from their structure in the working swollen state, as the
swelling leads to a multiple increase in pore volume due to hydration of functional groups [5].
The porosity ion exchange membranes of interpolymer type based on DGER, VEMEA, AB
and PEPA depends on the duration of curing and nature of the starting monomers. It was found
that they are characterized by the specific porosity of 0.2 to 2.0 mg/g, which decreases with
increasing length of curing.
It is shown that the samples synthesized at 600С have the most homogeneous pore structure in
all the film thickness. Raising the temperature to 800С and increasing the duration of curing to 24
h leads to an increase in SEC and a decrease in the relative volume porosity of the membranes
from 12.9 to 0.8 cm3/g, depending on the nature of the starting monomers. It follows that the
increase in temperature leads to a decrease in pore size and thus reduce permeability.
The study of the porous structure of synthesized interpolymer membranes by the method of
mercury porometry showed that the samples generally contain pores of radius 1.9-2.6 nm and a
slightly smaller number of pores of radius 5.4 nm. The relative specific porosity of the
membranes is 6,8-1,0 cm3/g [6].
Thus, on the basis of the available reactive monomers and oligomers the ion-exchange resins
and membranes with a high sorption, physical, mechanical and electrochemical properties are
synthesized. By standard and mercury porometry methods the sizes of pores of the received
membranes are determined. Sizes and most narrow distribution of pores with radius of the
synthesized membranes indicate that they are identical in structure with homogeneous, which
opens up broad prospects for their practical application [7].
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Introduction
The main problem in perfluorinated membranes application in polymer electrolyte fuel cell
(PEFC) is retention of high humidity and proton conductance at working temperatures [1].
Nowadays the composites based on Nafion type membranes and electron conducting polymer
polyaniline (PAn) are widely explored to resolve this problem [1,2]. The aim of this work is to
reveal the influence of membrane modification method by PAn on the water management and
thermal characteristics of basic matrix. For this aim the differential scanning calorimetry (DSC),
termogravimetry (TGA), FTIR-spectroscopy, membrane conductometry and diffusion
permeability methods were used.
Experiments
We explored composites MF-4SC/PAn prepared by two different methods: under
concentration gradient (successive diffusion method) with surface PAn layer placed afterwards
(fig. 1a) and under simultaneous action of concentration and electric fields (fig. 1b). As the
polymerization initiator FeCl3 solution was used. These samples possesses by balanced electrotransport properties: reduced anisotropic diffusion permeability and conductivity close to initial
MF-4SC membrane (fig. 2, where  is conductivity of membrane, P is diffusion permeability
coefficient of unmodified sample, Ps and Pw are diffusion permeability coefficients in cases when
composite membrane is faced by modified and unmodified surfaces towards electrolyte flow
correspondingly).

a
∆С ≠ 0, ∆Е=0

b
∆С ≠ 0, ∆Е≠0

1
Figure 1. Schematic presentation of cells for
chemical template synthesis of composites
MF-4SC/Pan: (a) successive diffusion method
and (b) synthesis in external electric field

2
Figure 2. Relative presentation of
conductivity and diffusion permeability data
of initial MF-4SC and composite
MF-4SC/PAn membranes

Results and discussion
The FTIR-analysis of membrane detected peaks at 1493 and 1620 cm-1corresponding to
benzoid and quinoid rings vibration with equal intensity. This indicates the presence of PAn in
middle oxidation and most conductive state - emeraldine.
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TGA-analysis showed that for composites desulfonation process begins at higher temperature
by 3-5оС than for initial membrane. It’s caused by interaction between PAn chains and fixed
sulfur-groups of template matrix. The magnitude of solid residue for MF-4SC/Pan (b) is higher
than for MF-4SC/Pan (b), that points to a greater quantity of Pan introduced in electric field
synthesis conditions.
On fig. 3a the DSC-profiles for composite and basic membranes are presented. For MF4SC/Pan (b) sample the temperatures of II, III, IV transitions are higher than for the basic
membrane. Analysis of areas under II and III peaks shown, that PAn intercalation causes water
reorganization between intermediate (II transition) and cluster zones (III transition). Comparison
of DSC-data with porosimetric curves obtained by standard contact porosimetry method (fig. 3b)
showed that main water displacement occurs in pores with effective radii 1-100 nm (nanosize
level). This area corresponds to II transition on the DSC-profiles. For MF-4SC/Pan (a) sample
significant changes in water organization do not happen, except slight increase of II transition
temperature.
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Figure 3. DSC profiles (a) and porosimetry curves (b) for bare MF-4SC membranes (1,3)
and for composites MF-4SC/PAn (2,4). 2 – MF-4SC/PAn (B), 4 – MF-4SC/PAn (A)
Presented results show that PAn chains and fixed ions form in membrane phase interpolymer
complex, which contains water molecules. The aromatic chains of PAn localize both in the
intermediate area and in the cluster zone and change nanosystem of the basic matrix. As a result,
the composite purchases greater thermal stability than the initial MF-4SC membrane. The
formation of interpolymer complex MF-4SC/PAn promotes retention of water quantity enough
to provide high protonic conductance at operating temperatures of PEFC. The influence of
electric field on the PAn synthesis process consists in following: anilinium and Fe3+ ions
(counter-ions relative to basic matrix) hastened by electric field, easily enters into the membrane
bulk. As a result the PAn chains form across the transport channels of the template matrix.
On the base of performed research the influence of simultaneous action of concentration and
electric fields (under the rest equal conditions) on the Pan distribution in the basic matrix is
revealed and corresponding structural model is suggested. When the composite membrane was
modified under concentration gradient the PAn distributes in matrix volume in a random way
mainly in the intermediate area (fig. 4а). This leads to reduction of conducting and diffusion
characteristics.
In the case of PAn synthesis under simultaneous action of concentration and electric fields the
pore walls are ”laminated” with PAn chains (fig. 4b). Hence the modifier localizes in cluster zone
near the fixed ions, it does not make the steric hindrance for the diffusion transfer (with the
exception of the PAn compact layer on the surface).
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а
b
Figure 4. The character of Pan distribution in cluster-channel structure of basic matrix.
a – random distribution, b – “lamination” of transport channels
The conductivity of lengthy PAn chains contributes into the total conductivity of the material
and permits to possess the high conductivity level of the composite MF-4SC/PAn (b) comparable
with the initial membrane. When the synthesis is carried out in the external electric field the PAn
distribution could be regulated and the material created possesses by yhe optimized complex of
physico-chemical properties.
The work was supported by Russian Foundation for Basic Research (Project No 12-08-01092).
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Introduction
Synthesis of nanorod arrays, containing nanogranular materials on Si substrate and utilizing
the enhanced magnetoresistive (MR) effect, shows much promise for the design of Si-compatible
magnetoelectronic devices [1, 2]. In this work we study the carrier transport and magnetotransport properties in the bundles of Ni nanorods (or NanoRods-In-Pores – NRIPs) embedded
into the n-Si/SiO2 porous template created by selective etching of swift heavy ion tracks in a
SiO2 layer when the pores are filled with nickel nanoparticles.
Experiments
We used underpotential electrodeposition of Ni nanoparticles into the nanopores in a SiO2
layer as a template created on the phosphorous-doped n-Si(100) substrate with 4.5 Ω⋅cm
resistivity to produce magnetosensitive nanostructures n-Si/SiO2/Ni. A SiO2 layer with the
thickness 700 nm was thermally grown on the Si(100) substrate by the standard procedure
(1100°C, 10 hours, pure oxygen). To produce a nanoporous SiO2 layer, scanned beams of
350 MeV 197Au26+ ions were employed for the bombardment of the oxidized Si wafers with
fluences of about 5⋅108 cm-2. The pores were formed by chemical etching of latent tracks in a
dilute HF acid for a whole depth of the SiO2 layer down to the Si substrate. The regimes and
electrochemical properties of the samples studied were described in [3]. Etching resulted in the
formation of the nanopores randomly distributed over the sample surface and shaped like
truncated cones with heights about 400– 500 nm and down/upper diameters of 100/250 nm. The
nanopores filled with Ni nanoparticles enable one to form a system of NRIPs randomly
distributed within the SiO2 layer.
In probes
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Figure 1. I-V characteristics at 25 K for the magnetic field inductions B = 0 (1) and B = 8 T with
B-I configurations i = 1 (2) or i = 2 (3) shown in insert (b). Inserts show a schematic view NiNRIPs and In probes in n-Si/SiO2/Ni nanostructures (a) and a scheme of mutual alignements of
magnetic induction vector B, current vector I and Si substrate plane at MR measurements
(configurations i = 1,2)
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Electrodeposited Ni-NRIPs had granular structure with the Ni particles having the facecentered cubic structure and dimensions of about 30– 70 nm. The I-V characteristics and DC
resistance of n-Si/SiO2/Ni nanostructures were measured at temperatures T = 2 ÷ 300 K and
magnetic fields B up to 8 T between two electric In probes shown in the sketch of the sample in
insert (a) in Fig. 1. As is seen from insert (b) in Fig. 1, measurements were performed for two
different mutual alignments i of vectors B and I and the substrate plane in n-Si/SiO2/Ni
nanostructures. For i = 1 vector B is parallel to NRIPs axis and normal to vector in them and to
Si substrate plane. For i = 2 vector B is parallel to NRIPs axis and vector I in them but parallel
to vector I in Si substrate plane.

Results and Discussion
Fig. 1 shows that the I-V characteristics of n-Si/SiO2/Ni nanostructures exhibit non-linear
behavior and strong dependence on mutual alignements of magnetic induction vector B, current
vector I and Si substrate plane (NRIPs axis). The symmetrisity of I-V branches and the behavior
of I-Vs at different temperatures shows that two nanorod bundles (contacting the Si substrate)
under the electric probes electrically resemble two Si/Ni Schottky diodes serially joined and
switched-on opposite to each other.
The typical temperature dependences of the resistance R = V/I for n-Si/SiO2/Ni nanostructures
measured at B = 0 and plotted in logarithmic scale are shown in Fig. 2a.
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Figure 2. a - Temperature dependencies of resistance at B = 0 (curves 1 and 2) and at B = 8 T
(curves 1a and 2a) for different measuring currents: 1, 1a – 1000 nA; 2,2a – 100 nA. Mutual
alignments of vectors B, I and Si substrate plane corresponded to configuration i = 1.
b – Temperature dependence of MR(B = 8 T) for I = 10 nA (1), 100 nA (2) and 10 nA (3)
We would note the following main features of these curves. Firstly, position of R(T) curves on
ordinate scale in Fig. 2a is strongly dependent on the measuring current I although their shape is
similar for different I values in the region 10– 1000 nA.
The second feature is that the shape of R(T) curves for n-Si/SiO2/Ni nanostructures are
principally different from behavior of metallic granular Ni films [4] which displayed metallic
progress of R(T) with positive sign of dR/dT. As is seen, for n-Si/SiO2/Ni nanostructures dR/dT
< 0 that is characteristic for semiconductors or some of granular or disorderd systems. The
analysis of the observed behavior of R(T) suggests that in the studied nanostructures at
temperatures ranging 15–300 K the activation (exponential) carrier transport by the Si substrate
dominates– intrinsic carrier transport at T > 100 K and impurity transport in the region lower than
100 K.
As is seen from Figs. 1 and 2, the application of a magnetic field to the n-Si/SiO2/Ni
nanostructure for both measurement configurations i = 1,2 caused strong increase of resistance
(MR > 0) approaching a huge values at around 25 K. Note also, that at temperatures higher than
180 K, when measuring currents I decrease, magnetoresistance become negative. This effect is
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more pronounced on MR(B) curves shown in Fig. 2b which was calculated by point-to-point
subtracting of the curves in Fig. 2a measured at different currents in B = 8 T and B = 0
correspondingly. The MR(B) curves behavior presented in Fig. 2b show that at low temperatures
MR strongly increases with measuring current decrease approaching 200-600 % at temperatures
of about 20-27 K for 10 < I < 1000 nA.
As we observed, at T > 180 K, where conductance by Si substrate is predominant, the values
of MR effects in n-Si/SiO2/Ni nanostructures for configurations i = 1,2 were negative as for the
samples of Ni films studied. This probably means that magnetoresistance in this temperature
region is similar to the anisotropic magnetoresistive effect [5] observed in Ni nanogranular films.
At temperatures lower than 100 K, where impurity conductance is realized, MR values for nSi/SiO2/Ni nanostructures were always positive approaching maximum at approximately 23-25
K. These results enable one to assume that a huge positive magnetoresistive effect at these
temperatures in n-Si/SiO2/Ni nanostructures can be associated with two possible contributions the influence of Si/Ni Schottky barriers and/or movement of electrons along the electronenriched Si/SiO2 interfacial channel. To separate these two mechanisms we need to make
additional experiments.
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MATHEMATICAL MODELING OF THE MEMBRANE PROCESSES
Anatoly Filippov
Gubkin Russian State University of Oil and Gas, Moscow, Russia, E-mail: a.filippov@mtu-net.ru

Mathematical modeling is a powerful instrument to describe quantitatively the variety of
membrane processes like as reverse osmosis, nano- , ultra-, microfiltration, electrodialysis and
etc. The goal of mathematical modeling is to provide simple but effective model of the process
under consideration. When an investigator desires to formulate mathematical model for a new
process he usually selects one, two or maximum three main features of the new phenomenon.
Then he tries to set up the physicochemical model of the chosen features of the process. And
only afterwards the investigator turns to write the governing equations and boundary conditions
i.e. he formulates the boundary value problem (BVP). As a first stage of modeling the new
phenomenon only very simplified set of quasi-state ordinary or partial differential equations can
be written. Practically in all cases of the first modeling stage, exact analytical solution of the
BVP can be obtained. Such solution presents the measured quantity as a known function of
coordinates and/or running time in dependence on system parameters which were chosen at the
stage of preliminary physicochemical modeling. If this stage was successful in the sense of
adequate description of experimental data connected to the phenomenon then the same or other
investigator starts to create extended mathematical model in order to take into account other
peculiarities of the phenomenon. Usually the extended model is multi-dimensional and
nonstationary one and requires only numerical solution. So, the importance of exact solution for
the simplified model is growing up because it is a simplest way to check obtained numerical
results. As examples of simplified and extended models in the membrane electrochemistry we
can bring the models for well-known electroconvection phenomena in electrodialysis under
overlimiting regime. It is interesting to mention that sometimes even well-known scholars
confuse the term "mathematical model" with the formulas for engineering calculations, which
are obtained by approximating the experimental curves by means of analytical expressions.
During the lecture several examples of mathematical models developed for different
phenomena in membrane systems will be considered: an asymmetry of the diffusion
permeability [1-2], rejection coefficient [3-4] and current-voltage curves of ion-exchange
membranes; increasing of the flow rate through thin capillary with internal porous layer [5]; an
influence of a slipping of tangential stresses at porous-liquid interfaces and external magnetic
field on the hydrodynamic permeability of a membrane [6, 7]; interactions between a charged
particle and a charged surface of a membrane pore [8]; an appearance of flow of aqueous alcohol
mixtures through nanoporous membranes under applying of trans-membrane pressure drop and
etc. A very important question concerning boundary conditions for concentrations of ions and
electric potential at membrane-liquid interfaces will be discussed also.
The present work is supported by the Russian Foundation for Basic Research (projects
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MATHEMATICAL MODEL OF ANISOTROPIC NANOCOMPOSITE
MEMBRANE FOR ESTIMATION OF ASYMMETRY OF CURRENT-VOLTAGE
CURVE PARAMETERS
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New mathematical model allowing description of complex electro-mass transfer processes
trough modified ion-exchange membranes possessing anisotropic structure and asymmetric
transport characteristics is developed [1]. The model is based on the one-dimensional NernstPlanck equations for steady state ion fluxes through heterogeneous membrane system with two
diffusion layers under applied external electric field. (Fig.1).

Figure 1. The scheme of the electrodiffusion in the MF-4-SC membrane with neighboring diffusive
layers
Structural peculiarities and functional properties of the membrane are taking into account by the
set of physicochemical parameters of the membrane system like as the distribution coefficients (γ),
the diffusivities (D, Dm) of electrolyte molecules in a bulk solution and in the membrane, values of
the fixed charge densities on modified (ρ1) and opposite (ρ2) side of the membrane.
Equations for the ion fluxes have the following form, in diffusive layers:

J ± = − D(c±' ± c±ϕ ' ) ,

(1)

J ± = − Dm ( c±' ± c±ϕ ' ) ,

(2)

in the membrane:
where φ– dimensionless electric potential in F/RT units, c± – ion concentrations.
Electroneutrality conditions are complimentary ones in the diffusive layers:

c+ ( x ) − c− ( x ) = 0

(3)

and inside the membrane:

x


c + ( x) − c − ( x) −  ρ 2 − ( ρ 2 − ρ1 )  = 0 .
h


The equalities of electrochemical potentials at interfaces x = 0 и x = h lead to:
c+ ( −0) = c+ ( +0)γ + exp( ∆ϕ 0 ),

c− ( −0) = c− ( +0)γ − exp( −∆ϕ 0 ),
c+ ( h − 0)γ + exp( −∆ϕ h ) = c+ ( h + 0),

(4)

(5)

c− ( h − 0)γ − exp( ∆ϕ h ) = c− ( h + 0),
and continuity of concentrations and electric potential on boundaries of diffusive layers provide:
c0± = c± ( −δ ) , c± ( h + δ ) = c0± , ϕ ( −δ ) = 0, ϕ ( h + δ ) = −U
(6)
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Additionally we should take into account the electroneutrality beyond external boundaries of
diffusive layers:

c0 = c 0 + = c0 − .

(7)

The electric current density is determined by the following formula:
i = F (J+ − J− ) .

(8)

We introduced the following notations in the abovementioned formulas: ∆ϕ 0 , ∆ϕ h - jumps of
electric potential through the membrane surfaces, U– the system voltage.
The model was successfully applied [2, 3] for evaluation of the asymmetry effect for the
diffusion permeability of several modified ion-exchange membranes. The model was expanded
[4] for description of current-voltage curves (CVC) of bi-layer membranes accounting for both
diffusive layers (δ). Further development of the model leaded to supposition about linear
distribution of the fixed charge density along the thickness of the modified membrane [5]. The
supposition was based on the analysis of literature sources considering the structure of
composites [6] when penetration of polyaniline chains takes place through the membrane under
polymerization inside MF-4SC. It is seen from Table 1 [2] that charge densities on both sides are
equal (ρ1=ρ2) only for initial unmodified membrane. After modification both values ρ1 and ρ2
were changed.

Table 1: Physicochemical parameters of the initial MF-4SC and composite membranes
MF-4SC/PAn [2] in dependence on the polymerization time
Membrane
Initial
1h
2h
3h

Membrane
thickness, m
0,00019
0,00021
0,00022
0,00023

−ρ2,
3
mol/m
-860
-360
-300
-290

−ρ1,
3
mol/m
-860
-200
-120
-120

С0,
3
mol/m
50
50
50
50

2

2

D, m /s

Dm, m /s

-9

5,1.10
-10
1,4.10
-10
1,6.10
-10
2,2.10

2,8.10
-9
2,8.10
-9
2,8.10
-9
2,8.10

-11

γ
0,26
1,1
1,38
1,33

We assume that electric potential is monotonic function inside the membrane under given
voltage U or electric current density i in the case of linear law for modulus of the fixed charge
density ρ across the modified membrane:
x
(9)
ρ = ρ 2 − ( ρ 2 − ρ1 ) , ρ > 0 , ρ 2 > 0 , ρ1 > 0 .
h
We found exact analytical expressions for the limiting current densities under different
orientations of anisotropic membrane in a cell:
(unmod )
ilim
=

(mod)
ilim
=

2C0 FD

δ

2C0 FD

δ

⋅ 1+

⋅ 1+

16C02

ρ12γ 2

16C02

ρ 22γ 2

+

−

16C02 FDm ρ 2
⋅ ( − 1)
h ρ1 γ 2
ρ1

16C02 FDm
ρ
⋅ (1 − 1 )
2
h ρ2 γ
ρ2

(10)

(11)

where С0 – bulk electrolyte concentration; h – membrane thickness; F – Faraday number. The first
term in (10)-(11) is the main one and the second term determines the asymmetry of the limiting
current. So, the asymmetry is larger when the difference between ρ1 and ρ2 is stronger.
Theoretical calculations showed that CVC of modified membrane is asymmetric one [4].
Experimental investigations of CVC for templates made by method of matrix synthesis of
polyaniline inside surfacial layer of MF-4SC membrane were performed to check the adequacy of
the model. (Fig.2).
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Figure 2. Theoretical CVC in dimensionless coordinates [4] for

δ
h

= 0,2 ,

ρ1
C0

= 1,

ρ2
C0

= 17 ,

D
= 10 , γ = 0,9 and experimental CVC for MF-4SC/Pan in 0,05 М solution of HCl
Dm

Calculation of the magnitude of ilim under different orientation of the membrane towards the
counter-ion flux was performed using formulas (10) и (11). Necessary physicochemical
parameters were taken from Table 1 for the sample modified by PAn during 1 h. The thickness
of diffusive layers δ was supposed to be constant for given hydrodynamical regime and has been
evaluated by means of (10) or (11) under ρ=ρ1=ρ2 using experimentally found magnitude of ilim
for the initial MF-4SC membrane. We found therefore that δ equals to 1,85·10-4 m and so ilim =
167 A/m2 when modified side of the membrane is turned to anode while ilim=189 A/m2 for
opposite orientation. The comparison between calculated and experimental values of the limiting
current densities under current reversing revealed their satisfactory agreement within error of 1015%. The last fact approves the adequacy of the model suggested to evaluation of the limiting
current for electromembrane systems with surfacially modified membranes.
The present work is supported by the Russian Foundation for Basic Research (project № 1108-96518).
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Introduction
During nanofiltration of water-organic mixtures through hydrophobic membranes based on poly
(trimethylsilyl propyne) - PTMSP [1] and poly (4-methyl-2-pentyne) – PMP [2] there is a lack of
fluid flow through the membrane under considerable pressure drops depending on concentration of
organic matter (Fig. 1b). The effect is explained by the fact that the surface of the membrane is
hydrophobic, and to start the filtering process is necessary to overcome the capillary pressure that
occurs in the pores of the membrane, which have a characteristic distribution along the radius (Fig.
1a) [3]. The resulting liquid percolation threshold is an important characteristic of the effectiveness
of nanofiltration of water-organic mixtures through polymer membranes. Weighing and volumetric
methods which are used to determine this quantity are very time consuming. Therefore, the
development of express methods for assessing the threshold of the liquid flow and optimize the
precision experiments is an urgent task. In developing such procedures, dependence of capillary
pressure or flow rate of liquid through the pores of the membrane on the wettability of the
membrane material by this liquid can be used [4].
Water Ethanol mixtures vs PTMSP
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Figure 1. (a) Free volume element (FVE) size distributions for PTMSP [3]; (b) Flux through
PTMSP membrane versus ethanol concentration for different values of the membrane pressure drop

Theoretical Background
Upon application of the pressure difference P = Pcr across the membrane, pores with radius
acr are opening and the filtration of water-alcohol mixture in all the pores whose radius is not
less than acr [4] is going on. In order to find the lowest dimensionless radius rcr of the pores
which are opened under pressure P = Pcr , we need to solve the implicit equation of the form:

(P


 α 
P0 ) ⋅ rcr + α1 ⋅ ln  1 + k0 exp  32   = 1 ,
 rcr  


(1)

2σ 0 cos θ A0
is the characteristic of capillary pressure, which depends on the
where P0 =
a0
distribution of membrane pore size, composition of the mixture filtered, and pore surface
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wettability, А – Hamaker constant, А0 - area occupied by the alcohol molecule on the surface of
the membrane, N A - Avogadro's number, К - equilibrium constant of adsorption process, a0 scale of the pore radii (for example average radius), θ A0 - advancing angle of wetting, and
notations are used: a = a0 ⋅ r, acr = a0 ⋅ rcr , α1 =

RT
16 A
, α2 =
, k0 = K ⋅ C∞ . To
0
kTa03
σ cos θ A А0 N A
0

find the flow rate of water-organic mixture through the membrane at the chosen trans-membrane
pressure drop, it is necessary to integrate the local flows in all opened pores, the fluid motion in
which obeys the Hagen-Poiseuille law:

1
a2 P
Q = π a02 N m 0
8
µh

rmax

∫

rcr

r

 α 2    max 4
1 2
a02 P0 1 
r f ( r )dr = π a0 N m
 1 − α1 ln  1 + k0 exp  3    ∫ r f ( r )dr (2)
8
µ h rcr 
 rcr    rcr

4

where N m - number of pores per unit area of the membrane, µ - viscosity of the mixture, which
extremely depends on the bulk concentration of alcohol С∞ , h - membrane thickness, and
instead of rcr we must substitute the solution of equation (1), which can be written as

rcr = ϕ ( P P0 , α1 , α 2 ) . Comparing the expression (2) with Darcy's law

Q=

L11 P
⋅ ,
µ h

(3)

we obtain that
r

max
1 4
L11 = π a0 N m
r 4 f ( r )dr
∫
8
ϕ ( P P0 ,α1 ,α 2 )

(4)

is the specific hydrodynamic permeability of the membrane (m2) with a partially opened pores at
a given pressure P, and
r

max
1 4
L = π a0 N m ∫ r 4 f ( r )dr
8
rmin

∞
11

(5)

is the specific hydrodynamic permeability of the membrane with all opened pores. Here
rmin = amin a0 rmax = amax a0 - dimensionless radii of the smallest and largest pores,

respectively and f ( r ) - dimensionless function of the distribution of radii of membrane pores.
Fig. 2 and 3 show AFM images of surfaces of PMP and PTMSP membranes, respectively. We
see a large number of pores ranging in size from several nanometers to 20 (dark areas). And the
number of pores per unit membrane surface of PMP is higher than that PTMSP, and their size is
smaller. If we focus on the form of the distribution curve for the membrane pores of PTMSP
shown in Fig. 1a and close to a bi-logarithmically normal distribution, we can neglect the little
amount of small pores ranging in size from 0.3 to 0.4 nm. For the remaining pores ranging in
size from 0.5 to 0.8 nm with a high degree of accuracy sufficient for practical applications, we
can choose the density distribution f ( r ) of the pores in the form of an isosceles triangle base
from amin = 0.5nm to amax = 0.8 nm and height of 2 / ( amax − amin ) . At the same time as the scale

length, we can choose the average pore radius a0 = ( amax + amin ) / 2 , which accounts for the
maximum density. In this case, an analytical expression for the function f ( r ) is as follows:
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2


0, if r < α + 1



 α +1  α +1 ( r − 1) + 1 , if 2 ≤ r < 1 

 α − 1  α − 1

α +1

f (r) = 
,
α
+1
α
+1
2
α




−
( r − 1) + 1 , if 1 ≤ r <
 α − 1  α − 1

α
+
1



0, if r ≥ 2α



α +1
where α =

(6)

amax
≥ 1.
amin

Experimental Part
In this work we studied the wetting and the modifying effect of aqueous solutions of butanol
in the concentration range C = (0,15 ÷ 1,0) M with respect to poly (4-methyl-2-pentene) (PMP).
It is shown that the wetting tension isotherm has a maximum at C = 0.125M, which appears to be
associated with a decrease in the concentration of butanol in the solution which is in contact with
the surface of PMP, compared with the initial solution concentrations C ≥ 0.125M. Using
p
d
and dispersion γ SV
components of the
method of Owens-Wendt-Kabli, we defined the polar γ SV
specific surface free energy for the initial PMP membrane and studied their variation for the
adsorption modification of the polymer by aqueous solutions of butanol. It is found that with
d
p
increasing concentration of the modifying solution, γ SV
decreases and γ SV
increases to the
constant values for C ≥ 0.125M. This result may be related to decompression of the surface layer
of PMP, due to the inclusion of a polar liquid in the polymer. A comparison of the limiting
adsorption of butanol on the boundaries of "solution-air" and "solution-polymer", as well as the
calculation of the degree of hydrophilization of the surface of the PMP, which is modified by
butanol solutions, show that a saturated monolayer of butanol is not formed on the surface of the
polymer, which is probably due to the depletion butanol solutions in contact with the PMP.

Figure 2. The atomic force microscopy image of the membrane on the base of poly (4-methyl-2pentyne) – PMP (1000x1000 nm)

73

Figure 3. The atomic force microscopy image of the membrane on the base of poly(trimethylsilyl
propyne) - PTMSP (1000x1000 nm)
Conclusions
The results show that the method of wetting can be used for rapid determination of the
percolation threshold, i.e. threshold concentration С∞ of oil and water sensitive organic
compounds in aqueous solutions, providing a maximum flow rate during nanofiltration through
polymeric membranes. Besides, the formulas (1) - (6) presented for a fixed composition of
aqueous-organic mixture is allowed to determine the critical pressure of the start of filtering
through the membrane and the pressure that yields a maximum flow rate of the mixture.

The present work is supported by the Russian Foundation for Basic Research (projects № 1108-01043).
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Introduction
For many years electrodialysis (ED) has been successfully used on the dairy industry to
reduce the salt content in whey without changing the proteins or vitamins of the feed solution.
However, the long-term behaviour and degradation mechanisms of ion-exchange membranes
(IEMs) still need to be understood in order to overcome many technical hurdles, as the decline of
IEM properties is accompanied by a decrease in ED performance and a cost augmentation due to
membrane replacement.
In this investigation, we profoundly inquire about physicochemical, structural and mechanical
properties of a cation-exchange membrane (CMX-SB) and an anion-exchange membrane
(AMX-SB) associated with their utilization in ED for whey desalination. We have taken
samples from an industrial ED stack at 2000, 3122 and 4537 h, and have compared the results
with a fresh new sample. The case studied was chosen as the membrane durability is several
times lower than the standard durability of the same membranes in this application.
Experiments
These membranes are based on a paste of styrene and DVB mixed with finely powdered
PVC; the paste is coated onto a polymer cloth, and the monomers copolymerize at a certain
temperature in the PVC gel phase to be then functionalized.
Exchange capacity measurements demonstrate that the functional sites decreased by no more
than 20% even if membranes were used for more than 4500 h. Nevertheless, Fig. 1 shows that
some physicochemical characteristics of membranes have dramatically changed. Up to 2000 h
of functioning, changes linked to an overall hydrophilicity reduction occurred for both CMX-SB
and AMX-SB. There is a decrease in conductivity, water content and thickness, accompanied
with an increase in membrane density which is consistent with the diminution of membrane
volume.
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Figure 1. Conductivity, water content, thickness and density of CMX-SB (a) and AMX-SB (b) in
0.1 M NaC
From 2000 h, all those properties remain practically stable until 3000 h of utilization. After
3000 h, the conductivity increases as well as the water content in more than 25%. The latter
modifications indicate that significant changes occur in membrane structure. Moreover, it is
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seen that electrolyte permeability increases as well, especially for the AMX-SB as solution leaks
through the membrane decreasing then its selectivity.
Thanks to an energy-dispersive X-ray (EDX) analysis, a progressive augmentation of calcium
and appearance of magnesium is observed in CMX-SB samples, even if they go through cleaning
several times. These results are consistent with those obtained from ICP-MS analyses realized
dissolving membranes in H2SO4.
For used AMX-SB, there is an absorbance increase observed by transmission FTIR at
1730 cm-1, due to new components coming from the feeding ED solution which is observable
also with an EDX analysis. It shows an augmentation in sulphur, oxygen and carbon on
membrane surface.
Calcium and magnesium are progressively present in CMX-SB as they precipitate in the
membrane interstices. This causes a decrease in membrane conductivity and water content
without important decrease in the exchange capacity. At 3000 h of utilization, the structure
variation leads to a slight increase in the water content.
A Soxhlet extraction of organic matter in used AMX-SB membranes with ethanol allows us to
identify the fouling by FTIR with the presence of C=O bonding in the extractables which are not
present in the original membranes but are coming indeed from whey or from oxidation products
caused by cleaning agents in ED.
SEM images show that new samples are flat and smooth. However, there is a progressive
degradation in the surface throughout the process; at 4537 h there is a formation of roughness
and irregularities of 100-200 nm in CMX-SB surface and formation of nanocavities of 50-100
nm on AMX-SB surface. This phenomenon is not observed on the cross-section SEM images.
Accordingly, the specific surface area values -as determined by BET porosimetry- increases
from 0 to 22 m2/g for CMX-SB and from 0 to 212 m2/g for AEM.
A Soxhlet extraction during 48 h with THF allows us to isolate the soluble parts of the
membrane. It is seen that the percentage of extractable, which is identified by NMR
spectroscopy as PVC, decreases from 45 to 12% for the new AMX-SB sample and the used one
at 4537 h respectively. The residue is identified by FTIR as the functional crosslinked polymer.
Therefore, the loss of PVC in the membrane causes a loss of membrane rigidity, and a decrease
in breaking strength is confirmed by tensile strength tests.
The loss of PVC might weaken the mechanical strength of membranes. The AMX-SB
samples become brittle and fragile, and tear up causing leakages through the ED stack
compartments. Moreover, it is observed a persisting fouling of organic molecules; this is the
reason why membrane density does not decrease dramatically in spite of the significant
augmentation of water content and PVC loss.
Further research is needed to determine the causes of membrane ageing; the development of
ex-situ tests to identify the consequences of temperature, cleaning agents, and stack design on
IEM structures is crucial, and is currently in progress.
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SODIUM CHLORIDE WITH PROFILED SULPHOCATION-EXCHANGE
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Elena Goleva, Vera Vasil’eva, Kristina Chegereva
Voronezh State University, Voronezh, Russia, E-mail: vorobjeva_ea@mail.ru

Introduction
Possibility of carrying out process in soft conditions, without expenses of chemical reagents
and an electricity allows to apply a dialysis (diffusive process of separation of the dissolved
substances with different molecular weights through semipermeable membranes under the
influence of a gradient of chemical potential [1]) in biotechnology when receiving and cleaning a
number of biologically active substances and expensive medicines. Low velocity and selectivity
of diffusion transport of compound through membrane is essential obstacle for implementing of
dialysis as a method. For it’s increasing it is necessary to uncover the supplementary effect, which
can intensify mass transfer.
Experiments
Dialysis of solutions was carried out using two-compartment flowing dialyzer of continuous
action. The height and width of the working area of the membrane were 4.2 and 1.7 cm.,
respectively. Examined solution was passed in section 1 with velocity V1=4.5·10-4 m/s, and water
was passed through section 2 with velocity V2=5.8·10-4 m/s. All the experiments were done at
stationary conditions.
The individual and mixed solutions of non-polar alkylaromatic amino acid – phenylalanine and
mineral salt – sodium chloride were objects of research. The acidity of the amino acid solutions
were pH 5.20-5.60 for phenylalanine, value close to the isoelectric point (pJ=5.91). As a result,
the amino acid existed in the form of bipolar ions.
At a dialysis used a heterogeneous sulphocation-exchange membrane MK-40P with
geometrical-nonuniform (profiled) surface. Zabolotsky V. I. et al. developed the technique of
ion-exchange membranes profiling by wet hot pressing, which is patented in RF [2], and defined
conditions which are not degrading physical, chemical, transporting and structure characteristics
of membranes.
Results and Discussion
The possibility of hydrodynamic intensification of the process of dialysis amino acid and
mineral salt through the sulphocation-exchange membrane in the hydrogen form is studied. It is
established that the use of a profiled membrane increases velocity of mass transfer components
in 6-8 times as compared to having a smooth surface. The effectiveness of mass transfer
intensification is accomplished by increasing the area of mass transfer and flow’s turbulization at
protrusions on surface of modificated membrane.
The concentration dependence of the diffusion fluxes through the membrane (fig. 1) showed
that in dilute solutions of phenylalanine flux is much higher than the flow of the electrolyte, due
to the conjugation transfer amino acid from the chemical reaction in the membrane phase, the socalled "facilitated transport" and Donnan exclusion of electrolyte.
For diffusive transport of phenylalanine and sodium chloride from mixed solution through a
cation-exchange membrane revealed the competitive nature of conjugation flows. Comparative
analysis of the diffusion of phenylalanine and sodium chloride solutions from the individual and
equimolar mixtures showed that the presence of the mineral component slightly reduces the flow
of amino acids. In turn, the presence of phenylalanine in solution significantly reduces the mass
transfer of sodium chloride through the membrane. A possible explanation for this phenomenon
is to reduce the moisture content of the membrane during the transition in the amino acid form
and the steric hindrance of transport of sodium chloride due to the fact that some of the
counterions of hydrogen in the membrane phase is replaced by cations an amino acid formed of
large size.
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Figure 1. Concentration dependences of the phenylalanine and sodium chloride diffusion fluxes
in dialysis of individual Phe, NaCl and equimolar solutions Phe(NaCl), NaCl(Phe) through
profiled membrane MK-40P in hydrogen form
Depending on the separation factor SF of the concentration in dialysis mixed equimolar
solutions (a) and the relative concentrations of components in a solution of a mixture of
phenylalanine and sodium chloride (b) through profiled membrane MK-40P in the hydrogen
form shown in fig. 2. When equimolar mixtures of dialysis, the maximum separation efficiency
was observed for solutions with concentrations of С < 3,0*10-2 М. In this concentration range the
acceleration of transport phenylalanine with hydrogen counterions had highest values and the
flow of the mineral component, which prevents the "facilitated diffusion", was still small. A
further increase in concentration of the components resulted in a reduction factor of separation,
due to the fact that the Donnan exclusion effect is reduced and was observed a competitive mass
transport amino acid and mineral component. It should be noted that for all the investigated
concentration range is characterized by the selective transport of amino acid and the separation
factor values remained greater than unity. Conjugation of phenylalanine fluxes and sodium
chloride in sulphocation-exchange membrane results in less efficient separation of substances.

Figure 2. Concentration dependences of phenylalanine and sodium chloride separation factors
in dialysis of equimolar solutions (a) and the relative concentrations of components in a solution of
a mixture С0(Phe)=0,025 M (b) through profiled membrane MK-40P in hydrogen form: 1- without
of conjugation flows, 2- with the account of conjugation flows
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Dependence of separation factor in dialysis mixture of phenylalanine and sodium chloride
concentration on the ratio of the components in the initial solution has shown that a decrease in
the proportion of the electrolyte in a mixed solution of the separation factor increased.
The experimental results suggest the possibility of development of environmentally sound
methods of dialysis separation of amino acids from a mixture of products of microbiological
synthesis.
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SYNTHESIS AND STUDY THE DIFFUSION PROPERTIES OF MEMBRANES
AMEX, MODIFIED BY CERIUM OXIDE.
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Water waste treatment is in the focus of government programs in different countries. The main
unsolved problem in this area is nitrates removing. There is no economical technology abled to
output nitrate anion nowadays. Solution of this and similar problems associated with the use of
membrane technology, which does not always satisfy the needs of production, so work on
modification of membrane materials, and especially preparation of membranes containing
inorganic and macromolecular components extensively develope. There are two approaches to
the modification. First, in situ is synthesis of nanoparticles of the dopant in the pores of the
finished membrane. Second, the method of casting is to add precursor or the dopant in the
solution for the manufacture of membranes. Among the inorganic oxides, ability of cerium oxide
to selective chemisorptions of nitrate ions is a unique property. The purpose of this work is the
synthesis of an inorganic oxide in the pores and channels by in situ method, and the study of
diffusion properties of resulting membrane.
Experiments
For the synthesis of modified samples anion-exchange membrane AMEX (MEGA) were
doped by ceria. To determine the transport properties of the obtained membranes ionic
conductivity and diffusion of membrane in different ionic forms (hydroxyl, nitrate and chloride)
were investigated. Determination of the ionic conductivity was measured by impedance
spectroscopy.
Results and Discussion
The study of ionic conductivity of membranes in the hydroxyl form (Fig. 1) shows that the
introduction of large amounts of dopant decreases ion mobility. With high probability it is due to
steric hindrances emerging.
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Figure 1. The temperature dependences of conductivity for initial AMEX and membranes in the
hydroxyl form doped with ceria obtained from the solution of Ce(NO3)3. (1)-AMEX, (2)AMEX+Ce(III)_0.1M, (3)-AMEX+Ce(III)_0.2M
Conductivity activation energy decrease was observed (Table1), which agrees well with the
semi-stretched pore model: the introduction of the dopant leads to a broadening of the pores, and
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to the broadening of the channels, reducing the activation barrier. An additional reduction of the
activation energy can also be linked with the dopant surface involvement in the transport.
Table 1: The activation energy for membranes in the hydroxyl form
Ea (kJ/mol)

Membranes
AMEX
AMEX+Ce(III)_0.1M
AMEX+Ce(III)_0.2M

19.0 ± 0.3
19.0 ± 0.1
14.2 ± 0.1

The conductivity of the modified membrane increases in the nitrate form, and the hydroxyl
and chloride form decreases, as a result of largest ionic conductivity is achieved for the modified
membranes in the nitrate form.
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Figure 2. The temperature dependences of conductivity for initial AMEX(1,3,6) and
membranes(2,4,5) doped with ceria obtained from the solution of Ce(NO3)3, in different salt forms
(1,4)- OH-, (2,6)- NO3-, (3,5)- ClAlso, for the modified membrane reduced the activation energy of transport of nitrate anion is
observed. These facts can be explained by the appearance in the pores of membrane cerium
oxide, surface which reacts with nitrate anion.
Table 2: The activation energy for membranes in the different salt forms, (kJ/mol)
Ion
OH
Cl
NO3

Initial membranes
14,0 ± 0,3
17,1 ± 0,1
18,0 ± 0,4

Modified (Ce(III)_0.1M)
14,1 ± 0,4
17,1 ± 0,5
16,5 ± 0,6

In this study industrial membrane AMEX modified by cerium oxide was received. The ionic
conductivity in different ionic forms was investigated. It is shown that the modification leads to a
significant increase in the mobility of the nitrate anion.
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REDOX SORPTION OF OXYGEN BY CATHODIC POLARIZED METAL-ION
EXCHANGER NANOCOMPOSITE
Vladislav Gorshkov, Lev Polyanskii, Tamara Kravchenko
Voronezh State University, Voronezh, Russia, E-mail: krav@chem.vsu.ru

The redox sorption of molecular oxygen from the flow of deionized water with cathodic
polarized copper-ion exchanger nanocomposite layer is investigated. Mathematical description is
given under the external diffusion transport model. Unlike the known approaches the conditions
that are closed to the limiting diffusion current are realized. The conditions can be achieved by
separation of the granular layer into thin layers and with the help of polarization of each layer a
current that is closed to the limit.
The study of electroreduction of oxygen was carried out on copper-ion exchanger
nanocomposite Cu0·KU-23 in H+-form to keep the invariance of the internal environment pH.
The quantity of copper is 10±1 mmol-ekv/cm3. The size of copper particles is 5-10 nm
(transmission microscopy). Studies were carried out in oxygenated deionized water.
Deoxygenation is carried out in the sorption-membrane electrolysis cell with special design [1].
The cell was made of a polymeric material and separated by cation-exchange membrane to
anode and cathode sections. The space between the cation exchange membrane and the anode in
the anode section was filled by layer of sulpho cation exchanger KU-23. Cathode section
includes seven cameras, hydraulically connected in series, each having its own system of the
cathodes polarization. The space between the cathode and the cation exchange membrane is
filled by a layer of nanocomposite.
The polarization was performed in galvanostatic mode. The initial value of the polarizing
current was selected that the process of electroreduction of oxygen was not followed to the
decomposition of water.
Previously the output curve of redox sorption of oxygen was taken without passing an electric
current (I = 0). In the absence of polarization the oxygen concentration at the outlet of granular
layer increases steadily. At the same time with cathodic polarization over a long period of time
(400 hours), the concentration of oxygen at the outlet of granular layer was relatively low and
stayed even several lower in comparison to the theoretically calculated. The total height of the
layer L is 10.5 cm, height of a single step l is 1.5 cm.
Current which is required for oxygen reduction on the layer height y, is
I ( y ) = I com 1 − exp ( − Ay )  ,
(1)
where Icom – common (total) current required for restore whole the oxidizer, wich coming into the
column ( y → ∞ ),
I com = zFSuc0 .
(2)
There S– cross-sectional area of the granular layer, z– number of electrons, F– Faraday constant, u–
linear flow rate, c0– oxygen concentration in the inlet of the column.
In a galvanostatic polarization maximum permitted a stationary current density ist can not
exceed the density of the limiting diffusion current ilim at the end of the granular layer height l ,
i.e. at the output of oxygen from the layer. In this case, the relative concentration of oxygen at
the outlet of the granular layer and the a stationary current density can be expressed by the
equation
c ( l ) ist ( l )
1
=
=
,
(3)
c0
ilim ( 0 ) 1 + Al
and the power of a stationary current
I st ( l )
Al
=
.
(4)
I com
1 + Al
The density of the limiting diffusion current ilim(0) of oxygen at the inlet of the layer is calculated
by the equation
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zFDc0 
δ 
(5)
1 +  ,
δ  R0 
where D – the diffusion coefficient, R0 – radius of the grain of nanocomposite, δ – thickness of the
diffusion layer.
The constant А is given by
3æilim (0)
A=
,
(6)
zFuR0 с0
there  - the coefficient of filling the column by grains of nanocomposite.
We have worked out the patterns of redox sorption of oxygen on the granular layer of the
nanocomposite that is divided on individual steps in height l . Suppose that the total height of
L
the granular layer L, height of of each step l = , where n – number of steps, current density at
n
the j-th step ij.
Density of the limiting current can be expressed
zFDс j −1 
δ 
i j ,lim ( y ) =
(7)
1 +  − Ai j  y − ( j − 1) l  ,
δ
 R0 
and the maximum current density on the site l is
zFDс j −1 
δ  1
ij =
.
(8)
1 + 
R
1
+
A
l
δ

0 
At the exit of a granular layer
−n
c ( L) 
L
= 1 + A  .
(9)
c0
n

The power of a stationary current on the n-stepped granular layer with cross-section S is
3æS n
I st ( L ) =
(10)
∑ i ( jl ) l.
R0 j =1
ilim ( 0 ) =

I st ( L )

−n

L

= 1 − 1 + A  .
I com
n

Power of a stationary current which given by each j-step can be found by the equation

(11)

−j

L
L
I j = I com A 1 + A  .
(12)
n
n
Assigning a specific oxygen concentration at the outlet с ( L ) c0 , we can choose the
optimal size of the granular layer from the ratio between the total height L and the number of
steps n:
1n

n   с0 
.
(13)
L=
−
1



A   с ( L) 


A theoretical calculation parameters of the redox-sorption of oxygen process was carried
out for given experimental conditions. Calculation with the help of equation (2) gives the total
current Icom, which is required for complete reduction of oxygen at a given flow rate. For a given
values: flow rate of water u = 0.23 cm/sec, z = 4, F = 96500 А·sec/mol, cross-sectional area of
the granular layer S = 3 cm2, c0 = 2.5·10-7 mol/cm3, Icom = 63 mA.
The calculation of a stationary current at the granular layer was carried out by the equation
(12). In selected for the experiment parameters of the layer height L = 10.5 cm and the number of
stages n = 1 the current does not exceed 12 mA. The release of hydrogen is happen at higher
current. Increase the value of a stationary current is possible if the whole granular layer divided
into thin by layers (steps). In this case, each step can be polarized by different currents in
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according to various concentrations of oxygen, coming out of the layer. In this way we can
organized the process in the layered polarizable nanocomposite. Calculated values of stationary
currents for each j-step was performed with the help of equation (11).
The results of layered polarization are shown in table 1. As can be seen from the table, there is
a good agreement between theoretical and experimental values с ( L ) c0 . Some experimental
value indicates the further process in addition to the electroreduction of oxygen.
Table 1: Process parameters of redox-sorption of oxygen on stepped polarized
nanocomposite
The
height of
layer
L, cm

Number of steps
of the electrolyzer
n

10.5

7

The height
of each
step

The total
current
Icom, mA

l , cm
1.5

The relative concentration of oxygen in
the water at the outlet of the granuled
layer

с ( L ) c0

The calculation by the
equation (9)

Experiment

0.24

0.10±0.03

63

Under the conditions of stabilization process at the cathodic polarization of granular layer of a
nanocomposite the oxygen is mainly electrochemically reduced. The system processes that occur
under the current can be represented:
Ist

+

the carbon anode
H 2 O → O 2 +4H +4eon a copper cathode with the filling up of a nanocomposite
I st

+

O2 +4H +4e- → 2H 2 O
O2 ,H

(14)
(15)

+

2+

Cu 0 → Cu + 2e −
(16)
The bar over a symbol means that the ion in the nanocomposite is in the form of a counterion
near the fixed groups of the opposite sign of charge.
Formed at the anode according to reaction (14) the counter-ions of hydrogen pass through the
cation exchange membrane and are involved in the electroreduction of oxygen on metal
nanocomposite according to reaction (15). Step (16) is the spontaneous ionization of copper
nanoparticles under the influence of oxygen and the hydrogen counterions with the localization
-

of the copper ions formed near the fixed groups -SO3 . It provides the additional absorption of
oxygen.
The possibility of continuous maintenance of the oxygen level at the output of the stepwise
polarizable granular layer nanocomposite were established after long tests. Stability is provided
by the simultaneous reduction of oxygen by an electric current as well as by chemical activity of
nanodispersed copper particles.
Improve the depth of water deoxygenation is possible by increasing the overall height of the
granular layer. The calculation showed that the oxygen content in the water after passing through
a 40-step granular layer of the overall height of 60 cm is less than 2 ppb.
This work was supported by the RFBR (project № 11-08-00174_а).
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Over the last decades, membrane processes have significantly expanded, as they constitute
simple, cost-effective and low-consuming energy separation techniques. They quite often operate
continuously at room temperature and low pressure. These techniques are increasingly
diversified. In particular, ultrafiltration relies on porous membranes which pore diameters are
about 10 to 100 nanometers and which play the role of selective barriers to compounds and
molecules depending on their sizes and charges.
In this work, we have characterized two membranes recently synthesized by our groups based
on polycyanurates (PCNs) as well as a commercial membrane as a reference. First, we have
performed a morphological analysis of the membranes using Scanning Electron Microscopy
(average pore diameter) and Differential Scanning Calorimetry (DSC)-based themoporometry
(pore size distribution). Second, we have focused on a dynamic characterization via the
determination of the streaming potential (electrokinetic properties of the membrane pores), the
hydraulic permeability (water flow) and ion permeability (ion selectivity).
The results of the morphological analysis show that the pore diameters of the three
membranes under investigation are about 10-45 nm. Concerning the dynamic characterization,
the synthetic membrane is more efficient than the commercial one from the viewpoint of ion
selectivity. We have correlated the dynamic parameters to the porosity characteristics of the
membranes. The potential application of such synthetic ultrafiltration membranes are expected in
water treatment for example.
Keywords: polycyanurates, nanoporosity, Scanning Electron Microscopy, DSC-based
thermoporometry, streaming potential, hydraulic permeability, ionic permeability.
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Introduction
The development of composition and synthesis method to prepare stable nanoparticles with
metal or hollow core and Pt shell is one of the perspective ways for electrocatalyst improvement.
Consecutive deposition of core metal and Pt shell could have some positive effects: essential
reduce of Pt loading accompanied by mass activity increase, more strong nanoparticles
anchoring to the carbon surface, increasing of M/C boundary stability to the oxidation during
Fuel Cell operation. The aims of our investigation were to find the alloying component and
develop a synthesis method for the preparation of M@Pt/C electrocatalysts describable by high
mass activity and improved stability.
Experiments
Cux@Pt/C and Agx@Pt/C catalysts were prepared by successive reduction of Cu2+ (Ag+) and
Pt (IV) from water-organic solutions of their precursors at room temperature. Influence of
catalyst composition and post-treatment conditions on the microstructure, electrochemical active
surface area (ECSA) and oxygen reduction reaction (ORR) specific activity of the
electrocatalysts was investigated. XRD, TEM, XPS, cyclic voltammetry and some other methods
were used for the characterization of prepared catalysts. The corrosion stability of PtM/C was
investigated too.
Results and Discussion

Prepared Cux@Pt/C and Agx@Pt/C (1≤x≤3) materials contained from 20 to 53% wt. of
metals. An average crystallites size Dav calculated by XRD data was from 3 to 15 nm, depending
on composition and synthesis conditions. As opposed to PtMx/C alloy catalysts some X-ray
diffractogramms of prepared core-shell materials demonstrated peaks overlapping
(superposition) for two phases– solid solutions based on M and on Pt (Fig. 1).

