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A mathematical model of mass transfer processes in the electrolysis of one-component solutions
of 1,1 symmetric strong electrolytes NaOH and NacCl in a two-chamber electrochemical reactor
with mesh electrodes based on platinum titanium is formulated. Experimental modeling of
processes is performed was carried out under conditions of continuous precise monitoring of the
system (NaOH concentration and volume of solution in the chambers).The electrolysis system
was designed to balance the flow of components through the membrane to study its properties
and to determine five unknown parameters of mathematical modeling of the process. The
mathematical model is a system of equations, which includes the unknown transfer numbers of
counterions through the membrane, the electrolyte diffusion coefficient, the electroosmotic flux
constant, and the empirical parameters of the approximating expressions.
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INTRODUCTION. lonic liquids are
organic substances, mainly salts, which exist in
liquid-phase form over a wide range of
temperatures. Their characteristic properties are
ionic electrical conductivity and low melting
point, which in most cases does not exceed
100°C. We studied some Proton lonic Liquids
(PIL) based on ammonium oligoesters -
chemical compounds with organic cations and
inorganic  anions  (residues of  sulfuric,
orthophosphate and acetic acids), which were
synthesized by neutralization of organic acids
and inorganic bases[1]. The high interest in
ionic liquids for ion exchange is due to the fact,
that they have a clear ability to serve as
effective cation exchange membranes with high
selectivity.Due to such properties, the aim of
many experiments with water-soluble ionic
liquids has always been to measure their
individual physicochemical properties (specific
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conductivity (x), concentration of protons (pH),
and their dependence on concentration and
temperature).Thus, using the known laws of
physicochemical processes (theory of electrical
conductivity and electrolytic dissociation) it is
possible to establish the parameters of the
charge transfer process and the role of
individual ions in the mechanism of electrical
conductivity. The analysis of the revealed
regularities made it possible to reveal
correlations between the possible structure of
ionic liquids and the physicochemical properties
of their aqueous solutions.

Another way to study ion-exchange
properties of electrochemical systems with PIL
membranes is mathematical modeling.In [1] the
method of computerresistometry [2] was used.
The probability of the existence of dynamic
processes far from equilibrium was also
experimentally assessed. On the basis of
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Fig.1. Principled scheme of the cathode chamber (a), two-chamberelectrolyzer-reactor (b) work, and a photo
of there actor.

complex measurement results, correlations were
established between the physicochemical
properties of the studied aqueous-organic
mixtures and the estimated possible parameters
of the structure of organic components.

The aim of this study was to build a
mathematical model of processes in a two-
chamber  reactor-electrolyzer ~ using in
experiments known types of industrial cation
exchange (M®-4CK, MA-40) membranes and
anion exchange membrane MA-40.

EXPERIMENT AND DISCUSSION
OF THE RESULTS. The experiment was
performed in a two-chamber electrolyzer-
reactor for electrolysis of theNaOH solutions
with initial concentration of 0,004 mol/dm?(fig.
1).Heterogeneous membranes of the MK and
MA-40 series were used in the experiment.The
calculations base on the following items.

The migratory flux of OH ions gon™ and
the molar flux of Na’ ions equal to it are
proportional to the charge flow I-z (A-min) and
the number of n* cation transfers according to
equation:

:/.T.L n*) . (1)

gM
OH 26,8
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Diffusion flow is carried out through the
membrane according:

dC
=D 2)

X

D —the effective diffusion coefficient of NaOH,
O — the membrane thickness, dC/dx = dC/d — the
gradient of NaOH concentration in the
membrane. The concentration of C in (2) has a
dimension of mol / cm®.
The water is consumed in the electrochemical
reaction at the cathode chamber (Fig. 1 a, b),
and the speed of this process can be accurately
calculated according to Faraday's law.

9f,o=1-7-0,891 ,

D
g NaOH

©)

0,891 - water flow rate, g/minute (respectively
0,0495 mol/minute).

