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Introduction. The paper presents a theoretical study on binary
salt ion transport considering the water dissocia-
tion/recombination reaction. The work objectives are as fol-
lows: to build a mathematical model; to develop an algorithm
for the numerical solution to the boundary value problem cor-
responding to the mathematical model; to work out the simi-
larity theory including the transition to a dimensionless form
using characteristic quantities; to determine a physical mean-
ing of trivial similarity criteria; to find nontrivial similarity
criteria; to build and analyze the volt-ampere characteristic
(VAC).

Materials and Methods. The theoretical study and numerical
analysis of the transport of binary salt ions consider the disso-
ciation/recombination reaction of water. In this case, the heat
transfer equation and the mathematical model of electrodiffu-
sion of four types of ions simultaneously (two salt ions, as
well as H* and OH ions) in the diffusion layer of elec-
tromembrane systems with a perfectly selective membrane are
used. For the first-order differential equations, a singularly
perturbed boundary-value problem is set. In the equation for
the electric field, the right side is independent of the intensity.
In the numerical solution to the digitized system of equations
by the Newton-Kantorovich method, this causes the stability
of the method. In this regard, the boundary-value problem is
reduced for numerical solution: a transition to a system of the

second-order equations is provided, and the missing boundary

Bseoenue. CTaThs TOCBSIIEHa TEOPETHUECKOMY WH3YIECHHIO
HepeHoca HOHOB OMHAPHOU COJIM C yYETOM PEaKLMH IUCCOLHU-
aru (pekoMOMHAIMK) BoAbl. Llenmm mccnemoBaHus: MOCTpoOe-
HHE MaTeMaTHYeCKOH MOJeNH; pa3paboTka aJropuTMa dHc-
JICHHOTO pPEIICHUs] KpaeBOH 3aJadyd, COOTBETCTBYIOLIEH MaTe-
MaTHYeCKOH MOJEINH; Pa3BUTHE TEOPUH MOTOOUS, BKIIIOYAst
nepexox K 0e3pazMepHOMY BHJY C HCIIOJIb30BAaHHEM Xapak-
TepHBIX BEIIMYHH; ONpeAeneHne QU3MIECKOT0 CMBICIIA TPUBH-
AIBHBIX KPHUTEPHEB MOAOOHS; HAXOXKACHHWE HETPHBHUAIBHBIX
KPHUTEPHEB IOJI00MS; IMOCTPOSHNUE W AHAIM3 BOJBTaMIIEPHOI
xapakTepuctikn (BAX).

Mamepuanst u memoost. Ilpu T€OpETUUECKOM HCCIIECAOBAHUMI
U YHCIICHHOM aHajM3€ IepeHoca NOHOB OMHAPHOH COMM ydu-
TBIBAETCS Peakiys Aucconuanun (pexomOuHanum) Boapl. [Ipu
9TOM HCIOJIB3YIOTCSl YpaBHEHHE TEIUIONPOBOAHOCTH M MaTe-
MaTHdecKasi MOJIeNb dMeKTPoau((y3uH OJHOBPEMEHHO YETHI-
PEX BUIOB HOHOB (JByX HOHOB CONIM, a Takke MOHOB HT u
OH™) B mudy3noHHOM CII0€ dIEKTPOMEMOPAHHBIX CHCTEM C
HACATHLHO CEJICKTUBHON MEMOPaHOA.