Figure 1. X-ray diffractograms of “alloy” Ag3Pt/C and “core-shell” Ag3@Pt/C
electrocatalysts
The formation of nanoparticles with core– shell structure was confirmed by TEM data (Fig. 2).
It is important that a great number of nanoparticles with core– shell structure were detected at the
carrier surface (Fig. 2a). Core – shell structure of nanoparticles didn’t fail after the 1 hour
treatment in the hot (~100 oC) 1M H2SO4 or HClO4 acids (Fig. 2a, Table 1). XPS data confirmed
increased surface concentration of Pt in the surface layer of Ag@Pt nanoparticles in comparing
with “alloy” nanoparticles with similar composition (Table 1). Cyclic voltammograms of “alloy” and
“core-shell” electrocatalysts essentially differed from each other (Fig. 3).
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Figure 2. TEM of Cu2@Pt/C electrocatalyst after 1 h treatment in 1 M H2SO4 at 1000С
Table 1: Characteristics of PtAg/C и Ag@Pt/C materials before and after treatment in
hot (90 – 100 oC) 1M HClO4
Composition
(Calculated by
precursors loading)

Metals atomic ratio
(X ray
photoelectron
spectroscopy data)

Metals
loading,
%wt.

Cell
parameter,
nm
(XRD data)

Average
diameter of
crystallites, nm
(XRD data)

PtAg/C

Pt1,2Ag1

34,6

0,4025

3,8

PtAg/C
1 hour posttreatment

Pt1,4Ag1

22,7

0,4011

4,1

Ag@Pt/C

Pt2,54Ag1

21,4

0,4030

3,4

Ag@Pt/C
1 hour posttreatment

Pt2,17Ag1

15,8

0,3986

3,4

Figure 3. Cyclic voltammograms of Ag3Pt/C and Ag3@Pt/C electrocatalysts in 1М H2SO4.
Potential rate 100 mV/s. Ar atmosphere
This work was supported by Russian Foundation for Basic Research, projects nos. 10-0300474a and 11-08-00499a.
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Introduction
Membrane materials have found an application in such global areas like water purification and
alternative energetic. But quantity of different commercial membranes can’t satisfy the increasing
needs of today world. So, modification of existing membrane materials and studying of their
diffusion characteristics have both fundamental and practical importance. Ion transport
investigation in membrane materials permits to study diffusion processes passing on phase
boundary. And investigation of mixed alkali forms gives opportunity to evaluate the influence of
phase boundary on the transport of individual cation.
Experiments
Membranes MC-40 with surface modified by MF-4SC with implanted inorganic particles
were obtained. Their diffusion characteristics and ionic conductivity in different ionic forms
were studied. Diffusion properties were examined for solutions listed below:
0.1М HCl + (x - 0.1) М NaCl / xМ NaCl (x=0.1, 0.2, 0.4, 0.6, 0.8, 1).
Ionic conductivity was studied for membranes equilibrated with next solutions:
01M MCl and 0.1M HCl + xM MCl (x=0-0.9, M=Li, Na, K, Rb).
Results and Discussion
The ionic conductivity of membranes in mixed H+/M+ forms can be expressed as:

q 2 E  D M K ex x D H (1 − x ) 

 ,
+
(1)
kT  K ex x + 1 K ex x + 1 
where x – c(Na)/(c(H)+c(Na)) in solution. And from experimental dependence of ionic
conductivity on concentrations in solution diffusion coefficients and ionic exchange constant can
be obtained. So, if we know ionic exchange constant, we can characterize mixed alkali effect
(fig. 1).
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Figure 1. The dependence of ionic conductivity of the membrane MK 40 from the mole
fraction of KCl in the solution. The dotted line is the theoretical curve for Kex = 2,27
The experimental data are well described by theoretical curves. The data obtained (table 1)
shows that surface modification increases proton diffusion coefficients. For MF-4SC modificated
samples diffusion coefficients of lithium cation also increases. But the incorporation of oxide
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particles decreases the mobility of lithium cations and increases the mobility of sodium and
potassium cations.
Table 1: Diffusion coefficients of cations
+

M D (M+), cm2/s

+

2

+/

D (H ), cm /s

+

Kex H M

Keff

MC-40
+
Li (0,75±0,08)·10-6 (2,8±0,1)·10-6 0,84±0,01 0,5±0,1
+
Na (1,39±0,05)·10-6 (2,78±0,06)·10-6 1,40±0,03 1,4±0,3
+

K (1,20±0,03)·10-6 (2,63±0,04)·10-6 2,27±0,07 1,2±0,2
MC-40/MF-4SC
+

Li

+

Na
K

+

+

Li

+

Na
K

+

+

Li

+

Na
K

+

-6

(1,7±0,2)·10

-6

0,44±0,05 1,3±0,2

-6

1,5±0,1 1,1±0,2

(7,7±0,3)·10

-6

(1,2±0,3)·10

(6,8±0,3)·10

-6

-6

(1,6±0,2)·10
(6,6±0,2)·10
1,8±0,1 1,1±0,1
MC-40/MF-4SC+SiO2
-6

(1,2±0,1)·10

-6

0,40±0,05 1,1±0,1

-6

1,65±0,1 1,3±0,3

(6,9±0,1)·10

-6

(1,6±0,2)·10

(6,8±0,3)·10

-6

-6

(2,2±0,1)·10
(6,7±0,2)·10
1,8±0,1 2,3±0,3
MC-40/MF-4SC+ZrO2
-6

(1,2±0,4)·10

-6

0,50±0,05 1,0±0,3

-6

1,5±0,1 1,2±0,2

-6

1,7±0,1 1,0±0,2

(8,0±0,5)·10

-6

(6,4±0,3)·10

-6

(6,8±0,3)·10

(1,5±0,3)·10
(1,9±0,2)·10

NMR studying of different ionic forms confirms obtained results. For example, in table 3
there is NMR line widths for one of membranes. Protonic mobility decrease for Na+ form and
increases for K+ form.
Table 2: NMR line widths and chemical shifts for MC-40/MF-4SC+ZrO2 membrane in
different ionic forms
1

H spectra
w
δ
413
6,54
370
4,73
340
4,29
354
4,09

form
+

H
+
Li
+
Na
+
K

M spectra
w
δ
138
0,87
258
0,89
-

Similar plots can be obtained from the study of interdiffusion in various mixed alkali forms.
Evaluated changes in diffusion coefficients of cations close to those obtained from data on the
ionic conductivity (table 3). But also this method allows to study the asymmetry of ion transport.
Table 3: Assymetry of diffusion coefficients of cations
+

7

2

D(Na )·10 ,sm /s,
modified surf.
MC-40

+

7

2

D (Na )·10 , sm /s,
nonmodified surf.

+

6

2

D (H ) ·10 , sm /s,
modified surf.

9,1 ± 0,6

+

6

2

D (H ) ·10 , sm /s,
nonmodified surf.

2,1 ± 0,4

MC-40/MF-4SC

4,1 ± 0,5

3,4 ± 0,2

4,1 ± 0,5

1,5 ± 0,5

MC-40/MF-4SC +SiO2

2,7 ± 0,3

1,9 ± 0,3

6,2 ± 0,7

1,8 ± 0,4

MC-40/MF-4SC +ZrO2

5,0 ± 0,5

3,9 ± 0,3

4,4 ± 0,5

1,4 ± 0,5

The main result of modification is the increase of proton mobility. For all samples transport
from modified layer is faster than from unmodified. The incorporation of silica particles results
in increase of proton diffusion coefficient, and incorporation of zirconia particles results in
increase of sodium diffusion coefficient, similar to impedance spectroscopy data. Consistency of
all obtained data shows the probability of using this complex of methods to membranes
characterizing.
This work was supported by the Program №7 of RAS Presidium “The development of the
methods of the synthesis of chemical substances and the creation of new materials”.
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CATION-EXCHANGE MEMBRANES “POLICON”. STRUCTURE,
PROPERTIES, APPLICATION
Marina Kardash, George Aleksandrov, Denis Aynetdinov
Engels Technological Institute, Saratov State Technical University, Engels, Russia;
E-mail: kardash@techn.sstu.ru

Introduction
Native and foreign industrial heterogeneous cation-exchange membranes, used as
semipermeable partitions in electrodialytic devices, have similar structure and composition
containing an active component – ion-exchange resin, and inactive components – inert filler and
reinforcing fibers.
The modern tendencies in development of membrane technologies put forward new
requirements to the properties of the membranes as well as to the reinforcing systems. Lately,
special attention of scientists of Engels Technological Institute was paid to investigation of
influence of manufacturing technological parameters on their structure, electrotransport
properties and selection of effective materials for reinforcing heterogeneous membranes for the
purpose of producing materials with the desired properties [1].
An urge towards achieving more uniform distribution of chargers and better electrochemical
properties resulted in creation of cation-exchange membranes “Policon K”, in which fabrics based
on novolac phenolformaldehyde (NPF) fibers are used as the reinforcing system. The material
possesses the required and sufficient thermal stability (practical temperature limit of continuous
maintenance up to 150oC in ambient air condition, and from 200 up to 250 0С in absence of
oxygen), and stability to action of aggressive agents.
Experimental
Studying the possibility and efficiency of the novolac phenolformadehide fabric fibers’
sulfiding by the method of energy dispersion analysis (Table 1) allowed to define high reactive
ability of the vacant parapositions of the aromatic rings.
Table 1: The elementary composition of NPF fibers
Elements composition, % wt.
Material type

Total

Nonsulfided NPS
fiber
Sulfided NPS fiber

Carbon (C)

Oxygen (O)

Sulfur (S)

75,2

24,8

0

100.00

65,4

30,0

4,6

100.00

Energy dispersion analysis proves, that sulfur content in sulfided fiber reaches about 5% of the
mass. So, it is possible to speak about the high degree of substitution of the aromatic rings
parapositions of the fiber-forming polymer, and achieving the sulfur content corresponding the
strong acidulous cation-exchange resins of the resolious type.
As far as the concentrated sulfuric acid was used as the sulfiding agent, the correspondent
tests of its influence on the physico-mechanical properties of the reinforcing fabrics were carried
out. It was defined that the material retains in average 70% of strength (Table 2) in the simulated
critical conditions (keeping in the concentrated sulfuric acid during 24 hours under 100o C.).
Table2: Change of the fabrics strength characteristics in a result of sulfiding
Material
Nonsulfided with a
base
Nonsulfided by weft
Sulfided with a base
Sulfided by a weft
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Liquid limit at
alongation, MPa

Alongation at
liquid limit,
ξрт,%

Tensile
strength, σрр,
МПа

Alongation
during
rupture, ξрр,%

18,5

18,1

18,1

22,8

9,6
11,3
7,1

16,0
12,6
11,1

9,4
11,3
7,0

16,1
12,6
11,1

It is necessary to note, that the sulfiding completes after 120 minutes, driving to the high value
of the exchange capacity (3,3 mg-eq./g) with minimal deterioration of physico-mechanical
properties.
It is necessary to mention, that during manufacturing membranes of this type, it is possible
to achieve the high grade of the phase interaction owing to the availability of the hydroxyl
groups taking part both in chemical reaction of cross-linking with the material matrix hydroxyl
groups and formation of a considerable number of Van de Waals bonds, that is proved by the
results of scanning electron microscopy (Fig.1).

Figure 1. Microphotography of the cross section structure of the material “Policon” based on
nonsulfided NPF fiber: 1 – fiber, 2 – ion- exchange matrix
The work has been carried out under the sponsorship of the Russian Foundation for Basic
Research (project No.10-08-00074-a.)
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IMPLEMENTATION OF FE NANOPOWDER INTO CHEMOSORBTION
POLIMERIC MATERIALS - «POLYCON K»
Marina Kardash, Denis Terin, Ivan Tyurin, Margarita Batura
Engels Technological Institute, Saratov State Technical University, Engels, Russia
E-mail: kardash@techn.sstu.ru

Introduction
The aim of this work is the production of high-performance, cationexchange chemosorbtion
fibrous materials on basis of phenol, formaldehyde, sulfuric acid, polyacrylonitrile (PAN) fiber –
«POLYCON K» [1].
Experiments
We carried out research to state structure characteristics, morphology and electrodynamic
properties of «POLYCON K» formed on basis of PAN fiber with addition of super dispersed
admixture iron nanopowder [2].
It was defined, that introduction of additional heterophase medium into monomerisomerization structure leads to changes in kinetics and thermodynamics of passing reactions.

a
b
c
Figure 1. SEM images of «POLYCON K»: PAN (a), PAN + 1.5% Fe (b), PAN + 5% Fe (c)
Results and Discussion
The increasing of thermal effect in curing reaction and displacement of thermal peak to lower
temperature region was distinguished. Those facts confirm the influence of super dispersed
admixtures on basic material.
The introduction of nanopowder abruptly changes the morphology of basic material. The
surface becomes more dense, homogeneous with presence of open pores. Rising iron percentage
the PAN folded character disappears. Areas with spherulitic inclusions could be observed
(Fig.1).
We investigated electrodynamic properties of modified materials in a wide frequency range,
notably frequency dependences of capacity and dielectric loss tangent to define complex
dielectric permeability. We examined servicing characteristics of sorption modulus for water
refining from petrochemicals. Introduction of Fe nanopowder permitted us to raise the sorption
capacity of petrochemicals up to 25 %.

This work supported by RFBR (Project Number 10-08-0074-a)
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MODIFICATION AND IMPLEMENTATION OF NI NANOPOWDER INTO
«POLYCON K». STRUCTURE CHARACTERISTICS, MORPHOLOGY AND
ELECTRODYNAMIC PROPERTIES OF CHEMOSORBTION POLIMERIC
MATERIALS
Marina Kardash, Denis Terin, Ivan Tyurin, Margarita Batura
Engels Technological Institute, Saratov State Technical University, Engels, Russia
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Introduction
The aim of this work is the production of high-performance, cationexchange chemosorbtion
fibrous materials on basis of phenol, formaldehyde, sulfuric acid, polyacrylonitrile (PAN) fiber –
«POLYCON K» [1].
Experiments
We carried out research to state structure characteristics, morphology and electrodynamic
properties of «POLYCON K» formed on basis of PAN fiber with addition of super dispersed
admixture nickel nanopowder [2]. It was defined, that introduction of additional heterophase
medium into monomer-isomerization structure leads to changes in kinetics and thermodynamics of
passing reactions. The increasing of thermal effect in curing reaction and displacement of thermal
peak to lower temperature region was distinguished. Those facts confirm the influence of nickel
super dispersed admixtures on basic material. The introduction of nanopowder abruptly changes
the morphology of basic material. The surface becomes more dense, homogeneous with presence
of open pores. Rising nickel percentage the PAN folded character disappears. Areas with
spherulitic inclusions could be observed (Fig.1).

a
b
c
Figure 1. SEM images of «POLYCON K»: PAN (a), PAN + 1.5% Ni (b), PAN + 5% Ni (c)
Results and Discussion
We investigated electrodynamic properties of modified materials in a wide frequency range,
notably frequency dependences of capacity and dielectric loss tangent to define complex dielectric
permeability. We examined servicing characteristics of sorption modulus for water refining from
petrochemicals. Introduction of Ni nanopowder permitted us to raise the sorption capacity of
petrochemicals up to 45 %. The received materials have a complex, multilevel system of pores,
which allows their usage in high velosity water flow. In this study, carried out we also studied the
effectiveness of water purification from ions of heavy metals.
This work supported by RFBR (Project Number 10-08-0074-a)
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STUDY OF SULFONIC ACID GROUP DISSOCIATION AND WATER
CONNECTIVITY IN POLYSTYRENE AND PERFLUORINATED MEMBRANES
1
1

Larisa Karpenko-Jereb, 1Anne-Marie Kelterer

Graz University of Technology, Graz, Austria,
E-mail: larisa.karpenko-jereb@tugraz.at; kelterer@tugraz.at

Introduction
The ion-exchange membranes are applied widely in electro-membrane processes as well in the
separation and purification of organic solvents by pervaporation [1]. The transport characteristic
and membrane selectivity depends on the thermodynamic properties of the water and ionexchange pairs. The goal of the work was to analyze the water binding energy and the
dissociation of -SO3H groups in polystyrene membranes MK-40 and perfluorinated membranes
Nafion-117 at various hydration levels (from 0 up to 11) using quantum chemical methods.
Computational Methods
The chemical structures of the studied membranes are shown in Figure 1. The quantum
chemical calculations were carried out for the membrane models are marked with squares. The
calculations were performed by the Program ORCA [2]. The geometries had been optimized by
the Restricted Hartree Fock (RHF) method with the 6-31G (d,p) basis set [3] and tight
optimization criteria. The quality of minima has been checked via frequency analysis. The
calculation of the binding energy of the membrane-water complexes were carried out using the
local pair natural orbital - coupled-electron pair approximation (LPNO-CEPA/1). From the
values of the electrons energy of dry (Edry) and hydrated membranes (Ecluster) the specific binding
energy (EB) of the water molecules was computed by the following expression:

EB =

E cluster − E dry
X

− E H 2O

(1),

where EH 2O is the electrons energy of one water molecule, X is the number of water molecules in
the membrane. The specific binding energy indicates the binding energy per water molecule.

a) MK-40

b) MF-4SK

Figure 1. Chemical structure of the membranes: a) MK-40 and b) MF-4SK. The membrane
models used in the quantum chemical calculations are marked with squares
Results and Discussion

The optimized structures of the membranes with the hydration levels X=0; 1; 3; 6 and 8 are
shown in Figure 2. As seen from the figure in membrane MK-40 the sulfonic acid groups are in a
non-dissociated state in the whole studied range of the hydration level, while in the
perfluorinated membrane Nafion the dissociation of the ion-exchange group is observed for X≥3.
Moreover, the water molecules in the polystyrene membrane MK-40 are dislocated around the
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end-group, while the water molecules in the Nafion membrane locate under the end-group and
form a cluster.

MK-40

a)

b)

c)

d)

e)

Nafion

Figure 2. Calculated geometries of dry membranes (a) and membrane fragments (b-e) at various
hydration levels: X=1 (b); X=3 (c); X=6 (d); X=8 (e). Protons are marked with a dotted circle
Figure 3 demonstrates the distance between proton and sulfonic groups as a function of the
membrane hydration level. As can be seen the distance between − SO3− ...H + in MK-40 grows
very insignificantly from 0,949Å (dry state, X=0) to 1,010 Å (X=8). The distance in MF-4SK
changes slightly from 0,951 (X=0) to 0,990 Å (X=2), then increases to 1,568 Å (for X=3-4) and
at the transition to hydration level from four to five sharply rises to 3,195 Å, then grows slightly
again in the range of 5≤X≤11.
4

-EB, kJ/mol

32

l, Å
MK-40

3

30

Nafion

2

28

1

26

Nafion
MK-40

X
0
0

2

4

6

8

Figure 3. Distance between the proton and
sulfonic group as a function of the membrane
hydration level

24
0

2

4

6

8

10

Figure 4. Specific binding energy of water vs.
membrane hydration level
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Figure 4 presents the specific binding energy as a function of the membrane hydration level.
As seen from the figure the water molecules are bound stronger in the Nafion than in the MK-40
membrane.
The obtained results show that the chemical nature of the membrane polymer matrix has some
influence on the dissociation of the sulfonic acid group as well as on the building of the water
cluster in the ion-exchange membranes. The observed dissociation of − SO3− ...H + in Nafion
membranes and well-networked water molecules promote the improved transport of the protons
by the Grotthus mechanism. The results explain some experimental investigations which indicate
higher proton mobility in the perfluorinated membranes in comparison to polystyrene
membranes [4-5].
The investigation was carried out in the framework of the Austrian-Polish Cooperation
Project No.PL 08/2012 supported by the Austrian Agency of International Cooperation.
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TRANSPORT OF SALT MIXTURES THROUGH POLYLAYERED COMPOSITE
ULTRAFILTRATION MEMBRANE
Victor Kasperchik, Alla Yaskevich, GeorgePoleshko
Institute of Physical Organic Chemistry NASB, Minsk, Belarus, E-mail: ufm@ifoch.bas-net.by

Introduction
In previous paper [1] we have observed transport filtration characteristics of polylayered
composite ultrafiltration (UF) membranes for the different types of individual salt dilute
solutions. For the system: aromatic polyamide (PA) as initial membrane matrix – poly-[N, (2amino ethyl) acryl amide] (PAEAA) as modification agent composite structures with high
rejection ability to electrolytes of 2-1 type and low rejection ability to electrolytes of 1-2 type
were obtained. It can be supposed that this composite membrane will be perspective for the
effective separation of the salt mixtures.
Experiments
Stirred filtration cell was used for the investigation of salt mixtures separation. Individual ion
concentrations in the bulk solutions and filtrates were determined on the ion chromatograph
Dionex ISC-3000. The rejection abilities of the composite PA membrane to the different ions are
presented in the table.
Table: Rejection abilities of the composite PA membrane to mono- and bi-charged ions
during ultrafiltration of the salt mixtures
Salt mixture
composition

Salt ratio in
solution

R* (%)
+

-

2+

2-

Na
Cl
Mg
SO4
MgCl2- NaCl
100:0
88
88
80:20
1
74
87
50:50
24
66
92
20:80
38
55
90
0:100
44
44
MgCl2 -MgSO4
80:20
42
51
67
50:50
33
42
51
20:80
25
33
38
0:100
43
43
MgCl2 - Na2SO4
80:20
7
48
64
73
50:50
12
24
50
39
20:80
11
12
41
19
0:100
12
12
* R (rejection coefficients) at 0,35 MPa, 293 K and ω = 5 s-1. Total electrolyte concentration in all solutions −
10-3 mol/l

Results and Discussion
As can be seen from the experimental data adding of Na+ ions to MgCl2 solution is almost no
effect on the membrane rejection ability to Mg2+. From the other hand free transfer of monocharged cations through the membrane is observed at low partial concentration of Na+ in the bulk
solution (<20 %). Adding of Na+ to bulk solution to high partial concentration level (up to 80 %)
leads to Na+ substantial increasing rejection ability (up to 38 %). After complete substitution of
Mg2+ on Na+ in the bulk solution membrane rejection ability for mono-charged cations is still
increasing but not so sharp (up to 44 %).
Another situation was observed when SO42- ions were added to MgCl2 solution. In this case
little adding of bi-charged anions to the bulk solution leads to sharp decreasing of membrane
selectivity to Mg2+ (from 88 to 51%). Then membrane rejection ability to Mg2+ is decreasing
slowly: to level of 43 % after complete substitution of Cl- to SO42- in the bulk solution.
As can be expected the highest changes in the membrane transport characteristics were
observed when different mono- and bi-charged cations and anions were added to the bulk
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solution. After adding of Na2SO4 little quantity to MgCl2 bulk solution substantial decreasing of
membrane rejection ability to Mg2+ (from 88 to 64 %) and to Na+ (from 44 to 7 %) was
observed. Then increasing of Na+ and SO42-partial concentration to 80 % level in the MgCl2 bulk
solution leads to gradual decreasing of membrane rejection ability to Mg2+ (from 64 to 41 %)
and little increasing of rejection to Na+ (up to 12 %).
Thus it was established that presence in the bulk solution of different ions was expressed more
complicated influence on the membrane transport characteristics as it can be supposed from
experimental data for the membrane separation of individual salts. In this case theoretical
interpretation of obtained results is difficult due to complicated interactions of bulk solution
mono- and bi-charged cations and anions with uncompensated charges in the composite
membrane matrix and its surface.
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POLYETHYLENETEREPHTALATE TRACK ETCHED MEMBRANES WITH
ASYMMETRICAL SHAPE PORES
Yury Kochnev, Alexandr Vilensky, Boris Mchedlishvili
Shubnikov Institute of Crystallography RAS, Moscow, Russia, E-mail: very-cool@rambler.ru

Commonwided track etched (T-E) membranes have symmetrical cylindrical pores. The
transition from a long cylindrical pores to different geometry, such as elliptical pores is a
promising area of technology of T-E. Elliptical pores (pores with varying cross-sectional
eccentricity) are appealing because the change of degree of asymmetry (ratio of the pore axes)
can substantially change their characteristics such as efficiency and selectivity. The aim of our
work was to investigate the influence of polymer film thermo-elongation in different stages of TE production on T-E pore shape and characteristics of resulting membranes. The second claim
was to investigate the electrokinetic characteristics of T-E membranes in different etching
solutions. Obtained data were used to produce T-E membranes with assymetrical pore shape.
The objects of our study were amorphous PET film (50 µ), subjected to irradiation and
subsequent ething in alkali solutions. The film was subjected to thermo-elongation on different
stages of T-E formation (i.e. before irradiation of film with high energy heavy ions beam, after
the irradiation and elongation of formed membranes). The degree of stretching (λ) controlled by
birefringnanse index and by changing in sample longness. Irradiation of films was carried out in
the cyclotron of JINR (Dubna) at the cyclotron U-400 high-energy ions Kr (fluence of 108 - 109
cm-2, the energy of 1,2 - 3 MeV / amu.). Etching of films was carried in a solution of KOH
concentration of 1 M under 70˚C. Etching process was accompanied by mass loss (∆m) of the
polymer, which was evaluated on the mass of the initial sample (before etching).
Before the influence of orientation on the kinetics of etching and shape of pores was necessary
to determine the influence of irradiation on the etching of non-oriented films.

Figure 1. Relative mass loss (∆m) from the time of etching (τ) unoriented PET film. 1 unirradiated sample, 2 - irradiated sample
Etching of the unirradiated film (Fig. 1, curve 1) shows a linear dependence of ∆m τ, while the
sample irradiated film (Fig. 1, curve 2) is characterized by an exponential dependence. This is due
to the fact that the process of irradiation leads to significant changes in the structure of the
polymer, especially in education latent tracks (LT). In accordance with [2], the structure of LT has
a significant change: the central part - it was destroyed with a graphitized polymer center with a
diameter of 10 nm, then with increasing radius followed by the field with varying degrees of
destruction and decreasing cross-linking areas. Thus, the irradiated sample has a significant
number of local defects - active centers (surface and volume), which leads to the acceleration of
etching in comparison with the unirradiated film. As the etching of the film quickly etched defect
area than the rest of the films. This in turn leads to increased contact surface with KOH etched
areas of LT, which accelerates the degradation in accordance with Fig. 1 (cur. 2).
99

Figure 2. Dependence of mass loss (∆m) from the time of etching (τ). Unirradiated PET.
Multiplicity extract (λ): 1 – 1; 2 - 3.2; 3 - 4.7; 4 - 5
The nature of relationships in Fig. 2, 3 is similar to the established in Fig. 1. As expected,
the orientation of PET with increasing λ leads to a decrease in the etching rate of both irradiated
and unirradiated films (Fig. 2 and 3).

Figure 3. Dependence of mass loss from the time of etching. Irradiated PET (Kr, fluence 3 ·
106 ion/sm2). Multiplicity extract (λ): 1– 1; 2 - 1.8; 3 - 3.7
Photomicrograph of the surface film obtained after etching-based sample shown in Fig. 4,
which shows that the orientation can receive T-E surface with elliptical pores.

Figure 4. AFM image of PET film irradiated by
Kr (fluence 3·106 ion/sm2), focused on 300%
and etched for 4 hours

Thus, we have shown that orientation elongation can be used to produce T-E membranes with
elongated pores.
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PREPARATION OF COMPOSITES BASED ON MF-4SC MEMBRANE AND
POLYANILINE IN EXTERNAL ELECTRICAL FIELD
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Introduction
Perfluorinated sulfocationic membranes of type Nafion (Du Pont, USA) and MF-4SC
(Plastpolymer, Russia) are used as a template for the synthesis of conducting polymers, such as
polyaniline that exhibits unique electrical, electrochemical and optical properties. Very often
such materials are obtained in static conditions by chemical template synthesis, where various
redox systems are electron acceptors during the oxidative polymerization of aniline [1, 2]. The
aim of this work is to study the influence of external electrical field on the synthesis of
polyaniline in MF-4SC membrane. One of the tasks of this work is to investigate the
electrotransport properties of the obtained composites.
Experimental
Template synthesis of polyaniline in MF-4SC as a basic matrix was carried out with the help
of electrodialysis cell in two stages. The first stage was saturation of the membrane by monomer
(ion C6H5NH3+) in the electric field. The polymerization of aniline under the action of the
initiator (FeCl3) under the same conditions was carried out in the second stage. Working
solutions of monomer and polymerization initiator were moved to the desalting chamber, sulfuric
acid solution circulates in other chambers of the cell. The current density ranged from 40 to 100
A/m2, the timing of each stage was from15 min up to 3 hours. The concentration of sulfuric acid
was 0.005 M H2SO4. It is100 times lower than by the synthesis of polyaniline (PAn) in the static
conditions. The concentration of the polymerization initiator solution was 0.01 M.
Characterization of the composite samples MF-4SC/PAn was carried out by the membrane
conductometry and voltammetry methods.
Results
Table 1 presents characteristics of a series of samples obtained in different conditions in an
external electric field. It presents also the properties of the initial MF-4SC membrane and
composite membranes MF-4SC/PAn which were obtained under static conditions during 3
hours.
Table 1: Characteristics of MF-4SC and MF-4SC/PAn membranes

№
1
2
3
4
5
6

Membrane

The current
density
2
i, А/м

MF-4SC
MF-4SC/PAn
MF-4SC/PAn
MF-4SC/PAn
MF-4SC/PAn
MF-4SC/PAn

–
0
83
54
54
40

Time of contact with
solutions
Stage 1
Stage 2
–
3h
3h
2h
15 min
30 min

–
3h
3h
1h
1h
1h

.

12

κiso,
S/m

P 10 ,
2
m /s

ilim,
2
A/m

4,1
3,5
3,0
3,5
3,0
3,2

3–4
3–4
–
4–5
4–5
2,6–3,0

170-190∗
150±4
–
180±5
180±7
200±7

Table 1 shows that all the composite membrane which were obtained in an external electric
field (samples № 3-6) have a sufficiently high ionic conductivity (equal ≈ 3 S/m). Diffusion
permeability (P) and limiting current density (ilim) of these samples are comparable to those
characteristics for the initial membrane and composite MF-4SC/PAn which was obtained in
static conditions. It was found that a composite membrane MF-4SC/PAn can be prepared:
• with reduction of the current density up to 40 A/m2 (sample № 6),
• with reduction of the concentration of aniline solution up to 0.001 M,
∗

The ilim value of initial membrane varied in dependent on technological conditions of synthesis.
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•

with reduction of the time of the C6H5NH3+ ions saturation stage up to 15 min and the
polymerization aniline stage up to 60 min (sample № 5).
Thus, the method of polymerization of aniline in the MF-4SC membrane matrix in an external
electric field is faster and more resource-saving compared with static conditions.
The current-voltage characteristics of the initial and composite membranes are shown in
Figure 1. As can be seen from the figure, the slope of the ohmic part of the curve, which
characterizes the conductivity of electromembrane system, is practically the same for all
samples. It is consistent with the independent determination of samples electrical conductivity by
mercury-contact method. The length of the limiting current plateau increases by 30%. The same
effect is always observed for the composites MF-4SC/PAn. The asymmetry of current-voltage
curve is absent by the reversal of the current (curve 2, 3, Fig. 1). It confirms the bulk character of
the modification of membrane MF-4SC by polyaniline in an external electric field.
600

i , А/м

2

κ , См/м

5

3

1

500

4

2

Kiso

400

1

3
300
3

2

200
100

2

1
∆ E, В

0

C, M
0

0,5

1

1,5

2

2,5

0
0

Figure 1. Current-voltage curves of MF-4SC (1)
and MF-4SC/Pan (2, 3) in 0,05 М HCl solution

0,05

Сiso

0,1

Figure 2. Concentration dependences of the
conductivity of MF-4SC (1) and MF-4SC/Pan in
HCl solutions (3)

Figure 2 shows the concentration dependences of the conductivity (κ) of template and
composite membranes in HCl solutions. Both initial membrane and composite sample have
identical value of the κ near to the "isoconductivity" point (κiso-Сiso). There is essential decrease
of the κ value in area С<Сiso for a composite in comparison with a base membrane. It indicates
on the same conductivity of gel phase and increase of a volume fraction of an internal solution in
the MF-4SC membrane after polyaniline intercalation.
The parameters three-conducting and micro-heterogeneous model of ion-exchange
membranes conductivity were calculated from the concentration dependences (Fig. 2):
a is the current fraction through the mixed channel a gel-solution;
b is the current fraction through a gel;
c is the current fraction through a solution;
d is the fraction of solution in mixed channel;
e is the fraction of gel in mixed channel;
f1 is the volume fraction of gel phase;
f2 is the volume fraction of inner solution phase;
α is the parameter characterising the arrangement of phases in the material (α = +1 for parallel
orientation of conducting phases, α = -1 for serial orientation of phases).
According to above-mentioned model: a + b + c = 1, d + e = 1, f1+f2=1. The model parameters
of initial and composite membranes which were obtained in different conditions are shown in
Table 2.
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0,15

Table 2. The model parameters of initial and composite membranes
Membrane
MF-4SC [3]
MF-4SC/Pan (5 h in static
conditions) [3]
MF-4SC/Pan (30 days in
static conditions) [3]
MF-4SC/Pan (in electric
field)

α

b
0,79

c
.
-3
5,34 10

d
0,46

e
0,54

f1
0,90

f2
0,10

0,44

0,32

0,68

.

-7

8,35 10

0,22

0,78

0,93

0,07

0,19

0,77

0,23

3,23 10

.

-8

0,19

0,81

0,85

0,15

0,11

0,93

0,07

4 10

0,25

0,75

0,77

0,23

0,10

a
0,21

.

-7

As can be seen from the table, the essential reorganization of conducting ways takes place in
the case of composite preparation in an electrical field. The increase of the contribution of the
mixed channel of conductivity correlates with data of the standard porosimetry method. The
formation of specific morphology of polyaniline in a membrane was confirmed also by methods
of differential scanning colorimetry, thermogravimetry and IR-spectroscopy. Polyaniline is
located on surface of the transport channels.
Conclusions
The new method of polyaniline synthesis in MF-4SC membrane in conditions of an electrical
field was developed. The obtained composite materials have high conductivity and stable
hydrophility which is necessary for application in fuel cells.
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Introduction
The study of electroconvection in membrane systems (MS) is important for understanding the
mechanisms of current-limiting, the intensification of mass transfer, manipulation of liquid flow
in microfluidic devices. At currents above the limit value appears the space charge, which is the
source of electroconvection in the MS. The large number of papers devoted to mathematical
modeling of electroconvection (SS Dukhin, Derjaguin BV, I. Rubinstein, B. Zaltzman, M.
Bazant, etc.), but mathematical theory of electroconvection is still at an early stage of
development. This is due primarily to the study of mathematical problems and solving the
corresponding boundary-value problem for a coupled system of equations, the Nernst-PlanckPoisson and Navier-Stokes equations used to model the electroconvection. We offer a rather
simple approximate analytic solutions based on the asymptotic analysis of this problem.
Mathematical model
The mass transfer in view of electroconvection in the electro-systems described by equations
of electrodiffusion Nernst-Planck-Poisson (1-4) and the Navier-Stokes equations (5.6), taking
into account the spatial force. The vector recording of this system for binary electrolyte in the
absence of chemical reactions in the dimensionless variables has the form [1]:
r
r
r
(1)
J i = zi Di Ci E − Di ∇ Ci + PeCiV ,
i = 1,2

v
∂ Ci
= −div ji , i = 1,2
∂t
ε ∆ ϕ = − ( z1C1 + z 2 C 2 )

Pe

r
r
r
I = z1 j1 + z 2 j 2

r
r r
r r
∂V
1 r
+ (V∇)V = −∇P +
∆V + ε K el EdivE
∂t
Re
r
div( V ) = 0 ,
r
where ∇ - the gradient, ∆ - Laplace operator, V - the rate of flow of the solution, P r r
pressure, j1 , j 2 , C1 , C 2 - flow and concentration of cations and anions in solution, z1 , z 2 -

(2)
(3)
(4)
(5)
(6)
the
the

r

charge of cations and anions, I - current density, D1 , D2 - the diffusion coefficients of cations
and anions, ϕ - electric potential, t - time. These equations to put natural boundary conditions
[1], for example, no-slip condition at the membrane surface for speed.
The dimensionless parameters have the following specific range: x ∈ [0,1] , y ∈ [0, L] , and the
RT0ε 0
V H
varies from 10 −4 to 10 −14 , the Peclet number Pe = 0 , depends linearly
2
2
D
F H C0
on the initial velocity V0 and when it changes varies widely. When the flow velocity
V0 > 1 мм and width of the channel H = 1мм Peclet number can be regarded as a large
с
parameter, and accordingly, λ = 1 / Pe a small parameter, which varies from 10 −2 to 10 −5 .
RTC 0
1
The parameter K el =
estimate. The formula it follows that, K el ~ 2 so with a
2
ρ 0V0
V0
м
м
to 10 −6 , K el increases from
decrease V0 in value rapidly, with a decrease V0 from 10 −1
с
с

number ε =

104

K el ≈ 244 to K el ≈ 2.44 ⋅ 1013 . The Reynolds number Re =

V0 H

ν

is small and varies in the range

10-100. The above formulas F - Faraday constant, R - the gas constant, T - the absolute
temperature, ε 0 - the dielectric constant of an electrolyte ρ 0 - a characteristic density of the
solution -ν the coefficients of kinematic viscosity.
The system of equations, in some cases, be up to three small parameters ε > 0 ,
λ = 1 / Pe > 0 and σ = 1 / K el .
The smallness of the parameters we use, and we have shown [1, 2] that with high accuracy
~
~
r
r
r
ε r2
− 2S r
− 2S r
f = ε E div E =
I div (
I ) , where S ( x, y ) = C1 + C 2 − E - the generalized
r
r
2
I
I
concentration, which is near the cation-exchange membrane can be approximated by a linear
function S ( x, y ) = −iav x − α 0 y + γ , where iav - the dimensionless current density in the chain,
r
α 0 > 0 a small number. Then from the above formula it follows that f = (iav ,α 0 ) T . A small
section take of the channel desalting and assume transcendental mode occurs in a small area near
the exit channel desalination.

Figure 1. Piecewise-linear model "point" force and streamline the solution

The force of the electric field simulated with the use δ - the function, namely, we assume
r
f = (iav ,α 0 ) T δ ( x − x0 , y − y 0 ) . The numerical calculations, the piecewise linear approximation
of the "point" forces δ - function (Figure 1) and fluid flow lines are calculated using equations
(5) (6).
Basic laws of electroconvection
It is known that fluid flow in a channel with no obstructions (in the smooth channel) at low
Reynolds numbers and in the absence of external forces will be laminar Poiseuille parabola, and
wonder. However, if the input has a different distribution of velocities, even at a distance equal
to approximately three times the width of the channel is established from the beginning of a
r
r
parabolic distribution. If an external force F such that rot F = 0 , by passing from the equations
(5.6) in variables "velocity-pressure" to an equivalent system in the variables "stream functionvorticity" can be shown that such a force has no effect on the stream function and vorticity and,
consequently, the rate of fluid flow, ie the movement of fluids in general. This force is
compensated by the change in pressure. It can be shown that the strength of the electric field
acting on the space charge in the space charge is constant with great accuracy. However, this
force changes at the boundary of the space charge region from almost zero to a constant value of
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the above. If this change in the first approximation, we assume a linear, then the rotor of such a
force would be constant, both positive and necessarily negative. Thus, the rotor of the electric
field force acting on the charge density, we can approximate the constant function with, for
example, two non-zero value, and always one of them is positive and the other negative.
Incidentally, this explains the observed in all the calculations and experiments, the phenomenon
of the emergence of pair of vortices.
Figure 1 shows the distribution of electric field and the resulting vortex motion V0 = 1 см / с ,
iav = 0.05 A м 2 . It is evident that the primary vortex pair with a maximum speed of
approximately equal 26 см / с , causes a secondary pair of vortices. This is due to the fact that the
velocity of vortex motion of the solution is much higher than the initial flow rate of the solution.
The results are in qualitative agreement with theoretical results [3] and experimental data [4].

1.
2.
3.

4.

5.
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Introduction
It is known that osmotic and electroosmotic water transport through ion exchange membranes
affects the process of desalting and concentrating in electrodialysis. Mutual influence of ion and
water transport also takes place in other electromembrane devices including microfluidic ones. In
this paper we propose a two-dimensional transient mathematical model of binary electrolyte ion
transfer through ion exchange membranes under conditions where simultaneous transport of
water occurs; a similar 1D model is proposed earlier [1]. It is assumed that the cation-exchange
membrane is porous, and together with the ions water molecules (convective transport) are
transported through it, while the anion-exchange membrane is impermeable to convection. The
rate of water transport through the cation exchange membrane is considered as a given
parameter. The model allows to evaluate the impact of the transfer of water through the
membrane on the transport of salt ions.
Mathematical model
The motion of a single electrolyte solution is considered through a desalting compartment
of an electrodialyzer. Let H and L be the height (=intermembrane distance) and the length of
the desalting chamber, respectively; V0 is the initial (linear) velocity of solution flow between
the membranes; x = 0 corresponds to the conditional cation exchange membrane/solution
boundary, x = H relates to the anion exchange membrane/solution boundary, y = 0 corresponds
to the compartment input, and y = L , to the output.
1. Equations
To simulate the ion and water transport, we use a coupled system of equations of
convective diffusion and the Navier-Stokes equations, with the condition of electroneutrality
z1C1 = − z 2 C2 = C :

r
r r
r
 ∂V
1
+
(
V
∇
)
V
=
−
∇
P
+
ν
∆
V
(1)
 ∂t
ρ
0

r

(2 )
div( V ) = 0
 ∂C
r
D D (z − z )

= D∆C − div (CV ), D = 1 2 1 2
(3)
∂
t
z
D
−
z
D

1 1
2 2
( x, y ) ∈ (0, H ) × (0, L), t > 0 ,
r
where ∇ is the gradient, ∆ is the Laplace operator, V is the electrolyte solution velocity, ρ 0
is the characteristic density of the solution, P is the pressure, C is the electrolyte concentration,
z1 , z 2 are the charge numbers of cation and anion, respectively, D1 , D2 are the diffusion
coefficients of cations and anions, respectively, t is the time, ν is the viscosity coefficient. Here
r
P , V , C are unknown functions on t , x and y .
2. Boundary and initial conditions
Appropriate boundary conditions must be added to Eqs. (1)-(3).
1) We will consider a short fragment of desalting compartment where the variation of the
electrolyte concentration at the membrane surface, Cs, is negligible:
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С ( H , y , t ) = Cs
2) For the velocity at the surface of anion-exchange membrane, we will use the slip
condition:
V1 (t , 0, y ) = 0,
V2 (t , 0, y ) = 0 ,
at the surface of cation exchange membrane x = H , y ∈[0, L], t ≥ 0 , the condition of seepage is
used:
tw Dz1 M w
 ∂C 
V2 (t , H , y ) = 0 , V1 = − 
y ∈[0, L], t ≥ 0 , (4)

 ∂x  x = H S (T1 − t1 )s p

where tw is the water transport number, M w is the water molar, s p is the membrane surface
fraction available for water transfer ( s p = 0.5 ), S is the membrane unit area ( S = 1 см ), T1
2

and t1 are the counterion transport numbers in the membrane and in solution, respectively
( T1 = 1 , t1 = 0.5 ).

3) At the entrance into the region under consideration ( y = 0, x ∈ [0, H ], t ≥ 0 ), we
will assume a concentration distribution close to a steady state corresponding to the case where
the boundary concentration is equal to Cs. We use the parabolic approximation:
H
1
x
x
C (t , x, 0) = Cs + 6 ( C0 − Cs ) 1 −  , where C0 = ∫ C (t , x, 0)dx .
H 0
H H
We will assume also that at y=0 the fluid velocity is distributed according the Poiseuille’s
x
x
parabola: V1 = 0, V2 = 6V0  1 −  , where V0 is the average velocity.
H H
4) At the exit of the region ( y = L, x ∈ [0, H ], t ≥ 0 ), we will use “soft” conditions on
the concentration and set the pressure drop between the entrance and the exit:

∂C (t , x, L)
=0 ,
∂y

P (t , x,0) − P (t , x, L) = P0 − P1 =

3µL
V0
( H / 2) 2

(5)

5) Initial conditions, t = 0 , should match the boundary. When the initial conditions are as
follows:
x
x
x
x
t = 0 : V1 = 0, V2 = 6V0 1 −  , C (0, x, y ) = Cs + 6 ( C0 − Cs )  1 −  ,
H H
H H
a steady state is established very rapidly.
To solve the problem, we have used the finite element method.
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CHEMICAL AND ION-EXCHANGE REACTIONS IN METAL – ION
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Voronezh State University, Voronezh, Russia, E-mail: krav280937@yandex.ru

Introduction
A metal nanoparticles can be introduced into ion-exchange matrixes by ion exchange and
chemical deposition in required quantity for an end process [1]. A chemical reactions between
the nanoparticles and the reagents or a catalytic reactions between the reagents on the
nanoparticles can be the end processes. It is a fundamental importance that the fixed ions are the
internal sources and sinks for ionic reagents. Consequently the macrokinetics of the processes
take into account the bifunctionality of the metal - ion exchanger nanocomposites (NC). Our
purpose is to develop a mathematical model of the oxygen redox sorption from water by NC so
that sorption process included the chemical redox reaction and ion exchange.
Experiments
The investigation objects are the copper- and silver-containing NC on the basis of cation and
anion exchangers. It was determinated that the metal particles (sizes 5-100 nm) are combined in
larger aggregates. The microphotography of NC is presented on figure 1.

Figure 1. Microphotography of the nanocomposite Ag0⋅KU-23

The oxygen redox sorption is investigated by NC on basis of the different ion-exchanger
matrixes. The obtained data allow to classify silver – ion exchanger NC by chemical or catalytic
activity (table 1). Some of them could be used as oxygen redox sorbents, other– as catalysts.
Table 1: Oxygen redox sorption rate versus nature of Ag0⋅NC
Rise of chemical activity
←     
Strong acid
cation
exchangers in
+
H -form
(КU-23)

Strong and week acid
cation
exchangers in
+
Na -form
(КU-23,
Granion D113)

Redox sorbents of oxygen

Rise of catalytic activity
     →
- Strong acid cation exchangers in
- Week acid cation
+
Ag -form (КU-23);
+
exchangers in Н -form
- week alkaline anion exchangers in
(Granion D113);
complex forms (Fuji CS-07, Duolite A365
- week alkaline anion
–
in NO3 -form);
exchangers in free
- strong alkaline anion exchangers (AV-17aminoform (Fuji CS-07,
8, AV-17-10P in
Duolite A365)
–
–
–
–
Cl , F , NO3 , ОН -forms)
Catalysts

Kinetic curves of the oxygen redox sorption rate is shown in figure 2.
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Figure 2. Kinetic curves of redox sorption α (t ) of molecular oxygen from water by Ag0⋅KU23(H+) (1) and Cu0⋅KU-23(H+) (2). Points are an experimental values, Curves are a model
calculations
Results and Discussion
Redox sorption consists of the reagents diffusion and redox reaction between reagents and
metal particles. Reaction between the NC on basis of sulphonic cation exchanger matrix
[RSO3− H + ]z ·Me0 and oxygen dissolved in water can be presented as:

4  RSO3− H +  ·Me0 + zO2 → 4  RSO3−  ·Mez + + 2zH 2 O
(1)
z
z
Here z is the metal ion charge.
At initial time, the surface of a nanocomposite grain begins to react according to equation (1).
A concentration gradient of Н+ and Mez+ counter-ions between inside and outside grain regions
appears which results in their interdiffusion (Fig. 3). The rate of interdiffusion determines
medium pH in reaction zone and can therefore substantially influence the rate and mechanism of
the process as a whole. Hydrogen counter-ions are one of reaction (1) participants, and their
concentration explicitly enters into the formal kinetic equation for the rate of redox sorption.

Figure3. Scheme of hydroxygen and metal counter-ions distribution in process of oxygen
redox sorption: 1 – metal particles, 2 – metal counter-ions, 3 – hydrogen counter-ions, 4 – NC
granule

In this work a mathematical formulation of the problem including the stage of the
interdiffusion of metal ions (metal oxidation products) and hydrogen ions (matrix counter-ions)
is given [2]. The numerical solution to this problem for the metal-containing NC and molecular
oxygen in water systems is analyzed. Proposal model describes satisfactorily the experimental
curves of oxygen redox sorption by copper- and silver-containing NC (Fig. 2).

110

The ions interdiffusion contribution in a total redox sorption rate versus metal component
nature, concentration and particle size is estimated. The ions interdiffusion contribution is
assessed by relative increasing of time ∆τ of the process completed for 85%. The most essential
impact of the interdiffusion stage is determined for high capacity metal NC (Fig. 4).