In parallel, a rather significant
electroosmotic flow of water molecules
(according to [3] to 5.1 molecules of water per
mobile cation) is carried out through the
membrane according to the equation:

OSM

g _g~§'d_E_81~8,12~1012~§‘( | j 4
" 4nu dx 4-314-89-10°% \k-5)
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&= 81.8,12:10* - dielectric constant of water;
(— zeta-potential, B; x — dynamic viscosity of
the electrolyte, Pa-s; dE/dx= (I/(x-0)- potential
gradient in the electrolyte, V/cm; |- current,
Ahm; x=specific electrical conductivity of the
electrolyte, v*cm; 6— membrane thickness, cm.
The equation (4) is inconvenient for use in
a mathematical model because it contains an
inaccurate value of the zeta potential (). In
addition, the value of 6 in the denominator
means that as the membrane thickness increases,
the electroosmotic flux must decrease. In
reality, the rate of electroosmotic flux is a
constant value that is proportional to the current
and does not depend on the thickness of the
membrane. Therefore, the mathematical model
uses a more reliable and simpler equation,
which includes only one unknown parameter

k%Mcurrent values (mol/(Ahm-min) - the flow
of 920" at a current value of 1 A):

OSM _ | osm
9500 K1 (5)

The water plays a unique role in all
physicochemical processes that take place in the
environment and especially in the biosphere [4],
so in this study, the features of its movement
through membranes, especially electroosmosis,
are decisive. Electroosmotic water flow is an
individual sensitive characteristic of membranes
used in various technologies: on composite
membranes in the purification of glycerol [5], in
the purification by a combination of
electrodialysis and ion exchange of electroplates
from nickel [6] and etc. It can be assumed that
even without the action of an electric field in the
filtration process, the effects of water transfer
due to osmotic phenomena (on organo-inorganic
membranes [7]) may occur.

The summary mass flow of ions
(gsum)across the membrane of all components
depends on the electrolysis conditions, so it is
an unknown parameter to be determined.
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Thus, the mathematical model of the
process of electrolysis of NaOH solution is a
system of 5 equations with specified values of
the mode parameters (current, initial NaOH
concentration, membrane thickness, initial
conductivity parameters) and five unknown
parameters. The mathematical model uses
equations that approximate the concentration
dependences of the electrolyte in the region C>>
0.02 mol/dm?® parabolas of the 2nd and 3rd
degree. One exponential equation was used to
approximate nonlinear concentration
dependences of electrical conductivity x=f(C)in
the region up to 1mol/dm?:

K'=K'O+(K'MAX—KO)X|:1—eXp£—F£J:| ., (6)
E

Fe is the characteristic parameter of the function
x=f(C) at the points with the initial and
maximum values of the concentration in the
interval of the experiment duration of 30
minutes.

Formally, the mathematical model can be

visualized in matrix form [ Z] = [X ]x[Y ]

Jon [1.7.n"/26,8]

Uneon | | —D-dC /dx 9nimom

gﬁzo I'T'O’871 gﬁzo

e R B

Ko 1 93%

KMAX 1 gSUM

F 1 B B

However, the matrix form of the mathematical
model is inconvenient for practical use, because
the third column has a structure that the number
of elements and their physical content does not
agree with the first two columns. Therefore, the
main results of data processing of the
experiment (column 3) were recorded in the
form of table 1.
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Table 1

Calculated unknown parameters of the experiment performed on the example of the membrane MF-4SKin

the electrolyte NaOH (mol/min)

7 R
ONaoH OH20

ONaoH

DIF OSM

OH20 Jsum

0,000274  0,008259

-2,58-10®

0,004230 0,012763

Other conditions for which the experiment was
performed are listed below in tables 2 and 3.
Processing of experimental data (tables 2 and 3)
on the mathematical model was carried out by
numerical iterative method. The numerical
values of the unknowns were successively
changed (Table 1) and the accuracy of the result
was controlled by the least squares algorithm at
each step. The procedure was performed until
the values of the randomly selected unknowns
thus did not coincide with the specified
accuracy with their values obtained in the
experiment (table 1).

The graphs in Figures 2,3 - illustrate the
dynamics of the time change of the electrolyte
concentration with the initial value shown in
table 2.