Jns muddepeHnnansHpIX ypaBHEHHH MEPBOTO TOPSIKa CTa-
BUTCSI CHHTYIISIDHO BO3MYIIEHHasl KpaeBas 3ajqada. B ypasHe-
HHUH JJIsI HAIIPSDKEHHOCTH DJICKTPUYECKOTO TMOJIsl IPaBasi 4acTh
HE 3aBHCHT OT HANpPSDKEHHOCTH. [Ipn YHCICHHOM peIIeHUH
JIUCKPETU3UPOBAHHON CHCTEMbI ypaBHEHU mMeToqoM Heroro-
Ha — KaHTopoBu4a 310 00ycIoBIMBaeT MpoOIeMbl YCTOWIH-
BOCTH MeTOZIa. B CBsI3M ¢ 9TMM KpaeBasi 3a1aua IPHUBOAUTCS K
BHAY, YAOOHOMY [UIsl YHCIEHHOTO PEIIeHHs: oOecreunBaeTcs
Mepexos K CHCTEMEe YpaBHEHHH BTOPOTO MOPSAKA, PACCUHUTHI-
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conditions for the electric field strength are calculated.
Research Results. A new mathematical model, a numerical
algorithm to solve a boundary value problem, and software are
developed. A numerical analysis is carried out, and fundamen-
tal laws of the transport of salt ions are determined considering
the dissociation/recombination reaction of water molecules,
temperature effects, and Joule heating. The VAC is built and
analyzed.

Discussion and Conclusions. The transport of binary salt ions
through a diffusion layer near a cation exchange membrane is
considered. A mathematical model of this process is proposed.
It takes into account the temperature effects due to dissocia-
tion/recombination reactions of water molecules and Joule
heating in a solution. The basic laws of the transport of salt
established

tion/recombination reaction of water molecules and tempera-

ions  are considering  the  dissocia-
ture effects. The temperature effects of the dissocia-
tion/recombination reaction and the Joule heating in the elec-
troneutrality region (ENR) are almost imperceptible (with the
exception of the recombination region, RR). The Joule heating
in the space-charge region (SCR) is by two orders of magni-
tude larger than the cooling effect of the water dissociation
reaction. Upon recombination, approximately the same heat is
released in the RR as during Joule heating in the expanded
SCR. However, due to the small size of the RR, the effect of
this heat is imperceptible. Therefore, we can assume that there
is only one heat source at the interface in the SCR, which, due
to its noticeable size, causes a significant increase in tempera-
ture in the entire diffusion layer. It follows that the emergence
and development of gravitational convection is possible. Gen-
eral conclusions, following from the results obtained, open up
the possibility of intensifying the process of transport of salt
ions in the electrodialysis machines.

Keywords: membrane system, ion exchange membrane, space
charge, extended space-charge
recombination reaction of water molecules.

region,  dissociation-
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BAIOTCS] HEAOCTAOIINE KPaeBhIe YCIOBUS IS HANPSDKEHHOCTH
3MEKTPHIECKOTO MOJISL.