E, mmol-eqv/cm3
Figure 4. Dependence of ∆τ on the metal capacity E: 1 – Ag0·КУ-23, 2 – Cu0·КУ-23
In addition, under the conditions of a sharp gradient of ionic participants, complete
mechanism changing is possible with the formation of solid-state products according to the
reactions
z
4  RSO3−  Mez + ·Me0 + zO 2 → 4  RSO3−  Mez + · Me2 / z O ,
(2)
z
z
2
4  RSO3−  Mez + ·Me0 + zO 2 + 2zH 2 O → 4  RSO3−  Me z + · Me ( OH ) z ,
(3)
z

z

that causes oxidation deceleration.
Significant role of the reaction (2) is to increase the internal medium pH. The reaction (3)
or (4) replaces the reaction (2). In result, the redox reaction mechanism and the total redox
sorption rate are changed.
This work is supported by the RFBR (Rus. Fund of Basic Research, grant № 11-08-00174_а)
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ATOMIC FORCE MICROSCOPY FOR THE STUDY OF ION-EXCHANGE
MEMBRANE FBM SURFACE MORPHOLOGY
Elena Krisilova, Tatyana Eliseeva
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Introduction
Study of a relationship between the morphological characteristics of materials and their
physicochemical properties plays a very important role. The performance of ion-exchange
membranes in various processes depends on the state and structure of their surface. Atomic force
microscopy (AFM) is a suitable method to characterize a membrane surface [1]. In particular, at
present, transport and equilibrium properties of ion-exchange membranes are considered with due
account for their structure heterogeneity [2].
Bipolar ion-exchange membranes are widely used in the technology of electrodialysis (EDBM).
Thus, the present study focuses on the surface properties of bipolar ion-exchange membranes.
Experiments
The object of this study is homogeneous bipolar membrane Fumasep® FBM (produced by
“Fuma-Tech”, Germany). The membrane samples were prepared according to the technique
described in [3].
The AFM images were obtained using a Solver P47 Pro scanning probe microscope (NT_MDT,
Russia, Zelenograd) in a tapping mode in air at a temperature of 25 ± 1°C. The sensitivity of the
probe and the accuracy of the scanner made it possible to obtain surface images with a lateral
resolution of up to 20 nm and a vertical resolution up to 0.5 nm. The surface of ion-exchange
membranes was studied in two modes, i.e., topography and phase contrast. We recorded the
surface relief in topography mode. The phase contrast mode was used to identify regions that differ
in chemical composition, adhesive behavior, and elastic properties [4]. The data were processed
using the FemtoScan Online software [5].
Results and Discussion
The three-dimensional images of the surface of Fumasep® FBM membranes (HCl-form), which
were obtained using atomic force microscopy in the topography mode, are depicted in Fig. 1
(scanning area is 2x2 µm).

a)

b)
Figure 1. Three-dimensional topographic images of Fumasep® FBM membrane surface: a –
anion-exchange layer, b – cation-exchange layer
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The topographic images of the membranes show that their surface is relatively flat, comparing
to the heterogeneous MK-40 membrane topographic images, obtained in our previous work [2].
Cation-exchange layer seems to be more rough than anion-exchange layer. The both layers of
bipolar membrane (cation- and anion-exchange) have the same values of maximum level
difference about 50-60 nm. For heterogeneous membrane the values of maximum level difference
and roughness are much higher than for homogeneous bipolar membrane layers under study, and
reach about thousand nanometers, indicating on a significant difference in the structural
arrangement of the membranes.
The AFM images were obtained at the Center for the Collective Use of Scientific Equipment at
Voronezh State University.
The authors would like to thank Dr. Bernd Bauer for kindly providing the membrane sample.
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Introduction
Today Nafion type membranes are of great interest and are demanded for industrial purposes
as well as for research ones. MF-4SC is a Russian analogue of the American Nafion membrane.
To maintain the profitability of such membranes in the future, they must be modified to
address the following shortcomings: poor mechanical properties of the polymer, small
operating temperatures range, and low conductivity at low humidity. Implementing various
types of nanoparticles in the membrane matrix can improve their properties.
In this paper we report transport properties of hybrid membrane materials based on
MF-4SC and ceria obtained by casting method.
Experiments
The samples were synthesized by the casting method as follows. An appropriate amount of
MF-4SC polymer solution in dimethyl formamide (10 wt/%) was mixed with the calculated
quantity of cerium (III) nitrate (Ce(NO3)3), that is a precursor for the following ceria synthesis.
Then solution was cast in a Petri dish and heated to remove the solvent at 130°C for 15 h. The
recast membranes were detached from the Petri dish by addition of bidistilled water. Then excess
of water was removed by filter paper and membranes were hot-pressed at 130°C and 60 bar for 3
min to improve mechanical strength. Then all samples with the exception of initial MF-4SC
membrane were immersed into 10 wt.% ammonia solution and stirred during 30 min at room
temperature to obtain cera nanoparticles from precursors. All membranes were treated one after
another by 5% solution of HNO3 and twice by bidistilled water at 80°C. As a result samples with
0, 1.3, 2.5, 4.2 and 5.5 wt.% of CeO2 were obtained. All obtained samples were visually
homogeneous, mechanically stable. Water uptake of membranes was determined by
thermogravimetric analysis with the use of Netzch-TG 209 F1 in the temperature range 20150°C in aluminum crucibles. The heating rate was 10 °C/min.
The sorption exchange capacity (SEC) of membranes was determined as follows. Weighed
air-dry membrane was immersed into 0.5 M NaCl solution (VNaCl, l) and obtained heterogeneous
solution was stirred for 24 hours. Then solution was decanted and titrated by 0.1 M NaOH
solution. Titration was carried out by pH-meter Expert-001 (produces by “Econics-expert”). SEC
was calculated using Eq. (1):
с ⋅V
SEC = H + NaCl ⋅ 10 −3 ,
(1)
m
where сH+ - concentration of protons in NaCl solution after membrane (mol/l), m – membrane
mass (g).
The proton conductivity was measured as a function on temperature in the range from 25°C to
100°C at 100% humidity and as a function on relative humidity (RH) at 25°C with the use of “2B1” impedance analyzer (frequency was ranged from 10 Hz to 1 MHz) in carbon/membrane/carbon
symmetrical cells, with the active surface area varied from 0.2 to 0.5 cm2. Conductivity values
were obtained by semicircle extrapolation to the resistance axis.
The diffusion permeability was analyzed in the two-chamber cell. The electrolyte (NaCl or
HCl solution) was transferred through the membrane into a bidistilled water filled compartment.
The electrolyte transfer rate was controlled by the conductivity measurement or pH technique
using a conduct meter Expert-002 (Ekoniks-expert) or Mettler Delta 340 pH-millivoltmeter,
respectively.
Results and Discussion
SEC of the membranes has been studied. For the initial membrane it is equal to 0.98 mg-eq/g.
Membrane modification with ceria leads to the SEC increase up to 1.03 mg-eq/g for the
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MF-4SC + 5.5 wt.% CeO2 membrane. According to TGA data incorporation of ceria nanoparticles
into membrane matrix results in the water uptake growth (Table 1). It increases from 12.4 % to
19.2% with the ceria content increase.
Table 1: Water uptake of investigated membranes
The sample
W (H2O), %

MF-4SC
12.4%

MF-4SC + 1.3% СеО2
18%

MF-4SC + 4.3%СеО2
18.2%

MF-4SC+5.5% СеО2
19.2%

MF-4SC membrane modification with ceria leads to a significant conductivity increase (Fig. 1). It
should be noted that dependence of conductivity as a function on ceria content passes through a maximum
at 4.2 wt.% of CeO2. The following increase of ceria content leads to the decrease of proton conductivity.

Figure 1. Temperature dependences of conductivity for MF-4SC+X wt/% CeO2 membranes
Proton conductivity as a function on relative humidity was investigated also (Fig. 2). The
decrease of RH results in the considerable conductivity reduction for all samples due to the water
uptake decrease that is followed by membrane channels lengthening and narrowing. MF-4SC
membranes doped with ceria show appreciably high conductivity than the initial MF-4SC
membrane under the same conditions.

Figure 2. Dependences of conductivity as a function on the relative humidity for
MF-4SC+X wt.%% CeO2 membranes
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Diffusion permeability coefficients of 0.1M HCl and NaCl solutions and interdiffusion H+/Na+
coefficients of investigated membranes were determined (Table 2). Diffusion permeability
coefficients decrease with the ceria content increase. Since MF-4SC is cation-exchange
membrane diffusion permeability is determined by the anion diffusion rate. Thus, the
incorporation of ceria into MF-4SC membrane leads to the cation selectivity improvement.
Table 2: The diffusion permeability coefficients and H+/Na+ interdiffusion coefficients
(cm2/s) of investigated membranes
2

D, (cm /s)

MF-4SC

0.1M HCl

1.37·10

0.1M NaCl

2.63·10

0.1M HCl /
0.1M NaCl

3.12·10

MF-4SC+
1.3%СеО2

-6

1.21·10

-7

2.56·10

-5

2.88·10

MF-4SC +
2.5%СеО2

-6

1.16·10

-7

2.53·10

-5

2.87·10

MF-4SC +
4.2%СеО2

-6

1.15·10

-7

2.32·10

-5

2.66·10

MF-4SC +
5.5%СеО2

-6

1.01·10

-6

-7

1.96·10

-5

1.97·10

-7

-5

Obtained data are agreed with the model of the semielasticity of membrane pores and
channels [1]. MF-4SC membranes modification with ceria oxide results in the increase of water
uptake, increase ion conductivity, increases cation transport selectivity.
This work was financially supported by the federal target program “Educational and
scientific-educational staff on innovative Russia” for 2009-2013 years (project
GK 02.740.11.0847).
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Introduction
Electrochemical capacitors (ECs) (also known as supercapacitors, pseudocapacitors or
ultracapacitors), combining the advantages of the high power of dielectric capacitors and the
high energy of rechargeable batteries, have played an increasingly important role in power
source applications particularly for digital communications, hybrid electric vehicles and shortterm power sources for mobile electronic devices, etc.
Currently, the anode material in asymmetric supercapacitors are such materials as conductive
fine carbon black, polymers, and transition metals oxides [1, 2]. Among the various transition
metal oxide materials RuO2 and IrO2 exhibit prominent properties as pseudocapacitor materials,
but the high cost of these noble metal materials and poisoning nature of ruthenium oxide limits it
from commercialization. NiO is prominent candidates for supercapacitors because NiO
inexpensive and exhibit pseudocapacitance behavior similar to that of ruthenium oxide.
Experiments and Discussion
There are many different various chemical techniques for the synthesis of nanostructured
NiO/C composite. Most of them are based on the deposition of nickel oxide from solutions of
nickel salts in the presence of different stabilizers, followed by calcining the material at high
temperatures [3]. This synthesis leads to accumulation of impurities in the product, which affects
its properties negative, also results in significant energy consumption.
Our method is based on the oxidation and further dispergation of nickel foil under asymmetric
alternating current with simultaneous deposition nickel oxides/hydroxides on a carbon support
(Vulcan XC-72) [4]. Such technique allows to obtain nanoparticles NiO and prevents traceelement contamination as well.
Scanning electron microscope images which demonstrated the morphology of nickel oxide
deposited on Vulcan XC-72 was presented in Fig.1.

Figure 1. SEM image of NiO/C composite
XRD pattern shows the five broadened characteristic peaks of the face-centered cubic
structure of β–NiO. The average grain size of synthesized materials estimated using Scherrer
equation was 3 nm. However as indicates SEM image (Fig.1) NiO crystallites agglomerated into
thin plates, with an average size of 500-800 nm, so there is an increase active surface area of the
material.
Low temperature N2 adsorption and desorption measurements were performed using a
Micromeritics ASAP 2020 Analyzer at 77 K. The specific surface area (SSA) was determined in
the relative pressure range 0.05≤p/p0≤0.20 according to the Brunauer-Emmett-Teller (BET)
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method. The total pore volume was calculated from the nitrogen adsorption isotherm at relative
pressure p/p0→1. Analysis of the pore size distribution was performed with nonlocal density
functional theory (NLDFT).
Composite material NiO/C has properties of its components: mesoporosity, characteristic of
carbon black Vulcan-XC (D = 12-35 nm), macroporosity of pure NiO (D = 40-100 nm). The
composite has a relatively high specific surface area (152,4 m2 g-1) and the hierarchical structure
of the porosity, which is extremely important for ion transport in the presence of electrolyte.
Specific capacity is one of the important characteristics of NiO/C composites. CV curves of
NiO/C and carbon support Vulcan are present in Fig.2. Capacitance measurements were carried
out in galvanostatic condition using (i) standard threelectrode cell and (ii) two electrode cell
with the activated carbon as counter electrode, which has capacity higher then capacity of the
investigated electrode (Fig.3). In the first case capacitance, calculated as integral characteristic,
are 650 F g-1, but in the second case capacitance are 180 F g-1.

Figure 2. Cyclic voltammogram of the NiO/C
Figure 3. Discharge curves of NiO/C (40%)
at different time of the electrode charges
(1M NaOH), scan rate 5 mV/s
Thus, we have provided a simple electrochemical route toward preparation the NiO/C
nanocomposite with high specific capacity. More over it is low cost and high degree of purity
method. We suppose that synthesized NiO/C composites could be promising for use in
supercapacitors.
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Introduction
The various phenomena were found during research of physical and chemical behavior of the
anisotropic composites based on MF-4SC membrane and polyaniline (PANI). It is asymmetry of
the diffusion permeability and the current-voltage characteristic [1, 2], barrier effect of a PANI
layer for electroosmotic flow [3], and also blocking effect for the transport of protons in an
electrical field [4]. The aim of this work is to study the pH change effects in sulfocationic MF4SC membranes, surface modified by PANI.
Experimental
A Nafion type perfluorinated sulfocationic membrane MF-4SC produced by “Plastpolymer”
(St.-Petersburg, Russia) was used as a template matrix for composites preparation. Composite
membrane was obtained by the chemical synthesis of polyaniline in surface layer of membrane.
1 M aniline solution in 1 M HCl and 0.1 M (NH4)2S2O8 solution as initiator of aniline
polymerization were used for preparation of composites MF-4SC/PANI.
The current-voltage curves were measured in the 0.05 M NaCl solution with help of a cell
with platinum polarizing and silver chloride measuring electrodes. The change of pH solution
was recorded in the chambers of the cell in the polarization condition in special experiments. The
membrane was kept in the fixed value of membrane potential (∆E) consisting of 0.05 V (up to
limiting regime) and 1 V (limiting regime) in the 0.05 M NaCl solution. The pH of solution was
checked every 30 minutes.
Results
The current-voltage curve of composite membranes measured in 0.05 M NaCl is shown on the
Figure 1. If E is order 2 V the system transits to the overlimiting state due to the water splitting
on the membrane/solution boundary. “Pseudo-limiting” state of the system at low potentials region
(∆E ≈30 mV) is observed. It indirectly indicates on the occurrence of fast ions at the inner
boundary MF-4SC/PANI (Fig.1b).
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b
Figure 1. The current-voltage curve of the MF-4SC/PANI composite membrane in the 0,05 M
solution (a) and the concentration profile of the composite membrane in the polarization
conditions (b)
The analysis of the pH solution in the chambers shows that the water splitting takes place on the
membrane/solution boundary only if the unmodified membrane layer looks to the anode. The
behavior of electromembrane system in this case is similar to the system with the unmodified
membrane. If the modified membrane surface looks to the anode the behavior of electromembrane
system is the same as the system with the typical bipolar MB-3 membrane (Fig. 2)
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Figure 2. The flow ions scheme and plots pH value of the time in the cells on the 0.05 M
NaCl solution (∆E = 1 V) for the membranes MB-3, MF-4SC and MF-4SC/PANI

However, the water splitting on the internal contacts between membrane sulfo groups and the
positively charged nitrogen atoms of polyaniline is not the only process in the composite
membrane. The chemical reactions and transformations of polyaniline occur simultaneously with
the appearance of H+ and OH--ions. So the electrochemical behavior of the composite membrane
system is distinguishes from the behavior of a typical bipolar membrane MB-3.
Conclusions
New information about the electrochemical behavior of the anisotropic composite membrane
MF-4SC/PANI in polarization conditions was gained. It was found that the source of hydrogen
and hydroxyl ions generation occurs on the internal interface at the certain orientation of
modified membranes. It looks like functions of the inner boundaries in bipolar membranes.
The present work is supported by the Russian Foundation for Basic Research (project № 1208-01092).
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DEVELOPMENT AND RESEARCH OF ELECTRODIALYZER FOR
DEMINERALIZATION OF ELECTROLYTE SOLUTIONS BASED ON
PROFILED MEMBRANES
Sergey Loza, Victor Zabolotsky
Kuban State University, Krasnodar, Russia

The disadvantage of the known electrodialyzers with profiled membranes is the presence of
bipolar contacts between shaped protrusions of the profiled membrane and the smooth side of the
other membrane. The presence of such contacts has led to dissociation of water on it and the
appearance of spurious current "leakage" [1, 2].
The aim of this work is to increase the current efficiency and to lower energy costs for
carrying out the process of electrodialysis. This goal is achieved by the proposed construction of
electrodialyzers with electrical contacts between the membranes are broken by applying a thin
layer of insulating material on the top of the profiled membranes (Fig. 1, item 7), which
eliminates the bipolar contacts in desalination cell and reduces thus the intensity of the
dissociation of water in the membrane system [3].
3
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Figure 1. A Schematic representation of electrodialysis apparatus: 1 – Anode-chamber, 2 –
Cathode chamber, 3 – Smooth membrane, 4 – Profiled (shaped) membrane, 5 – Desalting cell, 6
– Concentration cell, 7 – Electrical insulation
Studies were investigated on laboratory-size electrodialyzers with a working area of the
membranes 45x45 mm, number of paired cells in the work package 10. Desalting chamber (Fig.
1, item 5) is formed by elements of the profile of the membranes and in the concentration
chamber (Fig. 1, item 6) membrane separated by the lining of binded net." Tests carried out on
electrodialyzers with NaCl solution (C = 5 mmol/l) circulating in the quasi-stationary regime [4].
The voltage on electrodialyzers was from 1 to 10 Volts by pair of cells.
Laboratory electrodialyzers with membrane pairs MC-40/MA-40P and MC-40/MA-40PI were
tested (index "P" means profiled (shaped) membrane, and the shaped membrane with the
insulating material deposited on the top of the profile is marked by the subscript "PI"). From the
data obtained by measuring the electrical conductivity and pH of the investigated solutions the
current efficiency and specific energy consumption for desalination was calculated, which are
represented in Table 1.
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Table 1: Some characteristics of the desalination process of NaCl solution from the
concentration of 4 mmol/l to 0.4 mmol/l

1V
0.53

2V
0.29

5V
0.16

10V
0.11

Energy consumption for desalination
3
(kW•h/m )
1V
2V
5V
10V
0.26
0.78
3.48
10.00

0.61

0.49

0.28

0.23

0.23

The current efficiency, η
Prototype MC-40/MA-40P
The
proposed electrodialyzer
MC-40/MA-40PI

0.48

1.61

5.02

As can be seen from Table 1 electrodialyzer with proposed design provides an increase of the
current efficiency and lower specific energy consumption for all values of voltage. Moreover,
with increasing voltage, this difference increases. For example, when a voltage is 10V per a pair
of cells specific energy consumption for desalination reduces two times after the insulation of
bipolar contacts.
Thus, in electrodialyzers of proposed design we can avoid the leakage of current through the
bipolar membrane contacts. The density of current flowing through electrodialyzers decreases,
and the output current increases. Total energy consumption for desalination can be reduced by
1.5 - 2 times.
1.
2.

3.
4.
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DETERMINATION OF THE DIFFUSION LAYER THICKNESS OF THE
WARBURG IMPEDANCE SPECTRA, TAKING INTO ACCOUNT THE
CONCENTRATION DEPENDENCE OF THE DIFFUSION COEFFICIENT
Semyon Mareev, Victor Nikonenko, Natalia Pismenskaya
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Introduction

The thickness of the diffusion boundary layer (DBL), δ, is one of the important parameters of
the membrane system, hence the development of the Nernst conception of diffusion layer and the
determination of its parameters is important for understanding the transport processes in
heterogeneous systems and for engineering calculations. The electrochemical impedance
spectroscopy (EIS) is the multipurpose method for studying the properties of the membrane
system and evaluating the thickness of DBL.
Usually the EIS is associated with the vector representation of variables in phasor form [1, 2].
This representation, with the assumption of small amplitude oscillations of the AC allows
solving differential equations, eliminating the dependence on time. However, this approach is not
flexible enough: there are no analytical solutions for any complication of the problem with
changing the basic equations and boundary conditions.
Theory
In this paper we propose a new approach for the mathematical description of the impedance
based on the numerical solution of unsteady transport equations. The equations are solved for the
case when the current density is defined as the sum of steady-state current and the AC signal of
small amplitude. Further the resulting response of potential drop is processed in the same way as
during the experimental measurements of impedance. The proposed approach allows the use the
non-stationary model of ion-transport of any complexity, including taking into account the
dependence of the diffusion coefficients of the local concentration of the solution.
We consider time-dependent model of ion transport through the membrane, which consists of
the membrane with two adjacent diffusion boundary layers (DBL) and the two mixed solutions
with a constant concentration [2]. Ion transport in the DBL described by the Nernst-Planck and
the material balance equations:
F ∂ϕ 
 ∂c
J i = − Di  i + z i ci

RT ∂x 
 ∂x
∂ ci
∂J
=− i
∂t
∂x
where J i is flux, Di is diffusion coefficient, ci is concentration, zi is the charge number of
the i - th ion, ϕ is electrical potential, the notation R, T and F have their usual meaning; the
index "1" refers to the counterion (in this case - anions) the index "2" - to the co-ion.
In the membrane ion flux densities J im are constant and equal to:

iTi
zi F
where i is the current density, Ti is the effective transport number.
The total potential difference between capillary is calculated by using the equation:
0
d
d +δ
L
∂ϕ
∂ϕ
∂ϕ
U =−j b + ∫
dx + ∫ dx + ∫
dx
κ −δ ∂x
∂x
∂x
0
d
When we are using the concentration dependence of the diffusion coefficient given in [3], the
shape of the impedance spectrum is the same as in the approximation D = const: the spectrum
corresponds to the spectrum for the Warburg of finite length segment. However, accounting
dependence D = D ( с ) brings to the expansion of "arch" of the spectrum with the other
J im =
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parameters constant. For a narrow of arches of the spectrum and ensuring of appropriate of
calculated and experimental spectra is necessary to use a smaller value δ compared with the case
D = const (Fig. 1): in the case of anion exchange membranes AMX and the stationary current
density i = 1.25 mA сm −2 fitted value of δ = 185 µm at D = const, while δ = 175 at D = D ( с ) .
At the same time, the theoretical value calculated from the Leveque's equation increases, when
given the relationship D = D ( с ) : when D = D0, δ Lev = 230 µm; when D = D ( с ) , δ Lev = 240

µm.

Figure 1. Experimental (points) and calculated (curves) spectra of low-frequency impedance
of the membrane AMX in 0.02 M NaCl solution at a density of DC i = 1.25 mA cm −2 . Curve 1 is
the result of the calculation for two cases: D = D0, δ =185 microns and D = D ( с ) , δ =175
microns, curve 2 is calculated when D = D ( с ) and δ =185 microns

Conclusion

Taking into account the concentration dependence of the diffusion coefficient leads to a better
appreciation of the differences between the theoretical value δ calculated without accounting
current-induced convection, and the value δ obtained in terms of concentration polarization
caused by the flow of direct electric current. Therefore, a more accurate mathematical
description of ion transport in the membrane system leads to the conclusion that the contribution
of the current-induced convection to mass transfer should be more important than it was
previously thought.
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Introduction
The polymer used in this work was polyamide-6 (PA-6) with different degrees of uniaxial
stretching in dioxane, which wets the polymer, but swelling (i. e. absorbtion with the volume
change of the sorbent) does not take place. In the process of stretching in such so-called
adsorption-active media, there form zones of plastic deformation of the material, such zones
consist of highly-ordered fibril-pore structure. Such structures are called crazes, and the process
of their forming is called crazing. Crazes form in a direction perpendicular to the direction of
stretching, and crazing itself is caused by the destabilizing action of mechanical stress and
instability of the polymer structure [1].
It is impossible to predict the change of transport properties of crazed materials a priori. The
“opening” of the polymer structure and the increase of the free volume upon swelling must result
in the increase of efficiency, but apparently can have a negative effect on selectivity. The goal of
this work is to ascertain the influence of crazing on pervaporation properties of polymers using
PA-6 as an example.
Experiments
The objects of the study were commercial PA-6 films of the brand PK-4 with the thickness of
100 µm, MM = 2.3×104 Da, and crystallinity degree of 35 %. The films were subjected to
stretching by 50 %, 90 %, 130 %, and 180 % in dioxane, a typical adsorption-active medium for
crazing. Pervaporation experiments were conducted at 20 °C in the pervaporation into vacuum
mode. The selectivity of separation was characterized by the difference in the compositions of
the permeate and the initial solution. Aqueous solutions of isopropanol with various
concentrations were used as model mixtures.
Results and Discussion
Figure 1 shows the concentration dependencies of flux density of crazed PA-6 with different
stretching degrees in the pervaporation process. The obtained data show that crazing results in
the increase of the membrane permeability. It should be noted that the most pronounced increase
of the permeability is observed for stretching degrees λ = 50 % and 90 %, while for λ = 130 %
and λ = 180 % the permeability decreases. In the first stages of the polymer stretching in liquid
media, a certain number of crazes with fibril-pore structure is generated on the surface. Upon
further stretching the crazes grow in a direction perpendicular to the axis of stretching of the
polymer until they cross the cross-section of the sample. In this process the main transformation
of the polymer into oriented (fibrillized) porous state occurs. But when a considerable part of the
polymer turns into oriented fibrillized state, there begins the collapse of the porous structure,
accompanied by a decrease of the cross-section of the deformed sample, which leads to the
decrease of its porosity, the average pore size, and the specific surface.
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Figure 1. Concentration dependencies of flux density J in the system: crazed PA-6 – water –
isopropanol in the pervaporation process at 20 °C, S = 2 cm2. 1 – λ = 0%; 2 – λ = 50%;
3 – λ = 90%; 4 – λ = 130%; 5 – λ = 180%

As seen in Figure 2, crazing does not exercise a significant influence on the separation
selectivity. This result apparently means that at the used stretching degrees and the film thickness
the through porosity does not form, i. e. capillary flow is not added to the diffusion mass transfer
mechanism.
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Figure 2. Separation diagrams for the system: crazed PA-6 – water – isopropanol in the
pervaporation process at 20 °C, S = 2 cm2. 1 – λ = 0 %; 2 – λ = 50 %; 3 – λ = 90 %;
4 – λ = 130 %; 5 – λ = 180 %
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A more informative quality characterizing the separation efficiency is the excess partial flux
density of the target component, J*. The excess partial flux density of pure target component (in
this case water) combines two main qualities of the separation process: the permeability
(productivity) and the selectivity (the change of the target component concentration in the
permeate). It is equal to the flux density of pure target component above its initial content in the
solution. For example, if 80% solution passed through unit membrane area in unit time from the
initial 50% solution, then the excess partial flux density of the target component in relative units
is equal to 30.
Figure 3 shows the concentration dependencies of the excess flux density of water for crazed
PA-6 with different stretching degrees. The data show that at stretching degrees λ = 50 % and
90 %, the excess flux density of water is approximately 3 times higher than through the initial
PA-6.
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Figure 3. Concentration dependencies of the excess flux density of water J* in the system:
crazed PA-6 – water – isopropanol in the pervaporation process at 20 °C, S = 2 cm2.
1 – λ = 0%; 2 – λ = 50%; 3 – λ = 90%; 4 – λ = 130%; 5 – λ = 180%

The data obtained also show that the maximum efficiency of pervaporation separation of
water-alcohol mixtures on PA-6 is achieved at stretching degrees λ = 50 % and 90 %. For
stretching degrees λ = 130 % and 180 % the separation efficiency decreases and remains
approximately constant for all concentrations.
Thus, the presented results show that crazing of PA-6 increases the efficiency of
pervaporation separation of water-organic systems without the change of selectivity.
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THE KINETICS OF ARGININE AND HISTIDINE SORPTION BY CATIONEXCHANGE MEMBRANES
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Introduction
Studies of amino acids’ sorption are very important for the description of their mass transfer
processes in membranes. They are essential for the development of techniques for the separation
and demineralization of amino acids by membrane methods and allow one to improve theoretical
concepts of the nature and mechanism of amino acids transport in synthetic and biological
membranes. Knowledge of sorption peculiarities is necessary for a mathematical description of
transport processes in ion-exchange membranes [1-2]. At the same time, data on the sorption of
amino acids by ion-exchange membranes are limited [3-4].
Experiments
The objects of this study are amino acids – arginine (2-amino-5-guanidinpentanoic acid) and
histidine (2-amino-3-imidazolylpropanoic acid) as well as heterogeneous sulfocation-exchange
membranes MK-40 (produced by “Shchekinoazot”, Russia) and Fumasep® FTCM (produced by
“Fuma-Tech”, Germany), homogeneous perfluorinated sulfocation-exchange membrane MF-4SK
(produced by“Plastpolymer”, Russia).
The solutions of arginine are analyzed by the method of photometry based on cooper complexes
formation [5] and histidine - by spectrophotometric method [6]. The membranes are prepared
according to GOST State Standard 17553-72 and converted into Н+-form according to the
technique described in [7].
Amino acid sorption by membranes was studied in the static conditions. The initial
concentration was 0.02 mol/dm3. The initial pH value corresponded to the isoelectric point of the
amino acid used. The membrane peaces immersed in amino acid solution were shaked, and the
samples were taken and analysed periodically. The amount of absorbed amino acid was calculated
from the change in its concentration in solution. The kinetic curves were presented in the
coordinates of the process completion degree (F) as a function of time (t).
Results and Discussion
The kinetic curves of basic amino acids’ sorption obtained are shown in the Fig. 1.
a
b

Figure 1. Kinetic sorption curves: а – histidine sorption by the different membranes, b – histidine
and arginine sorption by Fumasep FTCM membrane
The dependencies are of saturation curves type. The equilibrium in the system histidine solution–
the Fumasep FTCM membrane is reached in circa 360 minutes, in the system including МК-40
membrane - in 240 minutes. In the system including MF-4SK membrane process is completed by
90 % in 180 minutes, and the equilibrium is reached in 540 minutes (Fig. 1a). The equilibrium in
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the system arginine solution – Fumasep FTCM membrane is reached in circa 360 minutes as in the
case of histidine solution with the same concentration (Fig. 1b).
The experiment with phase contact interrupt is conducted in order to reveal the limiting stage of
basic amino acids sorption by the cation-exchange membrane Fumasep® FTCM in Н+-form. Fig.2
shows the initial section of histidine sorption kinetic curve with interrupt for the membrane
Fumasep® FTCM (C0 =0.02 mol/dm3).

Figure 2. The initial section of the kinetic sorption curve with interrupt for histidine (membrane
Fumasep FTCM)
The shape of the curve does not change after the interrupt of phases contact. The similar
situation one can observe for arginine solution. This enables to suppose that the external diffusion
is the limiting stage in basic amino acids’ sorption process for the studied membrane.
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STUDY OF MASS TRANSFER CHARACTERISTICS OF THE MODIFIED
MEMBRANES IN ELECTRODIALYSERS SIMULATING LARGE-SCALE
APPARATUS
Nadezhda Melnik, Natalia Pismenskaya, Victor Nikonenko
Membrane Institute, Kuban State University, Krasnodar, Russia, E-mail: melnik_nadezhda@inbox.ru

Introduction
Desalination/deionization of dilute solutions is one of the largest ED applications [1, 2].
However, the process rate in this case is limited by the delivery of electrolyte from bulk solution
to the membrane interface. Under conventional current densities, this delivery occurs mainly as
electrolyte diffusion while the contribution of forced convection is vanishing when approaching
the interface [3-5]. The usage of intensive current modes might be of practical interest, since it
can significantly raise the ED process rate [1, 5]. This work is aimed at study the behavior of
modified ion exchange membranes in conditions close to those applied in large-scale
electrodialysers.
Experiment
Two membrane pairs were studied: MK-40//MA-40 and MK-40/Nf//MA-40M. MK-40 and
MA-40 are Russian commercial membrane manufacturing by JSC “Shchekinoazot”. The MK40/Nf membrane was obtained from a cation exchange MK-40 membrane by casting a thin film
of a Nafion-type material on the surface. To produce the MA-40M membrane, the surface of
MA-40 was processed with a strong polyelectrolyte containing quaternary ammonium bases.
The principal scheme of experimental setup for mass transfer characteristics study is shown in
Fig. 1. The membranes forming desalination (DC), concentration (CC), and electrode (EC)
compartments are separated from one another by an inert net spacer (S) of extrusion type with
rhombic cells, situated at 45o to ingoing stream. The step of the spacer cell is 5 mm, the thickness
is 1.0 mm, and the porosity is 0.91.
The membranes under study are designated with an asterisk (MK-40*, MA-40*). They can be
commercial membranes or modified ones. Auxiliary commercial MK-40 and MA-40 membranes
serve to separate the products of electrode reactions from the central compartment under study.
Two plastic Luggin’s capillaries (0.5 mm in external diameter) are built in the spacer. Both
capillary tips are situated at the center of polarized area in CC at about 0.5 mm from the surface
of the membrane forming the central DC. Another end of each capillary is connected to a
reservoir with a (0.02 M) NaCl solution where a measuring Ag/AgCl electrode is inserted.
The membrane stack imitates an industrial electrodialyser with internal collectors. At the
stack entrance, each compartment has a non-polarized section of 5 cm length for hydrodynamic
stabilization of the solution flow. The polarized membrane area is 3 cm in width (a) and 10 cm in
length (L), the total membrane length is 22 cm. Our previous investigations [6, 7] showed that
the mass transfer characteristics obtained in a stack of L = 10 cm in length can be quantitatively
scaled to predict the behavior of industrial electrodialysers.
An intermediate tank, inserted into the desalting stream (Fig. 1), contains a stirrer and sensors
to control temperature, pH and specific electrical conductivity ( κ ). In the concentrating streams
(CS), a 0.02 M NaCl solution is supplied from a separate tank (not shown in Fig. 1), it
continuously passes through auxiliary CC and DC, then through EC and is discharged. The
average linear flow velocity in all compartments is equal to 2.5 cm s–1.
Before the experiment, the tank, the central desalination compartment and the hoses were
filled with 1200 mL of a 0.03 M NaCl solution. Then a constant voltage controlled with the
Luggin’s capillaries (Fig. 1) was applied and electrodialysis process was realized at 25 ± 0.5 oC
maintained in the tank. The solution circulated through the intermediate tank and the central DC
with volume flow rate W. The salt concentration in the tank decreased with time because of the
electrodialysis desalination: the outlet concentration, Cd, was lower than the inlet one, C.
Besides, there were changes in pH of the solution passed through the DC due to different rates of
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water splitting at the cation exchange (MK-40 or MK-40/Nf) and the anion exchange (MA-40 or
MA-40M) membranes. In order to maintain pH=7 in the solution in the tank, alkaline (NaOH) or
acid (HCl) solution were added into the tank, depending on the sign of the pH changes in the
outlet solution. The desalination process was realized in quasi-steady-state conditions, the
amount of the solution put in the system was so that allowed us to keep a slow (less than 1 % per
minute) [6] decrease in the electrolyte concentration of the solution in the intermediate tank. The
total duration of every run was 8-10 hours. The electric current, as well as the specific
conductivity of the solution (converted then into the NaCl concentration) in the tank, were
measured as functions of time.

Figure 1. Principal scheme of the experimental setup used for measuring mass transfer
characteristics. A desalting (DS) and two concentrating (CS) streams, desalination (DC),
concentration (CC) and electrode (EC) channels, polarizing platinum electrodes (Pt) are shown.
Dashed straight lines mark out the active section of membrane stack polarized by electric
current

Results and Discussion
Total (itot) and partial (Na and H ions through cation exchange membranes and Cl– and OH–
ions through anion exchange ones, respectively) current densities are shown in Fig. 2 as
functions of the feed NaCl concentration. The data were obtained at a potential difference
(registered with Luggin’s capillaries as shown in Fig. 1) equal to 2.5, 4.0 or 6.0 V per cell pair. A
potential difference was fixed while the feed concentration decreased with time since a fixed
volume of solution circulated through a central desalination compartment and a tank.
The data presented in Fig. 2 show that in all studied systems the current transport is carried
out mainly by ions of salt. Current efficiency increased correspondingly, when the commercial
membranes were replaced with the modified ones. The effect is maximum at 4 V per cell pair.
With increasing voltage to 6 V the difference decreases between the behavior of the modified
and commercial membranes. Apparently, the reason is in high water splitting rate, in spite of the
modification of both membranes.
Our investigations show that overlimiting electrodialysis can be essentially improved by
applying specially modified ion exchange membranes. Note that the ways and materials of
modification are commercially available. In practical terms, this means that there are new
opportunities to produce inexpensive ion-exchange membranes effective in electrodialysis of
dilute solutions.
+

+
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TRANSPORT PROPERTIES OF HYBRID MF-4SC MEMBRANES DOPED BY
SILICA AND SILICA WITH SURFACE MODIFIED BY AMINO-GROUPS
Alexandr Mikheev, Ekaterina Safronova
Kurnakov Institute of General and Inorganic Chemistry, Moscow, Russia,
E-mail: miheevalge@gmail.com

Introduction
An interest to ion-exchange membranes that occupy important place in modern technologies
has grown last decade. Perfluorinated sulfocation exchange membranes such as Nafion and MF4SC membranes are ones of the most used materials. However, commercially available
membranes do not meet the requirements of modern industry. It was shown that incorporation of
various nanoparticles, including silica with high sorption ability, into the membrane matrix leads
to the considerable properties improvement. As properties of composite materials are determined
in general by the surface of the components, namely by sorption capacity and specific area, it
was proposed that silica surface fictionalization can influence on the properties of hybrid
MF-4SC membranes. Silica surface was functionalized by proton-acceptor amino groups.
In this paper we report the properties of hybrid materials based on MF-4SC membrane and
hydrated SiO2 with unmodified surface and with the surface modified by hydrocarbon fragments
containing amino group (3-aminopropyl-(R1), 3-(2-imidazoline-1-yl)-propyl-(R2)).
Experiments
The hybrid materials were prepared by casting from a polymer solution containing a
calculated amount of precursors for further synthesis of SiO2 and SiO2 with modified surface
followed by precursor’s hydrolysis to obtain oxides. Tetraetoxysilane (Si(OC2H5)4, Fluka, >98%)
3_aminopropyltrimethoxysilane
(97%,
Alfa
Aesar)
and
3_(2_imidazolin_1_yl)propyltriethoxysilane (≥98.0%, Fluka) were used.. All membranes were treated one after another
by 5% solution of HCl and twice by bidistilled water at 80°C.
Results and Discussion
MF-4SC membranes doped by SiO2 have higher water uptake and sorption exchange capacity
(SEC) than the initial membrane (table 1). It was shown that dependence of ion conductivity on
silica content pass through the maximum at 3 wt.% SiO2. Thus ass the following experiments
with silica with modified surface were carried out with MF-4SC membranes doped with 3 wt.%
SiO2. Concentration of modified groups on silica surface was varied: 5 and 10 mol.% of R1 and
R2 from silica content.
Table 1: SEC and water uptake of MF-4SC membranes doped by SiO2
Sample
MF-4SC

SEC, mg-eq/g
0.93

SECcat*, mg-eq/g
0.93

w(H2O), %
14.2

MF-4SC+1.5 wt.% SiO2

1.07

1.09

15.2

MF-4SC+3 wt.% SiO2

0.95

0.97

19.5

MF-4SC+5 wt.% SiO2

0.89

0.94

6.5

MF-4SC+7 wt.% SiO2

0.92

0.99

-

MF-4SC+10 wt.% SiO2

0.89

0.99

-

MF-4SC+3 wt.% SiO2+5 mol.%R1

0.74

0.76

18.5

MF-4SC+3 wt.% SiO2+10 mol.%R1

0.65

0.67

13.7

MF-4SC+3 wt.% SiO2+5 mol.%R2

0.88

0.91

12.6

MF-4SC+3 wt.% SiO2+10 mol.%R2

0.73

0.75

-

* SECcat is a SEC divided to the cation exchanger weight SECcat = SEC/WMF-4SC, WMF-4SC, is a
mass concentration of the membrane.
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Incorporation of silica with modified surface leads to the water uptake decrease in comparison
with MF-4SC+3 wt.% SiO2 (table 1). This phenomenon can be explained by the fact that the
surface modification by bulk groups leads to the decrease of free space inside of the membrane
pore according to the model of the limited elasticity of the membrane pores1 that is followed by
the displacement of a part of water molecules from the system of pores and channels.
The conductivity data of hybrid membranes doped with silica with modified surface are
presented on the Figure 2. Incorporation of silica with modified surface into membrane matrix
leads to the conductivity increase on comparison with the conductivity of MF-4SC + 3 wt.%
SiO2 despite of the less water uptake. At the same time the increase of modifying group content
on SiO2 surface is accompanied by conductivity reduction. The increase of the molecular weight
of modifying group results in the conductivity reduction. The obtained data can be explained by
the fact that the incorporation of silica with amino-groups into membrane leads to an increase in
the number of transfer centers, namely the protonated amino-groups, which are involved in the
ion transport processes in the membrane also.

Figure 1. Ion conductivity as a function on
temperature for MF-4SC+X wt.% SiO2
membranes

Figure 2. Ion conductivity as a function on
temperature for MF-4SC+3 wt.% SiO2 with
modified surface

Diffusion permeability coefficients of NaCl and HCl solution and H+/Na+ interdiffusion
coefficients of the hybrid membranes have been investigated. Silica nanoparticles incorporation
into membrane results in the diffusion permeability increase. As MF-4SC is cationexchange
membrane the limited stage of permeability process it anion transfer through the membrane. The
highest anions diffusion rate is observed for membranes contained 3-5 wt.% SiO2. That agrees
with the model of limited elasticity of the membranes pores and channels. Thus, the hybrid
membranes with small amounts of SiO2 are less selective that initial membrane, while further
increase of dopant concentration cause the increase in selectivity of cation transport. For
membranes contained 3 wt.% SiO2 + 5 mol.% R1 and R2, the diffusion permeability coefficients
decrease in comparison with MF-4SC+3 wt.% SiO2. At the same time increase of modified
groups content to 10 mol.% results in the sharp increase of the anion diffusion rate (from 0.5 to 1
order of magnitude).
Obtained data can be explained as follows. The determinant factor of ions diffusion rate in the
membranes doped with 3 wt.% of SiO2 and 5 mol.% of modified groups is the increase of the
particles size that is followed by the reduce of free space in the pore. When the concentration of
the modified groups increases up to 10 mol.% diffusion permeability increases sharply. This can
be explained by the interaction between proton acceptor groups of the dopant and sulfo-groups
of the membrane leading to the formation of the fixed –NR3 ions. This assumption is prooved by
the SEC decrease. At the same the areas with the reduced cations and increased anions
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concentration may occur in the membrane. This leads to the anions transfer acceleration and as a
consequence - to decrease the selectivity.
Table 2: Diffusion permeability and H+/Na+ interdiffusion coefficients (cm2/s) of hybrid
membranes
Diffusing solution
Membrane
MF-4SC
MF-4SC+1.5 wt.% SiO2
MF-4SC+3 wt.% SiO2
MF-4SC+5 wt.% SiO2
MF-4SC+7 wt.% SiO2
MF-4SC+10 wt.% SiO2
MF-4SC+3 wt.% SiO2+
5 mol.%R1
MF-4SC+3 wt.% SiO2+
10 mol.%R1
MF-4SC+3 wt.% SiO2+
5 mol.%R2
MF-4SC+3 wt.% SiO2+
10 mol.%R2

0.1 M NaCl / H2O

0.1M HCl / H2O

-8

4.20·10
-7
6.27·10
-6
1.21·10
-7
7.98·10
-7
6.29·10
-7
6.39·10

-8

4.68·10

-7

2.79·10

4.61·10

-8

2.99·10-7

5.21·10
-8
6.98·10
-7
2.33·10
-7
2.77·10
-7
1.56·10
-7
1.10·10
8.80·10
4.54·10

0.1 M HCl / 0.1 M NaCl

-7

6.34·10
-5
1.09·10
-5
1.02·10
-5
5.76·10
-5
4.60·10
-5
1.08·10

-6

-7

8.97·10

-6

5.15·10

2.13·10

-7

6.62·10

1.28·10-6

5.15·10-5

-6

-5

-6

In this work the properties of hybrid materials based on MF-4SC membrane and SiO2
nanoparticles with unmodified and with modified surface were investigated. It was shown that
modification of MF-4SC membrane leads to the improvement of its transport properties.
This work was financially supported by the RFBR (project 11-08-93105).
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HYDROGEN PERMEABILITY OF METAL FILMS OF CU,PD-ALLOYS BY THE
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Introduction
The permeation of hydrogen into metal materials noticeably changes their corrosiveelectrochemical characteristics and causes serious problems with a selection of constructional
materials for nuclear power, aircraft, shipbuilding and other industries [1]. On the other hand,
hydrogen accumulation in metal causes considerable interest for the solution of problems of its
safe transportation and storage; here the palladium and its alloys are especially perspective.
Available methods of investigation of hydrogenation are rather laborious, not express and hardly
sensitive to the estimation of a role of a structural state of metal that is especially important in
case of thin metal films. The electrochemical method of the estimation of hydrogenation level [2]
is alternative. This in situ method combines processes of a cathodic hydrogenation of metal,
usually at constant controllable potential, with anode dissolution of atomic hydrogen H from the
surface layer representing a diffusive zone on the introduced H. The aim of this paper was the
determination of parameters of introduction and issue of atomic hydrogen on film electrodes
with a composition of 53 at. % of Cu and 47 at. % of Pd used for precision purification of
gaseous hydrogen from impurity.
Experimental
The investigation were carried out on the film Cu,Pd-electrodes consisted of 53 at.% Cu and
47 at.% Pd. This alloy is prone to the ordering with the formation of β-phase solid solution CuPd with the increased hydrogen permeability [1]. Studied film electrodes with a thickness of L =
2-8 microns were obtained by magnetron dispersion by condensation in vacuum [3] on substrates
from Si (111), SiO2, glass and fluorine-phlogopite (FP) at temperatures of substrates of Ts from
300 to 800 K (Table 1).
Table 1: Parameters of Film Electrodes
Number of
a Sample
Ts, K
Substrate
L, µm

1

2

3

4

5

6

7

423
Si (111)
4

573
Si (111)
8

300
Si (111)
2

800
SiO2
4

300
стекло
5

623
SiO2
4

623
FP
4

Unlike compact electrodes, membrane electrodes have two sides – gloss (the side turned to a
substrate) and matte (outer side). These surfaces differ in a roughness, a substructure and phase
composition; therefore the electrochemical investigations were carried out on two surfaces. The
hydrogenation of samples was carried out at potential of hydrogen evaluation of Ec =-0.08 V
changing time of a hydrogenation τH largely. Studying of ionization of H introduced in metal
was carried out by voltammetry and chronoammetry with using the IPC-Compact with computer
management. Researches are executed in aqua solution of 0.1М H2SO4 deaerated by argon at
298 K. Potentials are given relatively SHE.
Results and Discussion
It was established that the hydrogenation (at cathodic polarization) and a hydrogen release (at
anodic polarization) is limited by solid-phase diffusion of atomic hydrogen in a metal phase.
Thus the stage of charge/ionization of H+ + e- → H is not equilibrium, and proceeds with a final
rate. The theoretical analysis foretells that in the conditions of solid-phase diffusion the cathodic
and anodic current transients after integration will look like follows:
QHñ ( τ) ñ
QHa ( τ)
1/2
= iH+ (0)τ − 2FK D and 1/2 = −iHa + (0)τ1/2 + 2FK D .
(1)
1/2
τ
τ
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Here iHñ + (0) and iHa + (0) are the rates of charge and ionization of atomic hydrogen at the initial
time, K D = c Hs ⋅ D1/2
is a parameter of diffusion permeability; c Hs and DH are the surface
H
concentration and the diffusion coefficient of atomic hydrogen.
The cathodic Qc and anodic Qа charges were calculated from the current transients obtained
on membrane electrodes at different times of hydrogen accumulation. The anodic charge was
counted for 100 s, when the ionization current reached a constant value. The Q/τ1/2 - τ1/2
dependences plotted on the calculated values appeared linear (Fig. 1), as it was expected.

Figure 1. Dependences of Cathodic and Anodic Charges on the Hydrogenation Time
for the Film Electrodes 3 and 4

With use of expression (1) the parameters of anode and cathodic processes KD, iHk + (0) and iHa + (0)
were calculated. As criterion of selection of the most typical results, we chose the constant of
diffusive permeability KD, which usually coincided for cathodic and anode processes within each
experiment. Therefore KD values for cathodic and anode processes for each of the parties of a
film were average (Fig. 2).

Figure 2. Parameter of Hydrogen Permeability for the Film Electrodes. Value of KD for
Compact Electrode is a Dotted Line
Values of a constant of diffusive permeability KD for the majority of samples of membrane
electrodes on the matte party for 20-30 % are higher, than on the gloss side. The exception
makes a sample No. 4. Such difference is connected with various structure of Cu,Pd-film on
external and internal surfaces. This sample belongs to high-temperature films for which the
formation of mainly ordered β-phase of Cu-Pd solid solution on an external surface is typical.
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Existence of this phase promotes the better permeability of atomic hydrogen that is shown in
considerable increase of KD. At the same time, upon transition from an internal to outer side of
film the growth of crystalline p articles of solid solution is observed that also promotes increase
of hydrogen permeability.
An increase of temperature of film membranes preparation to 623 K leads to the increase of
KD value regardless of surface type (outer or internal). Such distinction of KD values the can be
connected only with the increase in the sizes of crystalline particles. At the same time, at
increase in Ts over 623 K along with increase in the sizes of crystalline particles from inside to
external side, there is a change of phase composition of films. On the outer side of a film
contains the ordered phase generally. Such gradient of phase composition remains to Ts = 850 K
when the disordering β→α in Cu-Pd solid solution begins.
By consideration of the membrane electrodes No. 1-3 prepared on Si (111) substrate it is
possible to note that with growth of a film thickness the value of KD grows, both for gloss, and
for the matte side and regardless of preparation temperature. For the film No. 3 with thickness of
2 microns, KD for different sides are approximately identical. As a whole there is a tendency of
KD growth with temperature of a substrate and thickness of a film since both factors lead to
increase in the sizes of crystalline particles.
The film grown on fluorine-phlogopite shows higher hydrogen permeability, in comparison
with the films received on SiO2 at 623 K. For gloss and matte sides the values of hydrogen
permeability for films with a thickness of 4 microns, with identical preparation temperature are
the following: KD(FP) > KD(Si) > KD(SiO2).
For the membranes prepared on Si (111) substrate the cathodic reduction of hydrogen
proceeds with greater speed, than its ionization. An objective growth of ionization rate is
observed only for the matte side of the film that can be connected both with increase in
thickness, and with increase in temperature of a film preparation.
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EFFECT OF THERMAL TREATMENT ON HYDROPHOBICITY OF NAFION
SURFACE
Kseniya Nebavskaya, Andrey Nebavsky, Victor Nikonenko, Natalia Pismenskaya
Kuban State University, Krasnodar, Russia, E-mail: neanhim@gmail.com

Introduction

The acquisition of new knowledge about the properties of perfluorinated sulfocationic Nafion
materials is an important task because of great number of these materials’ applications. However,
it is known that their behavior is greatly dependent on material pretreatment. In our previous
works [1,2] we tried to create a better understanding of influence of material oxidizing-thermal
pretreatment on its hydrophobicity. This work was conducted to further study of hydrophobicity
of Nafion as a function of external conditions.
Theory
Nafion is an ionomer, containing hydrophobic perfluorinated matrix and side chains carrying
hydrophilic sulfonic groups. The balance of hydrophilic and hydrophobic components on the
surface of material determines its contact angle. Normally, the surface of Nafion is mostly
covered with crystalloid hydrophobic domains, formed by fluorocarbon chains structured by
hydrophobic interactions [3]. However, this surface structure of Nafion can possibly be an object
to change: it is known that the organization of Nafion polymer chains in volume can possibly be
changed through the action of external conditions, for example, by drying at elevated
temperatures [4] or by oxidizing-thermal treatment [2,5].
Experiments
A commercial Nafion® 117 (DuPont, USA)
membrane (further: Nafion membrane) and a
laboratory produced film of Nafion casted on
polymethylmethacrylate (PMMA) were chosen
as the subjects of study. The film was produced
by casting a 5% solution of Nafion in
isopropanol (manufactured by Aldrich) onto the
polished and degreased surface of a PMMA flat
plate and drying until the full evaporation of the
Figure 1. Experimental setup
solvent at ambient temperature. Consisting of
1– sample
the same polymer material, membrane and film
2– chamber with opening lid
differed in thickness– the membrane is almost 10
3– drop of liquid
times thicker than the film (170 µm and 20 µm,
4– liquid dozer
correspondingly).
5– source of light
Contact angle measurements were conducted
6– diaphragm diffusing a light
using a sealed experimental setup pictured in
7– video detector
Figure 1. After the start of video recording, a
8– computer
dry sample was placed in the chamber and a
drop of water of 7 µL in volume was applied onto its surface.
For investigation of effect of thermal treatment the membrane and the film were each exposed
to temperatures of 50, 60, 70 and 80oC with cumulative treatment time of 2 hours between each
two steps. Contact angle measurements were repeated for at least 3 times for initial untreated
samples and after each temperature treatment.
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Results and Discussion

a

b
Figure 2. Kinetic dependences of contact angle for Nafion membrane (a) Nafion film (b) dried at
different temperatures (shown in Celsius degrees in the legend)

Figure 2 shows the kinetic dependence of the contact angles on the surface of dry thermally
treated membranes and films. As can be seen, the contact angle of both the membrane and the
film decrease with the temperature of treatment. However, in case of film the dependence of the
contact angle on the temperature is stronger and a noticeable decrease in hydrophobicity occurs
at lower temperatures. For the film, a temperature as high as 50oC causes a significant decrease
in contact angle, but the contact angle values for the membrane do not show any noticeable
dependence on temperature until 90oC, which was observed when extra experiments were
conducted to investigate the initial difference between the effect of thermal treatment on Nafion
membrane and film. We assume that the reason for observed decrease of contact angle values
lays in instability at elevated temperatures of hydrophobic crystalloid structures presented on the
surface of Nafion. Really, the structuring forces of such formations are relatively weak Van der
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Waals interactions. With increasing temperature, these domains are readily destroyed by chaotic
temperature movement of molecules. As a result, hydrophobic domains on the surface are
partially replaced with more or less homogeneous mixture of hydrophobic chains and
hydrophilic groups. After steep decline of temperature, the hydrophobic domains have not time
to reorganize themselves, so the contact angle for such materials corresponds to their state at
elevated temperature. Furthermore, flatter (or even 2D) crystals are less stable than 3D ones. Flat
crystals or films tend to be destroyed or transformed into 3D structures [6]. As a consequence,
the structural changes in the Nafion film occur at lower temperature than in the case of
membrane.
Conclusions

Nafion material in form of membrane or film shows similar behavior in terms of contact angle
dependence on temperature. For both of them a decrease of contact angle with temperature of
treatment was observed. This is caused by the partial destruction of hydrophobic domains
presented on the Nafion surface at low temperatures. However, this effect was more pronounced
for the Nafion film than for the membrane as a result of different stability of conformation of
their polymer chains in 3D and 2D geometry.
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DETERMINATION OF HYDROTARTRATE DIFFUSION COEFFICIENT IN
INFINITELY DILUTE SOLUTION
Andrey Nebavsky, Veronica Sarapulova
Membrane Institute, Kuban State University, Krasnodar, Russia, E-mail: neanhim@gmail.com

Introduction
For evaluation of transport parameters of ion exchange membranes in tartrate containing
solutions diffusion coefficients of hydrotartrate (HT–) and tartrate (T2–) ions should be known. In
scientific publications and handbooks we have found only data considering double charged ion.
For example, the article [1] contains temperature and concentration dependences of equivalent
electrical conductivity of ammonium tartrate and alkali metals tartrates. These dependences were
used for determination of temperature dependence of equivalent electrical conductivity of T2– at
infinite dilution (λ0). As a result, at solution temperature equal to 298,15 K λ0(1/2 T2–) =
60,49 S cm2/eq, λH+ = 349,85 S cm2/eq. This data agree well with another literature sources, e.g.
[2,3]. The aim of this work is to determine the value of equivalent electrical conductivity at
infinite dilution and to calculate another transport characteristics of this ion in diluted tartrate
containing solution with use of the obtained value.
Experiments
Tartaric acid solution with concentration of 0.01 М was prepared from the deionized water
(1MOhm cm) and dry tartaric acid (analytical grade, manufactured by Vekton Ltd.). Another
tartaric acid solutions were prepared through dilution. Specific electrical conductivity and pH of
these solutions were determined using conductivity meter Econics Expert 002 and pH meter
Econics Expert 001 at 298 K.
Experimental Data Analysis
D-tartaric acid, or (R) 2,3-dihydroxybutanedioic acid, present in natural
objects such as wine, has the following structure:
Chemical reactions taking place at aqueous solutions of tartaric acid can
be schematically represented as following reactions:
H 2O + H 2O ⇔ OH − + H 3O +
−
6

C4 H 6O6 + H 2O ⇔ HC4 H 4O + H 3O
−
6

2−
6

+

HC4 H 6O + H 2O ⇔ C4 H 4O + H 3O

(1)
(2)

+

(3)

Tartaric acid, its anions and oxonium are denoted for simplicity as: C4 H 6O6 ⇒ H 2T ;
C4 H 5O6− ⇒ HT − ; C4 H 4O62− ⇒ T 2− ; H 3O + ⇒ H + .