Table 2
Acrbitrarily set process parameters in the cell at the
beginning of the experiment. Membrane M®-4CK,
electrolyte -NaOH

I, Ahm K, U*Cm 5, ¢cm  C, mol/dm®
0,0091764 0,0017 0,02 0,0038
Table 3

Intermediate (calculated) process parameters in the
electrolyzer

n+ Fe, em Wi W2

0,8 15 0,00002 125

**W1,W2 are parameters dimensionless for
adjustment
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Visually, the degree of accuracy can be seen by
reconciling the calculated (approximated)
graphs with the experimental data in Figures 2
and 3.
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Fig. 2. 1 —experiment, 2— approximation along the
trend line (parabola of the 2nd order), 3 —
construction (according to the approximation
formula) of the parabola at points with an interval of
1 minute
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Fig. 3. 1- experimental data for the membrane MF-
4SK in NaOH solution, 2 —approximation of the
graph of the total mass flow of all components of
g>M (equation 1+ 5)

The common result of the experiment is
the dependence C=f(7) in the interval of 30
minutes. All other parameters (R, C,...) are the
primary intermediate data from which the final
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result is formed. In fig. 2 and 3 show the results
of the experiment on the membrane M®-4CKin
NaOH solution with an initial concentration of
0,004 mol/dm?®.

Forms of graphs in Fig. 2 and 3 do not
exactly coincide with each other, because only 5
unknown parameters are used in the
calculations, shown in Table 1. If we introduce
additional elements into the mathematical
model, it would be possible to achieve greater
consistency in the form of graphs. But this is not
necessary, because for comparison only the
qualitative similarity of the form of graphs in
Figures 2 and 3, built on the same scale (here
0.006 mol / dm*x 30 minutes) is important. This
similarity is the basis for concluding that the
values of the unknown parameters of the studied
membrane (table 1) are determined correctly.

Modification of membranes in different
ways [8] allows changing their individual
properties in a wide range. This is the main
purpose of the modification, and a mathematical
model is only a convenient tool for identifying
and analyzing these changes.

From table 1 you can see what role in the

mass balance play for given conditions, the
different mechanisms of transfer of components.
In this case, the migratory and diffusion flows
of NaOH have little effect on the total balance
(0,000274 -2,58-10°)/ 0,012763, which is about
2%. At the same time, the water flow rate in the
reaction (0,008259) and the electroosmotic flux
(0,004230) mol / minute are proportional to the
total flow (0,012763) mol / minute.
Thus, choosing the desired conditions, the
mathematical model shows the appropriate
package of balance flows for comparative
analysis.

Note that studies in NaCl solutions are
possible only on membranes resistant to
dissolved chlorine, even at low current
densities. Heterogeneous membranes of the MK
and MA-40 series satisfy this condition.
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Also note that the function C(7) represents
the effect of changing the electrolyte
concentration in the cathode chamber for a
particular membrane (fig 4, eq.7).

CcC -C
n, :1_(TC—O) . (7)
17 e
J T T e ettt ssssessenasi -—usu 2
0.9 1 X\

0.8 \‘\
0."5 \\\“"“M {
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number of transfer
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Fig.4. Time change of the anion transfer number
calculated by equation 7. l-primary experimental
data, 2- calculation taking into account
electroosmosis. NaCl electrolyte, MA-40 membrane.

During the experiment, all changes in the
state of the system accumulate in the solution.
Therefore, the numbers of transfer calculated by
eq. (7), which gives the value of the resultas a
constant, always decreases overtime (fig. 4, eq.
8).

n _(CO_CT)'VT
LT((1)/26,8)
C,-C,
n, :1—(70—) ) (8)

The powerful factor is the electroosmosis of
water from the chamber (-) to the chamber (+).
The rate of electroosmotic water transfer was
found on the MA-40 membrane by the value of
the change in the volume V of the chambers (-)
and (+).

In general, formula (7) does not take into
account the volume of the chambers and is
unsuitable for taking into account the transfer of
water by electroosmosis. But due to the fact that
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the water transfer effect still exists (regardless
of the formula), a formal approach was used to
take it into account. According to the results of
the experiment, 6 cm® were transferred in 90
minutes with a constant current drop from 18 to
3 mA, and the charge lasted only 0,012 Ahm- h.
Hence the electroosmotic effect can be
estimated as:

9=0,006 dm? /0,012 Ahm- h=0,5 xm*/ Ahm- h.