In tartaric acid solutions charge can be carried by protons, hydroxyl ions, tartrate ions and
hydrotartrate ions. These solutions have acidic reaction (pH =2 - 4), hence the impact of
hydroxyl ions is negligible. Specific electrical conductivity of tartaric acid solution is described
by equation:
(4)
κ =λ C +λ
C + 2λ C
H

+

H

+

HT

−

HT

−

T

2−

T

2−

from which it is relatively easy to find the equivalent conductivity of hydrotartrate anion. Here
λi is equivalent electrical conductivity of ion i, Ci is molar concentration of ion i.
For calculations using the equation (1) ionic content of solution at different concentrations of
tartaric acids should be known. This content was numerically calculated from following system
of equations:

K1 =

CHT C H
−

CH T
2
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+

(5)

K2 =

CT C H
2−

+

(6)

C HT
CT + C HT + C H T = C0 (7)
2CT + C HT = C H (8)
−

2−

−

2

2−

−

+

Constant values K1=1.047×10-3 mol L-1 and K2=4.57×10-5 mol L-1 are adopted from [4]
Results and Discussion
Concentration dependences of specific electrical conductivity and pH of tartaric acid solutions
are presented in Fig. 1. Dependence of species content, calculated using Eq. (5) –(8), upon
concentration of tartaric acid solution is shown in Fig. 2.
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Figure 1. Concentration dependences of specific electric conductivity (a) and pH (b) of tartaric
acid aqueous solutions

Values of limiting equivalent conductivity calculated with Eq. (1) using experimental values
of specific electrical conductivity of tartaric acid aqueous solutions and known equivalent
conductivity of tartrate anions at T = 298 K [1] are shown in Fig. 3.
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Figure 2. Component content vs concentration of tartaric acid solutions

It follows from obtained data that value of equivalent electrical conductivity of hytrotartrate
anion weakly depends on tartaric acid concentration in studied concentration range. Processing
of experimental dependence with regression analysis method gives the value of limiting
equivalent electrical conductivity λ HTr- = 38,2 S cm2/eq.
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Figure 3. Dependence of equivalent electrical conductivity of hydrotartrate anion upon its
concentration in 0,5 mM – 80 mM tartaric acid solutions (T=298 K)

For diffusion coefficient calculations of hydrotartrate ion at infinite dilution known equation
was used:
RT
(9)
Di =
λi
| zi | F 2
where R is universal gas constant, F is Faraday number, T is temperature and λ i is equivalent
electrical conductivity of ion i, z i is its charge. Obtained value DHT − = 1.02×10-5cm2/s.
Calculation of analogous coefficient for tartrate ion using of Eq. (9) and limiting equivalent
electrical conductivity of this ion, found in paper [1], gives the value: DT 2− = 0.8×10-5cm2/s.
Obtained values seem reasonable if keeping in mind values for other single and double
charged bulk ions of another ampholytes, for example, with phosphoric acid anions, diffusion
coefficients for which are equal to, correspondingly: DH PO− =0.96×10-5см2/с and
2

4

DHPO2− =0.76×10-5см2/с [5].
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ELECTRICAL CONDUCTIVITY OF GEL PHASE OF SOME COMMERCIAL
MEMBRANES IN AMPHOLYTE SOLUTIONS
Ekaterina Nevakshenova, Victor Nikonenko, Natalia Pismenskaya
Kuban State University, Krasnodar, Russia, E-mail: nevakshenova-ekaterina@yandex.ru

Introduction
The application of electromembrane technologies to the food industry contributes to the
increase of quality of food products. In particular, the important tasks are receiving of high
quality drinking water, conditioning of wine, juices, dairy products and the separation of
products of biochemical synthesis. Many of these products contain hydrocarbonates,
hydrotartrates and hydrophosphates.
This work is aimed at studying the conductivity of the gel phase of a variety of commercial
anion exchange membrane in solutions containing these anions, as well as at ampholytes transfer
mechanisms analysis: its similarities and differences in comparison with chloride ions transfer.
Experiments
Commercial anion exchange membranes MA-40 and MA-41 (Shchekinoazot, Russia);
FTAM-E and FTAM-EDI (Fumatech, Germany); Ralex-AMH PES (MEGA, Czech Republic);
AMX (Astom, Japan) and AX were chosen as the object of this study. Using the differential
method and "clip" cell [1], concentration dependences of conductivity were obtained for each of
the membranes in the NaCl (pH = 6,5), KHC4H4O6 (pH = 4,1), NaH2PO4 (pH = 4,4) and
NaHCO3 (pH = 8,4) solutions. Conductivity at the isoelectrical point was found as an
intersection of these curves with the concentration dependences of the electrical conductivity of
the solutions. According to the microheterogeneous model [2] this point characterizes the
conductivity of the gel phase of the membrane kiso = k and gives insight on the transport
properties of ion conducting polymer used for fabrication of membrane. The total exchange
capacity of membranes was determined using back acid-base titration method [3].
Results and Discussion
The results are summarized in Table 1.

Table 1: Some characteristics of the studied membranes in NaCl and ampholytes
solutions
Membrane

Density
3
g/cm

*Exchange
capacity,
3
mmole/cm sw
3,02
1,85
3,5
1,25

FTAM-EDI
1,006
FTAM-E
1,075
MA-40
1,09
MA-41
1,16
Ralex AMH1,052
1,92
PES
AMX
1,14
1,74
AX
1,06
3,05
*for the swollen membrane in the Cl– form

NaCl

KHT

NaH PO

NaHCO

kiso
mSm/cm

kiso
mSm/cm

kiso 2 4
mSm/cm

kiso
3
mSm/cm

8,2
3,2
5,2
3,4

3,2
1,2
0,4
0,7

3.47
1.51
0.26
1.08

6
2,3
0,1
1,8

5,5

1,9

2.27

4

4,4
6,3

0,9
1,7

1.57
2.53

2,3
4

Obtained data analysis shows that electrical conductivity of membranes’ gel phase decreases
with replacing NaCl with ampholytes solution. In membranes mostly containing quaternary
ammonium groups (all investigated membranes except MA-40) electrical conductivity decreases
in row NaCl> NaHCO3> NaH2PO4> KHT. For MA-40 membrane, which mainly contains
secondary and tertiary amines, electrical conductivity decreases in row: NaCl >> KHT>
NaH2PO4> NaHCO3. The ratio of electrical conductivities of membrane’s gel phase in the form of
ampholyte ions (i) and Cl- form can be represented as:
κi
∑ z 2 D c ∑ zi2 Di ci
≈ 2 i i i ≈
(1)
κ Cl − zCl − DCl − cCl − DCl − QCl −
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Here, zi - counterion charge; Di - counterion diffusion coefficient in the gel phase; the product of
multiplication of the molar concentration of mobile counterions by their charge gives the
exchange capacity of gel phase: zi ci = Q (eq L–1). In case of ampholytes it should be kept in
mind that the gel phase can contain not only the singly charged anions present in solution, but
also double charged anions produced by hydrolysis reaction in the membrane because the pH of
the pore solution is higher than the pH of the equilibrium external solution. The latter is due to
Donnan exclusion of H+ ions as co-ions from the pore solution [4]. In order to evaluate the
degree of differences between membrane transport of the ampholyte’s counterion and the Cl– ion,
the value of κ i / κ Cl − is normalized to the ratio of the diffusion coefficients of the corresponding
counterions in the solution ( Di / DCl − ).The results of this data processing is presented in Table 2.
We used the following values of ratios of the chloride and ampholytes ion diffusion coefficients
in solution:
DCl −
DCl −
DCl −
= 2,01;
= 2,11;
= 1,71.
DHT −
DH PO −
DHCO−
2

4

3

κ D
Tabel 2: The value i Cl for some singly charged ions of ampholytes
κ Cl Di
−

−

κ HT DCl
κ Cl DHT
−

Membrane

−

FTAM-EDI
FTAM-E
MA-40
MA-41

0,77
0,74
0,15
0,41

Ralex AMH-PES
AMX
AX

−

κ H PO

−
4

2

−

κ Cl

−

DCl −
DH

−
2 PO4

κ HCO

−
3

κ Cl

−

DCl −
DHCO−
3

1,26
124
0,03
0,91

0,69

0,89
1,00
0,11
0,67
0,87

0,41
0,54

0,75
0,85

0,90
1,09

1,25

Analysis of the data shows that the transport ability of MA-40 membrane is markedly reduced
in the transition from acidic solutions ampholytes KHC4H4O6 (pH = 4,1), NaH2PO4 (pH = 4,4) to
an alkaline solution of NaHCO3 (pH = 8,4). This effect may be related to the interaction of
secondary and tertiary groups of the membrane with hydroxyl ions, which leads to blockage of
the fixed ionic groups. The result of this interaction should be a reduction in the effective
exchange capacity of the membrane.
In the case of membranes, which mainly contain quaternary amine groups, "deceleration" of
the ampholyte counterion compared with Cl– ion is reduced in the transition to a more alkaline
equilibrated solution. The reason for this reduction is an increasingly strong enrichment of the
pore solution with the corresponding doubly charged ampholyte counterions. This phenomenon
can be take into account using the microheterogeneous model, augmented by the equation of ionexchange equilibrium as well as equations of ampholyte hydrolysis reactions equilibrium in the
pore solution.
The study was realized within French-Russian laboratory “Ion-exchange membranes and
related processes”. We are grateful to CNRS, France, and to RFBR (grants 11-08-96511, 11-0893107, 12-08-93106), RFTP (contract 02.740.11.0861), Russia for financial support.
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Introduction
The interest to ion transfer and concentration polarisation in ion-exchange membrane systems,
especially at intensive currents, is now increasing. It is due, firstly, to attempts to optimise
electrodialysis (ED) of dilute solutions where its rate is low, and, secondly, to expending
research of nano- and microfluidic systems. In both cases there is a strong coupling between
charge and volume transfer [1, 2], and the details of mechanism of this phenomenon is of great
interest.
To attain a better understanding of these interfacial phenomena, both accurate experiment and
advanced mathematical modelling are needed. In this paper we present the results of
experimental and theoretical study of overlimiting ion transfer in an ED membrane system.
Theory
For modeling ion transfer under conditions of forced convection and electroconvection, a
coupled system of electrodiffusion equations with a convective term and the Navier-Stokes
equations are used, taking into account the body electric force (per unit volume). A desalination
channel formed by a cation exchange and an anion exchange membranes is considered.
Potentiostatic mode is considered. This mode is described by the condition:
RT c II RT c II
∆ϕtot = ∆ϕ DC −
ln
−
ln
− iRm+ s =const
(1)
F
ccm F
cam
meaning that the potential drop (PD) across a desalination compartment is constant (or a slow
function of time). ∆ϕtot consists of the PD within the desalination compartment ( ∆ϕ DC ), the
Donnan PD over both membranes (determined by the counterion concentrations at the membrane
surface, ccm and cam , as well as by the electrolyte concentration in the concentration
compartment, c II (assumed a known constant), and the ohmic resistance beyond the desalination
compartment.
At the conventional boundary of ion exchange membrane with the solution,
x = 0, y ∈[0, L], t ≥ 0 (anion exchange membrane), and x = h, y ∈[0, L], t ≥ 0 (cation exchange
membrane), we will use two type of conditions. The first one is the Dirichlet condition firstly
used by Rubinstein and Shtilman [3] where the counterion concentration is set:
c2 (0, y , t ) = cam , c1 ( h, y , t ) = ccm , “1”: cation, “2”: cation
(2)
The second type of boundary condition is that of Neumann:
∂c2
∂c1
(0, y , t ) = 0 ,
( h, y , t ) = 0
(2a)
∂x
∂x
Condition (14a) follows from the assumption of quasi-uniform distribution of the space charge
density (QCD) [4].
Besides, the co-ion flux through the membranes is assumed to be zero.
The velocity at the solution/membrane boundary is set zero (the no-slip condition):
Vx (0, y , t ) = 0, Vy (0, y , t ) = 0 , Vx ( H , y , t ) = 0, Vy ( H , y , t ) = 0
(3)
At the entrance of the channel, y = 0, x ∈[0, h], t ≥ 0 , the electrolyte concentration is given; the
velocity distribution hear is parabolic according to Poiseuille's law:
c1 ( x,0, t ) = c2 ( x,0, t ) = c0
(4)
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x x
(5)
Vy ( x,0, t ) = 6V0  1 − 
h h
At the exit of the channel, y = L, x ∈[0, h], t ≥ 0 , we use “soft” conditions on the concentration
and potential; the velocity distribution is again assumed parabolic:
∂ci
∂ϕ
( x, L, t ) = 0, i = 1,2,
( x, L, t ) = 0,
∂y
∂y
(6)
x x
Vx ( x, L, t ) = 0, Vy ( x, L, t ) = 6V0  1 − 
h h
Conditions (6) correspond to the solution of problem (1)-(5) under the local electroneutrality
assumption, where no current-induced convection occurs.
The initial conditions at t = 0 are consistent with the other boundary conditions
Vx ( x,0, t ) = 0,

Discussion
At underlimiting current densities, the novel model based on the Nernst-Planck-PoissonNavier-Stokes equations (NPP-NS model) gives the same results as the convective diffusion
(NP-NS) model developed earlier [5]. When considering a section normal to the fluid flow, it is
possible to compare the NPP-NS model with a 1D model, which uses the Nernst conception of
diffusion boundary layer (NPP model).
δN

δ2

δ3

C1s

b
a
Figure 1. Concentration profile calculated according to NPP-NS model at a current density
theor
close to ilim
. An anion-exchange membrane is on the left, and a cation-exchange membrane, on
the right
To compare the NPP-NS model with the NPP model, the concentration profile of cations was
calculated at the distance equal to 1.7 mm from the entrance (Fig. 1) at ∆ϕtot =0.6 V. The local
current density, according to the NPP-NS model, is slightly higher than the theoretical limiting
one and equal to i1.7mm .= 0.0969 А m–2. The thickness of the Nernst DBL, δN, found by the
intersection of tangents as shown in Fig. 1a is 153.3 µm. By applying the values of current
density and δN for the bulk concentration 0.056 mol m–3, we can find, by using the NPP model,
the minimum counterion concentration C1s=1.51×10–4 mol m–3, the thickness of the
quasiequilibrium zone of the space charge region (SCR), δ3 = 1.15 µm, and the thickness of the
electromigration zone of SCR, δ2 = 3.1 µm. As Fig. 1b shows, the found values match very well
the results of the numerical solution of the NPP-NS model. The PD in the depleted DBL of the
thickness 153 µm, according to the NPP model, is 513 mV.
theor
Fig. 2 shows experimental and calculated current-voltage curves. The ratio i / ilim
is presented
as a function of the “corrected” PD equal to the measured pd reduced by the ohmic pd. If the LEN
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theor
assumption is used (NP-NS model), the current density if limited by the ilim
value. The I-V
curve calculated according to the NPP-NS model qualitatively matches well experimental
exp
curves. The limiting current density, ilim
, determined by the point of tangents intersection does
theor
and depends on the membrane surface properties.
not coincide with ilim
CMX100

1,75

Nafion/CNT 100
CMX0

1,5

Nafion-117

1,25

i/ilimtheor

NPP-NS model

MK-40

1
NP-NS model

0,75
0,5
0,25
0
0

0,2

0,4

∆ϕ',
∆ϕ V

0,6

0,8

1

theor
as a function of the
Figure 2. Ratio i / ilim

“corrected” pd. Experimental data for different
cation-exchange membranes (heterogeneous
MK-40, homogeneous Nafion-117 and CMX,
Nafion-117 covered with carbon nanotubes
(CNT), and calculations according to NP-NS
model and to a model based on the NernstPlanck-Poisson and Navier-Stokes equations
(NPP-NS model). The subscript shows the
number of hours of membrane treatment at an
overlimiting current. A part of experimental
data is taken from [3, 4]

Fluid and electric current streamlines in a desalination channel formed by an anion- and a
cation-exchange membranes calculated according to NPP-NS model are shown in Figs. 2 and 3.
In all cases a 0.01 mol m–3 NaCl solution is considered as a feed solution. The channel length
and height are 2 and 0.5 mm, respectively. The forced flow average velocity is 0.1 mm s–1.

Figure 3. Velocity and electric current streamlines calculated according to NPP-NS model
theor
. Vortices arise at the cation-exchange membrane situated at the bottom
at i > ilim
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Introduction
In recent years substantial progress towards the creation of advanced electrochemical devices
has been achieved thanks to the use of perfluorinated membranes and based on them composites
increasing the aggregative stability of metal nanoparticles. The membranes act as templates for
the formation of nanoparticles. They have a developed system of pores, where the metal particles
are formed, whose size corresponds to the initial pore size membrane, that is a few nanometers.
Ionogenic centers in the matrix are the source of the ions required for reaction and a place to
drain products.
Experiments
The object of study of this paper was the silver-ion-exchange nanocomposite based on
perfluorinated cation exchange membranes – carbon black Ag0/MF-4SK/C. Prior to the synthesis
a homogeneous membrane (in isopropyl alcohol 7.0% solution) was mixed with carbon black
UM-76 and subjected to ultrasonic dispersion. The suspension in an amount of 0.02 ml was
applied to a graphite electrode and dried to the solvent dull removement. Chemical deposition of
silver in the membrane MF-4SK and composite MF-4SK/C consisted of ion-exchange saturation
followed by reduction, including an intermediate stage of silver chloride formation:

RSO3− Н + + Ag + ↔ RSO3− Ag + + H +

(1)

KСl
RSO 3− Ag + →
[RSO 3− K + ] ⋅ AgCl

(2)

N 2 H 4 ,+ ОН
[RSO3− K + ] ⋅ AgCl →
[RSO3− K + ] ⋅ Ag 0
(3)
0
Analysis of the microstructure of nanocomposite Ag /MF-4SK/C was performed using
transmission electron microscopy unit JEM-101 Jeol company at an accelerating voltage of 100
kV. Qualitative and quantitative analysis of the samples in the reduced form Ag0/MF-4SK/C and
ion Ag+/MF-4SK/C with different mass fraction of polymer (20% - 40%) was performed by
energy dispersive analysis unit JSM 6380LV (Japan) with the attachment INCA Energy - 250.
-

Results and Discussion
Transmission electron microscopy detected silver particles of chemically deposited in the
nanocomposite Ag0/MF-4SK/C size of 3 nm (Fig. 1). It was established that the silver particles
are formed in the pores of the membrane that limit their size [1].

25nm

Figure 1. Electron micrographs of the surface of the nanocomposite Ag0/MF-4SK/C
As a result of energy dispersive analysis of samples in the reduced Ag0/MF-4SK/C and ion
Ag+/MF-4SK/C form of silver (Fig. 2), we can conclude that with increasing of the mass fraction
MF-4SK, and hence the ionic groups, the silver content increases linearly.
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Figure 2. The dependence of the atomic fraction of silver embedded in the composite of the mass fraction
of MF-4SK in the nanocomposite Ag0/MF-4SK/C: 1 - Ag+ - form; 2 - Ag0-form
The electrochemical activity of the nanocomposite Ag0/MF-4SK/C was studied in the reaction
of molecular oxygen electroreduction. For membrane MF-4SK deposited on a graphite electrode
(Fig. 3a) decrease of the limiting current ilim compared with the C-electrode was found. This is due
to diffusion limitations in the film, and as a consequence, difficult course of the reaction of oxygen
on a carbon substrate. Some increase ilim in the nanocomposite Ag0/MF-4SK compared with MF4SK may be due to the increasing contribution of the four-electron reaction mechanism to
electroreduction of molecular oxygen, as a result of oxygen reaction on the dispersed particles of
silver (Fig. 3b). The introduction of carbon black into the membrane MF-4SK makes composite
MF-4SK/C electroconductive. The increase in current on the polarization curve in the MF-4SK/C
in comparison with the membrane MF-4SK is associated with an increase in the electronic
conductivity of the composite, and the occurrence of oxygen reduction reaction on carbon black
particles (Fig. 3c). Some increase ilim in the composite MF-4SK/C in comparison with bulk
graphite electrode may be due to the occurrence of reactions to the carbon black particles
dispersion (Fig. 3d). While the current growth in the nanocomposite Ag0/MF-4SK/C compared
with the composite MF-4SK/C (Fig. 3d) can be explained by the presence of silver nanoparticles,
which leads to an acceleration of the reaction of electroreduction of molecular oxygen by the
catalytic action of the particles, and well as the contribution of four-electron mechanism.

Figure 3. Polarization curves of electroreduction of molecular oxygen in 0.1 M H2SO4 solution
at the electrodes studied. The speed of rotation of the electrode ω = 600 rev/min
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The value of Tafel slope of 0.112-0.121V in high overpotential on composite electrodes
(Table 1) corresponds to delayed stage of the first electron addition to the oxygen molecule:
(4)
O 2 + e- → O-2
Reducing of the slope in the low overpotential (Table 1) is not associated with a the rate change
of the determining step, possibly due to adsorption OHads, as well as the formation of surface
oxides, which prevent oxygen adsorption [2-3].

Table 1: Tafel slope for studied at the electrode in 0.1 M H2SO4
Ag
0.112

C
0.135

МF-4SK
I 0.056
II 0.112

Lg[(i·ilim)/(ilim-i)]-E, V
0
Ag /МF-4SK
МF-4SК/С
I 0.059
I 0.056
II 0.113
II 0.117

0

Ag /МF-4SК/C
I 0.057
II 0.121

The linear dependence of the limiting current of oxygen electroreduction ilim vs the square root
of electrode rotation speed ω indicates that the process is limited by external diffusion (Fig. 4).

Figure 4. Dependence of limiting diffusion current ilim of molecular oxygen electroreduction vs
the square root of disk electrode rotation speed ω in 0.1 M H2SO4 solution for studied at the
electrode

Сonclusion
Chemical deposition of silver in ion-exchange matrix created a nanocomposite Ag0/MF-4SK/C
that allows to change the amount of deposited silver varying the concentration of ionic groups in
the membrane MF-4SK. The increase in current electroreduction of molecular oxygen on Ag0/MF4SK/C nanocomposite compared to the composite MF-4SK/C is due to the presence of silver
particles, leading to an acceleration of the reaction. The process of oxygen reduction is limited by
external diffusion of the oxidant.
The work is supported by the Russian Foundation for Basic Research (№ 10-08-00847, № 1108-00174_а).
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Silica flux [m g L-1 -cm -2 -sec -1 ]*10 5

Today, electrodialysis (ED) is considered as optional stage in the treatment chain of brackish
water reverse osmosis (BWRO) brines towards near-zero liquid discharge (ZLD), and, in
general, is used for increasing the recovery ratio of inland desalination processes to values over
95% [1, 2]. However, in the ED-ZLD approach, the concentrations involved in the concentrate
compartments of the ED stack are high (up to 12-15 wt% TDS) and may be saturated or
supersaturated with respect to some sparingly soluble salts such as calcium and barium sulfates
and silica. This may pose precipitation problems within the ED stack on the membranes, spacers,
inlets and outlets. Scales of sparingly soluble minerals have deleterious effects on the ED
performance, resulting in a significant, often irreversible increase of electrical and hydraulic
resistance of the stack and, consequently in a larger energy demand.
In this study we investigate the effect of different physico-chemical parameters on silica
transport across ion exchange membranes as well as the nucleation and crystal growth of calcium
sulfate on and inside ion-exchange membranes, as the two key scaling factors in the above
system.
Silica is present in significantly high concentrations (> 10 ppm) in many brackish water
sources. It may reach its solubility limits (80-100 ppm depending on the TDS) in the RO brines.
Depending on the ED electrochemical operational conditions, silica may either largely remain in
the ED diluate or transported through the ion exchange membranes to the ED concentrate. In the
former case some limitations may be imposed on the further use of the ED diluate while in the
latter, silica may precipitate within the ED stack or foul the ion exchange membranes, thus
impairing its efficacy.
Silica transport through anion exchange membranes was studied with respect to currentvoltage characteristics, type of membranes (homogeneous and heterogeneous), its concentration
and type of the electrolyte. It was concluded that the extent of water splitting at the interface is a
major factor dictating silica flux through anion exchange membranes. It was also found that
silica can diffuse through ion exchange membranes in its non-charged form. The effect of current
density and membrane type on silica flux is depicted in Figures 1.
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Figure 1. SiO2 fluxes through AMT, MA-40 and AMV membranes in the presence of sulfate and AMT
in the presence of chloride at ionic strength 0.015±0.002N, with initial silica concentration of 100 ppm
Calcium sulfate precipitation was studied in a Donnan exchange experimental setup as a first
step towards characterizing the conditions under which scaling occurs on or within ion exchange
membranes. In this setup an anion exchange membrane separates CaCl2 and Na2SO4 solutions
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while scaling occurs as 2Cl- ions are exchanged with SO42-. Figure 2 shows SEM photographs of
scaled homogeneous (AMV) and heterogeneous (MA-40) membranes. It is clearly seen that
CaSO4 scaling mostly occurs on the AMV outer surface (2A) while it is typically located within
the MA-40 membrane (2B), indicating a clear dependence of the precipitation sites and its nature
on the membrane structure.
Figure 3 shows the concentration change of scaled calcium as a function of time within the
MA-40 membrane. The amount of calcium found inside the membrane after 15 minutes (~0.2
mg/cm2) is similar to that found in a pristine membrane after equilibration in 0.5M CaCl2. This
indicates an insignificant CaSO4 precipitation in this time range. A significant increase in
calcium concentration is, however, observed after 30 minutes. This correlates well with a sulfate
flux decline observed after this time of operation. After one hour, calcium concentration reaches
practically a constant value (~0.5 mg/cm2). This is probably due to the lack of availability of
additional sites for crystal growth inside the membrane and from this point, on any precipitation
will occur on, rather than inside the membrane.

A

B

Figure 2. SEM images of CaSO4 scale on: A)
homogeneous AMV. Showing crystals on the
surface; B) heterogeneous MA-40 membranes.
Showing crystals protruding from a defect in the
membrane

Figure 3. Calcium concentration in scaled
MA-40 as a function of time operation; feed
solutions are 0.5M Na2SO4 and 0.5M CaCl2 in
each scaling experiment
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Introduction
Hydrogen-air fuel cells (FC) are an important component of hydrogen power engineering.
However, cost of the energy produced by low temperature fuel cells still remains rather high for
their commercialization. It’s due to the using of an expensive material - the platinum
electrocatalyst, which composes of platinum nanoparticles supported to highly dispersed carbon.
Platinum shows high catalytic activity and chemical stability. It is possible to obtain stable
nanoparticles of small size which possesses big surface area. Unfortunately an effective nonplatinum catalyst hasn’t been created yet. One of the ways to improve the electrocatalyst
efficiency and to reduce the cost of electrode material is preparation metallic nanoparticles with
special structure such as the “Pt-shell M-core” type. M-core could show positive effect on the Ptshell catalytic activity. Additional advantage of “Pt-shell M-core” nanoparticles in comparison
with Pt-alloy nanoparticles consist in core, protected by the shell from aggressive environment.
Usage of nanoparticles with “Pt-shell M-core” structure allows to avoid membrane pollution by M+
cations and its following destruction. The choice of silver as a core metal is dealt with a higher
thermodynamic stability in comparing with copper or nickel. It has a crystal lattice similar to
platinum (face-centered cubic) with close parameter of an elementary cell that is more suitable
for platinum monolayer growth on Ag-core surface. The aims of this investigation were
preparing Agx@Pt/C by “wet” synthesis, and studying microstructural characteristics and
morphological stability of Agx@Pt/C electrocatalysts in as-prepared and post-treated states.
Experiments
The primary and the secondary Agx@Pt/C materials were prepared, respectively, by
successive and simultaneous reduction of Ag+ and Pt (IV) in water-ethylene-glycol solutions of
their precursors at room temperature. Carbon black (Vulcan XC-72) was used as support for
nanoparticles. Then both types of materials were treated by perchloric acid at 90°C aiming to
remove uncovered Ag-core from the primary Agx@Pt/C and to form secondary Agx@Pt
nanoparticles. Microstructure and electrochemical active surface area (ECSA) of the
electrocatalysts were investigated. XRD, TEM, XPS, gravimetry, cyclic voltammetry and some
other methods were used for the characterization of prepared Ag-Pt/C materials.
Results and Discussion
Using described above technique we have prepared Agx@Pt/C (1≤x≤3) and Pt-Ag/C
nanoscale materials with metal loading from 15 to 53 % wt/wt. The average diameter of
crystallites was from 3 to 9 nm. ECSA was from 15 to 100 m2/g(Pt). XRD patterns of prepeared
catalysts show the presence of mixture of silver and Pt-Ag alloy nanoparticles (Fig. 1). After
materials treatment in the boiling HClO4, silver was partly washed out of the materials, the
surface of nanoparticles was enriched with platinum. It was observed that silver dissolution was
less characterized for the primary Agx@Pt/C materials in comparing with AgxPt/C alloy
catalysts. Besides, after the treatment the average grain size of Pt-Ag/C increased. Fig. 2 shows a
decrease in the amount of silver after the treatment of materials in boiling acid. This suggests
that the silver nanoparticles and partly silver from core was dissolved and washed out. Note,
these changes were observed at the initial stage of the aggressive environment impact.
Peaks of Ag dissolution (~ 430 mV) and Ag+ reduction (~350 mV) were observed on cyclic
voltammogram for as-prepared PtAg/C catalysts (Fig.3). Cyclic voltammograms for Ag@Pt/C
and Ag3@Pt/C materials hadn’t such peaks and were similar to Pt/C curves.
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Figure 1. ХRD patterns of Pt-Ag/C electrocatalysts

Figure 2. ХRD patterns of Pt-Ag/C electrocatalysts before and after (HClO4) acid treatment

Figure 3. Cyclic voltammograms of Pt-Ag/C electrocatalysts in 1М H2SO4. Potential rate 40 mV/s.
Ar atmosphere
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Formation of nanoparticles with “core-shell” structure was indirectly confirmed by XPS and
XANES data.
We have concluded the acid treatment was a necessary stage of Pt-Ag/C catalysts preparation
because it allowed to form “core-shell” structure and prevented membrane pollution.

This work was supported by Russian Foundation for Basic Research, projects nos. 10-0300474a and 11-08-00499a.
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Introduction
At the present time polymer ion-exchange membranes are used in separation processes of the
mineral fertilizers production (in particular, the ammonium nitrate production) and in alternative
technologies when putting galvanic coatings (ammine electrolytes). This makes it necessary to
study properties of ion-exchange membranes in the solutions containing ammonium salts. It is
known [1] that the ammonium ion is formed by the interaction between a pair of electrons of the
nitrogen atom and fourth proton in the ammonia molecule generating coordination bond. It is also
known that this ion has a number of behavior features in water solutions, such as: negative values
of hydration [2] and peculiar hydrolysis mechanism having an ammonium hydrate as a result [1].
The purpose of this paper is to investigate the influence of ammonium salts on a number of
properties of polymer ion-exchange membrane, such as: water contents, electro conductivity and
limiting current of the current voltage curve. Heterogeneous membranes domestically produced
were investigated: the cation exchange MC-40 membrane and the anion exchange MA-40 and
MA-41 ones. MC-40 contains the SO3- fixed groups, MA-40 has generally secondary and tertiary
amino groups and MA-41 holds basically quaternary ammonia hydroxides.
Experiments
Maximum of the water content was estimated by means of gravimetric analysis, contents of free
and bound water were determined with the differential scanning calorimetry (DSC-60, Shimadzu
corporation). The resistant values were measured by means of the Z-2000 Impedancemeter. The
current and voltage ones to draw current-voltage curves were taken in the four-chamber cell having
platinum electrodes. The voltage drop values on the membrane after investigation were measured
by means of two chlorine-silver electrodes those were contacting with the membrane through the
Luggin’s capillaries closely brought.
Results and Discussion
The MC-40 membrane that has been equilibrated with the sodium chloride and sodium and
ammonium nitrate solutions has practically equal common water content. The count of water
molecules on one fixed group is almost equal for all of the solutions and it is in the 6.5– 7 interval.
If we accept that the hydration number of sulfonate group is 2 [3], then the count of the water
molecules connected with a simple alkali counterion is in the 4 – 5.5 interval that is coordinated
with the data [ 4] for singly-charged cation in the water solutions.
The MA-40 membrane has its common water content decreased in the ammonium nitrate
solutions. It should be noted that the share of free water even a bit increased, but the bound water
content and the count of molecules on one fixed group decreased sharply. It could be explained by
existing of the ammonium ion at low concentrations in the form of neutral-charged particles of
ammonia hydrate [1], those when getting in the membrane deprotonate its secondary and tertiary
fixed amino groups [5].
Deprotonated groups having no charge do not interact with counterions and lose hydration
water. The ammonium cations those are formed by the deprotonating of fixed groups leave the gel
phase by the Donnan effect, but they could exist in the inter-gel one and also in meso- and macropores. This cations have the negative values of hydration and could randomize water structure, that
increases the count of free molecules. The decreasing in the hydration of ion pairs in the MA-41
membrane that have been equilibrated with the sodium chloride solution can be associated with
existing of secondary and tertiary amino groups in the membrane phase (until 20% [6]) and with
their deprotonation.
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Table 1: Hydration properties of the membranes
Membrane
type

МC-40
МА-40
MA-41

Solution type,
concentration
0,2 М
NaCl
NH4NO3
NaCl
NH4NO3
NaCl
NH4NO3

Water
content, %

Free water
mass,
g/g. dry
membrane

Free water
percentage,
%

53,59
57,12
64,18
61,04
41,86
31,77

1,84
1,89
1,94
2,32
1,11
0,92

28,78
32,11
28,89
30,17
18,81
14,88

Bound
water
mass,
g/g. dry
membrane
1,59
1,48
2,36
2,38
1,36
1,05

Bound
water
percentage,
%
24,81
25,01
35,29
30,87
23,05
16,89

The electro conductivity values of the MC-40 membrane are much larger in the ammonium salt
solutions than the ones in the sodium chloride solutions due to the presence of protons those are
formed by hydrolysis (ph of the NH4NO3 solutions is ca. 4.8– 5.5) and due to large mobility of the
ammonium ions (
,
).
The MC-40 and MA-41 membranes have the same styrenedivinilbenzene matrix and the similar
ion-exchange capacity values: 1.54 and 1.44 respectively. In addition, the functional groups of
these membranes are strong acid (MC-40) and strong-basic (MA-41), so they are completely
dissociated in any conditions. Therefore, the electro conductivity values of the MC-40 and MA-41
membranes are larger than those of the MA-40 one.
In the sodium chloride and ammonium nitrate solutions the electro conductivity values of the
membranes under investigation decreases as follows:
æМC-40 > æМА-41 > æМА-40.
In the ammonium nitrate solutions, however, the MA-40 membrane electro conductivity value
decreases by near 10 times. It could be supposed that due to the following deprotonation reaction:
=NH+ + NH3·H2O = NH4+ + H2O + =N
the ammonium ion has formed leaves the anion exchange membrane, consequently the counts of
active fixed groups and mobile counterions decreases.
An infrared spectroscopy method was used to confirm the interaction between the MA-40
membrane fixed groups and particles containing in the solution. The MC-40 membrane IR
spectra those were obtained by means of Infralum FT-801 have only four peaks in the sodium
chloride solutions. According to [7], the =NH··Cl и ≡N·Cl bonds do not appear in the 4000 – 400
cm-1 interval. A new peak in the oscillation area of secondary amino groups (1660 – 1610 cm-1)
was appeared in the ammonium nitrate solution in the MA-40 membrane IR spectrum. Also there
was a peak in 1034.63 cm-1, that can be applied to the deformation oscillation of the OH- - ions,
those are linked to the carbon atoms and amino groups of the resin. This indicates the change in
the conditions of secondary and tertiary amino groups in the membrane.
The courses of the current-voltage curves of the membrane under investigation correlate to
their electro conductivity values.
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Introduction
Recently, we described the development of a novel potentiometric sensor (PD-sensor), which
measures the Donnan potential at an ion-exchange membrane/ electrolyte test solution interface
[1-4]. The Donnan potential is the Galvani potential between two points outside the external
interfaces of double electrical layers at the membrane/ test solution interface. Consequently, it is
impossible to directly measure the Donnan potential; however, it is possible to estimate its value.
Similarly, we determine the Donnan potential by measuring the EMF of the electrochemical
circuit, but it is measured from the potential jump at the individual membrane/ test solution
interface. The use of the membrane potential equilibrium constant as an analytical signal, which
is the Donnan potential at the membrane/ test solution interface, allows us to eliminate issues
related to migration and diffusion in ionophore-based potentiometric sensors. This process
ultimately increases the accuracy, stability and sensitivity of organic and inorganic ion
measurements.
Experiments
The aqueous solutions of glycine (Gly), α-, β-alanine (α-, β-Ala), leucine (Leu), nicotinic acid
(Niacin), pyridoxine hydrochloride (PyridoxinHCl), thiamine chloride (ThiaminCl) with рН
ranged from 1.0-7.0 were investigated. The aqueous solutions of Gly, cysteine (Cys) with рН
ranged from 7.0-14 were investigated.
The MF-4SC membranes in mixed type were used to increase the selectivity of PD-sensor to
cations and zwitterions of amino acids and vitamins in the presence of Н3О+ ions in acid aqueous
solutions. The samples of membranes in mixed type were obtained by two procedures. In the
first procedure the membranes were treated in solutions of amino acids and vitamins at boiling
temperature of solution. In the second procedure the membranes were treated by keeping in
ethylene glycol (EG) at glass transition temperature of membrane (110оС) and than in solutions
of amino acids and vitamins respectively at boiling temperature of solution.
The MF-4SC membranes with gradient ZrO2 distribution were used to find of sensitivity of
PD-sensor to organic anions in alkali solutions. The samples of membranes with 3.5, 4, 4.5, 5
wt.% of ZrO2 were investigated. The samples of modified membranes were given by cand.ch.sc.
Ekaterina Yu. Safronova and corresponding member RAS, dr.ch.sc., prof. Andrey B.
Yaroslavtsev (Kurnakov Institute of general and inorganic chemistry of RAS, Moscow, Russia).
The sensor array included PD-sensor, pH-selective electrode (pH-SE) and a silver
chloride/silver reference electrode. Moreover, a set of ion-selective electrodes (ISEs) can be
included in the sensor array as it was presented in [3, 4]. The potentials of PD-sensor and pH-SE
were measured by the reference electrode using a high resistance electronic voltmeter. The
responses from the PD-sensor were registered after 5-7 min, which was the time it took to reach
a quasi-equilibrium state [1, 2].
The PD-sensor [1, 2] included two plastic encasements. There was Ag/AgCl electrode in
upper encasement (volume is 5 cm3). There was MF-4SC membrane in lower encasement
(volume is 0.5 cm3). The tip of MF-4SC membrane was in upper encasement. Another tip of
MF-4SC membrane projected from upper encasement and was immersed in the test solution. The
upper encasement was filled by the reference solution. Depending on the ionic type of the
membrane, 1 M solutions of HCl or KCl were used as reference solutions. The lower encasement
in work was empty and prevented the MF-4SC membrane from drying.
The multivariate regression methods were used for calibration of sensors in multiionic
solutions. The coefficients of multivariate calibration equations were determined by the method
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of least squares with nonorthogonal experimental design. The calibration coefficients were
compared with determination errors for checking the significance. The spread of the calculated
and experimental values of sensor responses was compared with the spread of the results of
duplicated experiments for checking the adequacy of calibration equations [5].

Results and Discussion
In aqueous solutions of vitamins and pharmaceuticals the concentrations of the organic ionic
forms of electrolyte and aqueous dissociation products are correlated. The protolytic and ionexchange reactions at the interfaces of ion-exchange membranes and test solutions are potential
determinating for the PD-sensors. Multiionic composition of the test solutions determines
response from the cross-sensitive PD-sensor. Quantitative determination of vitamins and
pharmaceuticals in aqueous solutions is difficult due to correlation of components
concentrations.
The influence of ion-molecular composition of the MF-4CK membrane on the characteristics
of PD-sensors in acid aqueous solutions of Gly, α-, β-Ala, Leu, Niacin, PyridoxinHCl,
ThiaminCl were investigated. It was shown that several factors influence on the value of Donnan
potential on the interface membrane MF-4SK/ aqueous solution of amino acid and vitamins.
Firstly, it is the differences in the hydration ability, differences of solubility and differences of
size of the ions of amino acids and vitamins. Secondly, it is differences in the potential
determinating reactions on the interface membrane MF-4SK/ test solution.
The influence of ion-molecular composition of the MF-4CK membrane on the characteristics
of PD-sensors in alkali solutions of Gly, Cys were investigated. The use of membrane with
gradient ZrO2 distribution for PD-sensor organization leads to significant contribution of anions
into analytical signal of sensor in contrast to unmodified samples. Sensitivity of PD-sensor to
counter-ions varies nonmonotonically with increasing concentrations of ZrO2. Sensitivity of PDsensor to co-ions increases with increasing concentrations of ZrO2. The difference in
electrochemical behaviour of unmodified and modified with ZrO2 MF-4SC, samples depends on
next factors. Firstly, concentration of dissociated cation-exchange fixed groups of membrane (SO3H) decreases after ZrO2 incorporation due to reduce of free volume of pores and channels.
Secondly, ZrO2 particles in modified membranes give evidence of both cation- and anionexchange properties [6]. So co-ions concentration near modified MF-4SC/ test solution of
electrolyte interface increases in comparison with initial membranes. This allows to increase
sensitivity of gradient modified MF-4SC -based PD-sensors to co-ions in aqueous solutions.
Acknowledgements
This work was financially supported by the RFBR (projects 12-08-00743-а), «P.Y.S.I.C.»:
Fund of assistance to development of small forms of the enterprises in scientific and technical
sphere (research projects 9591р/14212, 01.08.2011).
1.
2.
3.
4.
5.
6.

References
Bobreshova O.V., Parshina A.V., Agupova M.V., Timofeev S.V. RF Patent 2376591, 2009,
Byull. izobret., 2009, no. 35, 6 p.
Bobreshova O.V., Agupova M.V., Parshina A.V., Polumestnaya K.A. // Russian J. of
Electrochem. 2010. V.46. P.1252-1262.
Bobreshova O.V., Parshina A.V., Ryzhkova E.A. // Russian J. of Anal. Chem. 2010. V.65. P.
866–872.
Bobreshova O.V., Parshina A.V., Polumestnaya K.A., Timofeev S.V. // Petroleum
Chemistry. 2011. V. 51. P. 496-505.
Vershinin V.I., Pertsev N.V. Experimental Design and Mathematical Data Processing in
Chemistry: A Tutorial (Omsk. Gos. Univ., Omsk, 2005) [in Russian].
Voropaeva E.Yu., Stenina I.A., Yaroslavtsev A.B. // Zhurnal neorganicheskoi khimii. 2008.
V. 53. P. 1677. (Russ. J. Inorg. Chem., 2008, 53, 1797).

161

INTERACTION OF A CHARGED PARTICLE AND A PORE IN AN
IONEXCHANGE MEMBRANE: CASE OF KNOWN SURFACE CHARGE
DENSITIES
1
1

Tamara Philippova, 2Anatoly Filippov, 2Vasily Kalinin

Moscow State University of Food Production, Moscow, Russia, E-mail: filippova.tam@yandex.ru
Gubkin Russian State University of Oil and Gas, Moscow, Russia,
E-mails: a.filippov@mtu-net.ru, vm@gubkin.ru

2

Introduction
The surface interactions of charged particles from solution (large complexes of ions due to
dissociation of polyelectrolytes, for instance) or from suspension (colloid particles) with charged
membranes definitely affect the major characteristics of a membrane system, namely,
productivity, perm-selectivity, permeability, pore blocking, charged cake formation etc. The
problem concerning determination of equilibrium position of the particle entering a pore of
hydrophilic or hydrophobic charged membrane (fig.1) in an electrolyte solution was investigated
earlier [1, 2] under given electric potentials of the membrane and particle surfaces (zetapotentials) and taking into account hydrodynamic force acting on the particle. The present work
considers the problem of evaluation of the interaction energy and force when densities of electric
charges of the interacting surfaces are chosen and constant. Under design and calculation of
electrodialysis apparatus, the surface charge densities of ion-exchange membranes are often
known instead of zeta-potentials.
Theory
It is assumed, that the space of interaction (a pore and neighboring region) is filled by an
electrolyte solution, and densities of electrical charges of the particle surface and the membrane
surface are constant and given.

Figure 1. The scheme of interaction between a spherical particle and a membrane pore: a –
radius of the particle, b – radius of rounding at the pore entrance, r0 - radius of the pore, R –
radius of “influence” of the pore, I,II и III – main regions of interaction.
In accordance with the DLVO theory, the surface interactions between a charged particle
and a membrane surface include two different forces: (a) electrostatic repulsion due to
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overlapping electric double layers of the particle and the membrane pore surface; (b) van-derWaals molecular attraction. Using Deryaguin’s approach under supposition of low electric
potentials, eψ / kT < 1 , the interaction energy and force between curved and charged surfaces of
the particle and the membrane pore were calculated as the function of minimal distance h0
between them. Corresponding formulas consist of electrostatic and molecular components:

U σ ( h0 ) ≡ U e ( h0 ) + U m ( h0 ) =
=−

4π 2
gε 0ε rκ 2

F σ ( h0 ) ≡ −

((σ

)

p + σ m ) ln (1 − exp ( −κ h0 ) ) + (σ p − σ m ) ln (1 + exp ( −κ h0 ) ) −
2

2

A
6 gh0

dU ( h0 ) 8π 2 1  2σ pσ m exp (κ h0 ) + (σ p2 + σ m2 ) 
A
=

 −
2
dh0
g κε rε 0 
exp ( 2κ h0 ) − 1
 6 gh0

(1)

(2)

where σ p , σ m - surfacial densities of charges of the particle and the membrane; κ - reverse
Debye length; ε0 – permittivity of vacuum and εr – relative dielectric constant of the liquid
medium; A – Hamaker constant (if A>0, then we have molecular attraction, otherwise (A<0) –
molecular repulsion); g – steric factor, which depends fully on the interacting surfaces geometry,
and was calculated earlier inside the main regions [1] (fig.1): g1 = 1 (spherical particle
a
interacts with the plane z = 0 ), g 2 =

( 1 a + 1 b )  1 a − 1 r + b  (spherical particle interacts with
0

closed torroidal surface at the pore entrance), g3 =

1  1 − 1  (spherical particle interacts
a a
r0 

with the inner surface of the cylindrical cavity).
We should note that under location of the particle in the Region I, the minimal distance
between interacting surfaces is equal to h0 = z − a , where z is the axial coordinate of the particle
center, which has an origin at the pore center on the plane z = 0 (Fig.1). If the particle is located
inside Regions II or III, then, in order to account for the closure of the surfaces, we need to take
into consideration the second minimal distance h0/ , which is symmetrical to the main minimal
distance h0 [1], that is,
U i = U i ( h0 ) + U i ( h0/ ) ,
So

h0/ =

we

can

calculate

( a + r0 + r )

2

for

(i = 2, 3).
the

Region

(3)
II,

that

h0 =

( a + r0 − r )

2

+ (b + z ) − b − a ,
2

+ ( b + z ) − b − a , and for Region III, that h0 = r0 − a − r , h0/ = r0 − a − r ,
2

where r is the radial coordinate of the particle center in cylindrical coordinate system.
Under the same signs of the charge densities it follows from the formula (2) for the
interaction force that there is such a value of intersurfacial distance h0, at which the force is equal
to zero (in the case of molecular attraction, of course). It means the existence of potential barrier
under approaching the particle to the membrane surface. It is necessary to mention that
analogous barrier is initiated in the case of given zeta-potentials [1, 2]. Fig.2 schematically
illustrates the profile of the interaction energy (1) for the more probable position of the particle
center at the axis of symmetry of the pore, r = 0 . Our analysis shows that the potential barrier
can be shifted into the bulk solution (the shift is larger when radius b of rounding at the pore
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entrance is smaller). It allows removing the particles from the vicinity of the membrane pore
surface by applied tangential liquid flow and therefore increasing the system productivity.
Uσ

U2max

U3

-b

0

z

U2min

Figure 2. Characteristic profile of the interaction energy between a charged particle which is
centerline located and a charged pore with equal charge densities
Conclusion
Hence the model suggested here allows us qualitatively imagine and quantitatively evaluate
the picture of interaction between a charged particle and a cylindrical membrane pore taking into
account the influence of intermolecular forces. We derived the boundaries for physicochemical
parameters under which the potential barrier exists. The model can be further expanded taking
into consideration fluid hydrodynamics near hydrophilic or hydrophobic surfaces and inequality
of the surface charge densities.
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Introduction
This work is aimed at better understanding of the relationship between the ion-exchange
membrane properties and current-induced convection occurring as electroosmosis of the first or
second kind [1-3] (electroconvection) in conditions where this phenomenon controls the
enhancement of the salt ion transfer in electrodialysis of dilute solutions.
Experiment
Several ion-exchange membranes with different morphologies and different degrees of the
surface hydrophobicity are studied. The idea is to modify the surface of a homogeneous (Nafion117, CMX) and a heterogeneous (MK-40) cation-exchange membrane with sulfonic fixed groups
in several ways, in order to decrease its hydrophobicity (by mechanical removal of surface
hydrophobic layer) or to increase it (by coating the surface with a Nafion film containing or not
carbon materials of a high hydrophobicity as well as treating of CMX membrane under intensive
current modes), and to see how these modifications affect the overlimiting transfer. In the case of
anion-exchange membranes MA-40 water splitting rate was reduced by replacement of
secondary and tertiary amine fixed groups into quaternary amines. Commercial Nafion-117,
CMX, MK-40, MA-40 membranes were used for comparison.
Electrochemical and mass transfer characteristics of the studied membranes were obtained in a
flow-through electrochemical cell. Specially selected geometric parameters of the cell and the
laminar hydrodynamic regime of solutions pumping allow the use of convection-diffusion model
to determine the theoretical value of the limiting current, which can be achieved in the absence
of coupled effects of concentration polarization. Using the modified Kharkats equation makes it
possible to determine contributions to overlimiting mass transfer of water splitting products and
the exaltation effect as well as that of the salt counterion flux, enhanced by electroconvection.
Visualizations of membrane surface and cross-sections were performed using scanning electron
microscopy. The contact angles on the surface of membrane in swollen state (pre-equilibrated
with a NaCl solution) were measured by the sessile drop method [4,5]. Concentration
dependences of specific electrical conductivity as well as diffusion permeability of the
membranes were determined correspondingly by differential method using clip-cell [6] and
partial method using flow pass cell [4].
Results and Discussion
Specific electrical conductivity and diffusion permeability of the membranes do not play a key
role in development of electroconvection which enhance overlimiting transport of salt
counterions in overlimiting electrodialysis of dilute solutions.
There is a significant correlation between the degree of the surface hydrophobicity and the
limiting as well as the overlimiting transfer of salt counterions for membranes with a similar
surface morphology (Fig. 1a). The higher the surface hydrophobicity, the more intense the
transfer caused by electroconvection (Fig.2a). The reason is in facilitation of the slip of
electroconvective vortexes along the interface [3,4].
The appearance of micrometer-scale cavities (characteristic size is of 1 micron) on the
sufficiently highly hydrophobic ion-exchange surface (CMX membrane) enhances
electroconvection and overlimiting mass transfer (Fig.2b,c). The effect increases with increasing
fraction of the surface occupied by the cavities (Fig. 1b). The reason is the generation of the
tangential electric force applied to the extended space charge region at cavity’s wall (Fig. 3).
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Figure 1. Experimental limiting current density divided by the theoretical limiting current
density vs the membrane surface contact angle, Θ (a) and the fraction of surface occupied by the
micrometer-scale cavities, Sc, at a fixed contact angle (b); t is the time of membrane operation
under current
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This force contributes to the generation of electroconvective paired vortices that drive the
fluid inside the cavity and over the adjacent smooth surface [4].
Suppression of water splitting at the membrane/solution interface promotes the development of
electroconvection; enhancement of water splitting reduces this effect and its influence on
overlimiting salt ion transfer (Fig.4). The reason is in reducing concentration polarization
(resulting in a decrease of the space charge density) by water splitting products, and the
tunneling (Grotthuss) mechanism of H+ and OH- ion transfer, which does not involve fluid into
the movement [1,3].

Figure 3. Possible mechanism of occurring paired electroconvective vortices on the surface of
ion-exchange membrane under an electric current directed normally to the membrane surface.
Streamlines and electric current lines are shown schematically
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Figure 4. Concentration dependence of Na+ mass transfer coefficients (a) and effective transport
number of protons (b) across MK-40 and MK-40/Nf cation-exchange membranes as well as Clmass transfer coefficients (a) and effective transport number of hydroxyl ions (b) across MA-40
and MA-40M anion- exchange membranes forming desalination channels, DC( desalination
length L=10 cm), under potential drops per cell pair 4.0 V (b). The limiting mass transfer
coefficient for the DC without spacer, klimtheor, is calculated using convective-diffusion model; the
limiting mass transfer coefficient for DC with spacer, klim s, is evaluated from experimental
current voltage curves and pH of desalinated solution
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Introduction
Contemporary intensive development of vacuum nanoelectronics is defined by progress in
technologies of field emission nanostructures, such as traditional lithographic methods,
nanowires on the anodized oxide of aluminum, and matrixes of vertical carbon nanotubes [1].
Field emission nanostructures obtained by a metallization method of track-etched membranes is
a one of these essentially various technologies. Existence of sealing contact of metal with a
polymeric matrix is a distinctive feature of such nanostructures, i.e. processes of internal field
emission of electrons into dielectric in similar objects can be observed.
Experiments
Current-voltage characteristics and electrical breakdown of the metal-coated track membranes
with part-through conic pores were investigated.
The 10 microns thickness polyethyleneterephthalate film was irradiated by high energy ions of
Ar and was etched by the water-alcohol alkali solutions for obtaining of part-through conical
pores. One of surfaces of such film with part-through conic pores was covered a silver layer by
method of a vacuum thermal deposition and then a copper layer by method of electrochemical
deposition for strengthening of metal contact [2, 3]. The sample of a polymeric film with partthrough conical pores and the metal structure replicating a form of conical pores are represented
on Figure 1a. Figure 1,b demonstrates the micrograph of metal replica after a full etching of a
polymeric matrix.

a)
b)
Figure 1. The Schematic Sketch of a Sample of Studied Structure (1 - metal covering; 2–
polymeric film) and the Micrograph of Structure of the Metal Replica, TESLA-BS 340.
Magnification 10000
The flexible sample holder (6 mm diameter) for measurement of voltage-current characteristic
was made. This sample holder provides the uniform clip between flat contacts of the specified
structures.
The current-voltage characteristic of a polymeric film with the metallized part-through conical
pores has two characteristic parts (Figure 2): an initial straight line corresponding to the law of
Ohm and approximately exponential increase of a current to the point of electric breakdown in
the region of the last measured point. As a result of breakdown the current value increased to 10100 times more, and at the same time the voltage value keeps1-2 volts that there corresponds to
the resistance reduction to 1000 and more times.
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Figure 2. Current-voltage characteristic of a polymeric film with the metallized part-through
conical pores. Curves 1, 2, 3 - three subsequently measurements
It should be noted that rather often electric breakdown wasn't irreversible, i.e. after switchingoff of the power supply and repeated giving of voltage on a sample the characteristic type of
current-voltage dependence was restored. Figure 2 shows three subsequently measurements
(curves 1, 2, 3). In this case, irreversible change of a film resistance took place only after the
third breakdown. It is obvious that film resistance and voltage value of the subsequent
breakdown decreases after each breakdown.
Slow increase of a current at constant voltage (Figure 3) was other effect in nonlinear area of
the current-voltage characteristic. Characteristic times of access to the plateau of a current varied
from ten to hundred seconds for various samples.

Figure 3. Dependence of the Current Sample from Ttime in the Metallized Polymeric Film
with the Conic Pores (at the Constant Voltage). Curves 1, 2 - Corresponding to 73 and 92 Volt
Results and Discussion
Processes of passing of electric current through the metallized track membranes corresponds
to ohmic linear and power dependence of a current on voltage. But at this point current-voltage
characteristic is lacking in S-shaped plot of the features to process for traditional dielectrics.
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Before main breakdown, there are observed many partial breakdowns on the mechanism of
ionization by collision in the destructed polymer in separate nanochannels over the metal conic.
For the studied samples it is possible to note large quantity of "reversible" breakdowns unlike
traditional irreversible breakdown of dielectric.
Probably value of breakdown voltage and intensive growth of the current-voltage
characteristic are defined by curvature radius of emitting elements, so the less of a curvature
radius, the lower voltage of breakdown. In this connection, the measurement of electric
properties is possible to consider as a simple and quick way of obtaining quality information for
solution of technological problems of manufacturing of field emission nanostructures on the
basis of the metallized track membrane.
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DYNAMICS OF OXYGEN REDOX SORPTION BY METAL (AG, CU, BI) – ION
EXCHANGER NANOCOMPOSITES
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Voronezh State University, Voronezh, Russia, E-mail: krav280937@yandex.ru

Introduction
Redox sorption (sorption accompanied by oxidation-reduction reaction) is the basis for
dissolved oxygen removal from water by sorption-chemical method. The mathematical
description of the macrokinetics of the process is given previously [1]. In this paper the
dynamics of the process for deep removal of dissolved oxygen is studied.
Experiments
The metal-containing nanocomposites based on sulfonic cation-exchange matrix KU-23 are
investigated. Figure 1 shows obtained experimentally dynamic elution curves of oxygen redox
sorption by metal (Ag, Cu, Bi)– ion exchanger KU-23 nanocomposites. As can be seen oxygen is
sorbed by copper-containing nanocomposite more completely. The obtained results provide a
basis for a theoretical analysis of the parameters of the water deoxygenation dynamics by copper–
ion exchanger nanocomposite.

Figure 1. Dynamic elution curves of the dissolved oxygen redox sorption by the granular
layer of the nanocomposites: silver- (1 – synthesis (NH2)2CSO2, 2 – synthesis N2H4), bismuth- (3
– synthesis Na2S2O4) and copper-containing nanocomposites (4 – synthesis Na2S2O4) in the H+ionic form. с0 and с – inlet/outlet oxygen concentration to/out of the granular layer, respectively,
metal capacity ε Me0 = 0.9-1.0 mmol-eqv/cm3, height of the granular layer l=0.12 m, section S=1
cm2, water flow rate u=4.8 m/h, c0 = 0.26 mmol/l (8.3 mg/l)
Results and Discussion
The problem formulation of the oxygen redox sorption dynamics is made. Here is a scheme of
the process proceeding between copper nanoparticles and oxygen in the ion-exchange matrix in
the H-form:
−e
−e
Cu 0 
→ Cu + 
→ Cu 2+
(1)
1
O 2 + 2H + + 2e → H 2 O
2

(2)

We consider that oxygen transfer along the nanocomposite granular layer y with height l is
described by equation:
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(1 − χ )
Here, j (t , y ) |R = R0 = − D

∂c
∂R

∂c
∂c 3
+u
=
χ j ( t , y )R = R0
∂t
∂y R0

(3)

, j(t, у) is the oxygen flow, which is estimated on the basis of
R = R0

kinetic model [1], in the grain with radius R0, D is oxygen internal diffusion coefficient through
the nanocomposite pores, χ is the volume part of the column occupied by the nanocomposite
granulars, u is the flow rate of the water containing dissolved oxygen with the concentration с(t,
y).
We introduce the dimensionless coordinates defined by the relations:
c = c0 ⋅ c ; t = T ⋅ t ; R = R0 ⋅ R ; y = l ⋅ y ,
(4)
where c0 , T, R0 and l are the typical scales of the relevant variables; T =

l
.
u

By substituting (4) in (3) and introducing the notations

A=

χ 3lD
1
⋅
, B=−
,
1 − χ uR02
1− χ

(5)

we obtain the following dimensionless equation

∂c
∂c
∂c
+A
=B
∂t
∂y
∂R
and unambiguity conditions

(6)
R =1

t ≥ 0 ; y = 0 ; c = 1.

(7)
The values of the derivative can be found by solving a problem of the kinetics [1] after
matching the time scales:

R02
l
tdyn ⋅ = tkin ⋅ ,
u
D
uR02
tdyn = tkin ⋅
.
Dl

(8)
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Figure 2. Before breakthrough segment of the elution curves of water deoxygenated by granular
layer of nanocomposite Cu0·КУ-23 in Н+- ionic form at different water flow rates u, м/ч: 1 - 35,
2 - 30, 3 - 25, 4 - 20, 5 - 15, 6 - 10. The calculation is done before reaching oxygen threshold
level outlet of granular layer (10 ppb, curves 1-5) or before 1200 min of water passing (curve 6)
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The calculation results of water deoxygenation dynamics in a flow system are illustrated in
figure 2. The calculation is done for nanocomposite Cu0·КУ-23 (H+) with single metal settling,
i.e. with an equivalent content of copper particles and hydrogen counter-ions. The dynamic
elution curves of oxygen for different water flow rates are given. As can be seen from figure 2
time of oxygen breakthrough into filtrate and volume of water deoxygenate to 10 ppb are related
naturally with the water flow rate.
The theoretical description above is useful for the calculations at any parameters of the
process without having to long and labor-intensive experiments.
This work is supported by the RFBR (Rus. Fund of Basic Research, grant № 11-08-00174_а)
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Introduction
Previously we have developed the method of polystyrene (PSt) implantation into
polyvinyliden fluoride (PVDF) films by thermal polymerization of styrene without radiation
treatment and without using of any special chemical initiators [1]. The subsequent sulfonation of
implanted PSt by the conventional methods gives the opportunity to produce the ion exchanging
membranes with good transport and physic-chemical properties. AFM and ESM investigations
of the produced membranes allowed studying the distribution of PVDF and PSt phases on the
membrane surface [2]. It was estimated that the dimensions of the surface areas with the reduced
hardness are in the range of 10 – 500 nm. It was also shown that these areas have increased
through conductivity.
The purpose of this work is to investigate the kinetics of the PSt-implantation in PVDF films
from styrene-toluene-divinylbenzol solution, to measure the base transport properties of the
produced membranes, and to perform comparative testing of these membranes and Nafion-115 in
hydrogen-air and methanol-air fuel cells.
Experiments
The amount of PSt implanted into PVDF films as a function of the immersed time in the
styrene-toluene-divinylbenzol solution (1:1:0.05) at 90 – 93oC is shown in fig. 1. The average
implantation rate was about 3% (weight)/hour. The PDVF films containing from 5 to 50%
(weight) of PSt were obtained.
PSt content, % weght
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Figure 1. The amount of PSt implanted into PVDF films as a function of immersed time in the
monomer solution
The ion exchange capacity of the films reached 2 – 2.4 mmol/g. Proton conductivity σ of the
membranes as a function of the exchange capacity (EC) was investigated at RH = 75%. The σvalue was significant when EC reached a threshold of ECth ≥ 0.5 mmol/g (Fig. 2). The obtained
percolation dependence σ = σ0(EC – ECth)n (n = 1.5 ÷ 1.7) shows the nanogeterogeneous
distribution of the implanted sulfonated PSt in the membrane. This result is in a good agreement
with the data of AFM analysis [2].
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Figure 2. Proton conductivity of the synthesized membranes as a function of the exchange capacity,
RH = 75%, T = 30C
Water, methanol and water-methanol solution sorption capacity of the synthesized membranes
with the exchange capacity of 2 mmol/g was measured. It was shown that the amount of
absorbed liquid in the membranes decreases with the increase of methanol concentration in the
surrounding solution. The sorption capacity of the synthesized membrane with EC = 2mm/g was
equal to 45% (weight) for pure water and 30% (weight) for pure methanol. It should be noted
that the other picture was observed in the case of Nafion and MF-4SC membranes. Their
sorption capacity of pure methanol was more than that of pure water.
The synthesized membranes (M1 and M2) were tested as components inside the hydrogen-air
(HAFC) and methanol-air (MAFC) fuel cells and compared with the performance of Nafion-115
membranes. The all membranes under study had similar proton conductivity (8 - 12 mS/cm) and
thickness (100 – 120 mcm). Carbon Paper with applied catalyst (for anode: ETEK Pt-Ru/C, Pt/Ru
= 1:1, Pt-content = 20% mass; for cathode: ETEK C1-40Pt/C, Pt-content = 40% mass) was used
as the electrodes of the fuel cells. The Pt concentration was 0.35 mg/cm2 on the anode and 1
mg/cm2 on the cathode. The active electrode surface of the cells was 1 cm2. All the membranes
were tested in the similar conditions. The fuel cells under test were operated at room
temperature.
The volt-ampere and power characteristics of HAFC on the base of two synthesized
membranes (M1, M2) and nafion-115 membranes with similar values of thickness and
conductivity are shown in fig. 3. It can be seen (fig. 3a) that electromotive forces (EMF) of
HAFC on the base of M1, M2 and Nafion-115 are practically similar and equal to 0.95 – 1.0 V.
These values are in a good accordance with well-known literature data. The current-voltage
curves at low load are similar for all of the studied membranes. It points to the similarity of the
electrocatalytic and transport characteristics of the fabricated fuel cells. It should be noted
(fig. 3a) that the voltage drop of HAFC on the base of M1 and M2 membranes at high current
density is appreciably less than that in the case of Nafion-115. The maximum power of HAFC
containing the synthesized membranes (95 – 100 mW/cm2) is noticeably large than in the case of
Nafion-115 membrane (72 mW/cm2, fig. 3b).
Fig. 4 shows the comparative current-voltage and power characteristics of the methanol-air
fuel cells with synthesized M1 membrane and Nafion-115. It can be seen that these functions are
practically identical for both membranes. The electromotive force is about 0.6 V. This value is
lower than the theoretical one (1.18 V) but it practically coincides with known literature data.
The observed relatively low electric power of MAFC in our experimental conditions can be
explained by low catalyst concentration on the electrodes and low temperature. It should be
noted that these data indicate that catalytic and transport characteristics of MAFC on the base of
synthesized membrane M1 are not worse than these characteristics in the case of Nafion-115.
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Figure 3. Volt-ampere (a) and power (b) characteristics of the HAFC on the base of synthesized
membranes (M1, M2) and Nafion-115
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Figure 4. Volt-ampere and power characteristics of the MAFC on the base of synthesized
membrane M1 and Nafion-115
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COMPARATIVE STUDY OF ELECTRODIALYSIS DESALINATION OF A WINE
MODEL SOLUTION WITH COMMERCIAL AND EXPERIMENTAL ION
EXCHANGE MEMBRANES
Mikhail Porozhnyi, Semen Mareev, Natalia Pismenskaya, Victor Nikonenko,
Veronica Sarapulova
Kuban State University, Krasnodar, Russia

Introduction

Electrodialysis (ED) is one of the most effective methods of wine stabilization from the
tartrate sedimentation. This sediment is the potassium salt of tartaric acid, hence the main goal of
the electrodialysis process is to reduce the content of potassium and hydrotartrates to certain
concentrations. The efficiency of this process and its production validity are determined by using
a pilot ED stack. To improve characteristics of the electrodialysis stabilization of wine,
commercial and experimental anion exchange membranes were used.
Experiments

The process of ED desalination of a wine model solution was studied by using commercial
Japanese (Astom) anion-exchange membranes AMX and experimental anion exchange
membranes MA-41PM produced by OAO ShchekinoAzote and modified by Membrane
Techology IE. In both cases Japanese (Astom) cation-exchange membranes CMX were used.
The membrane stack consisted of 10 anion-exchange membranes and 12 cation-exchange
membranes forming 10 cell pairs.
Experiment was conducted in two stages, first, with the AMX membranes, and then with MA41PM membranes. Both of the stages were managed under the same operation conditions:
• a constant current density was maintained at a value of 8 mA/cm2;
• the flow rate in the concentration loop, CL, and the desalination loop, DL, was
18 L/(h dm);
• the flow rate in the electrode loop, EL, was 200 L/(h dm);
• 10 L of a 5 g/L NaCl solution circulated in the concentration loop, 10 L of a 30 g/L
KNO3 solution circulated in the electrode loop.
10 L of a wine model solution circulated in the desalination loop at each stage of the
experiment. The initial chemical composition of the model solution was as follows:
• tartaric acid
2 g/L;
• KCl
0,4 g/L;
• CaCl2
0,36 g/L;
• acetic acid
0,48 g/L;
• lactic acid
1 g/L;
• pH = 3,25.
The desalting process was stopped, when the electrical conductivity ki decreased by 30 % in
comparison with its initial quantity k0.
Kinetic dependences of the electrical conductivity, pH and temperature of the desalting
solution, as well as the voltage across the membrane stack were registered during the
experiment. Sampling for the following analysis of the component composition of the desalted
solution was carried out at three different values of its electrical conductivity k1 = 0,9 k0; k2 = 0,8
k0 and k3 = 0,7 k0.
The experiments with each set of membranes were repeated several times. After each run, all
loops of the ED module were rinsed with distilled water. Before each subsequent run, each loop
was rinsed with an appropriate solution: NaCl (CL), KNO3 (EL), the model solution (DL), in
order to achieve a constant electrical conductivity of the circulating solution in each loop.
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Results and Discussion

Figure 1 presents the potential drop across the ED stack as a function of the feed solution
electrical conductivity, the latter varies with time during electrodialysis. Fig. 2 shows the kinetic
dependences of the ratio of the feed solution electrical conductivity to its initial value.
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Figure1. The rise of the potential drop across the ED stack as a function of the conductivity of
the desalting model solution. (Numerals in parentheses indicate the sequence number of the
experiment run)
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Figure 2. Kinetic dependences of the ratio of the feed wine model solution electrical conductivity
to its initial value
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The analysis of the obtained data shows that the power consumptions of the desalting process
of the wine model solution are close when using commercial AMX or experimental MA-41PM
membranes. This result is consistent with the measurements of the surface resistance, R, of these
membranes. In 0.02 M solution of potassium hydrogen tartrate R is equal to 29 ohm/cm2 in the
case of MA-41PM membrane and to 20 ohm/cm2 in the case of AMX membrane, while the
surface resistance of the commercial MA-41 membrane is equal to 56 ohm/cm2.
In all experiments (in the range of the measurement error), the kinetics of the wine model
solution ED desalination is also close in the case of AMX and MA-41PM membranes.
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MODIFYING OF POLYMERIC RAW MATERIALS FOR THE PURPOSE OF
REGULATION OF STRUCTURE AND PROPERTIES OF SELECTIVELY
NONTIGHT MEMBRANES
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For realization of processes micro, ultra - nanofiltrations are necessary membranes with
adjustable properties. One of ways of the solution of this problem is modifying of initial
polymeric raw materials. In the real work polymer modifying – powdery air and dry cellulose
diacetate (CDA) was carried out, data on kinetics of swelling of CDA in pairs of water and
organic mix, and also experimental data about structure and properties of membranes are
obtained. As water and organic mixes binary mixes of the distilled water and solvents [a
dimethyl sulfoxide (DMSO) and dimethyl acetamide (DMAA)] are used. For carrying out
experiences the ratio water was chosen: solvent in a binary mix = 90:10 (on liquid volume).
Updating of CDA carried out at temperature 25±2°С in the hermetically sealed vessel which has
been partially filled with a mix of water and solvent. Quantity absorbed vapors determined by a
weight method by a difference of mass of a hinge plate after and before steam processing. In
drawing kinetic curve swellings of a powder CDA are given in pairs of water and organic mixes.

Figure 1. Kinetic curve swellings of a powder CDA in pairs of mixes of water with DMSO (1) and
DMAA (2)
During researches defined sizes of speeds and swelling constants on various sites of the
kinetic curves which values are given in the table. The analysis of the results given in the table,
showed that pairs of mix of water with DMSO are absorbed by CDA much quicker and in bigger
volume, than with DMAA. It testifies to higher penetration vapors with DMSO in structure of
acetates of cellulose in comparison with pairs with DMAA. Besides, rheological and optical
properties of solutions cellulose diacetate, prepared on the basis of the modified polymer are
investigated. Polymeric filtrational membranes were made of these solutions.
During experiments data on structure of membranes are obtained, in particular, it concerns
research of porometrichesky characteristics. It is established that use of modified CDA allows to
increase porosity of membranes to 35 %.
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Table 1: Average values of speeds and swelling constants on various sites of kinetic curves
Numbersofsites
Parameters
Speed of
swelling ϖ ,
g/min

(

DММS
)
DММА

1
(∆τ=0-3min)

2
(∆τ=3-10min)

3
(∆τ=10-60min)

4
5
(∆τ=60-300min) (∆τ=300-390 min)

0,17
0,084

0,16
0,07

0,06
0,03

0,03
0,01

0,005
0,003

0,336
0,291

0,221
0,220

0,046
0,054

0,008
0,009

0,007
0,005

Swellingcons
tant K

DММS
(
)
DММА

Research of operational characteristics of membranes (selectivity and permeability) showed
that modifying of initial polymer also leads to improvement of these characteristics. So
selectivity of the modified membranes on syvorotochny protein made 78÷85 %.
The received results showed that at the expense of physical and chemical updating of
polymeric raw materials, in particular, cellulose diacetates, various mezofazogenny substances
possible to regulate structure and properties of selectively nontight membranes.
Work is executed with support of Fund of assistance to development of small forms of the
enterprise in the scientific and technical sphere.
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A REVIEW OF ELECTRODIALYTIC PHENOMENA AND APPLICATIONS IN
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The use of membranes in the food industry has increased steadily for the past 25 years.
Membrane technologies used in the processing industry include reverse osmosis, ultrafiltration,
microfiltration and electrodialysis (ED). ED systems annual sales account for about 15 % of the
total systems sold.
ED is providing new membrane separation processes with numerous applications in the food,
nutraceutical and beverage industries. ED with ion membranes or bipolar membranes or filtration
membranes allowed, amongst others, the coagulation of proteins, the electro-reduction of the
medium and/or the fractionation of several food proteins. Moreover, ED with filtration
membranes allowed the recovery of molecules with bioactive properties such as antioxidant,
anticancer and antihypertensive peptides [1-6].
Pertinent characteristics of ED systems adopted by the food industry are:
 Improvement of process performance and food quality in preparation of traditional food
products;
 Innovation of processes and products aimed at satisfying evolving food requirements
related to nutrition and health;
 ED gives the food industry three advantages as compared to competing technologies:
increased food safety, economic competitiveness, and environmental friendliness.
ED gives the food industry three advantages as compared to competing technologies:
increased food safety, economic competitiveness and environmental friendliness. Current
applications of ED in the juice, wine and diary industries highlight the innovation and diversity
of ED in food processing.
A special stress will be put on emerging electromembrane technologies and applications for
added-values dairy ingredients, fruit juices, biotechnologies, nutraceutical and biopharmaceutical
industries.
1.
2.
3.

4.

5.

6.
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ADSORPTION CHARACTERISTICS OF CELLULOSE ACETATE
SEMIPERMEABLE MEMBRANES
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In this paper we investigate the adsorption of amino acids in the process of filtration of aqueous
solutions through a porous polymeric membrane. The authors have developed cellulose acetate
ultrafiltration membrane modified twith activated charcoal fine and coarse fractions, the
composition of which is protected by the Patent. The membranes are used for filtration separation
of the secondary dairy whey protein consisting of amino acids. This process is based on the
detention of solute particles by membrane, when particle size exceeds the size of the pores in the
surface layer of the membrane. The detention of dissolved particles in the ultrafiltration may also
be due to adsorption of the particle by the surface and the pores of membrane. Thus, the process of
ultrafiltration is accompanied by adsorption of the protein components in membranes. To study the
adsorption process and model it is necessary to know the nature, structure and other properties and
characteristics of the adsorbent. The nature of the adsorbent surface, the size and shape of its pores
affects the adsorption and changes its characteristics (the adsorption model).
In this paper, a model of adsorptives solutions β-alanine, albumin, and NaCl was used. All
investigated adsorptives had significant difference in refractive index. This is important for
interfering method of determining the concentration of solutions, which we have chosen. As an
adsorbent in the study of adsorption of binary solutions of amino acids polymer film ultrafiltration
membrane from cellulose secondary acetate with various modifiers (UF PF CSA-membranes) was
used. The settling time of the adsorption equilibrium in the system was determined by readings of
the kinetic curves of adsorption. Equilibrium solutions were analyzed for the interferometer ITR 2. The composition of the equilibrium solution was determined. The magnitude of the excess
adsorption was calculated from the calibration curve. Analysis of the adsorption systems was
carried out on the basis of the Gibbs excess quantities and method of the full content. The model
treats the adsorption as a process of mutual displacement of the components in the surface layer
under the condition of additivity of molecular areas of components. This model is taken as a model
of the adsorption solution. The limiting value of adsorption on the example of β-alanine were
calculated based on the assumption of incompressibility of the solution and the dense packing of
the components in the surface layer. The values of limiting values of adsorption ms were equal to
0.0189 mmol / g - for membranes with a small fraction of coal, 0.0167 mmol / g - for membranes
with a large fraction of coal. The model of the adsorption solution, consisting of a single layer was
considered in this paper. The values of free energy were calculated to assess the validity of the
model solution of the adsorption and characteristics of the adsorption solution. The were calculated
by the method of excess quantities of Gibbs and method full content for systems of β-alaninewater-CSA-membrane and albumin-water-CSA-membrane. Comparison of ∆Gmod and ∆Ggib
showed good agreement between the data obtained. This is the criterion for selecting the correct
model of the adsorption layer. The change of thermodynamic functions of adsorption and the bulk
solutions were calculated for a system of β-alanine-water-CSA-membrane: activity coefficient of
the solution components (γi, γsi) and the excess free energy of mixing gE and gES. Comparison of
the properties of the bulk solutions and adsorption solutions showed that in the studied systems,
negative deviations from ideality are observed for the adsorption solutions. Similar results were
obtained for a system of albumin - water-CSA-membrane.
Conclusion
The experimental data have been obtained by thermodynamic analysis. Monomolecular
adsorption model of the solution is justified and the main thermodynamic functions of adsorption
and the bulk solutions were identified. It was established that the significant role played by
adsorption processes for separation of protein-carbohydrate raw materials by the CSAmembrane, i.e. ultrafiltration membrane doesn’t work only by the molecular-sieve mechanism.
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Introduction
At the present time, there is much increased interest in the non-equilibrium thermodynamics
of colloidal systems: for the last ten years, have been published many papers on this topic. This
interest is due to both the discovery of new effects, and the unexpectedly strong manifestation of
a number of classical effects. Some effects have not yet received a definitive explanation, and
there are inconsistencies in the treatment of well-known phenomena.
Basic principles of non-equilibrium thermodynamics
The essence of non-equilibrium thermodynamics is the following. Any physical quantity due
to uncontrolled interaction of subsystem with the rest of the system changes over time: there are
random fluctuations around the mean. These fluctuations are referred to as the fluctuations of the
corresponding physical quantities. To determine the magnitude of fluctuations, as well as to
describe patterns of change over time is required at the microscopic level to describe the
behavior of a non-equilibrium system. This problem is still unsolved, so the pattern of
fluctuations of thermodynamic quantities, as well as their evolution over time are determined
using the approach developed by Gibbs. For this purpose, the entropy of the system S is
represented as a function of physicochemical characteristics of the subsystem W = (W1 , W2 ....Wn )
and the probability of finding the subsystem in a given state is expressed as
(1)
Pr ( W ) ∝ exp[ S ( W )] .
This formula, in particular, shows that the most probable is the system state with the maximal
entropy S0. This condition is usually associated with the state of thermodynamic equilibrium, in
which the physical characteristics W0 take values that provide the maximum value of S0 for
given initial conditions. Equation (1) is also a reflection of the second law of thermodynamics,
according to which a non-equilibrium system evolves in the direction corresponding to an
increase in entropy.
Onsager basing on the relation (1) and using the assumption that the relaxation of fluctuations
proceeds according to the laws established for the relaxation of macroscopic quantities, on the
basis of the principle of microscopic reversibility showed the following. If we introduce through
the relationship ( ai = Wi − Wi 0 )
∂S
Xˆ i = −
= ∑ gij a j ,
(2)
∂ai
j
da
quantities called thermodynamic forces, and derivatives i , which are thermodynamic fluxes,
dt
in the relaxation equations

dai
= ∑ Lij Xˆ j
dt
j
kinetic coefficients Lij obey the symmetry relations
Lij = L ji .
Equations (1) - (4) are the essence of non-equilibrium thermodynamics

(3)

(4)

Generalized transport equations
First of all, note that for a correct description of non-equilibrium processes involving
boundary layers the generalized non-equilibrium thermodynamics of transport processes in the
bulk phase should be used. In the generalized non-equilibrium thermodynamics there are
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additional fluxes and forces. Without going into details, we note that in this case the
phenomenological equation for the vector fluxes, say, for the one-component gas are as follows
q = −Λ11∇ ln T − Λ12 ∆u,
(5)
J v = −Λ 21∇ ln T − Λ 22 ∆u,
where q is the heat flux density, T is the temperature, u is the velocity of the fluid. Since ∆u up
to a factor equal to the pressure gradient, we see that the heat flux can be caused by the pressure
gradient. This issue disputed in the classical books with reference to the second law of
thermodynamics. One can show that there is no contradiction with the second law of
thermodynamics, since additional flux J v is involved in the consideration. This flux is difficult
to give a physical meaning because it is in a rather complicated way expressed through the
velocity of the molecules. However, its existence can not be doubted, as the heat flux caused by
the pressure gradient was measured in real experiments
In the approximation corresponding to the system (5), as well should be modified tensor
equations, which are now as follows
∇∇T
Π = −λ11 ∇u − λ12
,
T
(6)
∇∇T
T
,
J = −λ 21 ∇u − λ 22
T
where Π is the stress tensor, J T is a generalized tensor, and the bar over the two vectors means
the symmetrical combination of their components. Equations (6) describe not only viscous but
also the thermal stresses.

The non-equilibrium thermodynamics of boundary conditions
The methods of non-equilibrium thermodynamics can be used for constructing the boundary
conditions. Without going into details of the calculation we can represent a set of boundary
conditions for one-component system in the form
T (0) − T0
q
= L00 n ,
(7)
T0
T0
2 qτ
1 ∂T
1 ∂p
u τ (0) +
= L11Π nτ + L12 2
+ L13
,
5 p
T ∂τ
T ∂τ
ˆjq = L Π + L 1 ∂T + L 1 ∂p ,
(8)
bτ
21 nτ
22
23
T 2 ∂τ
T ∂τ
ˆj = L Π + L 1 ∂T + L 1 ∂p ,
bτ
31 nτ
32
33
T 2 ∂τ
T ∂τ
q
where p is the pressure, ˆjbτ , ˆjbτ are the heat and mass fluxes in the boundary layer. The first
(scalar) equation describes the temperature jump. The system of equations (8) describes the
effects of slip and heat and mass transfer in the boundary layers. In particular, the first term on
the right side determines the slip of the fluid under the action of tangential stresses
du τ
Π xτ = −η f
:
dx
du τ ( x )
du ( x )
u τ (0) = − L11η f
= bh τ
,
(9)
dx
dx
where bh is the length of slip, which is now called the hydrophobic slip. The other two terms
describe the thermal slip and pressure slip. The boundary conditions obtained within the
framework of non-equilibrium thermodynamics predict a number of new effects.
Non-equilibrium thermodynamics of particle motion in non-uniform media
Now we present an approach to the construction of non-equilibrium thermodynamics of
particle motion in a liquid or a gas in a non-uniform temperature field. We note at once that we
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could consider more general situation, when the dispersion medium is a mixture, an electrolyte,
there are non-uniform concentration field, an external electric field, etc. But this would lead to
very cumbersome relations, which made the essence of the approach difficult. The general case
can easily be reproduced on the basis of the partial equations, one pair of which proposed below.
One can obtain the following phenomenological equations
U = λ 00 F + λ 0T ∇T ,
(10)
4πA
= λT 0 F + λTT ∇T ,
T0
where U - the velocity of the particle, F - the force acting on it, A - the temperature dipole
moment of the particle. Note that if a particle is nonspherical, then the equations retain their
form, but the kinetic coefficients in this case become tensors.
The coefficient λ 00 determines the velocity of the particle motion in a fluid under the
action of external forces. This coefficient for a spherical particle of radius R is determined from
the Stokes law and equal λ 00 = 1/ 6πηR .

The coefficient λ 0T relates the velocity of the particles with a temperature gradient. The view
of λ 0T fairly substantially depends on the nature of the dispersion medium, particle size and their
physical and chemical characteristics. The motion of particles caused by the temperature gradient
is called thermophoresis. Although the history of this effect is already more than century-long
period, it still remains the object of attention of researchers.
Coefficient λTT determining the magnitude of the temperature dipole moment that arises in the
particle, placed in a non-uniform with respect to temperature medium, is well known for the
large particles whose size is substantially greater than the thickness of the boundary layers. It is
easy to install, based on the continuity of temperature field and heat flux on the surface of a
spherical particle that
λ − λi R3
λTT = 4π e
,
(5.17)
λ i + 2λ e T0
where λ i , λ e are the heat conductivity coefficients of the particle and the dispersion medium.
Less well known is the effect determined by coefficient λT 0 . This coefficient sets the value of
the temperature dipole moment that arises in the particle moving under the action of an external
force in a uniform medium. This effect was first predicted theoretically and later observed
experimentally for the case of particle motion in gases. Its appearance is due to the presence of
isothermal heat fluxes in the boundary layers. In the case of gases, isothermal heat flux takes
place also in the bulk and is proportional to the pressure gradient. Since there is non-uniform
pressure field in the gas flow over the particles, the isothermal heat flux arises. Similar to (10)
equations can be obtained for the motion of particles in non-uniform mixtures and electrolytes.
Conclusion
From the above it is clear that non-equilibrium thermodynamics becomes a relevant tool
in the study of colloidal systems. It allows you to predict new phenomena and to find original
solutions to traditional problems of physics and chemistry of colloids. Modern development of
scientific research has revived interest in surface phenomena which are part of colloid chemistry.
The colloid chemistry is a basis of modern microfluidics that makes it possible to create new
miniature devices, becomes a base for the original experiments and discoveries unexpected
effects.
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Introduction
In recent years, greatly increased the interest in the study of transport processes in membranes
with a complex structure [1, 2]. For gas flow in composite membranes some interesting effects
were observed. The most attractive of them is related to the asymmetry of transport
characteristics. In [3] it was shown that the asymmetry of the permeability of bilayer membranes
may be related to surface diffusion. The asymmetry is due to the strong dependence of the
surface diffusion coefficient on the degree of surface coverage. In this report we examine the
effect of surface diffusion coefficient on the separation of a binary gas mixtures. We consider the
flow of a binary mixture in a single-layer nanosize membrane and a bilayer membrane, which
one layers is finely porous, while another is coarse. The flow of the mixture in finely porous
layer is described in the free-molecular regime, and the flow in coarse layer is considered in the
hydrodynamic approximation.
Effect of surface diffusion
We begin our consideration with analysis of the binary gas mixture transport in the nanosize
channels, where surface diffusion significantly contributes to the overall flux. We assume that
the adsorption of components is described by the Langmuir isotherms
p1 / α1
Γ1 = Γ max
,
1 + p1 / α1 + p2 / α 2
(1)
p2 / α 2
Γ 2 = Γ max
,
1 + p1 / α1 + p2 / α 2
where Γ max is the maximum value of adsorption Γi is adsorption of component i, pi is its
partial pressure, αi is the parameters of the adsorption isotherms.
Unfortunately, no data on surface diffusion dependence on surface coverage in the case of
multicomponent systems. However, we can get the proper dependence using the following
considerations. The diffusion flux is usually written in the form
Dn
J =−
∇µ ,
(2)
kT
where µ is the chemical potential of diffusing component, n is its concentration, k is the
Boltzmann constant, T is the temperature, D is the diffusion coefficient. This form allows us to
take into account the steric interaction between molecules in the adsorption layer at high surface
coverage. In fact, equation (2) is classical Fick's law, written using the Einstein relation between
mobility of the particles and their diffusion coefficient. Chemical potential gradient in this case,
obviously, is the average force acting on the particle. Since the gas in the bulk phase at pressures
can be considered as an ideal, the chemical potentials of components can be written in the form
µi = kT ln( pi / p0 ) ,
(3)
where p0 is the normalization constant. Using the equality of chemical potentials of components
in the bulk phase and in the adsorption layer and the Langmuir isotherm we can be obtained the
following relation between the equilibrium partial pressures and degrees of surface filling
θi = Γi /Γmax:
αi θi
pi =
.
(4)
1 − θ1 − θ2
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Taking into account equation (4) the flux of i-th component in the cylindrical channel with
radius R can be represented as
D dp
d  α i θi 
(5)
J i = πR 2 vi i + 2πRDsi Γ max θi ln 
,
kT dz
dz  1 − θ1 − θ2 
where Dvi is the coefficient of the diffusion in channel bulk, Dsi is the coefficient of surface
diffusion of component i. It is easy to see that expression (5) accounts for a significant increase
in the diffusion flux when the surface coverage tends to unity, and this increase corresponds to
the dependence of the effective diffusion coefficient used in [3] in the case of one-component
gas.
Equation (5) takes into account the mutual influence of components on their transfer in the
adsorption layer. In particular, the non-uniformity of the surface concentration of the second
component causes the transfer of the first in the direction of lower concentrations. This is due to
steric interactions of adsorbed molecules, where one component is trying to display the second
component from the surface. As a second component also diffuses to lower concentration, the
above effect can be considered as a mutual drag of the components.
Expressing the degree of surface coverage through the pressure, we can obtain the following
pair of transfer equations
J1 = πR 2

Dv1 dp1
1/ α1
dp1
+ 2πRDs1Γ max
,
kT dz
1 + p1 / α1 + p2 / α 2 dz

D dp
1/ α 2
dp2
J 2 = πR v 2 2 + 2πRDs 2 Γ max
.
kT dz
1 + p2 / α 2 + p2 / α 2 dz

(8)

2

Equations (8) where used as the basis for calculating the coefficient of separation of binary
mixtures in the nanosize channel and the bilayer membrane. An approximate analytical solution
of equations (8) was obtained and the component fluxes were calculated, basing on which the
separation factor was determined. It is found that surface diffusion can strongly influence the
magnitude of the separation factor of the gas mixture in the nanosize channel.
A comparison of the separation factors for bilayer membrane shows that the efficiency of the
mixture enrichment is nearly tenfold higher when the separating layer is located at the input than
that when it is at the output. Note that, as a matter of fact, the concentration drop at the
separating layer is higher in the second case; however, this advantage is eliminated by the
presence of a supporting layer before the separating layer.
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Introduction
The falsification of milk and dairy products (due to the use of dry milk) this is an actual
problem of modern dairy industry. When you add a reconstituted milk in drinking reduced the
nutritional value of the product at the expense of loss of amino acids (lysine, cysteine), vitamins
(B1, B6, C) and ion-molecular calcium as a result of multiple thermal processing [1].
Gostirovannye methods of identification of dairy products on the basis of reconstituted milk are
not available. The aim of this work was the develop of the potentiometric multisensory systems,
including PD-sensors [2-4] for express quantitative determination of lysine monohydrochloride
and thiamine chloride in aqueous-organic medium.
Experimental
In the capacity of a model system investigated aqueous solutions lysine monohydrochloride
LysHCl and thiamine chloride TiaminCl (vitamin В1), of containing inorganic electrolytes
(NaCl, KCl and MgSO4). Real objects of analysis were samples of milk drink with a mass
interrelation of milk powder from 5 to 40%.
For organization PD-sensors perfluorinated sulphocation-exchange membranes MF-4SC in
the К+-type, Н+-type, LysH22+-type were used. A pH-selective electrode, Са-selective electrode,
NH4-selective electrode, Nа-selective electrode and silver chloride/silver reference electrode
(EVS-1M3.1) were used.
Results and Discussion
The potentiometric multisensory systems were developed for a multicomponent quantitative
analysis
of
solutions
LysHCl+KCl+NaCl,
ThiaminCl+KCl+NaCl
and
LysHCl+KCl+NaCl+MgSO4 [2, 3]. The potentiometric multisensory system used to analyse
LysHCl+KCl+NaCl+MgSO4 solutions was used for the analysis of therapeutic «Mineral salt
with low content of sodium chloride» samples [4]. This product contained NaCl, KCl, MgSO4
and LysHCl in the following mass rations (%): 0.35-0.58; 0.31-0.40; 0.05-0.10 and 0.02-0.10.
These values matched to the mass relationship in the dry sample: 0.02±0.008% NaCl,
0.38±0.02% KCl, 0.53±0.04% MgSO4 and 0.054±0.004% LysHCl. Thus, the measured
composition of the therapeutic salt samples was in agreement with the stated product
composition.
The potentiometric sensors for control of reconstituted milk in drinking milk were chosen.
The influence of the concentration of milk powder the value of response of the PD-sensors with
membranes MF-4SC in К+-type, Н+-type, LysH22+-type were found.
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Introduction
We used PET film of 10 microns thickness, which were irradiated with accelerated ions of Kr
with a flux density of 1,5⋅108 and 2⋅109 ions/cm2 at the energy of 2 MeV/a.m.u., and then etched
in a weak alkaline solution to obtain the array of membrane pores of a certain radius. Structural
and electrosurface characteristics of the membranes were studied in continuous electrolyte
filtration on the installation diagram as shown on [1]. The design allows simultaneous
installation in continuous filtration membranes to measure the resistance (R), hydrodynamic
permeability and streaming potential (∆E/∆P) of membrane in the electrolyte solution 10-4−5⋅10-1
M KCl. The average hydrodynamic diameter of the pores was calculated from the equation of
Poiseuille by the following formula Kf = πr4N/8ηh, where Kf - filtration coefficient, rhydrodynamic radius of the membrane; N-pore density; η-viscosity of the solution; h-thickness.
Kf was calculated on the hydrodynamic porosity (Ph) of track membrane (TM). The R
measure was performed at a frequency of 100 kHz. The surface charge (σ) was calculated using
the Schmid and Schwarz model for fixed charges in the fine pores. The calculation of the zeta
potential (ζ) was performed using the Helmholtz-Smoluchowski equation corrected for the
contribution of double layers.
Results and Discussion
Figure 1 shows the dependence of the surface charge density (σ) of the concentration of KCl
for membranes of different sizes. For wide-porous TM (Fig. 1, curve 4) σ does not depend on the
electrolyte concentration and is equal to 3−4⋅10-4 C/m2. The membrane surface charge increases
in magnitude by more than an order with decreasing pore size and reaches 10-2 C/m2 (Fig. 1,
curves 1-3). In our opinion, increase of the values of σ can also be associated with increasing
oxidative and destructive processes in the polymer, as a result of which is an increase in the
content of functional groups at the approach to the trajectory of the track. Lowering of the ζpotential as a source and heat-treated membranes to 0.25 M solution of KCl, in the range of
6,5−25 nm pore radius is almost linear (Fig. 2). Note, that for close values of the radii of heattreated samples have been lower ζ-potential compared with baseline. The radius 25 nm
corresponds to the size of the local area of swelling of the Kr latent track.
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Figure 3 displays the change in the relations of the electrolyte conductivity in the pores of the
membrane to the bulk electrical conductivity at the same concentration of electrolyte in the
membranes with different pore radius. In general, a fairly predictable downward trend in the
relationship of K/K0 is decrease in the degree of contribution of double layers in the pores of the
membrane.
For membranes with pore radius 6.5 and 25 nm found little difference between 1 K/K0 already
for 0.25 M solutions of KCl (1.12 and 1.06, respectively). For the 0.1 M KCl solution indicated a
significant excess of the electrical conductivity of the electrolyte in the pores of the membrane
over the bulk values (33 and 17%, respectively). At the concentration of 10-4 mol/l, this ratio
reached 48 units for the most thin-porous membrane (curve 1), which is associated with excess
counterions in the pores. Attention is drawn to the fact that at wide-porous membranes in the
absence of overlapping DEL (for example, has a radius of 40 nm), the ratio K/K0 high enough
(about 6.5).
Many authors attribute this to the existence of the annular zone of the polymer around the
loosened channel pore, which is distributed in the COOH group. In the neutral pH region
loosened polymer occurs and the space charge region with an additional conductivity.
The appearance of the gel layer due to the fact irradiation of the polymer by heavy ions in the
track is not only the degradation of macromolecules, but also their cross-linking. As a result,
there is a spatial grid. In alkaline solution the hydrolysis affect only linear macromolecule
polymer, and cross-linked remain unchanged. As a result the selective etching loosened structure
filled to electrolyte is formed (gel layer on the surface of the pores).
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Introduction
It is well known that the reason of ion transport acceleration in composite materials, including
hybrid membranes, is sorption processes on the interface that are determined by the surface
properties (sorption ability, hydrophobicity) of material components. Earlier it was shown that
perfluorosulfonic cation-exchange membranes such as Nafion (Du Pont, USA) and MF-4SC
(Plastpolymer, Russia) that are widely used for proton exchange membrane fuel cells design,
electrochemical synthesis and water cleaning processes modification by means of silica and
zirconia incorporation results in the considerable properties changing, particularly, ion transport
rate (conductivity, diffusion permeability) and ion selectivity. Thus it can be supposed that
variation of sorption-exchange properties of incorporated nanoparticles surface will result in
considerable properties improving of hybrid membranes.
This work summarizes results on the MF-4SC membrane modification with silica and zirconia
with functionalized surface.
Experiments
Hybrid membranes were synthesized by casting method from MF-4SC polymer solution in
isopropyl alcohol. Tetraetoxysilane (Si(OC2H5)4, Fluka, >98%) and zirconium oxychloride
(ZrOCl2, Merck) were used as precursors for dopant nanoparticles synthesis. Surface of silica
and zirconia was functionalized by variation of the acidity by means of precipitation at different
pH (in acid: MF-4SC+SiO2(H+) and in basic: MF-4SC+SiO2 (OH-) solutions) and by chemical
modification by hydrophilic groups with different acidity (sulfo-: SO3H-, amino-: aminopropyl
R1, 3-(2-imidazolin-1-yl)-propyl R2) and hydrophobic groups (1Н,1Н,2Н,2Н-perfluordodecyl,
PFD). All samples with the exception of membranes doped by oxides with sulfonated surface
were obtained by membrane casting from polymer solution contained calculated quantities of
precursors and modified fragments followed by precursor’s hydrolysis to obtain oxides. Materials
with oxides with sulfonated surface was obtained by casting from polymer solution contained
beforehand prepared oxides due to the impossibility of surface sulfonation in side of membrane
matrix. All membranes were treated one after another by 10% solution of H2O2, 5% solution of
HCl and twice by bidistilled water at 80°C.
The water uptake of membranes was determined as a difference between the starting
membrane weight and the weight of the membrane dried at 110°C. Thermal analysis was
performed on a Netzsch-TG 209 F1 instrument in aluminum crucibles, heating rate 5°/min in
argon atmosphere. Proton conductivity was measured in water in the temperature range 20–100°C
with the use of “2B-1” impedance analyzer (frequency was ranged from 10 Hz to 1 MHz) in
carbon/membrane/carbon symmetrical cells, with the active surface area varied from 0.2 to
0.5 cm2. Conductivity values were obtained by semicircle extrapolation to the resistance axis.
The diffusion permeability was analyzed in the two-chamber cell. The electrolyte (NaCl or
HCl solution) was transferred through the membrane into a bidistilled water filled compartment.
The electrolyte transfer rate was controlled by the conductivity measurement or pH technique
using a conduct meter Expert-002 (Ekoniks-expert) or Mettler Delta 340 pH-millivoltmeter,
respectively.
Results and Discussion
Earlier it was shown that dependence of proton conductivity on dopant content pass through
the maximum at 2.5 wt.% of ZrO2 and 3 wt.% of SiO2. Thus all membranes doped by oxides
with functionalized surface were carried with these concentrations.
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Incorporation of oxides with functionalized surface into membrane matrix leads both to
conductivity increase and decrease in comparison with MF-4SC membrane doped with pure
oxides depending on the nature of terminal groups and the route of the hybrid membrane
synthesis. The conductivity of membranes doped with silica precipitated at different pH (in acid
(SiO2(H+)) and alkaline (SiO2(OH-)) solutions) and silica with surface contained PFD-groups is
high than that for initial membrane and membrane doped with pure silica. Conductivity increase
can be explained by the model of the semielacity of membranes pores1. Incorporation of oxides
functionalized with amino- and sulfo-groups, on the contrary, leads to the decrease of ion
conductivity. The decrease of conductivity in the case of modification with amino-groups is a
result of the mobile protons concentration reducing due to absorption of the part of them by
-NH2 - groups. The conductivity decrease of materials doped by oxides with sulfonated surface is
caused by the great particles size: it is about 150 nm, while the initial membrane pore size of
about 5 nm.
Diffusion permeability and interdiffusion coefficients are also important characteristics of ionexchange membrane that can give useful information about ion transport processes in material.
Silica and zirconia surface functionalization by means of acid protons concentration increase
(SO3H-groups, SiO2(H+)) leads to the diffusion permeability decrease and to the slowdown of
anion diffusion rate. This indicates the improvement of membrane selectivity in comparison with
both initial membrane and membrane doped with pure oxides. These results can be explained as
follows. Incorporation of nanoparticles with high H+-concentration leads to the formation of the
thin Debye layer inside of membrane pores where the cations concentration is much higher than
anions one. Thus, the anions concentration in the pores decreases and such distribution of ions
reduces the anions transfer rates and increases selectivity. Hybrid membranes doped with silica
contained PFD groups also have higher ion selectivity than initial membrane and membrane
doped with pure SiO2.
Silica surface funnctionalization by proton-acceptor amino-groups (R1 and R2) significantly
affects on the diffusion permeability of membranes. Thus, incorporation of particles containing 5
mol.% of R1 or R2 leads to the some reduce of diffusion permeability coefficient in comparison
with the initial membrane, while increase of modified groups concentration on silica surface to
10 mol.% results in the significant rise of the diffusion permeability coefficient, and to the
increase of anion transfer rate and reduction in anion selectivity. This effect can be explained by
the interaction between proton-acceptor amino-groups and functional sulfo-groups of membrane
that leads to the formation of the fixed NR3+-ions. This assumption is proved by the decrease of
conductivity and sorption exchange capacity of membranes doped with silica with modified
surface decrease. Areas with the low cations and high anions concentration may occur as a result
of these interactions. This leads to the anion transfer rate increase. Also, the molecular weight of
hydrocarbon fragment influences on the diffusion permeability coefficients. Incorporation of
silica with surface contained branchier modified group (R2 in comparison with R1) leads to the
diffusion permeability coefficient decrease. It can be suggested that decrease of free volume
within the membrane pores due to incorporation nanoparticle with more volumetric modified
group on the surface that leads to the selectivity improvement.
Thus it was shown the influence of the nanoparticles surface functionalization ncorporated
into ion-exchange membranes on the transport properties and selectivity.
This work was financially supported by the federal target program “Educational and
scientific-educational staff on innovative Russia” for 2009-2013 years (project GK P872) and
RFBR (project 11-08-93105).
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Introduction
Composites based on polymeric ion exchangers in the form of globules or membranes with
chemically deposited metal nanoparticles can be applied practically as chemical/biochemical or
catalytically active materials. Reaction activity of such composites depends not only on the metal
nature and oxidation state but also on its distribution inside the polymer matrix, in its volume or
its periphery, and also on the nature of the matrix, i.e. cation- or anion-exchange groups,
porosity, etc. Some metal-ion exchanger composites which are not so active in chemical
reactions can function as catalysts. In this case an important example is given by the oxidation
reaction of aldehyde impurities in water or alcohols. It is currently a crucial problem to find a
catalyst for this reaction which is both active under mild conditions (low temperature) and
efficient (maximal degree of the process completeness). Metal-ion exchanger composites are
bifunctional materials which combine ion-exchange and metal properties. It means that even in
the case of incomplete oxidation of aldehydes (to corresponding acid instead of CO2 and H2O)
the formed acid can be adsorbed by ionogenic centers of the matrix. That is why metal-ion
exchanger composites can be considered as prospective catalysts for aldehydes’ removal.
Experiments
Strongly basic anion-exchange polymers types of AV-17-8 or AV-17-2P with chemically
deposited silver were chosen in the case of methanal removing from water medium. Matrices
with different nature (cation-exchange, anion-exchange, complexing, natural tuff as a zeolite)
with chemically deposited silver were used for removing of ethanal from ethyl alcohol. NaBH4
or N2H4 alkaline solutions were reducers.
1 or 5 mM concentration of methanal in water and 4 mM of ethanal in ethanol were used. The
concentration of methanal was determined via redox-titration analysis with hydrogen peroxide
and sodium hydroxide. The concentration of ethanal in ethanol was studied via gas
chromatography (GC) method.
Results and Discussion
Silver containing polymers were prepared via special procedure described earlier [1]. For
removing of above-mentioned aldehydes one should create a layer of silver oxide on the surface
of particles. As it is well-known, silver is stable to molecular oxygen oxidation because of
forming of thin (and X-ray amorphous) but very dense oxide layer on the particles surface in
oxygen atmosphere which block subsequent oxidation. To create of such oxide layer on the
surface of silver particles inside the ion-exchange matrices all samples of composites were
preliminary oxidized in water by uninterrupted oxygen flow through the layer of composite and
water.
After this procedure all composites were tested in gasometric cell and it was found that
subsequent oxidation with molecular oxygen did not take place.
Methanal and ethanal did not oxidize with molecular oxygen in normal conditions. They can
be removed from liquids via sorption/chemi-sorption or catalytic oxidation. Therefore, we tested
firstly the sorption ability of ion exchange matrices to aldehydes. Silver oxide can be used also as
a reagent to aldehydes oxidation (reaction of “silver mirror”). That is why we checked primary the
possibility of this reaction in inert (argon) atmosphere.
In Fig. 1 one can see the degree of the methanal oxidation completeness, α, in water with
argon atmosphere and with oxygen atmosphere. One should be mentioned, that activity of
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composite catalyst in inert argon atmosphere is diminished progressively in time whereas in
oxygen atmosphere the activity of composite increased in time up to the maximal degree of
process completeness. The activity of composite in the last case remains at the same level even
by multiple repetitions of this process with the same sample of composite.
α 0.8
O2