It is clear that the obtained number 4 is
random, because in each measurement it
strongly depends on the specific conditions of
the experiment, such as the history of membrane
swelling, as well as parameters that change
continuously during the experiment (electrolyte
concentration, current, instantaneous values of
effective electrolyte diffusion coefficient, and
etc.). Equation 9 was formed on the basis of the
data of the exact experiment with the MA-40
membrane.

V= Vo-9%(1-7) 9)

This is generally a formal expression for
the volume of the cathode chamber at some
point in time 7, where (I-z) is a continuously
increasing amount of missed charge.

Equation (9) was used to calculate the
number of anion transfer across the MA-40
membrane (Fig. 4). From the result it can be
seen that the consideration of electroosmosis
gives a significant refinement of the calculation.
The calculated average value of the number of
chloride ion transfer increased from 0.76 to
0.96. But some slight slope (Figure 2) still
exists. This means that in the process of
electrolysis with the MA-40 membrane, the
action of unknown factors not taken into
account by the mathematical model is observed.

CONCLUSIONS. A mathematical model
of processes in a two-chamber electrolyzer

136

reactor for electrolysis of solutions of pure one-
component electrolytes NaOH and NaCl has
been created. The mathematical model contains
a system of mass balance equations with five
unknown parameters to be determined and
reflect the dynamics of changes in instantaneous
values of unknown mass flows of components.

Experimental studies of the transfer
processes of system components (mass balance)
in a two-chamber electrolyzer with platinum-
plated titanium electrodes have illustrated the
high accuracy and reproducibility of the results
of measuring the transfer numbers in ion
exchange membranes.

The complete correspondence between the
experimental data and the result of their
mathematical modeling is shown.

Data processing of a simple experiment in
a two-chamber electrolyzer with the use of a
mathematical model makes it possible to
accurately determine the properties of
membranes. It is a convenient tool for studying
and comparing water-soluble ion exchangers in
order to optimize their technologies.
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ChopmynpOoBaHO MaTeMaTUYHY MOJCIb
MpoIIeCciB MacoOOOMiHY B TIPOIIECI €JIEKTPOIIi3y
OJTHOKOMIIOHEHTHUX PO3YHHIB MIPOCTUX
cunpHux  enekrpoaitie NaOH ta NaCl y
JBOKAMEPHOMY €JIEKTPOXIMIYHOMY pPEaKTopi 3
ciTyacTUMU SJIEKTPOaMHU Ha OCHOBI
IUTATUHOBAHOTO TUTaHY. Bukonano
eKCIICpUMEHTAIbHE MOJICIIOBAHHS  ITPOIIECIB.
Enexrtpomni3 3MIIACHIOETHCS 3a YMOB
0e3repepBHOrO0  TOYHOTO  KOHTPOJIFO — CTaHy
cucremu (xonuentpauii NaOH Tta o0'emy
po3unHy B Kamepax). Cucremy eJIeKTpoiizy
NPU3HAYEHO Ui BCTAHOBIEHHS  OanaHCy
MOTOKIB TMEPEHECCHHsT KOMIIOHEHTIB 4epes
MeMOpaHy, BJIACTHBOCTI SIKOi BHBYAIOTh, 1
BU3HAYCHHSM 5  HEBIJOMHUX  I1apaMeTpiB
MaTeMaTHYHOTO  MOJETIOBAaHHS  MPOIIECY.
MareMaTruHa MOJIENIb € CUCTEMOIO PiBHSIHB, JI0
AKOi BXOAATH HEBIZIOME YHCIO TIEPEHECEHHS
MpOTHIOHY Yy MemOpani, koediumieHT audysii
€JIEKTPOJIITY, KOHCTaHTa EJIEKTPOOCMOTHYHOTO

MOTOKY Ta eMITIpUYHI rnapameTpu
AMPOKCHMYIOUHX BHPA3iB.

KitouoBl ciioBa: enekTposi3, MaTeMaTu4yHa
Mojenb, 10HOOOMiHHa  MeMOpaHa, YHCIO

MePEHECEHHS, EJIEKTPOOCMOC, TUPy3is.
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