0.6
0.4
0.2

Ar
0
0

100

200

300

t/min

Figure 1. The degree of the methanal oxidation completeness, α, in water by inert or oxygen
atmosphere in the presence of composite Ag2O(Ag)⋅AH-17-8 (reduced with NaBH4)
Ethanal oxidation in ethanol medium was realized by means of composites based on various
matrices (Table 1) because of specific in both swelling ability and sorption ability of cross-linked
ion-exchange matrix in alcohol (instead of water).
Table 1: The degree of the process completeness, α, in ethanol medium in the case of
ethanal sorption by matrix and its oxidation in the molecular oxygen atmosphere.
Reducer NaBH4
Matrix of composite
(ionic form)
+

CU-23-15/100 (Na )
+
CU-2-8 (Na )
AH-17-8 (OH )
AL-830 (OH )
AH-17-2P (OH )

α, %
Sorption in 5 h
21.4
15.9
49.4
78.2
58.7

α, %
Oxidation in 5 h
52.6
10.4
68.0
82.3
97.9

All these data showed that metal-ion exchanger composites played the role of renewable
catalysts in the presence of molecular oxygen which are active and efficient even in mild
reaction conditions (room temperature). In this respect such composites, especially based on
strongly-basic anion-exchange matrix, are much better than known analogues in literature.
This work is supported by RFBR (project 10-08-00847)
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Introduction
The materials based on platinum group metals are the most effective for the majority of
electrocatalytic reactions, but their use is limited by high cost [1]. Therefore, the creation of
electrocatalysts with a high specific surface area and low noble metals content is of great
interest. Electrochemical methods allow synthesizing d-metals based the alloys and oxide
systems, which are catalytically active materials and can be used in hydrogen energetic.
Experiments
Coatings based on transition metals oxides TiO2 · MxOy (M = Mn, Co, Ni) were formed on
titanium alloy by the microplasma oxidation method, the Ag-Co alloy was deposited on the
copper substrate by the pulse mode. Electrocatalytic activity of both types of coatings was
investigated in the electrode reactions of hydrogen and oxygen evolution by the polarization
technique. The measurements were carried out in sulfuric acid and sodium hydroxide solutions
in the 1M H2SO4 by the potentiostatic mode. Catalytic activity of the materials was tested in the
CO oxidation process in a tubular flow reactor. Initial mixture of CO and air was fed to the
reactor inlet at the rate of 0,025 l/min and at the concentration of 1 % vol. Quartz glass tube with
a coaxially wound heating coil was used as a catalytic reactor. Reactor temperature was
increased from 20 to 420 °C at the rate of 1 °C/s. CO content in the outer mixture after passing it
through the reactor were analyzed using the indicator-analyzer.
Results and Discussion
Kinetic parameters of the electrolytic oxygen evolution reaction – Tafel constants a, b and the
exchange current density j0 (table 1) for the mixed oxide coatings are similar to those of the platinum
electrode [2]. The calculated constants a, b and j0 values for the hydrogen evolution on the Ag-Co
alloy indicates that the optimal in terms of catalytic activity content is a silver 15– 20 % wt.
The research of mixed oxide coatings catalytic properties showed that the 100 % conversion
degree (X) of CO to CO2 is achieved on MnxOy · TiO2 at the ignition temperature (Ti) of 250 °C.
Conversion degree of 100 % on the Ag-Co alloys was observed independently of the noble
component content in the alloy, although Ti reduces from 250 to 240 ° C with increasing of silver
in the coatings.
Table 1: The mixed oxide and silver-cobalt alloy coatings characteristics

Hydrogen
evolution
reactions

Oxygen
evolution
reactions

Electrode materials, metal
content ω, % wt.
Pttheor. [2]
Ptexp.
MnxOy·TiO2
CoxOy·TiO2
NixOy·TiO2
Pttheor. [2]
Ptexp.
Ag-Co; ω(Ag) = 8
Ag-Co; ω(Ag) = 15
Ag-Co; ω(Ag) = 20

Tafel constants
a, V

b, V

1,08
1,10
1,12
1,00
0,96
0,31
0,30
0,72
0,18
0,20

0,118
0,138
0,124
0,167
0,180
0,10
0,10
0,14
0,10
0,10

Exchange
current density
2
-lg j0, [А/cm ]
-9,1
-8,1
-9,1
-5,9
-5,4
3,1
6,0
5,1
1,8
2,0

Conversion
degree CO/CO2
X, %
100
65
58

Ignition
temperature
Ti, °C
200
250
260
270
200

100

250
245
240
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Introduction
At present time tartrate containing solutions (wines, juices, etc.) are processed using
electrodialysis with IE membranes manufactured by Astom, Japan. These membranes allow
conducting electrodialysis at relatively low power consumption. Nevertheless, they are
expensive and their initial characteristics has deteriorated relatively fast [1]. Anion exchange
membranes are especially inclined to change of characteristics. The goal of this work was the
comparative study of different anion exchange resins aiming to choice of optimal material to
producing of new anion exchange membrane. After the selection of resin JSC ShchekinoAzot
produced the experimental samples which were studied and whose properties were compared
with common commercial membranes.
Concentration dependences of surface resistance analysis of serial heterogeneous membranes
manufactured by Fumatech, Germany; MEGA, Czech Republic and ShchekinoAzot, Russia,
showed [2] that membranes containing mainly secondary and tertiary amines and produced with
strongly crosslinked ion exchange resins have remarkably high resistance in hydrotartaric form.
Basing on this hypothesis it was suggested that membrane for treatment of tartaric containing
solution must (a) contain mainly quaternary ammonium groups; (b) be produced from weakly
crosslinked ion exchange resin. In this case (a) fixed groups of membrane will not react with
OH– ions which may be produced in membrane pore solution as a product of tartrates hydrolysis
reactions and Donnan exclusion of the protons out of this solution; (b) Young module of weakly
crosslinked membranes should decrease, resulting in increase of pore radius and amount of water
in pore solution, leading to increase mobility of tartrates in it.
Experiments
To validate the assumptions listed above, 8 anion exchange resins produced by Russian and
foreign manufacturers (Table 1), which are already used or can be used for heterogeneous
membranes production, were studied. Resins chosen for investigation mainly consisted of
(according to manufacturers), polysterene - divinylbenzene matrix and contained quaternary
ammonium groups. Crosslinking degree varied by different (from 2 tо 20 %) amount of
crosslinking agent, divinylbenzene (DVB), introduced into reaction mass during ion exchange
resin synthesis. Anion resin electrical conductivity was determined through value in isoeletrical
conductivity point kiso (Fig. 1) using U-shaped cell [3]. Concentration dependences of electrical
conductivity of membranes produced from these resins were found by difference method with
clip-cell [4]. Measurements were conducted using immitance meter MOTECH MT4080 at 1 kHz
frequency and temperature of 25±0,2 ºС.
Table 1: Some characteristics of studied anion exchange resins and values of their
electrical conductivity in NaCl and KHT solutions
Anion exchange
resin
AV-17 2
AV-17 6
AV-17 10
AX 1
AX 2
A-400
A-500PS
A-860S
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DVB content, %

Ion exchange
capacity, mole/L

2
6
10
8
2
2

1.30
1,30
0,8
0,8

kiso, mS cm
NaCl
0,35
0,2
0,15
0,42
0,073
0,32
0,16
0,35

–1

KHTr
<0,06
0,032
0,021
<<0,065
0,012
<<0,07
0,032
<0,06

Results and Discussion

Some characteristics of studied anion exchange resins and obtained values of their electrical
conductivity in NaCl and potassium hydrotartrate, KHT, solutions are presented in Table 1. Fig.
1 illustrates the procedure of isoelectrical conductivity points determination for resins,
manufactured from identical monomers but containing different amount of DVB in reaction
mass.
Experimental data confirmed the correctness of suggested assumptions. Decrease of
crosslinking degree of resins is accompanied by growth of their electrical conductivity.
Moreover in the case of KHT solutions, as supposed, this effect was more noticeable (Fig. 1b)
than in the case of NaCl one (Fig. 1а). Macroporous AX, as well as A-400 anion exchange resin,
demonstrates the highest electrical conductivity values in KHT solutions. The preference was
given to Russian resin, so basing on it ShchekinoAzot manufactured 2 experimental set of
heterogeneous membranes: MA-41PI and MA-41PII.

---

---

Figure 1. Concentration dependences of AV-17 ion exchange resin electrical conductivity in
NaCl and КHT solutions. Dashed line shows the electrical conductivity of solution in absence of
resin
Some characteristics of these membranes, as well as their kiso values in NaCl and KHT solutions
are given in Table 2. Concentration dependences of surface resistance of these membranes in
sodium chloride and potassium hydrotartrate solutions are shown in Fig. 2. Data for commercial
MA-41 (ShchekinoAzot, Russia) and AMX (Astom, Japan) membranes are given for
comparison.
The obtained data show that:
1) usage of macroporous resin leads to kiso increase of heterogeneous MA-41 membrane in 1,7 –
2,1 times (NaCl) or in 2.4– 3,5 times (KHT), making electrical conductivity of MA-41PI and MA41PII ion exchange material higher than such of AMX membrane;
2) decrease in thickness of membrane produced from AX 2P ion exchange resin helps to reduce
the surface resistance; in case of MA-41PII membrane in KHT solution this resistance becomes
comparable to such of АМХ membrane.
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Figure 2. Concentration dependences of membrane surface resistance in NaCl and КHT
solutions
Table 2: Some properties of studied membranes and electrical conductivity of their gel
phase in NaCl and KHT solutions

Membrane
composition

AMX

MA-41

MA-41PI

MA-41PII

aminated
styrenedivinylbenzene
randomly cross-linked
copolymer and 45 - 55%
of polyvinylchloride

AV-17,
polyethylene

AX 1,
polyethylene

AX 2,
polyethylene

0,65±0,05
500±15
5,8

0,65±0,05
470±10
7,3

535±10
1,7

510±10
2,5

IE Capacity*, mM / mL
Thickness, µm **
–1
kiso, mS сm

140±10
4,4

Thickness, µm **
–1
kiso, mS сm

150±10
0,9

1,56

NaCl
1,25±0,05
480±10
3,4
KHT
500±10
0,7

* for the swollen membrane in the Cl– form
** for the swollen membrane
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STUDY OF ELECTROCHEMICAL CHARACTERISTICS OF MODIFIED
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Introduction
Bipolar membranes are bilayer composites, in which one of the layers is the cation-exchange,
and another is anion-exchange. These membranes allow to obtain hydrogen and hydroxyl ions
from water molecules under the influence of an electric current. The dissociation of water
molecules in such systems is "working" process and the effectiveness of electromembrane
process as a whole depends on overvoltage and current efficiency of generation of H+ and OH–
ions. It is known that catalytic additives introduced in the bipolar region affect at the rate of
reaction of water dissociation in bipolar membranes. Introduction of additives can be carried out
in various ways: during manufacturing of the membrane by hot pressing, chemical,
electrochemical methods. Such additives may be both organic and inorganic substances.
Experiments
The objects of study were heterogeneous bipolar ion-exchange membranes, obtained by
means of: a) rolling, containing a catalyst ionpolimer with phosphonic groups and without a
catalyst, b) pressing without catalyst and with catalyst - chromium hydroxide, which was
obtained in the membrane after formation by a chemical method.
Frequency spectra of the membrane impedance were measured in four-chamber flow cell (Fig.
1) at four-electrode circuit by virtual impedance meter-analyzer in 1 Hz–1 MHz frequency range
(Scell = 2,27 cm2). Dependence of the resistance of the bipolar region on the current density was
determined from the frequency spectra of membrane had been measured at different electrical
currents. Then the partial current-voltage characteristic of the bipolar region was calculated using
the formula:
I*

ηb = ∫ Rb dI ,

(1)

0

where ηb– overvoltage of a bipolar region.
Coion transport numbers of sodium and chloride through the bipolar membrane was measured
using a modified Hittorf method. The essence of the method consists in determining the total
flux of sodium cations from 0.5 M sodium hydroxide solution to 0.5 M hydrochloric acid
solution and the total flow of chloride anions in the opposite direction through the membrane.
The concentration of chloride ions in sodium hydroxide solution at the inlet and outlet of the
alkaline cell was determined by potentiometric titration with silver nitrate solution, after
neutralizing the excess of alkali with nitric acid with bromothymol blue indicator. The
concentration of sodium ions in hydrochloric acid solution at the inlet and outlet of the acid
chamber was determined by direct potentiometric method with standard additions with the
known slope of the electrode function, taking into account dilution and pre-neutralizing excess of
acid by ethylenediamine, as follows:
 Vs
C X = Cs 
 V p + Vs


  ∆E / S  V p
 10
−

 V p + Vs








−1

(2)

where S − slope of electrode function; Vs − volume of added standard solution; Vp − volume of
studied solution; Сs − concentration of added standard solution; Cx − concentration of studied
solution; ∆E– potential drop between Na+-selective electrode immersed into studied solution with
small addition of sodium chloride of known concentration and electrode immersed into studied
solution. In both cases, the potential of the Na+-selective electrode was measured against
standard silver chloride electrode.
In addition, the concentration of chloride ions and the sodium ions were determined in the
initial solutions, which are fed into the cell.
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Effective transport numbers of sodium ions and chloride ions through the bipolar membrane is
calculated by the formula (3), and hydrogen ions and hydroxyl– according to the formula (4).
(C − C±0 )v± F
T± = ±
(3)
I
TH +

,OH −

= 1− T

Na +

− TCl −

(4)

where TNa+ and TCl– – transport numbers of sodium ions and chloride ions; C± and C0± – the
concentration of these ions in solution at outlet and inlet of electrochemical cell, mol/L; v± –
volume rate of solution through the cell, L/s; F – the Faraday constant, C/mol; I – current supplied
to the cell, A.
Results and Discussion
From the dependence of the resistance of bipolar regions of studied membranes (fig. 1a, fig.
2a) one can see that the resistance of the membranes, which included a catalytic additive,
essentially, a 3 – 100 times lower than that of the original membranes, which indicates the
efficiency of used catalytic additives. The resistance of the bipolar membranes containing
phosphonic groups with high catalytic activity in the water dissociation reaction does not depend
practically on the current (fig.1a). If the membrane does not contain a catalytic additive, and it
contains ionic groups with low catalytic activity, the resistance of the bipolar region is highly
dependent on the current density (fig. 1a, curve 2; fig. 2a).
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Figure 1. The dependence of the logarithm of the surface resistance of a bipolar region on
the current density (a), and partial overvoltage current-voltage characteristics of bipolar
region (b) of bipolar membranes: 1 – with ionpolymer containing phosphonic group; 2 without a catalyst in the system of 0,01 М HCl | 0,01 М NaOH. The bipolar membranes
were prepared by rolling the СМ-PES and the AMH-PES membranes
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Figure 2. The dependence of the logarithm of the surface resistance of a bipolar region on
the current density (a), and partial overvoltage current-voltage characteristics of bipolar
region (b) of bipolar membranes. 1 – chromium hydroxide(III), which was obtained in the
membrane after formation by chemical method, 2 – without a catalyst in the system of
0,1 М HCl | 0,1 М NaOH. The bipolar membranes were prepared by rolling the СМ-PES
and the AMH-PES membranes
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The introduction of catalytic additives in the bipolar membrane significantly reduces the
overvoltage of the bipolar region (fig. 1b, 2b). Thus introduction of phosphonic groups
containing ionpolymer in bipolar region, reduces the overvoltage on it from 10 V up to 0.2 V at 1
A/dm2 current density (Fig. 1b), and the introduction of chromium hydroxide(III) reduces the
overvoltage from 6 V to 2 V at the same current density.
Despite the fact that the sodium and chloride coion fluxes through the bipolar membrane
increases with increasing current density (fig. 3) due to increased electromigration contribution
to the transfer, the effective transport numbers of these ions decrease with increasing current
density (fig. 4), and the current efficiency of hydrogen and hydroxyl ions in these membranes
increase from 0.89 at 0.5 A/dm2 current density to 0.96 at 3 A/dm2 current density.
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Figure 3. The dependence of the flux of sodium
and chloride ions (a), transport numbers of
chloride and sodium ions (b), transport numbers
of hydrogen and hydroxyl ions (c) on the reverse
current density for bipolar membrane in the
system of 0,5 М HCl | 0,5 М NaOH. The bipolar
membrane was prepared by rolling the СМ-PES
and the AMH-PES membranes
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The current efficiency of hydrogen ions and hydroxyl on these membranes is not lower than
0.88 in the range of operating current densities (up to 3 A/dm2).
This work was supported by Foundation for Assistance to Small Innovative Enterprises in
Science and Technology, State Contract № 9836р/14244.
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ELECTROKINETIC PROPERTIES OF COMPOSITE MEMBRANES
MF-4SC/POLYANILINE IN DEPENDENCE ON THE COUNTER-IONS TYPE
Svetlana Shkirskaya, Ninel Berezina, Mariya Kolechko
Kuban State University, Krasnodar, Russia

Introduction
Electroosmotic permeability is the key factor in the solution concentrating processes by
electrodialysis and membrane electrolysis. Recently the many different modifications of the ionexchange membranes are preparated due to including of additions to the nanosize structure of the
perfluorinated sulphocationic membranes. The aim of this research is the revealing of
electroosmotic permeability and conductance dependences on the concentration and electrolyte
types in the set of metallic and proton counterions in the MF-4SC membranes before and after
modifications by polyaniline.
Results and Discussion
The composites MF-4SC/polyaniline were obtained by “short” synthesis method by one-side
diffusion with help of concentrated solutions of aniline, acid and (NH4)2S2O8 during only 25
min. As a result we prepared the surface-modified films with the thin polyaniline layer (25-30
mcm) [1].
Figure 1 demonstrates the concentration dependences of the water transport numbers (tw) in
the wide interval of salt and acid solutions. The tw values are measured by volume method,
which was described in [2]. The comparison of the data for composite and initial membranes has
shown the effect of essential decrease of the water electrotransport across the polyaniline layer
which is equal 50% for all counterions, including proton water transport. These data confirmed
the identical effect observed earlier in [3, 4] (for other morphology of polyaniline layer).
The other interesting result is the set of water transport numbers in the concentrate electrolyte
solution (0,75 – 1M) for composite samples (Fig. 1) which have tw values from
7 → 4 → 3 → 3 → 1 mol H2O/F in the number Li+ → Na+ → K+ → Cs+ → H3O+ accordingly.
Practically these values are close to the hydration numbers of the same ions in the electrolyte
solutions, which dependence on the ion radii [5]. It is interesting to note that the surface
polyaniline layer hinder the water electrotransport practically in the all concentration region (Fig.
1 b). So, blocking properties of surface polyaniline layers can be used for the determination of
close hydration numbers of transported ions in the electric field.
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Figure 1. Concentration dependences of the water transport numbers for membranes MF-4SC
(a) and MF-4SK/PAn (b) in dependence on the counter-ions type:
1 – Li+ , 2 – Na+ , 3 – Cs+, 4 – K+, 5 – H+
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The investigations of conductance in the same interval of electrolyte solutions permits to
reveal the change of the mechanism of proton transfer across the polyaniline layer. It was shown,
that due to blocking property of polyaniline layer the relay mechanism is retarded because proton
does not find water molecules with favorable orientations [2].
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Introduction
Single-walled carbon nanotubes (SWNTs) exhibit unique mechanical, electrical properties and
are of great interest in using them in the form of nanocomposites in various electronic devices,
ultra-high strengths materials. However, the dispersion of SWNTs in organic solvents and
polymer matrices is hindered because of their strong agglomeration, which occurs due to van der
Waals interactions. The new strategy that efficiently graft poly(methyl methacrylate) (PMMA)
on SWNTs by in-situ free radical polymerization in a poor solvent of PMMA has been
introduced in [1]. This process is analogous to a “fishing” process; that is, during polymerization
the “living” polymeric radicals (“fish”) are expelled from the poor solvent and enthalpically favored
to absorb to the surface of SWNTs (“fishhook”). This approach is promising for production of polymer
nanocomposites. In the present work, the method of production of proton conducting gel
electrolytes and membranes has been introduced on the base of this approach. The aim of the
work was to study the influence of additions of functionalized single-walled carbon nanotubes on
the electrical conductivity of polymer gel electrolytes based on PMMA, doped with solutions of
phosphoric acid in N,N-dimethylformamide (DMF).
Experiments
SWNTs were synthesized in the Institute of Problems of Chemical Physics of the RAS
(Chernogolovka). The proton-conducting gel electrolytes prepared by the method described in
[2]. Benzoyl peroxide was applied as the polymerization initiator. The resulting functionalized
SWNTs was dispersed in the gel electrolyte composition of 5 wt% PMMA-[0.1M H3PO4-DMF]
in an ultrasonic bath at a frequency of 35 kHz for 1 hour. The result was an opaque gel with gray
colour. Next, the gel was processed by repeated centrifugation at 15 000 rev/min of the gel until
a stable transparent suspension appearance.
The conductivity of gels was determined by electrochemical impedance method with
Solartron 1260A over frequency range of 0.1 Hz-1 MHz with signal amplitude of 10 mV.
The fluorescence spectra were recorded on a spectrophotometer Avantes 2048 in the range of
0 to 1000 nm.
Results and Discussion
The resulting composite was studied by fluorescence spectroscopy in order to prove that
process of functionalization of nanotubes, conducted by the method of [1] was successful. Figure
1 shows the fluorescence spectra of functionalized and non functionalized nanotubes are
dispersed in ethyl acetate.

Figure 1. The fluorescence spectra of non functionalized SWNTs, and PMMA nanocomposite
at a wavelength of 320 nm exciting light
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The peak fluorescence observed in the spectrum of SWNTs at ~ 370 nm, in the case of a
solution with the addition of functionalized nanotubes is not appear. This may be evidence of
functionalization of SWNTs. The spectra of impedance for gel electrolytes with compositions of
5 wt % PMMA–[0.1M Н3PО4–DMF] and for the same gel with nanocomposite addition are
presented in Fig. 2.

Figure 2. Impedance spectra of systems containing of 5wt % PMMA (350 000)–[0.1М
Н3PО4–DMF] and nanocomposites dispersed in gel electrolyte
As result of composite effect, the conductivity reduces as twice for gel electrolyte containing
of functionalized carbon nanotubes as compared with conventional gel electrolyte. Nanoparticles
dispersed in the gel increases the transport of protons due to the fact that they create local regions
in which charge transfer is facilitated. It should be noted that repeated centrifugation system does
not change significantly the conductivity of gel electrolyte (Tabl.).

Table: Conductivity of gel electrolyte 5 wt% PMMA-SWNT-[0.1M Н3PО4–DMF] at
various PMMA-g-SWNTs contents
4

without SWNTs
with PMMA-g-SWNTs
after centrifugation

-1

κ·10 , ohm cm
1.49
3.12
3.26

-1

This fact may be evidence of the stability of the resulting proton-conducting gel electrolyte.
This work was financially supported by Russian Foundation for Basic Researches (grants 1103-00311-а and 12-03-97534).
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Introduction
Since a long time, ion transport through ion exchange membranes is studied by a large variety
of techniques. Most of them rely on electrochemical measurements. In the palette of available
tools, steady-state techniques are the first choice in conventional investigations. However,
transient electrochemical techniques are more powerful because they are able to separate
different contribution to the transport in the time domain or its dual equivalent the frequency
domain.
We are now facing new challenges, if the global behavior of membranes is now relatively
known; some phenomena occurring at the micro-scale are still open problems for
membranologists. This is the case for the well known concentration polarization that opened the
topic of coupled transport phenomena and the debate around gravitational/ non gravitational
induced convection, electroconvection, hydrodynamic instabilities, water dissociation gives rise
to lively discussions.
Henceforth, in labs around the world the increasing level of equipments allow a new access to
very smart approaches. It's the aim of the present paper to discuss about the new trends in
transient electrochemical methods.
The classical transient electrochemical methods
Three main class of transient electrochemical methods working in the time-domain are very
classical:
1. voltammetry, linear sweep voltammetry, cyclic voltammetry, carried out in galvanostatic
or potentiostatic mode
2. chronopotentiometry, time-domain record of the potential as the response to a
galvanostatic step.
3. chronoamperometry, time-domain record of the intensity as the response to potentiostatic
step.
Depending on the goal of the studies, the fitting of the experimental data is done with an
theoretical model, diffusion coefficient, transport coefficient and geometrical descriptors
(thickness, etc.) are the parameters for the fit.
Another kind of standard transient electrochemical method is the impedance spectroscopy (EIS)
that is working in the frequency domain for small amplitude sinusoidal signals. Fitting is usually
done through electrical equivalent circuit.
The next steps
We definitively think that we can go beyond the usual framework of transient techniques.
Some studies have shown for instance that some information is contained in the electrical noise
inherent to chronopotentiometric or chronoamperometric experiments. Not all kind of transport
can be the source of all sort of noise and depending on the experimental conditions some
instructive information can be obtained. By the way, noise analysis (generally power spectra)
also gives the limits of the reliability of electrochemical data (chronopotentiometry or EIS).
Multivariate analysis [1] can bring now a very interesting contribution to transient techniques.
The usual confrontation between a theoretical model can be to some extent avoided because the
multivariate analysis like factorial analysis can easily extract latent factor contributing to the
response of membrane systems. The only condition is to smartly varies some experimental
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parameter and to process as a whole the global data set hence obtained. These techniques can
take advantage of the additive property of the voltage distribution in membrane systems.
Other fashionable contributions come from the use of network element simulation with
software like SPICE normally devoted to electronic circuit analysis. They can help the user for
the modeling and parameter estimation of electrochemical and membrane cells [2].
Impedance spectroscopy is also an evolving domain for membrane system. For a long time,
EIS was considered as an experimental and theoretical way to linearize the system response for
small stimuli thus allowing the decomposition of all contributions with analytical expressions.
The power of new computer can allow now the numerical simulation of impedance to be
confronted to real life experiment and to directly extract parameters from experimental data.
There is no longer need for analytical expression of impedance functions. More complex systems
can be then addressed with EIS technique. The numerical model can be directly realized with
network component (SPICE) or finite difference equations of transport or finite element analysis.
On the other hand, simulation can be done in the time domain by considering the response in
potential to a small current step followed by a fast Fourier transform [3].
At last we can consider the contribution of the micro-electrochemistry with the high resolution
of ultra micro-electrodes than can carry out a real imaging of membrane surface at work and the
revolution of microfluidic system that can help the experimenter to isolate some very small part
of ionic membrane systems.

Conclusion
A new class of experimental techniques and theoretical approaches need now to be
incorporated in the toolbox of membranologist and the networking operations like the LIA
MEIPA or the FP7 Cotraphen project are unique chances to build a very solid assembly.
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ALTERNATING CURRENT SYNTHESIS OF NANOMATERIALS THE BASED
ON METALS AND METAL OXIDES
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At present composition materials containing nanoparticles of metals or metal oxides are
widely used in many different areas of modern industry. Catalysts on the based on nanoparticles
of Pt or Pd and active carbon with high surface area are used as electrocatalysts for anode and
cathode for low temperature fuel cells, for electrolyze of water. The oxidation catalysts Pt and Pd
on support of nanostructured Al2O3 or other oxide materials are effective for the control of
carbon monoxide and volatile organic compounds emissions from a variety of exhaust gas
streams from industrial processes. Nickel oxide with high surface area is used for batteries and
hybrid supercapacitors. Nanostructured tin and tin oxides are well known as effective catalysts
and elements of gas sensors.
Today as long-known methods of “soft chemistry” as many new physical methods are widely
used for preparation of different composition materials containing nanoparticles of metals or
metal oxides. In the first case particle formation proceeds via chemical reduction of the relevant
precursors by different reducing agents. In the second case nanoparticles are formed under strong
physical action.
Our proposed method of composition nanomaterials synthesis is based on the phenomenon of
electrochemical destruction of metals under alternating current.
It seems under alternating current mass of electrodes didn’t must change because metal which
moved from surface of electrode to solution during positive period must reduce during negative
period. But if products of anodic reaction didn’t reduce completely the process of metals
destruction is possible under symmetric alternating current. In alkaline solutions many metals
destruct with the nanopowder oxide formation, for example Ni, Al, Cu, but in aced solutions they
dissolved. Under alternating current electrolysis the electrode potential changes are far from
equilibrium conditions. Consequently for transit metals it supposed many electrode stages of the
formation of oxide products with different degrees of oxidation of the metal which has a
defective structure. For noble metals as Pt or Pd we proposed mechanism of intercalation of
alkaline metals under crystal structure of metal and its following dispergation [1].
Important stage of metals electrochemical destruction under alternating current with powder
metal or oxides metals formation are the stage of water chemisorptions, evaluation of oxygen
and hydrogen during positive and negative pulls respectively.
We prepared several composition materials containing nanoparticles of metals or metal
oxides:
• Pt/C, Pd/C;
• Al2O3 and Pt/Al2O3;
• Sn, SnO2 and Pt/SnO2/C;
• NiO, NiO/C, Pt/NiO/C.
We study its structure using XRD, SEM, TEM, BET, TG-DSK, EDAX and chemical and
electrochemical properties for different applications. Composition, structure and functional
properties of products of alternating current electrolysis depend on the properties of metals, the
nature of electrolyte; temperature; current densities.
The work was supported by the Ministry of education and science of Russian Federation
(contract № 14.740.11.0371).
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Introduction
Effect of cellulose diacetate solution in acetone was investigated on their rheological and
optical properties. Methods of viscometry and turbidity spectrum used for the study of viscosity
and optical properties of the solutions. Dependence of the effective viscosity, the number and
size of the globules from the composition of the solutions has obtained.
Experiments
Structural changes in polymer solutions are shown by the conformational state of
macromolecules - their shape, construction, location. The most informative methods for studying
the conformation of macromolecules in solution are a measurement of their rheological and
optical properties [1].
This paper discusses the results of research solutions. The solutions prepared from powdered
air-dry cellulose diacetate (CDA) cotton's origin has modified vapor of binary mixtures with
distilled water and solvents - dimethylsulfoxide (DMSO) and dimethylacetamide (DMAA).
Acetone (analytical grade) was used to dissolve the polymer.
Flow curves for polymer solutions of varying concentrations of CDA are shown in Figure 1.
The values of effective viscosity of the solvents and pore-formation agents are shown for
comparison. All results for concentrated solutions were obtained on a rotational viscometer,
which increases their relative reliability.
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Figure 1. Flow curves of polymer solutions in acetone of various CDA concentration: а) 1 –
3% CDA; 2 – 5% CDA; б) 1 – 7% CDA; 2 – 10% CDA c) 1 – 15% CDA; 2 – 20% CDA
As can be seen from Figure 1, the viscosity of polymer solutions is highly dependent on the
concentration and increases with increasing polymer content in solution, and this dependence
is nonlinear. The presence of macromolecules and their relaxation processes are strongly
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dependent on molecular weight and polymer concentration, lead to major differences in
the structure, including the viscosity of polymer solutions.
Structural changes in polymer solutions and solvents made involving supramolecular and
intermolecular spatial relationships are usually retained after removal of the solvent during the
phase inversion process of obtaining the filtration material [2].
Flow curves of polymer solutions are shown in Figure 2. The solutions prepared from
cellulose acetate powder, modified vapor of water-organic mixtures and the solution prepared
from the unmodified CDA.
The results show that the viscosity of solutions made from modified CDA, more than
comparative viscosity of the base (no steam treatment). Particularly strong ∼( 70%) the viscosity
increases for solutions containing 0.1% mixture of water with DMSO, then its value begins to
decrease, not reaching, however, the values of ηef solution for the base of the unmodified
polymer.
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Figure 2. Flow curves of acetone solutions based on 7% of CDA, a modified of water-organic
mixture vapor (water-DMSO): 1 - untreated, 2 – 0,1%; 3 – 0,5%; 4 – 1,0%; 5 – 5,0%
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The dependence of viscosity on the degree of swelling recorded in the experiments clearly
demonstrated in Figure 3. The nature of the influence of powder processing CDA water-organic
vapor mixtures on the viscosity of the solutions can be explained as follows. The initial low-dose
vapor adsorbed on the surface of the open pores of powder (average pore radius of powdered
CDA is 1.65 nm, specific surface adsorption of Ssp = 11.5 m2 / g), which is associated with the
processes of adsorption of vapor mixtures on the surface of the pores. Therefore, in the first stage
of swelling observed the highest rate of swelling.
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Figure 3. The dependence of the mean effective
Figure 4. The kinetic curves CDA swelling
viscosity of the content in the polymer vapor
powder in vapor mixtures of water with DMSO
mixture of water DMSO
(1) and DMAA (2)
Sorbate condenses on the surface of the pores filled by the diffusion of all the leaks
supramolecular packing of the polymer ("free volume" between the crystalline and amorphous
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regions, packing leaks packs of macro- and microfibers, consisting of a set of parallel arranged
macromolecules with a diameter about 1-2 Å), which leads to increase the adhesion forces
between the sorbate and the bundles of macromolecules and is manifested in the increase of
friction in the viscous flow of a solution of the modified polymer.
To the extent that large doses of sorbate (0.5, 1.0, 5.0%) and the limiting saturation of
macromolecules, it is increasingly penetrating into the space between macromolecules, pushing
them, reducing the intermolecular hydrogen bonds, which leads then to a decrease in the
proportion of intermolecular forces cohesion in general, viscous friction and a decrease in the
viscosity of the polymer solution with increasing concentration of vapor modifies the mixture.
Since DMSO has a higher dielectric constant, it has a significant influence on the
conformational transformations of macromolecules.
The results of the investigation of the solutions by the method of turbidity spectrum also show
this. The change of optical parameters that characterize the structure of the polymer solutions,
the degree of swelling powder CDA is shown in Figure 5. Increasing the degree of swelling from
zero to maximum, the equilibrium value is accompanied by a continuous monotonic increase in
the number of microgel particles and decreases their size i.e. fragmentation of macromolecular
associates is going and increases the degree of isotropy of the solution. The nature of
relationships N = f 1 (α ) and rМГЧ = f 2 (α ) shows that the most intense disaggregation MGP
observed in solutions prepared from powder with small doses of CDA absorption of sorbate.
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Figure 5. Depending on the number of MGP (a) and mean effective radius MGP (b) the degree of
swelling
The solutions prepared from the polymer with the degree of swelling > 2-3%, differ little in
their structure. This indicates that the polymer undergoes a major conformational change in its
modification of vapor water-organic mixtures containing small doses of specific solvents,
actively interacting with the functional groups of cellulose esters.
Thus, modification of polymer materials - cellulose diacetate pairs of water-organic mixtures
allows for a comprehensive approach to the management structure and properties of solutions
and filtration membrane materials based on cellulose acetate. Features of the kinetics of
modification identified in the research process, it was found that the degree of swelling depends
on the composition of the modifying compounds. The relationship of the individual stages of
swelling of the polymer occurring in its adsorption, diffusion, and conformational changes.
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Introduction
The expediency of application of polymer gel electrolytes in electrochemical devices is
connected with their high electrical conductivity (~ 1 mS cm-1 at room temperature) in the wide
region of temperature and humidity, availability, ease of preparation and also chemical, thermal,
time stability, and elasticity. All abovementioned demands might be reached at optimal
combination of consisting gel compounds, namely polymer matrix, plasticizer and proton donor.
Properties of gel electrolytes based on PMMA, doped by acids solutions in aprotic solvents
(N,N-dimethylformamide (DMF), propylene carbonate (PC) and N,N-dimethylacetamide
(DMAC)), depending on the concentration of the acid and the polymer in the system, as well as
polymer molecular weight have been investigated in this work.
Experiments
For synthesis of gel electrolytes both commercial polymer (Mw = 120 000; 350 000 and 996
000) and one obtained by method of MMA radical polymerization were used. The average
molecular weight of new-synthesized PMMA was estimated by viscometric method (Mw = 325
000 and 413 000).
The conductivity of gels was determined by electrochemical impedance method with
Solartron 1260A over frequency range of 0.1 Hz-150 kHz with signal amplitude of 10 mV. Gels
viscosity was measured with rotational viscometer BROOKFIELD DV-II with accuracy ±1%.
The TGA of gels was performed on a Netzch TG 209 F1 analyzer in a flow of argon (20 ml/min)
at a heating rate of 10 K/min. Proton-conducting gel electrolytes were prepared as described in
ref. [1]. Optically transparent and time-stable gels were obtained. Properties of all gels were
invariable even after 6 months since they had been synthesized.
Results and Discussion

Figure 2. Impedance spectra of systems ~
Figure 1. Impedance spectra of systems
8.93 wt% PMMA (350 000)–
~ 9wt % PMMA (413 000)–[yН3PО4–DMF]
[0.1
М
Н2SО4–PC] at various temperatures:
at various acid concentrations: y = 0.3 (1), 0.4
-1
o
Т = 25 (1), 35 (2), 45 (3), 55 (4) and 65oС (5)
(2), 0.6 (3), and 0.7 (4), mol l ; at Т = 25 С
The spectra of impedance for gel electrolytes with compositions of ~ 9 wt % PMMA–[y Н3PО4–
DMF] are presented in Fig. 1. Hodographs are similar in appearance for all the studied gelelectrolytes with DMF, regardless of polymer molecular weight and nature of the acid. The
hodograph of impedance for the system with DMAC is similar to the one obtained for the gel
electrolytes with DMF while with PC has a different form (Fig. 2). Тhе conductivity of gels,
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prepared with different solvents, decreases in the following series: DMF > DMAC > PC, that is
mainly determined by the influence of viscosity. The gel conductivity decreases in the series of
acids as following: sulfuric > salicylic > phosphoric > benzoic. This sequence correlates with the
values of the dissociation constants of acids in DMF, which have following values: (pKa = 4.3,
8.23, 8.41, 11.70) for sulfuric, salicylic, phosphoric, benzoic acids, respectively. It should be
noted that the conductivity of the obtained gels higher than the electrical conductivity of acid
solutions in DMF, which are used in the gels synthesis. The increase of the conductivity in the
gel compared to conductivity in solution, possibly due to the fact that the polymer matrix may be
involved in the Grotthuss-type charge transfer mechanism and lead to increase of acid
dissociation as well.
The effect of acid concentration on the conductivity of gel electrolytes has been studied on the
example of systems with sulfuric and phosphoric acids.

Figure 3. Conductivity of gel electrolytes ~ 9 wt % PMMA (Mw = 413 000)–[y acid–DMF] as
a function of Н3PО4 (a) and Н2SО4 (b) concentrations at various temperatures:
Т = 25 (1), 35 (2), 45 (3), 55 (4) and 65 oС (5)
The conductivity of gel electrolytes on the concentration of acids has an extreme character. The position of
extremum depends on the nature of the electrolyte. Appearance of a maximum is explained by two
opposing factors. On the one hand, with an increase in the acid concentration, the number of charge
carriers increases and, consequently, the electrical conductivity should increase. On the other
hand, there is an increase in viscosity of the system, leading to a decrease of ion mobility.
The dependence of the gel conductivity on the concentration of PMMA may be the confirmation
that the polymer matrix is not an inert component in the gel electrolyte (Fig. 4). The figure
demonstrates that when the content of PMMA up to 5 wt%, the gel is not formed. There is a
decrease of electrical conductivity due to, first of all, influence of viscosity over this concentration
range. Extreme dependence of the conductivity is found to be for the gel (at a concentration of
PMMA from 5 to 15 wt%). The increase of electrical conductivity in the concentration range from
5 to 10 wt% of PMMA with an increase in viscosity of the system can also indicate an involvement
of the polymer matrix in increasing the degree of the acids dissociation.

Figure 4. Conductivity and dynamic viscosity of gel electrolytes x PMMA (350 000)–
[0.1 M H3PO4–DMF] depending on PMMA concentrations at Т = 250C
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With increasing molecular weight of polymer the gel conductivity increases (Fig. 5). The
observed increase the conductivity of gels with increasing of viscosity systems by increasing the
molecular weight of the original polymer might be an argument confirming the participation of
the polymer matrix in the process of acids dissociation.

Figure 5. Temperature dependences of conductivity of gel electrolytes ~ 18-20 wt % PMMA–
[0.1 M Н3PО4–DMF] for PMMA of Mw =120 000 (1), 325 000 (2) and 413 000 (3).
The thermal behavior of gel electrolytes are similar and independent on the nature of the acid,
so we presented to only one example of the differential gravimetric curve (DTG) for the gel with
sulfuric acid.

Figure 6. TGA curves for PMMA (413 000) (1) and the gel electrolytes ~ 9 wt % PMMA (413
000)–[0.1 M acid–DMF], acid: benzoic (2); sulfuric (3); phosphoric (4) salicylic (5) and DTG
curve for the gel electrolyte 8.99 wt % PMMA–[0.1 M H2SO4–DMF]
The first and main weight loss occurs for T ~ 165 oC. The weight loss may be associated with
the removal of unbound solvent from the sample. The second peak at T ~ 375 oC in the
differential curve corresponds to a complete degradation of the polymer.
This work was financially supported by Russian Foundation for Basic Researches (grants 1103-00311-а and 12-03-97534).
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Introduction
One of the most important aspects in the modern development of hydrogen-air fuel cell (FC)
with a solid polymer electrolyte is the development of ion-exchange membranes (IEM) which
provide the most favorable water management up to temperatures of about 100 °C when high
chemical as well as physical and mechanical stability and low resistivity are constant [1]. In
Russia, OAO Plastpolymer in St. Petersburg develops this type of membranes (MF-4SK) over
the past thirty years [1, 2]. The main disadvantage of IEM is the dehydration at high current
densities and high temperatures, resulting in a significant decrease in the ionic conductivity of
membranes. This drawback can be overcome by reducing of IEM thickness, which allows to
increase the water flow associated with back diffusion in working FC or by generating of
nanosized centers in the membrane structure, capable to hold water (usually hydrophilic centers)
even at elevated temperatures or centers that generate water in the fuel cell while in operation. In
addition, the membrane must have high mechanical strength and low gas permeability. This
effect can be achieved with the use as a reinforcing material of thin porous
polytetrafluoroethylene films (TPРF) [3]. In the membrane polymer embedded Pt nanoparticles
can serve as water generating centers [4].
Experimental
In the present paper IEM on the basis of biaxially-oriented TPРF (thickness 8-40 microns,
porosity > 70%) and perfluorinated sulfo-containing polymer solutions in isopropanol (EM =
980, concentration 10%) were obtained and analyzed. Nanoparticle catalysts were introduced
directly into the IEM through the chemical reduction of Pt precursors. The current-voltage
characteristics were obtained using a hydrogen-air fuel cell without gas pressure (collector Carbon paper Pantex, temperature 40 ° C, catalyst Pt40 on carbon). Experiments were performed
both with and without humidification of gases. Once the parameters of the cell with gas
humidification reached their steady-state values, moisture gas was eliminated, and the
measurements were taken at regular intervals.
Results and Discussion
Technological characteristics of reinforced membranes compared to the preliminary one are
presented in Table 1.
Table 1: Properties of IEM reinforces with biaxially oriented TPРF of various thickness
(δTPРF -film thickness, δm -IEM thickness, ρ -density, W- water absorption, σр -tensile strength, εrelative elongation, ρν -specific volume resistivity in the Н+-form at 20 ± 2 ° C).
δTPРF, µm
non
8
10
12
20

∆m, µm
30
30
40
40
73

ρ, g/cm
2,13
1,75
1,79
1,78
1,82

3

W, %
32
38
40
37
45

σр, MPa
5,2
11,0
11,3
11,4
12,1

ε, %
118
117
112
101
108

ρν, Ω*cm
9,2
9,9
9,3
9,5
10,5

Reinforced IEM samples, in contrast to the preliminary membrane exhibit excellent strength
characteristics, including a slight change in linear dimensions during swelling in water, as well
as low electrical resistance. All IEM have no micropuncture.
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Fig. 1 shows the results of IEM tests in the fuel cell. We investigated the reinforced IEM,
reinforced IEM with water generating catalytic centers and Nafion-212 membrane (for
comparison). It is evident from the figure that with wetted gases all the membranes show similar
and high performance. Current-voltage characteristics are particularly limited when dry gases are
fitted into the cell, and most dramatically for the unreinforced Nafion-212 membrane
(characteristics of reinforced IEM are somewhat higher, do to the possibility of presence therein
of additional free water at interfacial surface of hydrophobic TPРF and hydrophilic polymer
membrane, which is confirmed by data in Table 1). Current-voltage characteristics of reinforced
IEM with water generating catalytic centers are also reduced depending on the time of the cell
function, but remain significantly higher in comparison with other membranes. Performance of
fuel cells with these membranes reached stable values after 1,5 to 2,0 hours.
1
0,9
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Figure 1. Current-voltage characteristics of various membranes. (Nafion 112 membrane:
humidified gases – 1; dry gases (10 min) - 2; dry gases (20 min) – 3; Reinforced MF-4SK (35 µm):
humidified gases – 4; dry gases (10 min) – 5; dry gases (20 min) – 6; Reinforced MF-4SK with
catalyst (30 µm): humidified gases – 7; dry gases (10 min) – 8; dry gases (20 min) – 9)
Accordingly it is shown that the new composite membranes based on porous
polytetrafluoroethylene films and perfluorinated sulfopolymers with water generating catalytic
centers shows high strength, small shrinkage when moisture content varies, sufficiently high
ionic conductivity at temperatures up to 100 °C and significantly exceeds samples of preliminary
membranes when tested in fuel cells.
1.
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Introduction
The present work concerns the influence of the magnetic field on the permeability of a
membrane of solid cylindrical particles covered with porous layer. Here, we have considered the
flow along the axis of cylinder and the alignment of uniform magnetic field is assumed to be
perpendicular to the axis. The Brinkman equation is used for flow through porous region and
Stokes equation is used for flow through clear fluid region. To model flow through assemblage
of particles, cell model technique has been used i.e. the porous cylindrical shell is assumed to be
confined within a hypothetical cell of same geometry. The stress jump condition has been
employed at the fluid-porous interface and all four alternative conditions Happel, Kuwabara,
Kvashnin and Mehta-Morse/Cunningham are used at the hypothetical cell. Effect of the
Hartmann number on the hydrodynamic permeability of the membrane is discussed.
Theory
Here, we have considered an axi-symmetric Stokes flow of an electrically conducting viscous
incompressible fluid through a swarm of porous cylindrical particles of radii b% , each enclosing
an impermeable core of radius a% . The above model is equivalent to a co-axial porous cylindrical
shell enclosing an impermeable core (Fig. 1). We assume also that axes of all cylinders are
parallel. By virtue of cell model, each porous shell is assumed to be enveloped by a concentric
cylinder of radius c% ( c% > b% ) , named as cell surface. The Stokes flow of a Newtonian fluid with
absolute fluid viscosity is assumed to be steady and axi-symmetric. We assume that the fluid is
approaching towards the cell surface as well as partially passing through the composite cylinder
along the axis of cylinders (z-axis) with velocity U% from left to right. The radius c% of
hypothetical cell is chosen in such a way that the particle volume fraction of the porous cylinder
is equal to the particle volume fraction of the cell, i.e. relative to this composite cylinder (i.e. a
core with porous shell) in the hypothetical cell, i.e. γ = π b% 2 / π c% 2 .
A transverse magnetic field of uniform intensity is applied. The Magnetic Reynolds number is
assumed to be very small and there is no external electric field so that the induced current is very
small and hence it can be neglected. The governing equations for the creeping flow of an
incompressible Newtonian fluid, which lies in the region outside the porous cylindrical shell
under the above assumptions, can be expressed by
µ% (1)∇% 2 v% (1) + J% (1) × B% = ∇% p% (1) .
(1)
Also, the flow inside the porous cylindrical shell is governed by the Brinkman equation
% 2 v% (2) − ( µ% (1) / k% ) v% (2) + J% ( 2 ) × B
% p% (2) ,
% =∇
µ% (2)∇
(2)
where the tilde denotes dimensional magnitudes; indices (1) and (2) refer to the external zone
(1)
and porous layer, respectively; µ%
is the viscosity of the fluid, µ% (2) denotes the effective
viscosity of porous medium; k% being the permeability of porous medium. Here,
v% ( i ) , p% ( i ) , i = 1, 2 be the velocity vector and pressure outside and inside the porous cylindrical
1
2
%
shell respectively. J% ( ) , J% ( ) are the electric current density vectors in appropriate regions and B
is the magnetic induction vector of applied uniform magnetic field. As we assume that external
electric field is absent and internal causes such as separation of charges or polarization do not
i
i
i
% , where σ
% (i ) , i = 1, 2, are the electrical
originate induced electric field, so J% ( ) = σ% ( ) v% ( ) × B

(

)
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conductivities of fluid refer to the external zone (1) and porous layer(2), respectively. Therefore,
i
i
% and velocity v% (i ) are collinear and opposite
we conclude that Lorentz forces F% L( ) = J% ( ) × B
i
i
directed: F% ( ) = − B% 2 v% ( ) , where B% = B% . Further, we also assume that electrical conductivities of
L

0

0

fluid in the external zone (1) and porous layer (2) are equaled, i.e. σ~ (1) = σ~ ( 2) = σ~. In addition,
the equations of continuity for incompressible fluids must be satisfied in both regions:
% ⋅ v% ( i ) = 0 ,
∇
(3)
i = 1, 2 .
We set as usually the sticking condition on the surface of a rigid cylinder:
(4)
u% (2) = 0, r% = a%.
For the convenience of analysis, let us introduce the following dimensionless magnitudes:
a% c%
1
µ% (2)
b%
η
l= %, % =
, λ=
,
η
=
,α =
(1)
µ%
λ
b b
γ
k%
At the porous-fluid interface ( r% = b% ), we use the continuity condition for velocity and the
jump condition for tangential stresses:
βµ% (1) (2) .
u% (1) = u% ( 2) ,
(5)
T%rz(2) − T%rz(1) =
u%
%
k
where β is dimensionless parameter of order 1 [2].
In the case under consideration, the Happel, Kuwabara, Kvashnin, and Cunningham
boundary conditions on the cell surface lead to the following single result:

du% (1)
= 0 at r% = c% .
dr%

(6)

Figure 1. Scheme of the flow along the z-axis of cylinder
The boundary value problem (1)-(7) was solved analytically [1] in the cylindrical system of
coordinates ( r% , θ, z% ), in which the axis is directed along the flow (Fig 1). Equations (1)-(2) that
describe the flow outside and inside the porous layer have, respectively, the following forms [1]:

µ% (1)

µ%
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(2)

1 d  du% (1) 
dp% ,
r%
− σ% B%o2 u% (1) =


r% dr%  dr% 
dz%

(b% < r% < c% )

1 d  du% (2)  µ% (1) (2)
dp%
r%
− % u% − σ% B%o2 u% (2) = , (a% < r% < b% )


r% dr%  dr%  k
dz%

(1/)
(2/)

(1)

(2)

where u% , u% –are flow velocities of clear fluid and Brinkman medium along the cylinder and
dp%
- is the pressure drop, which is considered to be constant and preset. We introduce also two
dz%

σ% B%o2 b% 2
important dimensionless quantities: M =
being the Hartmann number and
µ% (1)
s2 =

(η2 + M 2 )
.
λ2

Results and Discussion
Using obtained analytical solution [1], the dependence of hydrodynamic permeability on
magnetic field is depicted in Fig. 2.

Figure 2. Dependence of dimensionless hydrodynamic permeability L11 of a membrane of
cylindrical particles under longitudinal flow on Hartmann number M: 1 – β = –0.6, 2 – 0.2,
3 – 0.6; η = 1, l = 0.4, λ = 2, γ = 0.5.
The hydrodynamic permeability L11 decreases with Hartman number M and increases with
jump coefficient β signifying lesser resistance offered against flow for a relatively higher shear
stress in porous region compared to the clear fluid region. At Hartman number M>4, there is no
difference between curves for various values of parameter β. We believe that taking into
consideration external magnetic field allows us to describe more accurately the influence of
magnetic stirrers on flows of conducting liquid through porous membranes.
The present work is supported by the Russian Foundation for Basic Research (projects
nos 10-08-92652_IND and 12-08-92690_IND).
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Introduction
Dependence of diffusion permeability of composite or asymmetric membrane on the direction
of substance transfer through it (asymmetric transport) is discussed widely in the literature. Up to
now a number of the possible mechanisms which are capable to source the given effect have
been suggested. The effect of asymmetry in the case of gaseous transport can be caused by
conic-shaped pores [1, 2] in a porous asymmetric membrane. In the case of ionic transport the
asymmetry effect can be originated by spatially non-uniform distribution of a fixed charges in a
membrane and geometrical features of its porous structure in a porous bi-layer membrane [3-5]
or heterogeneity of exchange capacity of a membrane on its thickness [6, 7]. Various
mechanisms for the asymmetric transfer of gases and liquids through composite or asymmetric
membranes are discussed elsewhere [1, 8].
This work presents the new mechanism for explanation of asymmetry transfer through a
modified membrane [9].
Theory
We assume that: 1) transfer rate of the dissolved component through the membrane is
determined by bulk diffusion and the rates of establishing of the adsorption equilibrium on the
surfaces of the membrane ; 2) modification one of the surfaces of the membrane can result in
noticeable change in its sorption-kinetic characteristics (such as coefficients of adsorption and
desorption rate, etc.).
Let us consider the case when the dissolved substance in liquid diffuses through the
membrane from the modified membrane surface 1 to the unmodified surface 2 (Fig. 1a). Pure
solvent (water) is located near the surface 2.

Figure 1. The scheme of transfer of dissolved substance through the modified membrane depending
on the transport direction: a) transfer from surface 1 to surface 2; b) transfer from surface 2 to
surface 1
Mass balance in the case (a) can be written as

J a1 = J d 1 + J d 2

(1)

where J a1 = k1a a 0 (c∞ − c1 ); J d 1 = kd 1c1 , J d 2 = kd 2c2 ; k a1 , k a 2 and kd 1 , kd 2 - adsorption and
desorption rate coefficients of the dissolved substance on the modified and unmodified surfaces
of the membrane, respectively; c∞ - the maximum accessible concentration of the adsorbed
substance on the surface, c1 and c2 - the concentrations of the substance on the surfaces 1 and 2,
respectively; a 0 - the concentration of the dissolved substance.
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The diffusion flux through the membrane can be written in the steady state in the following
form:
c −c
J12 D = D 1 2
(2)
l
where l - the membrane thickness, D - the diffusion coefficient.
The expression of diffusion permeability coefficient P1 for the case (a) can be obtained by
taking into account relations (3) - (4) and the condition of diffusive flux absence (in the case of
equal concentrations on both surfaces of the membrane)
KD
P1 =
(3)
Ka 0 D 1
Ka 0
1
[1 +
+ (
+
+
)]
c∞
l k d 2 k d 1 k d 2 c∞
where K is the Henry coefficient.
The permeability coefficient P2 for the opposite direction i.e. (b), can be obtained similarly

P2 =

KD
Ka 0 D 1
Ka 0
1
[1 +
+ (
+
+
)]
c∞
l k d 1 k d 2 k d 1c ∞

(4)

Expression for the asymmetry coefficient was obtained using (3) - (4)

Ka 0 D 1
Ka 0
1
+ (
+
+
)]
P1
c∞
l k d 1 k d 2 k d 1c∞
η=
=
P2 [1 + Ka 0 + D ( 1 + 1 + Ka 0 )]
c∞
l k d 2 k d 1 k d 2 c∞
[1 +

(5)

Results and Discussion
According to (5) the asymmetry effect of diffusion permeability of the membrane can occur if
there is a noticeable difference between the coefficients of the desorption rate on the modified
and unmodified surfaces of the membrane.
Analysis of a number of limiting transport cases revealed that
1) The limiting stage of transport is the kinetics of desorption rate on the surfaces of the
l
1
membrane
<<
, ( i = 1,2) . Then from (5) we easy obtain the expression for the asymmetry
D
kdi
coefficient of diffusion permeability:
1
1
Ka 0
[
+
+
]
P1
kd1
kd2
k d 1c ∞
,
(6)
η =
=
1
1
Ka 0
P2
[
+
+
]
kd2
kd1
k d 2c∞

From (6) it is follows that the effect of AEDPM (asymmetry effect of diffusion permeability
of the membrane) may occur due to changes in the coefficient of desorption rate on the surface 1
due to modification of this surface.
If the modification of surface does not change the coefficient of desorption rate on the surface
of a 1, the effect of AEDPM does not arise.
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2) The limiting stage of transport is diffusion in the membrane (

1
l
>> ) . In this case, the
D
kdi

effect of AEDPM does not occur and so, η = 1 .
3) Equation (7) for the proposed mechanism of the asymmetry of diffusion permeability is
followed from (3) - (4)

1
−
P2

1
=
P1

a 0
1
[
c∞ l k d

−
1

1
k

]

(7)

d 2

This ratio can be used to determine the presence of the considered mechanism of the
asymmetry of the diffusion permeability using experimental data.
Conclusion
Thus, the effect of AEDPM may occur when significant influence of the surface rates of
sorption kinetics on the transport through the modified membrane under the condition of
significant divergence between these rates on different surfaces.
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Introduction
Treatment of malignant neoplasm is one of the most important issues of the day. Therefore, in
recent years, particular attention is paid to the development of high-effected anti-cancer
products and new dosage forms of cytostatics[1]. New approach to the solution of this problem is
to use polymeric carriers of drugs. Especially use of hydrogels on the basis of natural polymeric
materials - gelatin, agar – agar, alginate metals, pektovy acid were successful. [1-3]. Varying the
physicist – chemical properties of hydrogels on a basis of alginate calcium in presence of gelatin
and agar – agar, it was possible to create new highly effective medicine carriers and prolonged it’s
effect of medicinal action[4].
Further development of these works is the creation on a surface of hydrogels of a thin layer of
the membrane consisting also of natural polymers, in a particular from chitosan and a sulfate
dextran[5].
This work results showed that the influence of thickness of the polymeric membrane coated
hydrogel alginate of calcium depends on the speed of liberation of a anti-cancer preparation from
hydrogel [2].
Experiments
Membrane layers on a surface of hydrogels calcium alginate formed as follow. Solution of
chitosane CaCl2 was dropped slowly to sodium alginate. It is known that ions of calcium have
small molecular weight and interacte with polymeric chain of alginate quicker than chitosane.
Formation of hydrogel of calcium alginate occurs quicker than formation of a polyelectrolyte of
alginate complex with chitosan. As a result, microparticles formed on the surface of calcium
alginate form the membrane layer chitosan. Thickness of this layer defined by a light microscope
of brand of "Leica Eclipse TE 300" ( Table 1).
Table 1: Influence of concentration of chitosan in solution on thickness of the membrane
formed on a surface of hydrogel of calcium alginate
Concentration of chitosan solution,
%

Thickness of a membrane,
mcm

0,25
0,50
1,00
2,00

25±3
40±5
65±5
125±10

The release anticancer drug– cyclophosphamide from calcium alginate modified with adsorbed
layer of chitosane have been studied.
Results and Discussion

It is established that at increases in thickness of chitosane membranes from 25 µm to 125 µm
results to decrease of diffusion coefficient of cyclophosphamide in 2 times.
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Figure 1. The parameters of cyclophosphamide release from microparticles of calcium
alginate, covered with adsorbed layer of chitosane Һ - thickness of chitosane layer, µm;
A- time of an exit of 50 % of a preparation, min; B- time of the maximum exit of a preparation,
hour; C- maximum exit, %
Thus, change of thickness of a chitosane membrane on hydrogel surfaces permit to operate by
speed of release of medicine (cyclophosphamide) from hydrogel. It is perspective way of
development of medicines of the prolonged action.
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Introduction
Among a wide spectrum of electrodialysis with bipolar membranes applications dilute
solutions pH correction process takes considerable part in water treatment [1, 2], chemical [3, 4]
and food industry [5-8]. pH correction process of dilute solutions is fundamentally differs from
conversion of salt solutions to corresponding acids and bases. Low concentration of analyzed
solutions and necessity’s absence to get concentrated or pure acids and bases allow to simplify the
technological schemes and reduce the demands for bipolar membranes selectivity. On the other
side in dilute solutions of salts, the limiting current is attained on monopolar membranes, which
leads to water dissociation starts, as it does on bipolar membranes. The current efficiency in the
electrodialyzer depends not only on the electrochemical characteristics of bipolar membrane, but
also on the properties of monopolar membranes in the electrodialyzer stack. Further real
solutions contain considerable number of components taking part in chemical reactions with Н+
and ОН– ions and experimental investigations and theoretical description of dilute solutions pH
correction process is complicated.
Experiments
The objects of investigation are alkali and acid electrodialysis chambers [9] formed by bipolar
membranes MB-3 or asymmetric bipolar membranes1 and anion-exchange membranes MA-40 or
MA-41. Electrodialysis pH correction process was studied in different dilute solutions: sodium
chloride solution, solution contained sodium bicarbonate and carbonic natural water after ionexchange softening.
Results and Discussion
In work [9] pH correction process of sodium chloride dilute solution (C=0,01 mol/l) was
studied. The regularity concerned with influence of anion-exchange membrane, forming
investigated chambers together with bipolar membranes, on proton and hydroxyl ions current
efficiencies was revealed. This influence is concluded in proton and hydroxyl ions current
efficiencies decrease. The reason of such decrease was water dissociation on medium-basic
anion-exchange membrane MA-40. On the basis of measurement of real hydroxyl transport
number through anion-exchange membrane MA-40 and MA-41 by the method, described in [10]
in different pH values it was established that in the area of a limiting current on membrane MA40 the hydroxyl ions transport numbers equals approximately 0,1. Further growth of current and
solution pH near membrane leads to hydroxyl ions transport numbers decreased. This indicates
that water dissociation reaction on medium-basic anion-exchange membrane MA-40 is
suppressed under high pH values. Such decrease of water dissociation rate is concerned with
deprotonation of MA-40 tertiary amino groups at high pH values.
In contrast to electrodialysis of sodium chloride solution, where decrease of the ions
concentration in alkali chamber is exactly equal to its increase in acid chamber, when flow rates
through these chambers are identical, in case of bicarbonate solutions such equality is observed
only for chloride ions which don’t takes part in chemical reactions with products of water
dissociation and for overall amount of ionic forms of carbonic acid in alkaline and acid
chambers.
Chemical reactions between carbonate ions and water dissociation products provoke
transformation from one form of carbonate to another and don’t lead to change of carbon total
amount (∑С), change of carbon sum in acid and alkali chambers is defined only by
electromigraion of carbonate and bicarbonate ions through anion-exchange membrane.
1

The asymmetric bipolar membrane (MA-40+MF-4SC) was kindly supplied by S. Melnikov
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Unbalance between diminution of bicarbonate ions concentration in alkali chamber and it
increment in acid chamber (fig.1) is concerned with chemical reactions of bicarbonate ions with
water dissociation products generated in bipolar membranes:
HCO3– + OH–  CO32- + H2O
HCO3– + H+  H2CO3
Mathematical model of natural waters pH corection process is complicated because it contains
bicarbonate and sulfate ions. Presence of different sulfate forms depends on pH. In softened tap water
with sulfate ions (SO42–) there can be hydrosulfate ions (HSO4–) at pH<4. In this case calculation of
concentrations is carried out on basis of sulfuric acid dissociation reaction (on two steps):
H2SO4  H+ + HSO4–
HSO4–  H+ + SO42–
Finally mathematical model describing process of softened tap water pH correction represents
system of nonlinear equations which contains 15 equations with 15 variables relative to
concentrations and ionic fluxes. The system is solved by means of Newton's modified method.
Analysis of dependences of different carbonic acid ionic forms concentrations in outlets from
alkali and acid chambers on current density (fig. 1) shows that experimental data of softened tap
water pH correction are well described by models one of which takes account of water
dissociation on anion-exchange membrane (continuous lines) and simplified model doesn’t take
account of water dissociation (dotted lines). Possibility this simplification is caused by presence
of amino group deprotonation effect and water dissociation suppression at high pH values and
also by buffer properties of bicarbonate solutions.
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Figure 1. Dependence of ion concentrations in softening water on current density: a –
bicarbonate ions (1) and carbonate ions (2) in alkaline chamber; b – bicarbonate ions (1) and
carbonic acid (2) in acid chamber; Dots – experimental values, continuous lines – calculated
values by the model with account of hydroxyl transport numbers through anion-exchange
membrane, dotted lines – calculated values without account of hydroxyl transport numbers
through anion-exchange membrane
It was established the general regularity during pH correction of dilute solutions confirming
outdiffusion kinetic of ions transfer through monopolar membrane. In this case theoretical
calculation of effective anion transport numbers can be carried out on the basis of ionic
concentrations, charge numbers and diffusion coefficients in solution without of additional
membrane characteristics and empirical coefficients.
This work was supported by RFBR grant № 11-01-96512-r_yug_c and № 11-03-96504r_yug_c.
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DEVELOPMENT AND EXPERIMENTAL TESTING OF SOFTWARE PACKAGE
FOR DETERMINING THE SHARE OF ION-CONDUCTIVE SURFACE OF
HETEROGENEOUS MEMBRANES BY DATA OF SCANNING ELECTRON
MICROSCOPY
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Software package that realizes the methods of digital processing of electron microscope
images of the surface of heterogeneous ion-exchange membranes was developed. For automated
analysis of surface morphology with aim of numerical estimation of the area of active ionconductive plots (phase of the ion exchanger) the possibility of using noise reduction techniques,
methods of threshold image processing, gradient methods, methods of growing regions were
considered. It was established that the highest accuracy of numerical estimation of the area of ion
exchanger phase is reached when applying the method of growing areas, which allows to
highlight steadily structural components of the membrane surface. The software package was
tested on real samples of heterogeneous ion-exchange membranes of different nature and
structure.
Experiments
The software package is an application developed on Delphi programming language. The
application provides automated analysis of surface morphology of ion-exchange membranes by
means of a digital photo processing. The method of growing regions was used to estimate the
relative share of ion exchanger on the membrane surface. Besides this, the software package
includes an additional module of construction the histogram of surface conductive areas
distribution over the effective radii.
The selected objects of research are heterogeneous cation-exchange membrane MK-40, which
is based on strongly acidic exchanger KU-2, and cation-exchange membrane MK-41, containing
a weakly acidic phosphate cation-exchanger KF-1 produced by OJSC "Shchekinoazot"
(Shchekino city) in an industrial scale.
Microscopic investigations were carried out using scanning electron microscopy (SEM),
microscope model JSM-6380 LV (Japan), with golden evaporation on dry samples.
Samples of membranes for the study were square plates sized (4×5)·10-3 m. Microscopic
analysis of the surface morphology was carried out for commercial, conditioned and membrane
samples after the current-temperature influences.
Results and Discussion
When processing the electron microscope images of the membrane surface, analysis and
research methods of noise reduction, image processing and threshold gradient methods, method
of growing regions there were carried out step by step.
At the stage of preliminary processing of SEM images with the purpose of noise reduction a
median filter was applied. The main function of median filter is to replace pixel value different
from the background with another one, closer to its neighbors. Isolated dark or light (compared
to the surrounding background) clusters with an area of not bigger than n2/2 were removed
(replaced by median values of the surroundings) by a median filter with mask size n×n [1]. In the
developed complex a median filter on a surrounding 3×3, 5×5, 7×7 has been realized.
Detection of active surface areas (phase of ion exchanger) was made by analyzing the
histogram of brightness. The threshold transformations are central to the practical problems of
image segmentation by intuitively understood features and simplicity of realization [1, 2]. The
simplest method of threshold processing is to separate the image histogram (a histogram of
brightness) into two parts using a single global threshold. The result of global threshold
processing and histogram are shown in Fig. 1. The success of this method depends entirely on
how well the histogram succumbs to separation. Share of bright objects corresponding to the
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phase of ion exchanger, for investigated image of the membrane surface of the MK-41 made up
6.2%.

1

2

Figure 1. The result of global threshold processing (1) and a brightness histogram (2) of the
image of MK-41 membrane surface
The distribution of outlet areas of ion-exchange grains on the surfaces has a complicated
character, so for a more accurate estimation of the relative share of ion exchanger on the surface
of the membrane, method of regions growing was realized. Growing of regions is a procedure
that groups pixels or subregions into larger areas of predetermined criteria. The main approach is
that at first, a set of points, playing the role of "crystallization centers", is taken and then areas
are built up on them by accession to each center those pixels from number of neighbors, whose
properties are close to the center of crystallization (for example, have the brightness or color in a
certain range).
The primary task of using this method is to determine starting points for growing. In the
problem under consideration the choice of starting points is carried out by the expert manually
that almost eliminates the possibility of growing "false" areas in the case of automatic selection
of "crystallization centers".
The result of applying the method of areas growing in the processing of SEM images of
membrane surface is the image on which the phase of ion exchanger is painted in white, and the
rest of the surface - in black background color. The approach implemented in the proposed
program has a number of advantages compared with traditional methods because it allows to
obtain on the image clear-cut contours and minimize the number of breaks at the phase
boundaries. Table 1 shows the results on determining the proportion of ion-conductive
membrane surface using the developed software package and professional program for working
with photos Adobe Photoshop.
Table 1. The share of the conductive surface of dry and swollen samples of ion-exchange
membranes based on the results of processing of SEM images by different programs
Image processing
program

Membrane type
МК-40
Dry

Adobe Photoshop
Author program
Adobe Photoshop
Author program
Adobe Photoshop
Author program

Swollen
Commercial

МК-41
Dry

0,05±0,01
0,070±0,008
0,039±0,005
0,048±0,008
After the conditioning
0,107±0,009
0,234±0,008
0,09±0,01
0,081±0,005
0,215±0,004
0,086±0,008
After the current-temperature influences
0,14±0,02
0,27±0,02
0,19±0,02
0,112±0,006
0,237±0,008
0,151±0,005

Swollen

0,21±0,01
0,202±0,006
0,29±0,02
0,259±0,006
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The results on determining the share of conductive surface of the commercial samples in dry
state showed that it is just 5-7%. The authors [3, 4] explained this effect by the extrusion of
plastic polyethylene over the volume of heterogeneous membranes in the process of pressing and
subsequent rolling (the effect of capsulation).
A divergence in estimating of the share quantity of ion-conductive surface, obtained by
different methods of processing images was found. In this case coordination of results depends
on the degree of development of the studied surface topography. Electron microphotos show that
the heterogeneous membranes are characterized by clearly defined geometrically inhomogeneous
surface with considerable roughness, in some cases, with defects and layering of structure, the
presence of cracks and cavities. When receiving SEM images of the surface relief, additional
mechanisms of formation of secondary slow electrons exist, contributing to the formation of a
signal, which manifests itself in varying brightness of images depending on the angle of
inclination of its various areas relative to the horizontal. As a result of "boundary effect",
protruding on the surface phase not only of the ion exchanger, but also of polyethylene as a
result its delamination and separation from the surface in places where the ion exchanger grain
surface are characterized by high brightness. Therefore, in the case of a surface with a strongly
developed relief, image contrasting and post-treatment using traditional methods gives higher
value of share of ion-conductive surface.
1.
2.
3.

4.
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Introduction
Solution of the problem of mass transfer intensification in the electromembrane systems is
impossible without the investigations of the regularities of the ions transfer through membranes
at the high and super-high values of the current density and searching for the new mechanisms of
their supply to the interphase boundary of membrane-surface. Therefore, much attention is
drawn towards making of the theoretical and experimental investigations of the over-limited
state of a membrane. It should be noted that the elaboration of the general theory of over-limited
state in the electromembrane system is restrained by the gap in the experimental investigations at
the currents exceeding the limiting value. One of the reasons for these difficulties is a complex
measuring technique for the thickness of diffusion layer and concentration field near the surface
of membrane. Application of laser interferometry allowed visualization the process of formation
and development of the diffusion layers in a solution near the surface of a ion-exchange
membrane in a wide range of current densities.
Experiments
In the present work we used a Zender-Mach interferometer which has certain advantages over
other types of interferometers. Providing high contrast, it enables to study large objects and to
localize the bands of equal thickness in an arbitrary plane. In order to calibrate an interferometer
several standard solutions of the investigated substance were interferograms represent the
concentration profiles of solutions and their scale should be determined by the calibration
procedure. The experiments were made in the seven-compartment electrodialysis cell where
compartments were separated by cation-exchange and anion-exchange membranes. Sodium
chloride solution was supplied to the flow passage with the linear velocity thus corresponding to
the laminar flow mode (Re < 5). The experiment was performed at constant current intensities
and the continuous feed of solutions.
Visualization of hydrodynamic pattern of the flow in this work was made as follows.
Solutions of the investigated substances containing the particles of the aluminium powder or
colophony in the suspension state were supplied into the cell compartment. The flow pattern was
recorded using video camera with comparison beam of interferometer being shut. The flow rate
in a certain local point was determined by the measurement the pass time of the particle for a
certain pathway taking into account the preliminarily determined scale measure. Visualization of
a hydrodynamic picture of interphase boundaries allows to define the characteristic size of the
convective instability region arising at high-intensity regimes of an electrodialysis. The size of
convective instability region d is defined as distance from a membrane surface on which a
concentration profile has unstable, oscillatory character.
Results and Discussion
Application of laser interferometry allowed visualization the membrane-solution interface
allowed to reveal two stages in the development of convective instability. 1 stage: if the current
exceeds the limiting diffusion current density within the range from one up to 3 times then the
following facts are observed: stable vortices, oscillation stability of the concentrations profiles;
the main transfer mechanism is migration and diffusion. 2 stage: for 3-4 fold exceeding of the
limiting current value the following is characteristic: unstable vortices, turbulent pulsations of
hydrodynamic flow rate towards the surface of membrane; concentration profiles loose their
oscillation stability; transfer mechanism is convective one (i.e. transfer of a substance towards
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membrane is performed due to pulsations of hydrodynamic flow rate that are normal to the
surface of membrane).

Figure 1. Structure of boundary layer near cation-exchange membrane in intensive current
regime
The convection intermixing which appears spontaneously at the membrane-solution interphase
destroys the diffusion boundary layer near ion-exchange membrane. The dimensions of the total
diffusion layers δ obtained by laser interferometry and linear Nernst approximations δN obtained
as the intersection of a tangent to the concentration profile drawn from interphase convective
instability zone and stable diffusion layer to the straight line corresponding to the initial
concentration are presented (fig. 1).

Figure 2. Total (δ), the Nernst (δN) thickness of the diffusion layer and the size of convective
instability zone (d) near cation-exchange membranes MK-40: C0(NaCl)=0.02M, V=0.02 cm/s,
h=0.5 cm; ---- the results of calculation by the Leveque equation [1]
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Figure 2 presents experimentally obtained dependence of the total (δ), effective (δN) thickness
of the diffusion boundary layer and the size of convective instability zone (d) on the nondimensional current density under stable stratification of electromembrane systems. At the
current densities lower than the limiting current density i1 the value of the total diffusion layer
δtot increases significantly with i, while that of δN increases more slightly. The increase in δtot is
explained by the fact that the expansion of concentration changes near the membrane is caused
by the current flow through the membrane-solution interface. At i>ilim the increase of the
convection instability region of the solution in the vicinity of the membrane surface and the
decrease of thicknesses of the diffusion layer with the uprising of the current density in an
overlimiting region has been revealed experimentally. The obtained dependence proved to be
unusual and makes the interpretation of the experimental results in accordance with common
classical ideas when the thickness of diffusion layer is considered to be constant [1].
It is established that with reduction of solution flow supply rate and its concentration degree of
concentration polarization at which there is a destruction of a diffusive boundary layer,
decreases. Thus features of generation and development of convective instability in membranes
of various type of ionogenic groups are caused by different speed of heterolytic reaction of water
dissociation on each of membranes.
The study of hydrodynamic state in solution at the interphase boundary demonstrated that in
the high-intensive current modes the values of the normal components of the flow rate for
hydrodynamic pulsations supplying substance from the bulk of solution to the surface of
membrane and intensifying mass transfer were comparable with supply flow rate of solution into
membrane passage flow.
The research was financially supported by Russian Foundation of Basic Researchers under
the project №10-08-01060-а.
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The motion of capsules in the liquid flow is of great applied and theoretical interest. Capsules
are used for the delivery of drugs and reagents; there are developments that involve the
encapsulation of anticorrosive additives for paint and lacquer coatings. In all of these cases, the
motion of the drop–shell system relative to the external flow takes place either at the stage of
material production or in the course of the practical use of capsules.
Particles of different natures with a porous layer turned out to be a convenient element in the
construction of the cell model of membrane systems and the rheological properties of
concentrated colloidal dispersions. The problem of the flow around particles with porous shell
and the filtration of viscous liquid in the porous medium with complex internal structure are
closely interconnected.
In this work, we solved the problem of the flow around the capsule that contains the liquid,
which cannot flow out of porous shell but is subjected to the action of viscous forces from the
side of flowing liquid, i.e., the liquid carrier can penetrate into the porous medium of the capsule.
%
Let us consider the flow of liquid 3 (region 3), which is characterized by the preset velocity U
at the infinity, around the spherical capsule with radius a% that presents the drop of liquid 1 with
radius R% (region 1) coated by the porous layer with thickness δ% (region 2) (Fig. 1). It is
assumed that liquid 3 penetrates into the porous layer and is not mixed with liquid 1.

v%ro
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v%θo

~
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~
U

1
R%

a~

z%

Figure 1. Schematic representation of spherical droplet coated with porous layer
At small Reynolds numbers, the motion of the liquid inside ( 0 < r% < R% - region 1) and outside
( a% < r% < ∞ - region 3) the capsule will be described by the Stokes and continuity equations as
follows:
% p% (i ) = µ% ∆% v% (i ) , 
∇
(1)
 (i = 1,3)
% ⋅ v% (i ) = 0.
∇

The motion in the porous layer ( R% < r% < a% - region 2) will be determined by the Brinkman and
continuity equations presented below:
% p% (2) = µ% (2) ∆% v% (2) − k%v% (2) , 
∇
(2)

% ⋅ v% (2) = 0,
∇

where the tilde refers to dimensional values; superscript (i) denotes the number of a region to
which a value is relevant; µ% ( i ) are the viscosity coefficients of the liquids and the Brinkman
medium; p% ( i ) refers to pressures; v% (i ) refers to velocity vectors; and k% is the Brinkman constant,
which is inversely proportional to the specific permeability of the porous layer.
In order to formulate the boundary problem for Eqs. (1) and (2), we have to specify the
boundary conditions.
Far from the capsule, we set the uniform flow as follows:
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% , r% → ∞ .
v% (3) → U
(3)
At the liquid–porous layer external boundary ( r% = a% ), the continuity conditions of velocity and
normal stresses σ% rr , as well as of the jump of tangential stresses σ% r θ , are set as follows [1, 2]:
v% (3) = v% (2) ,
% (2)
σ% (3)
rr = σ rr ,

(4)

% (2)
% (3) k%0µ% (3) ,
σ% (3)
r θ − σ r θ = β vθ
where β is the parameter that characterizes the jump of tangential stresses and varies from 0 to 1
[2].
At the liquid–porous layer internal boundary ( r% = R% ), the conditions of non-mixing of liquids
are set; i.e., the equality of radial components of velocity to zero, the continuity of velocity
tangential components, and the jump of tangential stresses σ% rθ as follows:
vr(1) = vr(2) = 0,
vθ(1) = vθ(2) ,

(5)

(1)
% (2)
σ% (1)
k%0µ (3) .
r θ − σ r θ = −β vθ
The system of equations (1, 2) with boundary conditions (3) – (5) was solved analytically.
Velocity and pressure distributions were determined.
An important characteristic of the problem under consideration is force F% applied to the
capsule by the external liquid:
F% = ∫∫ ( σ% rr cos θ − σ% rθ sin θ )ds ,
(6)
S

where the integration is carried out over the surface of the porous layer.
Dimensionless force Ω is determined by the ratio of force F% to the Stokes
force F%st = 6π a% µ% U% . Force Ω ( δ, m, s0 , β ) is a function of five arguments. Parameter δ = δ% / a% is
the dimensionless porous layer thickness, m1 = µ% (1) / µ% (3) , m2 = µ% (2) / µ% (3) are the viscosity ratios,
s0 = a% / µ% (3) / k% is the dimensionless Brinkman coefficient characterizing the drag of the porous
medium, and parameter β characterizes the tangential stress jump at the porous medium–liquid
interface.

a
b
Figure 2. Flow lines at values of flow parameters δ=0.3, m1=1.2, m2=0.9, β=0.2, s0=0.5 (2a),
10(2b)
Figure 2 shows the stream lines at different values of the flow parameters. At small
dimensionless Brinkman parameter s0 = 0.5 (Fig. 2a), the porous medium weakly resists to the
flow, liquid 3 penetrates throughout the porous medium and flows around the drop (region 1).
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Inside the drop, liquid 1 executes a circulatory motion by virtue of tangential stresses that arise
on the surface (Fig. 2a). The resistance of porous medium rises with an increase in parameter s0
(Fig. 2b) and liquid 3 flows in the porous medium only in the layer whose thickness is
approximately equal to the Brinkman radius R% = µ% (3) / k% < δ% . Outside the Brinkman layer, the
b

flow in the porous medium nearly vanishes, tangential stresses at the boundary with drop are
close to zero, and, as a result, liquid 1 rests inside the drop (Fig. 2b).
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Figure 3. Dimensionless forces Ω applied to (1–3) a capsule and (1'–3') a rigid particle coated with
a porous layer as functions of parameter δ at m = 1, β = 0, and s0 = (1, 1') 1,(2, 2') 3, and (3, 3') 5
Dependences of the force ratio Ω on the dimensionless thickness δ of the porous layer at the
various values of parameter s0 are shown in Fig. 3. All curves proceed outward from one point,
since, at δ = 0, we deal with a liquid drop and force Ω can be calculated by Adamar–Rybchinski's
formula. In our case, Ω = 5/6 at δ = 0 (see Fig. 3). With the enlargement of the porous layer, the
force acting on the capsule behaves in differently depending on the value of parameter s0, which
characterizes the permeability of porous medium. The resistance of the porous layer and the
pressure on the drop with radius R = 1 – δ are the components of force Ω acting on the capsule.
The contribution of each component changes with the variations in parameter δ. At small values
of dimensionless Brinkman parameter s0 (curves 1 and 2), force Ω decreases with an increase in
the thickness of porous layer δ due to the effect of filtration of liquid 3 through the porous
medium. At larger values of parameter s0 (curves 3 and 4), a decrease in the drop radius due to
increasing thickness of the porous layer at the initial stage leads to an increase in force Ω to its
maximal value. Further increase in thickness δ results in a slight drop in force Ω. At δ → 1 ,
composite particle becomes absolutely porous and the force tends to its limiting value calculated
by the formula derived in [3]. In our case of completely porous particle ( δ = 1 ), Ω = 0.441,
0.715, 0.819, and 0.87 at s0 = 2, 4, 6, and 8, respectively (Fig. 3).
This work was supported by the Russian Foundation for Basic Research, project nos. 11-0800807_а and 12-08-92690-IND_a.
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Introduction
Capacitive deionization technology (CDT) is an effective new method of desalinating of
brackish water [1, 2]. In CDT, a brackish water stream flows between pairs of high surface area
carbon electrodes that are held at a potential difference ⊇ 1.2 V. The ions and other charged
particles are attracted to and held on the electrode of opposite charge. The negative electrode
adsorbs cations, while the positive electrode adsorbs anions. Eventually the electrodes become
saturated with ions and must be regenerated. The applied voltage is removed, and since takes
place desorption of ions from electrodes and from the system, producing a more concentrated
brine stream. In practice, for a gallon of water fed to the a CDT process, more than 80% emerges
as fresh, deionized potable water, and the remainder is discharged as a concentrated brine
solution containing virtually all of the salts in the feed. The main advantage of CDT is its low
operating cost, which is about one third that of the main competitor, reverse osmosis. This is
important because operating costs dominate the cost of desalination. Mechanism of the CDT
operation is founded on charge - a discaharge of electric double layer (EDL), as well as in
electric double layer supercapacitor.
The purpose of this work was scientific research, development and verification of mathematic
model of water capacitive deionization (CDI) process and also CDI regime optimization. Up
present it is absent the adequate mathematical model of the process of CDI. On the other hand,
they exist the models of electrochemical supercapacitors, in porous carbon electrodes which also
take place the processes of ion elctrosorption and electrodesorption ion. Processes of the ion
transport along thickness of porous electrodes and separator are taken into account in these
model as well as a process of charge – discharge of a EDL. However in these models also is not
taken into account a hydrodynamic flow of water along external electrode surface. In CDI
method the water flow is directed along of external of the surfaces of the electrodes, and so it is
necessary to solve the two-dimensional problem: distribution of the processes both along, and
across external of the surfaces of the electrodes and a porous spacer.
Mathematical model

Figure 1. Scheme of the functioning the dynamic cell
As a result of our studies we have made a conclusion that process deionization of solution is
very complex. In models we have taken into account following processes: charge- discharge of
electric double layer (EDL); transport ion processes along of electrode and spacer thickness (x –
direction) are diffusion and migration; transport ion process along of electrode external surface
(y-direction): hydrodynamic flux; specific adsorption; characteristics of porous structures;
characteristics of hydrophilic – hydrophobic properties; convective flux of electrolyte; surface
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conductivity. The ion surface conductivity in EDL of carbon electrodes is longitudal
conductivity of EDL in high dispersed material. Our model has been based on the following
assumptions: 1) The convective diffusion of electrolyte can be described by the average
equations of mass-transfer based on dilute-solution theory in porous media. 2) The
hydrodynamic velocity is precalculated, i.e. it can be treated as a given value.3) The effective
diffusion coefficients and effective electrolyte conductivities are calculated by the Arch’s law. 4)
The electrolyte can be presented as binary one with effective concentration in gram/mol
dimension. 5) The full conductivity is sum of electrolyte conductivity as linear function of
concentration and surface conductivity.6) The diffusion can be neglected in all directions except
x-direction along of electrode thickness. 7) The capacity of electrode is accepted as constant, i.e.
it does not depend on potential. 8) In the equation of the potential, the derivative of potential in y
directions can be neglected. 9) The porous electrode can be treated as having uniform potential;
it means that the Ohm losses of the electrons can be neglected.
The equations for potential and concentration can be presented in the electrode region as
follows:

CS

∂Φ − Ф C
∂  ∂Φ  ∂ 
RT ∂ log c 
=  kE
 +  k E (t + − t − )

F ∂x 
∂t
∂x 
∂x  ∂x 

(1)

(2)
where CS - specific capacity, Ф C - potential of electrode, Φ - potential of electrolyte, t + and t −
are the cation and anion transfer numbers , ε E -porosity in the electrodes, k E = k Eλ c + k surf electrolyte conductivity in the electrodes, k Eλ - equivalent electrolyte conductivity in pores, k surf
- surface conductivity of electrode, D E = Dε E n -effective diffusion coefficient in electrodes, (the
exponent n is defined by property of porous media) k A - specific adsorption coefficient,
dq
dq
1
A E = (t + + + t − − ) ≈ ±
-electric adsorption coefficient, v - vector of hydrodynamic
dq
dq
2
velocity.
And the equations in the spacer region can be written:

t + − t − ∂ log c 
∂  ∂Φ  ∂ 
)
 kS
 +  k S(
=0
∂x 
∂x  ∂x 
f
∂x 
∂c
∂c
∂c
∂ 2c
ε S + (v x + v y ) = DS 2
∂t
∂x
∂y
∂x
where ε S - spacer porosity , k S = k

Sλ

(3)

(4)

c - electrolyte conductivity in the spacer, k Eλ - reference

electrolyte conductivity in spacer, DS = Dε Sn -effective diffusion coefficient in spacer.
Porosimetric characteristics of electrodes and spacer were measured by the method of standard
contact porosimetry [3].

Surface conductivity
We at first have developed the method for measurement of surface conductivity for porous
electrodes at controlled potentials. We have developed the two chamber five electrode
electrochemical cell for this method (Fig. 2). Fig. 3 shows dependence conductivity on KCl
concentration for carbon cloth electrode CH900 (made in Japan). This figures illustrates
extrapolation obtaining of surface conductivity value. Extrapolation value of surface
conductivity for solution concentration equal zero (C= 0) is defined by value of exchange
capacity of its surface groups for a porous carbon electrode (Fig. 3).
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Figure 2. Electrochemical cell for measurement of surface conductivity: 1 – test electrode
(carbon cloth), 2 – platinum current collector, 3- the chambers for a termostating, 5 –two counter
electrodes, 8 – two Luggin capillaries of reference electrodes 11 – two reference electrodes

Figure 3. Dependence conductivity on KCl
concentration for carbon cloth CH-900

Figure 4. Dependences of surface conductivity
of carbon cloth electrode conductivity on
potential for different KCl concentrations:
1- 0.002 M, 2- 0.003 M, 3- 0.004 M

According to measurements the values of exchange capacity for carbon electrodes CH900 and
SAIT (Korea) equals 1.14 and 0.37 mg-equiv/g accordingly. The values of surface conductivities
are 1.25x10-4 and 0.4x10-4 S/cm2 accordingly. Thus surface conductivity at C= 0 is proportional
to exchange capacity. This is surface conductivity caused by surface groups (ksurf group). Fig 4
shows the measured dependences of surface conductivity of carbon cloth on potential for
different KCl concentrations. In our opinion minima on these curves correspond to potentials of
a zero charge. Total surface conductivity ksurf is sum of ksurf group and longitudal conductivity of
usual electrostatic EDL (kelectrostatic). Thus method of measurement of surface conductivity is a
new method for studying of a electrode double electric layer for porous electrodes.
The measured values of surface conductivity were used for calculations with the above
described model. Fig. 5 demonstrates calculated dimensionless fluxes concentration in the outlet
of the cell vs. time for adsorption and desorption stages, and Fig. 6 demonstrates corresponding
concentration field.

Verification of the model
We have carried out the capacitive deionization measurements by using the Samsung
Electronics Co. (Korea) installation (Fig. 7). This installation contains: an electrochemical cell,
241

the pump for water pumping, conductometer, рН – meter, and the computer with the display. As
electrodes in the cell were used activated carbon clothes CH900 with sizes 100х100х0.5 mm and
with specific surface area 1500 m2/g.
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Figure 5. The dimensionless flux concentration in
the outlet of the cell vs. time (20ml/min and
40ml/min) for adsorption and desorption stages

Figure 6. Concentration field; v=0.1
cm/s, t=99s
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Figure 7. Installation for capacitive
deionization made by Samsung Electronics Co

Figure 8. Experimental and modeling timecurrent dependences at flow rate 20ml/min and
voltage 1.25V
The Fig.8 shows the satisfactory consent between calculated and experimental curves. Some
differences model curve from experimental one for very small times are explained that we could
not take into account the contact resistance between electrodes and current collectors. The
satisfactory consent between calculated and experimental curves confirms a correctness of the
developed mathematical model. Using model, we have calculated optimal regimes of adsorption
and desorption stages for the minimization of energy consumption demanded for receiving of
pure water.
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Introduction
Porphyrin molecules contain a conjugated macrocycle of 4 pyrrole rings linked via CH
bridges, to which various substituent groups can be attached. Such substituted porphyrins
demonstrated interesting properties in the areas of catalysis and electrocatalysis, sensors, nonlinear optics, luminescence etc.
Numerous studies were devoted to incorporation of substituted porphyrins into a conductingpolymer matrix as counter-ions (porphyrins with attached negatively or positively charged
groups) or owing to the polymer chain formation by a substituent (e.g. aniline). More recently
the first examples of conducting copolymers with porphyrins and aromatic rings inside the
principal chain were reported.
Experiments
In our study we have synthesized for the first time representatives of a new family:
conducting polymers based on an unsubstituted porphyrin ("porphine") as monomer unit. The
deposition can be realized electrochemically with a stable growth of the conducting film. The
properties of the resulting polymer depend crucially on the deposition potential, as demonstrated
with the use of a set of experimental techniques (CV and chronoamperometry, in situ
conductivity, optical microscopy, XPS, XRD, UV-visible spectroelectrochemistry, FTIR
spectroscopy, MALDI-TOF).
Results and Discussion
If the porphine oxidation is realized at a low potential the deposited polymer ("film of type I")
consists of chains, with neighboring monomer units linked by a single bond in meso-positions.
Its redox properties are conventional for conducting polymers (like polythiophene), with
potential intervals for p- and n-doping (in which the polymer is electronically and ionically
conducting) separated by an electro-inactivity range (in which the polymer is an insulator).
β positions
NH

N

N

Mg

meso positions
N

HN

β positions

N

N

N

Figure 1. Structures of free-base porphine, magnesium (II) porphine, MgP
Electrochemical treatment of this polymer (or the oxidation of solute monomer) under a
higher positive potential results in formation of quite a different material with very unusual
properties ("film of type II"). In particular, it demonstrates an electroactivity uniformly
distributed within an extremely broad potential interval (above 3 V), and the material retains its
electronic conductivity within this whole potential range. It implies that the electronic
delocalization occurs for a broad range of the polymer oxidation levels including its neutral
state (for which conventional conducting polymers become insulating).
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Figure 2. Cyclic voltammetry response of film-coated electrodes in monomer-free solution:
films of type I and of type II

Figure 3. UV-visible spectra of (1) MgP monomer in solution; (2) film of type I; (3) film of
type II (both films deposited at ITO electrode surface)
The spectral properties of the polymer in the UV, visible and IR ranges also change radically.
This material with a zero width of the electrochemical band gap and particular optical properties
is promising for various applications.
Financial support of CNRS, Conseil Régional de Bourgogne, Université de Bourgogne and
the Russian Foundation for Basic Research (project 12-03-01119-a) is acknowledged.
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Introduction
Development of new nanocomposite materials with a dispersed transition metal component
inside an electron-conducting polymer matrix attracts considerable attention in view of their
advantageous properties which open prospects of their applications in various domains including
catalysis and electrocatalysis. These polymers possess a developed porous system which allows
reagents and products to exchange easily between pores and the solution in contact. Such
systems are usually synthesized with the use of (micro)emulsions or/and surface-active
components to stabilize pre-synthesized metal nanoparticles. As a result, the surface of the
incorporated metal component inside the polymer remains covered by their layers which affect
properties of these particles.
Experiments, Results and Discussion
Synthesis of metal-polymer composites. The goal of our study was to elaborate a synthesis
route which leads to the system where the aggregation of these metal particles is prevented solely
by the polymer matrix. It was achieved via a one-step and one-pot non-template method based
on a redox reaction between a conjugated monomer and a metal precursor, giving at once a
conjugated polymer and metal particles [1].
This procedure has been successfully applied to prepare Pd/polypyrrole (Pd-PPy) composites
via the reaction of palladium inorganic salts (acetate, Pd(OAc)2, or Pd(NH3)4Cl2) and the pyrrole
monomer in acetonitrile (AN) or aqueous media [1, 2].
To ensure both an easy control of the reaction progress and the best quality of the resulting
composite the process was performed in relatively dilute mixed monomer-precursor solutions
(from the centimolar to millimolar range). In these conditions the colloidal solution generated
owing to the redox reaction remains stable at the scale of many hours or even days, before
sedimentation of particles. As a result, it was possible to trace properties of the mixed solution in
situ by means of the UV-visible spectroscopy and the dynamic light scattering (DLS). Besides,
the temporal evolution of this system was also studied by using portions of this solution to get
SEM-EDX and TEM-EDS-SAED images of colloidal particles.
For all studied compositions of the mixed solution this DLS spectrum reveals a progressive
diminution of the spectral band related to the Pd(II) component and the growth of absorption in
the whole interval of wave lengths typical for colloid formation. According to well-matching
data of DLS, SEM and TEM, the size of colloid particles changes with time from 20-30 nm in
diameter to 100-250 nm (interrupted by sedimentation) depending on the initial solution
composition, while at each moment the system is uniform, with a low dispersion of particle sizes
(Fig. 1a). TEM images (Fig. 2) attribute these sizes to polymer globules which are semitransparent for electrons, while each globule contains a great number of small non-transparent
particles. Formation of PPy was confirmed by the IR spectroscopy. A low dispersion was also
observed for sizes of dense inorganic nanoparticles. However, this parameter does not change in
time or changes not strongly, in contrast to the growing size of PPy globules, while the number
of such particles inside a globule increases proportionally to its volume. It implies that the redox
reaction takes place near the external surface of each globule and that its products do not
penetrate into the depth of the previously formed volume. The chemical composition of the
composite determined by the XPS, HCNS and ICP-AES techniques shows the presence of the
polymer (PPy) and palladium. XRD (Fig. 1b) reveals a very broad peak corresponding to
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metallic palladium, its width matching well to the nanoparticle size for this composite given by
TEM (about 2 nm). At the same time, XPS spectrum for Pd-PPy composites shows
systematically a splitting of the palladium band, which corresponds to combination of Pd(0) and
Pd(II), the ratio of their integral intensities correlating with the ratio of the numbers of surface
and volume Pd atoms for this particle size (about 50% : 50%).

Figure 1. Pd-PPy composites: SEM (a, left), XRD (b, right)
Besides these common features of all studied systems, they demonstrate certain specific
properties, in particular depending on the choice of the palladium precursor and the solvent.
The use of Pd(OAc)2 in aqueous solution2 results in formation of the composite as strongly
aggregated spherical PPy globules (20-30 nm in diameter, Fig. 2a). Incorporated inorganic
component consists of 2-3 nm particles giving large XRD peaks for both Pd(0) and PdO, the
overall content of Pd being moderate (20-25 wt. %). If the synthesis is carried out in the presence
of acetic acid (pH = 2-2.5) the content of Pd diminishes significantly to 7-14 wt. %, PdO is
absent, the average size of metal particles increases to 6 nm.
Both Pd(OAc)2 in AN [1] and Pd(NH3)4Cl2 in water [2] results in well-dispersed spherical
globules of the polymer. The size of inorganic nanoparticles for the former system is 2-3 nm
while it may be diminished up to 1.2-1.4 nm for the ammonia complex of Pd (Fig. 2b). The total
content of palladium is 30-35 and 32-45 wt. %, respectively.

Figure 2. TEM images of Pd-PPy composites: Pd(OAc)2 (a, left) or Pd(NH3)4Cl2 (b, right)
precursor in aqueous solution
Catalytic tests. Preliminary tests for application of Pd-PPy nanocomposite materials (obtained
from Pd(NH3)4Cl2 in water) have been carried out:
1) in catalysis of the cross-coupling Suzuki [3] (Scheme 1), Sonogashira and cyanation
reactions:
X

Hal

+ NaBAr4 or ArB(OH)3
Pd-PPy (1 mol.%)

X

Ar
(1)

X = H, NO2, Cl, CH3, CH3O
Hal = I, Br, Cl
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2) as a ligand-free catalyst for the reaction of direct arylation of non-functionalized
heteroaromatics (2-n-butylthiophene, 2-n-butylfuran) by various bromarens [2] (Scheme 2).
nBu

R
E

Pd@pPy (2 mol%)

H +
X
E = O, S

R

Br

X = CH, N

nBu

KOAc (1 equiv.), DMAc
150 °C, 20 h

E

(2)
X
+ HBr

For all these reactions our composite materials demonstrated advantageous catalytic
properties. Especially interesting results have been found for formation of C-C bonds between
two (hetero)aromatic molecules without their preliminary activation (Scheme 2) where the yield
of the desirable product was very high (90-100% of the theoretical value) for a series of reactants
with various functional groups.
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Introduction
In [1] we have suggested to use potentiometric sensors, analytical signal of which is the
Donnan potential (PD-sensors) at the ion-exchange membrane/electrolyte solution interface, for
the determination of some bioactive substances in polyionic solutions. But using of them to
analysis of organic and sulfur anions is ineffective. The aim of this paper was to investigate the
possibility of use perfluorinated sulfocation-exchange membranes MF-4SC, doped with zirconia,
as electrodoactive material of potentiometric sensors, analytical signal of which is the Donnan
potential, which are sensitive to anions of amino acid glycine, cysneine in polyionic aqueous
solutions.
Experiments
The aqueous solutions of amino acid glycine (Gly), cysteine (Cys) and potassium hydroxide
(KOH) were investigated for estimation of the possibility of organic and sulfurous anions
determination in polyionic aqueous solutions by MF-4SC-based PD-sensors. The ionic
composition of solutions Gly+KOH is presented by anions Gly-, OH-, cations K+ and zwitterions Gly± (pH ranged from 10.70±0.05 to 14.30±0.05). The ionic composition of solutions
Cys+KOH is presented by anions CH3COСОO-, HS-, ОН- and cations K+, NH4+ (pH ranged from
8.22±0.05 to 10.50±0.05). Analytical concentrations of the various components in individual and
polyionic solutions ranged from 1.0·10–4 to 5.0·10–2 М.
Initial and doped with zirconia membranes MF-4SC were used as an active materials in PDsensors. Modified membranes MF-4SC were obtained via two methods described in [2].
Results and discussion
The calibration models (1) that did take into account the interference of three factors were
utilised. These three factors are 1) рН; 2) negative decimal logarithm of analytical concentrations
of cations (pC+); 3) negative decimal logarithm of analytical concentrations of anions Gly- and
zwitter-ions Gly± in solutions Gly+KOH; negative decimal logarithm of analytical
concentrations of anions CH3COСОO- and HS- in solutions Cys+KOH (pC-):
∆φD=b0+b1·pC-+b2·pC++b3·pH,
(1)
where ∆φD is analytical signal of PD-sensor (mV); C- is total concentration of anions (М); C+ is
total concentration of cations (М); b0 is free term of calibration equations (mV); b1 , b2 , b3 are
coefficients of calibration equations (mV/рС), which are characteristics of sensitivity of PDsensor to corresponding ions.
Analysis of characteristics of unmodified and of uniform distribution modified MF-4SC-based
PD-sensors showed that insignificant influence of counter-ions nature on the value and
sensitivity of sensors response is observed for all MF-4SC samples.
The use of membrane MF-4SC with gradient ZrO2 distribution for PD-sensor organization
leads to significant contribution of anions into analytical signal of sensor is observed for two
party samples. Figure 1 demonstrates coefficients of calibration equations of gradient modified
MF-4SC-based PD sensors in aqueous solutions Gly+KOH, Cys+KOH.
The difference in electrochemical behavior of unmodified and modified with ZrO2 MF-4SC
samples depends on next factors. Firstly, ZrO2 incorporation into membrane matrix leads to the
decrease of available cation-exchange groups due to their partial blocking in the membrane
pores. Secondly, ZrO2 particles in modified membranes demonstrate both cation- and anionexchange properties [3].
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Gly+KOH

Cys+KOH

Figure 1. Сoefficients of calibration equations of gradient modified MF-4SC-based PD
sensors in aqueous solutions Gly+KOH, Cys+KOH
So co-ions concentration near interface modified MF-4SC/ electrolyte solution increases in
comparison with initial MF-4SC. This allows to increase sensitivity of gradient modified MF4SC-based PD-sensors to co-ions in aqueous solutions. The influence of co-ions nature on the
response of uniform distribution modified MF-4SC-based PD-sensors is insignificant. The
reason of this is that co-ions concentration gradients on the interfaces MF-4SC/ solution and MF4SC/reference solution are oppositely directed and compensate each other.
Obtained results evidences of the possibility of use modified K+-type MF-4SC samples with
gradient on the length ZrO2 distribution as electrodoactive material in PD-sensors, which are
sensitive to organic anions in aqueous solutions.
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Hybrid ion-exchange membranes have become one of the most popular objects of research in
recent decades, primarily due to the prospects of their use in fuel cells. Membrain modification
can lead to a substantial change in their proton conductivity, permeability, strength, thermal
stability and some other parameters. Recently, we have proposed a model according to which the
dopant introduction into membrane pores leads to pores and channels expansion and
conductivity increase [1]. In this report the dependences of some transport and mechanical
properties of ion-exchange membrane on the dopant particles size, its concentration and on the
dopant nature are considered. Particular attention is given to the possibility of varying the
membrane properties due to changes in the surface of the dopant particles.

1. Selectivity of the transport processes
One of the most important properties of the membranes is their selectivity. The selectivity of
ion-exchange membranes is determined by the transfer number or by the ratio of the conductivity
and permeability of some neutral molecules of gases or liquids. The last one is especially
important for hydrogen energetics applications [2]. The decrease in the permeability to gases or
methanol is considered as an important advantage of the hybrid perfluorinated membranes
containing silica first of all. Low methanol permeability, and the possibility of operating
temperature increase makes these membranes extremely effective for the use in direct methanol
fuel cells.
The distribution of ions concentration in ion-exchange membranes is nonuniform. This is
determined by the negative charge on the pore walls due to the fixed ions presence. Because of
this, a typical electric double layer is formed in the pores and the majority of the counterions are
arranged in the thin Debye layer with a width of about 1 nm. In contrast, anions and molecules,
destroying the strong hydrogen bonds system are excluded from it. Electrically neutral solution
is localized in the pore center. Hydrophilic dopant nanoparticles displace "free" solution out of
the membrane pores, without affecting the thin Debye layer, localized near the walls. Therefore,
the counterions transfer rate remains the same or even increases, while the rate of anions and
neutral molecules transport (hydrogen and alcohols) is significantly reduced.
2. The influence of the dopant nature
Previously described model of the limited elasticity of the membrane pores walls takes into
consideration only the geometric factors. At the same time the dopant nature can change the the
membranes water uptake (hydrophilic, hydrophobic) and carrier concentration (different
protonaccepting ability). Both of these factors significantly affect the value of conductivity.
Silica is a classic example of nanoparticles with a hydrophilic surface. The influence of the
first factor is in the center of the most authors’ attention, using SiO2 nanoparticles as dopant for
the cation-exchange membranes. Nafion perfluorinated membranes or polyether(ether)ketone
modification by other oxide systems or acidic zirconium phosphate additives gives the similar
result. This can increase the water uptake and allows to use membranes at elevated temperatures.
In contrast, membrane doping by hydrophobic particles (carbon, silicon carbide, metals)
decrease membrane water uptake.
Effect of carrier concentration is more significant. Proton transfer occurs in the membranes by
means of interstitial mechanism (due to proton hopping from one water molecule to another).
Incorporation of silica nanoparticles obtained in an acidic solution, allows to get a higher
conductivity in comparison with the similar particles obtained in an alkaline medium. It is
possible to increase the dopant acidity by means of strong acids addition. This is achieved, for
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example, by sulfonation of the particle surface or by heteropolyacids addition. Such membranes
have shown good results in fuel cells due to their high proton conductivity and low methanol
permeability [2]. This modification provides a double effect. On the one hand, it leads to an
increase in the current carriers’ number, whose concentration is proportional to the current. On
the other hand, the moisture content of the membranes is primarily determined by the osmotic
pressure, which is determined by the amount of dissociated acid groups in its matrix. Therefore,
this modification will be accompanied by an increase of water uptake. The increase in the dopant
surface acidity can increase the effect of the modification, even for hydrophobic particles, such
as single-wall carbon nanotubes.
The opposite example is a particles containing fragments capable of functional groups binding
(amines, polyaniline). In this case, the dopants are not hydrophobic, but the basic nitrogencontaining groups strongly bind protons and form strong hydrogen bonds with –SO3H groups.
This leads to a sharp decrease in the carriers concentration, simultaneously reducing the
membranes hydrophilicity and its water uptake.

3. Ion conductivity at low humidity
High proton conductivity at low humidity can be mentioned as one of the main advantages of
hybrid membranes [2]. This ensures successful fuel cells operation at low humidity. Part of the
pore volume in the hybrid membranes is occupied by dopant particles. This prevents a sharp pore
contraction. As a consequence, a higher channel size is also typical for hybrid membranes. On
the other hand, the narrow sites are formed inside the pores, which limit proton transfer by
Grothguss mechanism.
At high humidity proton transfer occurs between closely spaced water molecules, having the
same protonaccepting affinity. Functional groups are localized on the membrane pore walls and
are characterized by low affinity. They are almost excluded from the proton transfer. At the same
time, a direct proton transfer between H5O2+ ions is virtually impossible because of the high
enthalpy of the proton transfer reaction. The high distance between these groups at low humidity
is of great importance. This increases the role of the pore walls surface in the transfer process. As
soon as –SO3- groups have smaller protonaccepting ability, the transfer between them and the
water molecules is difficult and has large activation energy. So hybrid membranes have a great
advantage, because their pores contain a number of additional oxygen-containing groups, which
are also able to participate in the proton transfer process. Their presence results in a significant
decrease in the length of the proton jump. This factor is most likely a major contributor to the
increase in the conductivity of hybrid membranes at low humidity. The use of nanoparticles
whose surface has a pronounced acid function gave the great advantage. An excellent example of
such systems is membrane doped with SiO2 nanoparticles and heteropolyacids. Proton
conductivity of such membranes at low humidity is of several orders higher in comparison with
the original membrane conductivity [3].
4. Mechanical properties of hybrid membranes
Improved mechanical properties of hybrid membranes are often postulated as one of their
main advantages. However, in the most cases membranes modification leads to a completely
opposite effect. The strength of the overwhelming number of solids is by several orders lower
than theoretically calculated one. This is determined by the presence of extended defects
(nanoscale cracks) in their structure. The larger the crack, the smaller the load, at which its
growth takes place and the lower is the mechanical strength of the material as a whole. Pores in
membranes play the role of the cracks. The higher concentration of dopant, the larger the pore
size and the more significant became the decrease in the membrane strength. The pore walls are
deformed by the osmotic pressure. The osmotic pressure is not enough to compensate the forces
of the elastic strain for a large size of nanoparticles and the membranes water uptake markedly
reduced. This increases the concentration of protons in the pore solution and, consequently, the
osmotic pressure which tends to break the membrane. The combination of these factors leads to a
decrease in the membrane strength with the increase of the dopant particle size.
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Hardening of the membranes occurs in the case of the extended one-dimensional nanoparticles
introduction with a high strength (carbon nanotubes). The most likely place for the hydrophobic
particles localization is membrane matrix. Therefore, carbon nanotubes are analogous to a
reinforcing material for the membrane matrix. The introduction of a small number of singlewalled carbon nanotubes in the membrane led to an increase in their elastic modulus and strain at
break [4].
All this determines the possibility of wide area of practical application of the hybrid
membranes. At present time, these membranes are widely used for the construction of fuel cells.
In addition, increasing the selectivity of the transport processes determine the possibility of their
effective use in water treatment processes [5] and for sensor electrodes construction [6].
1.

2.

3.

4.

5.
6.
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SYNTHESIS AND DIFFUSION PROPERTIES OF CATION-EXCHANGE
MEMBRANE BASED ON MC-40, MF-4SC AND POLYANILINE
Polina Yurova, Yuliya Karavanova, Andrei Yaroslavtsev
Kurnakov Institute of General and Inorganic Chemistry RAS, Moscow, Russia,
E-mail: yuka@igic.ras.ru

In the modern world membranes are widely used in industrial processes such as electrodialysis
water treatment method. An interesting and important task is to search for new materials with
better selectivity or transfer asymmetry.

Results and Discussion
In this work asymmetric cation-exchange materials based on industrial membranes MC-40
with surface modified with a thin layer of MF-4SC with the 0, 1, 2, 3, 5 and 15% polyaniline
content were obtained. Due to applying a thin layer of more expensive, but more permeable
membrane MF-4SC we can significantly improve the diffusion parameters of MC-40 and only
slightly increase the cost. The introduction of polyaniline, actively sorbing cations, can increase
amount of structural defects and the rate of cation transport.
Investigation of diffusion parameters included study of membrane diffusion permeability and
interdiffusion in HCl and NaCl solutions, the ionic conductivity of membranes in various mixedalkali H+/Na+ forms and at various temperatures by impedance spectroscopy. Based on these data
we calculated the ionic conductivity activation energy and H+ and Na+ diffusion coefficients.
Table 1: The diffusion coefficients of membranes, cm2/s
MC-40 + MF-4SC
MC-40
0,1M HCl
0,1M NaCl
0,1M HCl/
0,1M NaCl

-6

1,3·10
-7
1,3·10
-6

9,7·10

modified
side
-6
2,4·10
-6
1,1·10
-5

1,2·10

unmodifie
d side
-6
1,3·10
-6
1,0·10
-6

9,9·10

MC-40 + MF-4SC +
PANI 5%
modified
unmodifie
side
d side
-6
-6
5,9·10
5,0·10
-7
-7
1,2·10
4,3·10
-5

1,3·10

-5

1,6·10

MC-40 + MF-4SC +
PANI 15%
modified
unmodifie
side
d side
-7
-7
4,7·10
7,4·10
-7
-7
1,2·10
9,0·10
-5

1,5·10

-5

1,6·10

In a pure MС-40 anion transport is slowly than the cation, with a rate of HCl is higher than in
NaCl (it was shown experimentally that in an acidic medium moisture content, and,
consequently, the pore size is much larger). In a membrane with a MF-4SС layer cation transport
rate is almost unchanged, while the rate of anion transport is growing. This is due to the fact that
in the modified membrane pores enlarged. The introduction of 5% polyaniline into the MF-4SC
matrix leads to 10-20% increase in the cations diffusion coefficients. For all
modifications the observed asymmetry of diffusion permeability is up to
50%. Inversion of the diffusion constant at 5 and 15% of polyaniline was observed (diffusion
coefficients more with unmodified side). Polyaniline occupies the central part of the channel in
which the anions were localized, and which they carry mostly flowed. This leads to a decrease in
the concentration of anions with a modified side. It explains how a general decrease in the
diffusion of membrane permeability, as well as the most significant decrease in the rate of anion
transport with modified side. Same way the inversion asymmetry of the cation transport occurs.
However, since cationic transport occurs near charged walls, where their concentration varies
less, and this gradient is much smaller. The increase in the rate of cation transport observed with
unmodified part only due to the broadening of the pores and the fact that the transport of cations
takes place in this case, artificially created by their concentration gradient.
Also, with the method of impedance spectroscopy the ionic conductivity of described
membranes has been studied.
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Figure 1. Dependence of membranes conductivity on the temperature.
a – MC-40; b – MC-40+MF-4SC; c – MC-40+MF-4SC+PANI 2%; d – MC-40+MF4SC+PANI 5%; e – MC-40+MF-4SC+PANI 15%
The application MF-4SC layer increases the proton mobility, membranes with 2% of
polyaniline show maximum ionic conductivity and with increasing concentration of polyaniline
membranes results in decline of conductivity.
In order to determine the diffusion coefficients of individual cations the ionic conductivity of
membranes in mixed-alkali form was investigated. The experimental points are well described
by the theoretical curve and allow us to determine diffusion coefficients.

Table 2: The diffusion coefficients of individual cations, cm2/s.
+

D(H )

+

D(Na )

-6

5.9·10

-6

6.3·10

-6

6.9·10

-6

5.7·10

MC-40

1.3·10

MC-40 + MF-4SC

2.2·10

MC-40 + MF-4SC + PANI 5%

2.6·10

MC-40 + MF-4SC + PANI 15%

1.9·10

-7
-7
-7
-7

It should be noted that the introduction of small amounts of polyaniline leads to an increase in
the proton transport rate, and further increases - on the contrary to decrease because of the
"binding" of protons.
Obtained samples of membrane are selective to cations and have asymmetric of diffusion
permeability. This results show the prospects of developing such materials for electrodialysis
water treatment.
This work was financially supported by the RFBR (project 10-08-00715-а).
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STUDY OF DIARY WHEY MODEL SOLUTION ELECTRODIALYSIS
DEMINERALIZATION
Victor Zabolotsky, Aslan Achoh, Stanislav Melnikov
Kuban State University, Krasnodar, Russia

Introduction
Dairy whey processing is an important issue the of electromembrane technology nowadays.
On one side whey is a secondary raw (90% of enterprises engaged in processing and
manufacturing of dairy products in Russia do not use whey), on the other hand dairy whey is rich
in biological components, it contains more than 50% of dry matter, including 30% proteins of
milk. The second important factor is the environmental aspect: 1 T of whey drained into the
sewers, pollute waterways as well as 100 m3 of domestic wastewater. The third aspect - the
resource as well as the cost of raw materials for dairy products reached 80% of the cost.
Therefore, the demand for dairy whey has been steadily increasing, which leads to the need
for high-performance industrial processes of its pretreatment. One such process is electrodialysis.
The main objective of whey electrodialysis processing is the removal of mineral salts to the
demineralization level varied from 70 to 90%. The main mineral components of whey are
sodium cations and chloride, dihydrogen phosphate, sulfate anions. At the same time intensed
human impact on the environment leads to the appearance of nitrate ions in dairy products. Since
nitrates are carcinogens, their content in foods is highly regulated by various standards.
The purpose of this work is studing of the nitrate ions removal from dairy whey model
solution. And selection of the best anion exchange membrane for this process.
Experiments
Table 1 shows the mineral composition of whey model solution supplied to the processing by
electrodialysis. The main feature and the complexity of this object is 60-fold excess of chloride
ions to nitrate ions.
Table 1: Composition of model solution
κ,
mS/cm
39

pH

Cl , mol/L

–

SO4 , mol/L

2–

H2PO4 , mol/L

–

NO3 , mol/L

–

Na , mol/L

+

6.5

0.313

0.022

0.105

0.005

0.445

Whey demineralization process has been studied in the laboratory electrodialysis cell under
the following conditions: the voltage applied to the cell remained constant during the experiment
and was 1 V/cell pair, model solution was circulating in the desalination chamber, and sodium
sulfate solution with a concentration of 20 g/L was circulating in the concentration and electrode
chambers. Volume flow rate of solutions was 50 L/h. Taking into account high concentrations of
feed solutions, low current applied to the membrane stack and turbulent hydrodynamic regime in
desalination chambers we can tell that cell was functioning in the underlimiting current mode
during the entire experiment.
To study the electrodialysis process three heterogeneous anion-exchange membranes were
selected: Ralex AMH (produced by Mega a.s., Czech Republic), russian industrial membrane
MA-40 and the experimental membrane MA-41-2PM2. The main characteristics of membranes
are presented in table 2.
Table 2: Studied anion-exchange membranes properties
Membrane

Functional groups

Ralex AMH
MA-40

—N (CH3) 3
+
—NR3 , =NH, ≡N
+
—N (CH3)3 in thin surface layer,
≡N in the bulk of membrane

MA-41-2ПМ*

2

+

Ionite volume
fraction,%
70
55

Ion-exchange capacity,
mmol/g dry
1,8
3,8±0,4

Transport
number
0,95
0,94

65

2,0±0,3

0,96

Membrane was created from porous anionite АВ-17-2 and modified by Chermit Ruslan
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The concentrations of anions in the model solution during the experiment were measured by
ion chromatography. In one sample concentrations of all the anions were determined.

Results and Discussion
Typical curves of the ions concentration in the model solution during the experiment (fig. 1 a,
b) shows that chloride, sulfate and nitrate ions are removed monotonically at the beginning of the
process. At the same time, the concentration of dihydrogen phosphate ions are not significantly
altered. Only when concentration of chloride and ions are leveled begins removal of the later.
This is probably due to the low mobility of dihydrogen phosphate ions. This phenomenon leads
to a change of the model solution macrocomponents (Cl– and H2PO4–) relation. The initial molar
ratio of chloride and dihydrogen phosphate ions is 0.7 and 0.28, respectively. By the end of the
experiment, this ratio changed to 0.3 for chloride ions and 0.7 for dihydrogen phosphate ions.

a
b
Figure 1. Concentration of different anions in model solution vs time. a – Chloride and
dihydrophosphate ions, b – sulfate and nitrate ions
The main interest was to study nitrate ions concentration changes during electrodialysis,
depending on which anion-exchange membrane was used. Since the initial concentration of
nitrate ions in the different experiments vary slightly – the presented data was submitted to the
initial nitrate concentration (fig. 2 a). The data presented show that achievement of the nitrate
ions desired concentration (0.3 mmol/L) at 70% demineralization rate of model solution is not
possible. Membranes containing quaternary ionic groups in the selective surface layer show
slightly better results compared with the membrane MA-40, which contains low and medium
based aminogroups.
However, the calculated data on the current efficiency of nitrate ions removal shows no
significant differences in selectivity between the studied membranes, and the current efficiency
for all the membranes is less than 3% regardless of solution ionic composition (fig. 2 b).
Also interesting feature is visible in the current efficiency of dihydrogen phosphate ions
removal. As long as molar ratio of dihydrogen phosphate ions in the solution is lower than 0.4
membranes MA-40 and MA-41 2PM are not involved in the transport of dihydrogen phosphate
ion (fig. 3). After this point membrane MA-40 shows the best selectivity.
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a
b
Figure 2. Dimensionless concentration of nitrate ions vs time (a), current efficiency vs nitrate
ions molar ratio in model soilution

Figure 3. Current efficiency vs
dihydrophosphate ions molar ratio in model
soilution

The use of studied anion-exchange membranes does not allow to bring the concentration of
nitrate ions to the level of 0.3 mmol/L at 70% demineralization rate of model solution. Low, not
exceeding 3%, current efficiencies of the nitrate ions for all investigated membranes is due to a
large excess of chloride ions, which is maintained throughout the experiment. Further studies
will be directed to the selection or creation of a selective membrane to nitrate ions by chemically
modifying the surface or volume of the membranes.
This work was supported by RFBR grant № 11-08-00718-а.
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TRANSPORT CHARACTERISTICS OF HYBRID CATION-EXCHANGE
MEMBRANES IN ELECTRODIALYSIS CONCENTRATION PROCESS OF
ELECTROLYTES FROM NONAQUEOUS SOLVENTS
Victor Zabolotsky, Olga Dyomina, Svetlana Eterevskova, Kirill Protasov
Kuban State University, Krasnodar, Russia

Introduction
In recent years, attempts have been made to use electromembrane methods for electrodialysis
concentration of electrolytes from mixed and nonaqueous solvents, for regeneration of mixed
process solutions and purification of organic products from inorganic electrolytes [1- 4]. Organic
solvents are known [5 - 7] to effect on the structure and physicochemical and transport
characteristics perfluorinated membranes. A treatment of the MF-4SK perfluorinated membranes
with the aqueous-organic solutions containing N,N-dimethylacetamide (DMAA) leads to growth
of their water content, diffusion and electroosmotic permeability [6]. It is known [4] that the
brine concentration is mainly determined by the electroosmotic permeability of membranes
which decreases with decreasing water content in the ion-exchange material. Modification of
ion-exchange membranes is one of the methods that reduce the water content in the membrane
and thus increase the efficiency of the electrodialysis concentration. Method of making hybrid
membranes with a low value of the electroosmotic permeability was proposed in work [8].
The goal of this study was to examine the transport characteristics of the hybrid membranes in
process of the electrodialysis concentration of LiCl from its solutions in DMAA.
Experiments
The experiments on the electrodialysis concentration of LiCl were performed in a laboratory
electrodialysis cell with the hydraulically closed concentration chambers filled with a solution
due to the transfer of salt and organic solvent across anionite and cationite membranes as result
of electromigration, electroosmosis and osmosis. The membrane package of the electrodialysis
cell was assembled from industrial MA-40 heterogeneous anion-exchange membranes and
hybrid MF-4SK+TEOS cation-exchange membranes with a low value electroosmotic
permeability. The hybrid membranes were made on the basis of the MF-4SK perfluorinated
membranes and tetraethoxysilane (TEOS) [8]. In order to obtain samples with a low value of the
electroosmotic permeability the modified membranes were subjected additional heat treatment.
The heat treatment of the hybrid samples was carried out at 1000C.
The membrane pair in which the hybrid MF-4SK+TEOS membrane was replaced by MF4SK was also used in the work. The dependences of concentration of the LiCl solutions in the
concentration chambers on current density were obtained for the investigated membrane pairs.
Initial concentration of the LiCl in DMAA was equal to 0.14 mol/dm3. The concentration of LiCl
and DMAA in the concentration chamber of the electrodialysis cell and the concentrate volume
were determined at different current densities. The current density was changed from 1 to 4
A/dm2.
The experimental data were processed using the extended model of the limiting electrodialysis
concentration [4]. The model allows one to calculate not only the brine concentration, but also
the current efficiency ( η ) and the transport characteristics of the membrane pair: its diffusion
*
*
( Ps* ) and osmotic ( PDMAA
) permeabilities and transport number of DMAA ( t DMAA
).

Results and Discussion
The dependences of the salt concentration in the concentration chamber on current density are
showed in Fig. 1. It can be seen, that in the case of hybrid MF-4SK+TEOS membrane the
concentration of LiCl is 13-17 %% higher that in the case of MF-4SK membrane.
The transport characteristics of membrane pairs obtained by model calculations based on the
dependences of the LiCl and DMAA flows on current density are shown in Table.
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Figure 1. Dependences of the LiCl solution concentration in the concentration chambers
on current density. Membrane pair: 1- MF-4SK+TEOS/MA-40; 2 - MF-4SK/MA-40
As can be seen from Table, the current efficiency are practically independent of the cationexchange membranes type. At the same time, the DMAA transport number of the MF4SK+TEOS/MA-40 membrane pair is 20% lower that of the MF-4SK/MA-40 membrane pair.

Table 1: Transport characteristics of membrane pairs
Membrane pair

MF-4SK/МА-40
MF-4SK+TEOS/MA-40

η,

%

79
73

*
PDMAA
× 10 5 ,

Ps* × 10 7 ,

mol DMAA/F

m/s

11.7
9.6

0.42
1.11

m/s
1.75
5.33

*
,
t DMAA

This is the result of lower DMAA content in the hybrid membranes as compared with the
original MF-4SK samples. The diffusion and osmotic permeabilities of the investigated
membrane pairs on DMAA are small and not practically influence on process of the limiting
electrodialysis concentration of LiCl from its solutions in DMAA.
The life tests of the electrodialysis cell showed that the hybrid MF-4SK+TEOS membrane
with a low value electroosmotic permeability retain their transport characteristics for a long time
and can be used to concentrate the electrolytes solutions from nonaquoes solvents.
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MATHEMATICAL MODEL OF ELECTROCONVECTION IN SYSTEMS WITH
IONEXCHANGE MEMBRANES
Victor Zabolotsky, Konstantin Lebedev, Polina Vasilenko
Kuban State University, Krasnodar, Russia, E-mail: klebеdev@fpm.kubsu.ru

Introduction
In work the results of mathematical modelling of influence of a surface morphology of
heterogeneous cationo-(МК-40) and aniono exchange (МА-40) membranes on
electroconvection, and also calculations of structure the electroconvective whirlwinds generated
by electric volumetric force are reported. The estimation of volumetric force and its distribution
are made in view of parameters of morphology of a surface of membranes. Calculations of
whirlwinds is lead by the decision of equations Navie-Stocks and the equations the NernstPlanck-Poisson with boundary conditions of nonslip and a constancy of concentration on borders
and difference of potential on the electrodialisis cell.
Results and Discussion
For an estimation of influence electroconvection on processes in the desalinate cell of ЭDА
the two-dimensional hydrodynamic carry ions model considering the electric heterogeneity of a
membrane surface is considered. In [1, 2] the model electroconvection based on equations
Navie-Stocks is presented and force electroconvection, was set as constant on the spatial area
modelling heterogeneity. In this model, together with equation Navie-Stocks are presented the
equations the Nernst-Planck-Poisson. Operating electroconvection force is proportional to an
arising charge on areas of heterogeneity. The chemical dissociation reactions of water on the
border of cell are not considered in the given model. Vector equations of all system for binary
electrolyte looks like:
ji =

r
r
F
z i D iC i E − D i ∇ C i + C iV ,
RT

v
∂C i
= −div ji , i = 1,2 ,
∂t

ε ∆ ϕ = − F (z 1C 1 + z 2C 2 ) ,

(

)

r
r
r
I = F z 1 j1 + z 2 j2 ,
r
r r
r 1 r
∂V
1
+ ( V∇ )V = − ∇P + ν∆V +
f ,
∂t
ρ0
ρ0

r
div( V ) = 0 ,

i = 1,2 ,

(1)
(2)
(3)
(4)
(5)
(6)

r
where ∇– gradient, ∆– operator Laplasa, V – solution current speed, ρ 0 – density of a solution, P

–pressure, C1 , C2 –cation and anion concentration in a solution, z1 , z 2 – charging numbers cation
and anion, D1 , D2 – diffusion coefficients of cation and anion, ϕ –electric field potential, ε –
dielectric permeability of electrolit, F – Faraday constant, R – Gas constant, T – absolute
r
temperature, t – time, ν – coefficient of kinematic viscosity, f – force density of an electric field
The Nernst-Planck equations (1) describe the stream of ions caused by migration in an electric
field, diffusion and convection; (2) – equation material balance; (3) -Poisson equation; (4) current density in a solution of electrolyte; (5) - Navie-Stocks equations; (6) - the equation
incompressibility. The problem was solved in a dimensionless kind. On an input the parabolic
profile of speed is used. Force f = k(C1-C2) proportional to a spatial charge acts on 6 sites which
model heterogeneity of a structure ionexchange material and are shown on figure 1.
It is shown, that the volumetric force induced by course of a current is capable to generate pair
electroconvective vortexes (the second sort electro osmosis), and the sizes of the induced
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vortexes are comparable with membrane distance in electrodialisis cell. Electroconvection and
cross-section speed arise due the action of two volumetric electric forces equal caused by a
spatial charge which is sufficient for occurrence electroconvection. Significant vortex arise in the
beginning and in the end of the channel. Internal vortexes are mutually repaid. Despite of the
significant compelled current vortical movement leads to increase in delivery of a solution from
a kernel of a stream to border of a membrane. This provides an intensification of mass transfer.

Figure 1. A field of speeds, lines of a current
and vectors of speeds in system with scopes
electroconvective forces: 0.5<x<0.6,
0.7<x<0.8, 0.9<x<1.0, 1.1<x<1.2,
1.3<x<1/4, 1.5<x<1.6

Figure 2. Distribution of concentration
counterions in the channel of electrodialisis

Taking into account of presence coulomb forces on interphase border leads to occurrence of
whirlwinds. It is shown, that with increase in linear speed of solution in cell the contribution
electroconvection in overlimiting mass transfer is decreased. With reduction of entrance
concentration or with increase the current density the contribution electroconvection in mass
transfer is increased. The space charge is formed both at cation- and anion membranes and their
sizes can be various because for arising dissociation on border, but in the given model it is not
considered.
Distribution of concentration counterions is shown on figur2. Presence of significant mixing
lead to fast falling of concentration counterions in the beginning of the channel already. The
model allows to calculate distribution of intensity, potential, concentrations in the channel, to
investigate the differential and integrated characteristics of concentration and speed fields.
Work is executed at financial support of the RFFI (the grant 10-08-01060-а)
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MATHEMATICAL MODEL OF NATURAL WATER PH CORRECTION BY
ELECTRODIALYSIS WITH BIPOLAR MEMBRANE IN LONG MEMBRANE
CHANNELS
Victor Zabolotsky, Konstantin Lebedev, Polina Vasilenko, Stanislav Utin
Kuban State University, Krasnodar, Russia, E-mail: klebеdev@fpm.kubsu.ru

Introduction
The problem of determining the concentrations at the outlets of the electrodialyzer chambers
during pH correction of dilute solutions containing a large number of components that can enter
into chemical reactions is multiparametric and requires a considerable array of experimental
data. Creation of mathematical models describing this process in long electrodialyzer channels
allows fastening the calculation process and predicting mass transfer characteristics of the real
industrial modules.
Experiments
The study is carried out in electrodialyzer which acid and alkaline chambers were formed by
bipolar membranes MB-3 and anion-exchange membranes MA-40. The studies were conducted
at three different flow rates of solution through the elementary cell under study: 3, 5 and 7,5 L/h.
Electrodialyzers contained 10 paired chambers; the working area of the membrane was 4 dm2,
intermembrane distance–0.8 mm.
Results and Discussion
Electrodialusis of softened water is complicated by chemical reaction with single- and doublecharge ionic forms of carbonic acid at pH change in acid and alkaline chambers. In presence of
bicarbonate ions in softening water their interaction with hydroxyl and hydrogen ions generated
in bipolar membrane is described:
HCO3– + OH–  CO32- + H2O
HCO3– + H+  H2CO3
In addition softened water contains considerable amount of sulfate-ions. Presence of different
sulfate forms depends on pH. In softening water with sulfate ions (SO42–) there can be
hydrosulfate ions (HSO4–) at pH<4. In this case calculation of concentrations is carried out on
basis of sulfuric acid dissociation reaction (on two steps):
H2SO4  H+ + HSO4–
HSO4–  H+ + SO42–
Calculation of transport numbers through anion-exchange membrane is carried out on basis of
teoretical approach, describing in [1]. According to this approach and with assumption about
ideal selectivity of ion-exchange membrane at current equal or above limiting, it is possible to
calculate transport numbers through anion-exchange membrane only from ions concentration
and their diffussion coefficients in solution:
zj
(1 − ) D j c j
j j ,пр
zA
T j ,пр = 4
= 4
,
zj
j j ,пр ∑ (1 − ) D j c j
∑
zA
j =1
j =1
where Jj,lim– flux of sort j ions through ion-exchange membrane at i=ilim, mol/cm2*s, δ– thickness
of diffusion layer, сm, zi – charge of sort j ion, zА –charge of coion, Dj – diffusion coefficient of
sort j ion in solution, сm2/s, сj – conncentration of sort j ion in solution. The sum of transport
numbers through anion-exchange membrane is 1:
A
A
A
TClA− + THCO
+ TOH
= 1.
− + TSO
−
−
3

4

Finally mathematical model represents system of nonlinear equations which contains 15
equations with 15 variables relative to concentrations and ionic fluxes. The system is solved by
means of Newton's modified method.
262

More complex and important from a practical point of view is to build the mathematical
model describing pH correction process of the softened water in a long electrodialyzers channel.

Figure 1. Distribution of pH along the length of the module, 1 – alkali chamber, 2 – acid
chamber
It is shown that two-dimensional model of multicomponent solutions electrodialysis, based on
kinetic equations for calculation of the transport numbers and ionic equilibrium thermodynamic
equations can be obtained by upgrading compartmentation method [2], which consists in
partitioning of membrane channel at a sufficiently large number of layers perpendicular to the
direction of flow of the solution. Channel length was 40 cm and electrodialyzers model was
applied to a distance of 10 cm (n) so that the output estimated in the previous section were input
to the subsequent section. The developed program allows the calculation of the stratified
structure of the solution as it passes through the channel and find the way the local value of the
ion concentration, pH, current density and the effective transport numbers of ions through the
membrane.
For example, the distribution of pH along the length of the module at a current density of
8⋅10-4 A/cm2 and solution flow rate through one chamber of 5 L/h was calculated (fig. 1). Near
the entrance to the channel pH change rate with increasing of the channel length, which is
associated with the presence of bicarbonate ion chemical reactions with water molecules
dissociation products and buffer properties of the solution. It is shown that the greatest change in
pH of the solution occurs in the early parts of the apparatus and in the middle of the apparatus.
This work was supported by RFBR grant № 11-01-96512-r_yug_c.
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Introduction
Semi-empirical approach making possible to generalize, forecast and scale the mass exchange
characteristics of the electrodialyzers intended for desalination of the dilute solutions of
electrolytes was suggested in work [1]. The compartmentation method serves as the basis of the
approach used for scaling of the electrodialyzers of pointed type. Main point of the method,
adapted for the electrodialysis, is that the long desalting channel (L) of the electrodialyzer is
considered as a sequence of the elementary channels (L0). Application of the method allows to
find the solution concentration at the outlet of the desalting channel with length L>L0 if the
concentration of the initial solution and a desalting factor (Г=cout/c0) are known and linear
velocity of the solution at the desalting channel of the original and scaled electrodialyzers are
approximately equal.
The aim of this study was to investigate the possibility of using of the compartmentation
method for prediction of the mass exchange characteristics of the industrial concentrator
electrodialyzers on the basis of the experimental data obtained in a laboratory cell.
Experiments
The objects of study were two types of the concentrator electrodialyzers: laboratory EDC-Y
module and pilot EDC-II module, based at the commercial unit ED-II. Both devices have nonflowing concentration chambers, made in accordance with the technical solution of LLC
«Innovative Enterprise «Membrane Technology» [2, 3]. The membrane packages of the
concentrator electrodialyzers were assembled from the Ralex CM-PES cation-exchange and
Ralex AMH-PES anion-exchange membranes. The Ralex membranes and the modules ED-II are
produced by «Mega a.s.». Characteristics of the studied objects in conjunction with the flow
rates of solution at the desalting channel are listed in the Table.
Table: Characteristics of membrane packages of the investigated concentrator
electrodialyzers and solution linear velocity at desalination channel
EDC

Type of
electrodialyzer

Channel
length, m

EDC-II
EDC-Y

pilot
laboratory

3L0
L0

Number of
elementary
chambers
125
12

Linear velocity,
m/s
0.0482
0.0351

Feed solution was 5 g/L ammonium nitrate. In the steady state the solution conductivity at the
inlet and outlet of the desalting channels, the rate of the concentrate drip from the concentration
chambers and its electrical conductivity, voltage and current were recorded. The experiments
were carried out at the currents densities less than the limit current density.

Results and Discussion
The experimentally determined mass exchange characteristics of the EDC-II pilot module and
laboratory EDC-Y cell are shown in Fig. 1 as the dependences of the NH4NO3 concentrations at
the outlet from the concentration chambers on the current density.
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Figure 1. Dependences of the NH4NO3
concentrations at the outlet from the
concentration chambers on the current
density
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Calculation of the solution concentration at the outlet of the desalting channel of the pilot
EDC-II module, for which L=3L0 (see Table), was performed according to the equation:
(1)
c3out = c 0 Г (с 0 ) Г (с1out ) Г (с2out )
The equation (1) was obtained using the recurrence formulas of the type:
(2)
c Nout = c Nout−1 Г (с Nout−1 )
where N is number of sections to which the channel can be broken and c Nout−1 is concentration at
the outlet of the (N-1) section. The desalting factor (Г(с0)) was calculated on the basis of the
experimental data obtained in laboratory EDC-Y cell.
The experimentally obtained during the test of the EDC-II module and theoretically calculated
values of the NH4NO3 concentrations at the outlet of the desalting channel and the
demineralization degree at various current densities are shown in Fig. 2 a, b.
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a
b
Figure 2. The dependence of the NH4NO3 concentration at the outlet of the desalting channels
(a) and the demineralization degree (b) on the current density
It is seen that the theoretical values are in good agreement with the experimental data. Thus, the
data obtained in laboratory cell can be successfully used to process of scaling and predicting of
the properties of the industrial the concentrator electrodialyzers such as EDC-II.
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Introduction
Membrane methods of processing waste waters have a number of advantages in comparison
with traditional ones, such as: universality of the process, absence of any reagents introduced in
waste waters, essential decrease in waste amount, relative simplicity and compact size of the
plants [1].
At the same time, there are multiple charged ions of metals in waste waters and technological
mixes from many manufactures, effect of which on the attributes of ion exchange membranes
has not been studied sufficiently until now [2]. One of the actual problems in electroplating is
purification and regeneration of the electrolytes containing tri- and hexavalent chrome
compounds.
Electric conductivity is one of the main attributes determining practical feasibility of ion
exchange membranes. At the same time, current carrier mobility in the membrane phase is
determined by hydratation of the “fixed group– counterion” accociates i.e. by water content.
Experiments
Water content of the membranes was estimated by gravimetric method.
A mercury contact cell including the membrane under investigation having a mercury
electrode astride was used for estimating resistance of the membranes, which made it possible to
carry out the measurements without mechanical breakage and changes in the chemical state of
the samples. The resistance was measured with Elins Impedancemeter Z-2000.
The experimental data was processed with the EIS Spectrum Analyzer program which is able
to analyze impedance spectra with the method of equivalent circuit design. The electric
conductivity was calculated and its concentration diagrams were drawn using the membrane
resistance values obtained. The electric conductivity of the MA-40 and MA-41 anion exchange
membranes and of the MC-40, MF-4SC cation exchange membranes equilibrated with the
chrome chloride, chrome (VI) oxide and sodium chloride (for the purpose of comparison)
solutions in the 0.02– 0.3 N concentration interval was studied.
Results and Discussion
The electric conductivity values of the MC-40 membrane in the sodium chloride solutions is 2
times larger than the ones in the chrome chloride solutions, which could be explained by less
mobility of the triple-charge counterion associated with several functional groups and so having
its potential well deepended. It is also necessary to take into account that there are several
chrome (III) chloride hexahydrate compounds, such as the [CrCl2(OH2)4]Cl·2H2O dark green
hexahydrate, the [CrCl(OH2)5]Cl2·H2O light green hexahydrate and the Cr(OH2)6Cl3 blue-gray
hexahydrate [3]. The calculations have shown that concentration of the [CrCl(OH2)5]2+
complexes is maximum in the chrome (III) chloride solutions. Mobility of such complex is
expected to be very low in the membrane phase. In addition, the transition from the sodium
chloride solutions to the chrome chloride ones is accompanied by 20 % decrease in the water
content.
The electric conductivity of the MC-40 membrane in the chrome chloride solutions is much
larger than the one in the NaCl solutions. Equilibrium between the chromic H2CrO4 and
dichromic H2Cr2O7 acids is set in the CrO3 solutions. Both acids are dissociated in the first stage
almost completely, but there are practically no molecules dissociated in the second stage [Remy].
The hydrogen ions released at dissociation and having abnormal mobility replace the sodium
ions, so the MC-40 membrane turns into its H+ - form and has its electric conductivity increased.
In addition, the water content of the MC-40 membrane seems to increase by 39% on average
because of strong linkage between the proton and the water molecules (the H5O2+ particles have
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been found even in the air-dry sulfonic cation exchange membrane samples [4]), which also
promotes the increased mobility of the counterions.
The electric conductivity values of the MA-40 membrane are a bit larger in the chrome
chloride solutions than the ones in the sodium chloride solutions. This could be attributed to
complexation [2] which occurs between the functional groups of the EDE-10P resin (which is an
active component of the MA-40 membrane) and the Cr3+ cations which percolate through the
anion exchange membrane via the Donnan sorption effect. This is indicated by a new peak in the
oscillation area of secondary amino groups (1650 – 1610 cm-1) in the MA-40 membrane IR
spectrum. This results in growth of the matrix general positive charge. Such membrane is able to
involve more chlorine ions in the exchange with subsequent increase in the electric conductivity.
The MA-41 membrane active component is the AH-17 highly basic resin, the quaternary amino
groups of which are not inclined to the complexation with polycharged cations, so the electric
conductivity values of this membrane are similar to each other both in the chrome chloride and
the sodium chloride solutions. Thus, both anion exchange membranes are in the Cr- - form and
do not decrease theirs transport attributes in the CrCl3 solutions.
In the chrome (III) oxide solutions, however, both of them decrease the water content sharply
(by 50% on average), which is attributed to their transition to the CrO42- (Cr2O72-) – form. In
addition, they change their color from pale brown to dark brown (MA-40) and black (MA-41).
The electric conductivity values of both membranes decrease by the factor of hundred in
comparison with the chloride solutions.
Stripes typical for oscillation of the C=O (1720 – 1660 cm-1) and OH (1390 – 1350 cm-1) groups
were obtained for the MA-41 membrane samples in their IR spectra, which indicates to oxidation
of the ionite matrix into the–COOH group [5].
Thus, the MA-40 and MA-41 membranes retain their transport properties in the chrome (III)
chloride solutions. This makes it possible to use them in purification and regeneration of the
solutions. In the CrO3 solutions, however, these membranes are subject to full or half-way
destruction. The MC-40 membrane can be used for purification of the chromate solutions from
the trivalent iron and trivalent chrome admixtures by means of the membrane electrolysis
method.
1.
2.
3.
4.
5.
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Introduction
Convective instability in electromembrane systems has been visualized by means of different
optical methods [1-5]. The method of laser interferometry allows obtaining valuous information
about the state of near-membrane solution layer. One of the main factors determining behavior of
ion-exchange membranes at a current density exceeding its limiting value is the properties of
membrane surface. In particular, electrical heterogeneity of the surface facilitates the onset of
formation of electroconvective vortexes [6]; surface hydrophobicity gives rise to slip of the fluid
at the surface, which enhances electroconvection and the delivery of fresh solution to the
membrane surface from the core flow [7, 8].
The aim of the present work consists in investigation of dynamics of a development of the
convective instability region in solution by the method of laser interferometry. In particular, the
thickness of diffusion boundary layer (DBL) in intensive current regimes was measured.
Experiments
Concentration fields are studied in an electrodialysis desalination cell formed with a cation
exchange and an anion exchange membranes. We have studied two cation exchange membranes:
a commercial МК-40 and a MK-40+Nf membranes. To obtain the MK-40+Nf membrane, the
surface of MK-40 was coated with a thin layer of liquid Nafion (of about 20 microns thickness).
A commercial MA-40 membrane and a modified MA-40M membrane were used. The MA-40M
was obtained from the MA-40 by surface modification using a strong polyelectrolyte [9].
The length of membrane channel L is 4,4·10-2 m, the width is 1,5·10-2 m, the intermembrane
distance h is 5,0·10-3 m. The distance from the entrance to the section in which the concentration
profiles are measured is 2,7·10-2 m.
The method of laser interferometry of Mach-Zender type was applied. The interference pattern
was registered by a video camera with a digitization frequency of 15 Hz. The convective
instability region is defined as a near-membrane zone of solution where concentration profile has
unstable, oscillatory character. It is possible to find the Nernst (δN) and the total (δ) thicknesses
of DBL. δN is determined by the point of intersection of the tangents drawn to the concentration
profile near the surface and in the middle part of the channel; δ is defined as the thickness of
layer where 99% of the concentration variation occurs.
In order to avoid the effect of gravitational convection, the membrane under study was set
horizontally in a position of stable stratification. The current has been directed in such a way that
counterions moved upwards and the depleted DBL was under the membrane.
Results and Discussion
The effect of membrane surface properties on the current-voltage (I-V) curves and
concentration profiles is detected.
Coating of MK-40 by a Nafion film leads to an increase in the limiting current density and to
a reduction of the «plateau» length of I-V curves.
We visualize in situ salt concentration profiles in solution at the boundary with membranes.
Fluctuations of concentration profile in the depleted solution at the МK-40+Nf membrane (fig.
1a) arise when the limiting current density (ilim) is achieved. In the case of МК-40, an excess of
limiting diffusive current density is needed to produce the fluctuations: i should be 1,2 to 1,5
times higher than ilim. Effective current-induced convection arisen at the depleted membrane
surface mixes the near-surface solution. As a result, the concentration profile at the depleted
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surface becomes flat showing that the diffusion does not contribute in this region. However, the
diffusion layer does not disappear. It is shifted from the membrane boundary towards the flow
core. There the convection (mainly the forced convection) becomes important again, and the
profile is smoother. Thus, under the action of current-induced convection, the diffusion boundary
layer ceases to be “boundary”.
Qualitatively similar concentration profiles are obtained by numerical solution of a boundaryvalue problem based on the Nernst-Planck equations coupled with the Poisson and NavierStokes equations (Fig. 1b).
It is to note that up to as high current density applied as 3ilim, there are no electroconvection
near the anion exchange membrane forming a desalination channel together with the cation
exchange one.

a
b
Figure 1. Concentration profiles of sodium chloride solution near the cation-exchange
membrane MK-40+Nf under different current densities; C0 (NaCl)=0.02 M, V=0.02 cm/s (a);
result of numerical calculation of Nernst-Planck - Poisson-Navier-Stokes equations at i=2i1(b);
i1 is the limiting current density found by the intersection point of tangents to I-V curves

The values of δN and δ are presented in Figs 2a and 2b as functions of the ratio of current
density i to i1. It is found that the decrease of effective thickness δN near the MK-40+Nf
membrane occurs at the currents corresponding to beginning of the convection instability. As i1
is higher for the MK-40+Nf membrane in comparison with the MK-40 one, at the same ratio i / i1
the current density i in the case of MK-40+Nf if higher. That explains the lower values of δN and
δ for MK-40+Nf presented as functions of i / i1. Under the same potential drop the current
density and electroconvection are higher for the MK-40+Nf membrane.
Apparently, the main effect of surface modification on the membrane behaviour is due to the
variation of the surface hydrophobic/hydrophilic balance. It is known [8, 9] that an increase in
the membrane surface hydrophobicity facilitates electroconvection owing to replacing the
boundary condition of adhesion with the slip condition. Such replacing makes easier the
formation of paired electroconvective vortexes.
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a

b

Figure 2. The thickness of the total (a) and the Nernst (b) diffusion layers near MK-40 and
MK-40+Nf cation exchange membranes as a function of the current density: C0(NaCl)=0.02M,
V=0.02 cm/s
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Introduction
Recently the process of electrodialysis for demineralization of whey in dairy industry has been
implemented intensively. Electrolyzers with circulating cells of concentration are used in most of
the cases. The concentration of the obtained electrolyte exceeds the allowable emission rate to
sewage system though it is much lower than needed for other technological usage. Thus, each
dm3 of the desalted whey forms about 0,3-1 dm3 of electrolyte [1] which should be additionally
cleared. This paper presents the results of researches on demineralization of whey by means of
electrodializers with non circulating concentration cells in order to increase electrolyte
concentration and to decrease its volume.
Experiments
The electrodialyser consisted of two electrodes and three working chambers between which
Cationites (MK-40) and Anionites (MA-40) membranes were placed in turn. The installation had
two circulation flows: one was with electrode solution and the other one with whey. There was
one non circulating cell of concentration in the electrodialyzer. Electrolyte excess which was
formed by ions transfer and ions hydrated shells were removed from the concentration cells by
free-run flow through a special capillary. The effective area of each membrane was 0.01 m2, the
thickness of diluate cells was 1mm and the thickness of the concentration cells was 6mm. Speed
of solutions pumping was 60 dm3/h. Constant current density was maintained at 150 A/m2. The
whey which was used in the experiments was obtained in the manufacture producing lactic
cheese. The content of minerals was determined by conductometer with temperature
compensation HANNA Instruments.
Results and Discussion
It has been determined that upon electric current density of 150 A/m2 the electrolyte of 80-120
g/dm3 concentration is formed by means of electric ions and their hydrated membranes flow in
the concentration cells. The average volume of the formed electrolyte is 4.42 dm3 per kilogram
of salt transferred through membranes. Table 1 presents the volume of the concentrate formed
during processing of 1m3 of natural whey at different levels of demineralization.
During calculation it was assumed that the content of mineral substances in whey is 0.5 %.
Table 1: Volume of the formed concentrate
Level of demineralization, %
50
60
70
80
90

3

Volume of the concentrate of per 1 m of
3
whey, dm
11,05
13,26
15,47
17,68
19,89

Table 1 shows that in the case of non circulating concentration cells the volume of the
electrolyte concentration is 27-50 times less than the case of the same condition with circulating
concentration cells.
However, it should be noted that with this setting the current efficiency which is an important
indicator of the technological process is more than 20 % lower compared to the one in the
circulating concentration cells. This is explained by diffusive ion transfer of the reverse direction
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and by accumulation of sparingly dissoluble particles on the membrane surface that can be
confirmed by visual inspection after the experiment. Obviously, the current efficiency can be
increased if the whey is cleared of hardness salts (Ca2 +, Mg2 +) by ion exchange [3].

Summary
Electrodializer with non circulating concentration cells reduces the volume of concentrate to 2750 times comparing to the one with circulating concentration cells. At the same time its
concentration is 80-120 g/dm3 that can be used in other technological processes. However, this
construction stimulates intensive accumulation of sediments on the membrane surface which
requires prior cleaning from hardness salts.
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