Peszynvmamul uccredoeanus. PazpaboraHpl HOBass MaTeMaTH-
yeckas MOJENb, AITOPUTM UHCIEHHOTO PEIIeHUs] KpaeBoi
3aa4yy, IporpamMMmHoe obOecrieueHue. [IpoBeneH 4HCIEHHBII
aHaNMM3 W OIpeNeNeHbl (QyHIaMeHTaJIbHBIC 3aKOHOMEPHOCTH
MEPEeHOca MOHOB COJM € y4eTOM pEaKIHH Aucconuanuu (pe-
KOMOWHAITH) MOJIEKYJI BOJBI, TEMIIEpaTypHEIX 3()(HEKTOB H
JIxoynesa pasorpesa. IlocTpoena u npoanamusupoBana BAX.
Obcyscoenue u 3axaoyenue. PaccMOTpeH NepeHOC HOHOB
OuHapHOW conm depe3 AnQQy3HOHHBIA CIOH y KaTHOHO00-
MeHHOW MeMOpaHnbl. Ilpeanoxena Mmaremarndeckas MOJENb
Ha3BaHHOTO IIPOIlecca, KOTOpasl yYHUTHIBACT TeMIIepaTypHEIE
3¢ ¢dexThI, 00yCIOBIECHHBIE PEAKIMAMHU JHUCCOUUAINU (PEKOM-
OMHAIM) MOJIEKYJT BOIBI U JIXKOYJIEeBBIM HarpeBOM B pacTBO-
pe. YCTaHOBJIEHBI OCHOBHBIE 3aKOHOMEPHOCTH IIepeHoca
HOHOB COJIM C YYETOM pEaKIHH Tucconuanuu (pekoMOHHa-
I[MM) MOJIEKYJ BOJBI M TeMmnepaTypHbIX 3¢ dexros. Temmepa-
TypHbIe 3Q(EKTH OT peaKkIuy AUCCOIHMAINN (PEKOMOMHALIN)
n Jlxoynesa pasorpesa B OOH mpakTuuecku He3aMeTHBI (Hc-
KJIIoYeHne — obnacte pekombuHanuu, OP). JxoyneB Harpes
B obmactu npoctpancTBeHHoro 3apsia (OI13) Ha nBa mopsaka
Oonple oxiaxnparomero 3ddexra peaknMud AUCCOUALUH
Bonmel. [lpu pexomOmHammu B OP BeImensercs mpuMepHO
CTOJIBKO JK€ TeIlIa, CKOJbKO Ipyu J)KoyiaeBoM Harpese B pac-
mmpenHod OI13. OxgHako u3-3a Manbix pazmepos OP BrustHUE
3TOrO TEIUla He3aMETHO. 3HAYUT, MOXKHO CYUTaTh, YTO €CTh
TOJIKO OJIMH MCTOYHHK TeIula Ha Mexxdas3Ho rpanuie B OI13,
KOTOPBIH Oaromapst CBOEMy 3aMETHOMY pa3Mepy 00yCIOBIH-
BaeT 3HAYMTEJBHOE TOBHILICHHE TEMIEPaTyphl BO BceM IH(-
¢dy3nonaoM cioe. OTcrona cienyeT, 9T0 BO3MOKHO BO3HHK-
HOBEHHE W Ppa3BUTHE T'PABUTAIIMOHHOI KoHBekumu. OOmmmne
BBIBO/IBI, CIIEYIOIINE U3 MOJTYYSHHBIX Pe3yIbTaToB, OTKPhIBa-
€T BO3MOKHOCTh HHTEHCH(HKAIINH TIPOIIecca IIepeHoca HOHOB
COJIM B DJIEKTPOIUAIN3HBIX allapaTax.

KnroueBbie cioBa: MeMOpaHHBIE CHCTEMBI, HOHOOOMEHHAs
MeMOpaHa, TIPOCTPAHCTBEHHBIN 3apsij, pacliupeHHas 001acTb
MIPOCTPAHCTBEHHOTO 3apsja, AMCCONHAIMS (pEeKOMOMHAIINS)
MOJIEKYJT BOJBI.

Oébpazey ons yumupoeanusn: MoenupoBaHrue U YHUCICHHBIN
aHanM3 BIMSHMS pEaklMH AUCCOLMalHK (pe-KOMOMHALIUM)
MOJIEKYJI BOJBI Ha IMEPEHOC HOHOB CONM B IU(PPY3HMOHHOM
cioe / H. O. UyOsipb [u mp.] // BectHuk JIoH. roc. TeXH. yH-Ta.
— 2019. — T.19, Ne3. — C.268-280. https://doi.org/
10.23947/1992-5980-2019-19-3-268-280

Introduction. Intensive current mode involves using currents several times higher than the limited elec-
trodiffusion. In this case, secondary (or conjugated) phenomena of concentration polarization occur in the membrane

systems:

- spatial electric charge occupies a macroscopic region comparable to the thickness of the diffusion layer;
- the solution pH changes [1-3], which is explained by the water splitting;

- microconvective flows are formed, etc.

Considering impact of the dissociation (recombination) reaction of water molecules is essential to understand-
ing the transport processes in the electromembrane systems, as some authors believe that the occurrence of new charge

carriers H* and OH~ can cause a decrease or even disappearance of the space charge, which is the basis for other trans-

fer mechanisms ( e.g. electroconvection). The dissociation reaction of water molecules is endothermic, and the recom-
bination reaction is exothermic. Centers of the reaction sites are separated in space. This causes an uneven temperature
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distribution and, therefore, affects all the physical properties of water: dissociation coefficient, heat capacity, etc. In
addition, an uneven temperature distribution can cause gravitational convection. Thus, the study of temperature effects
associated with the reactions of dissociation and recombination of water molecules is an urgent task [4]. In this paper,
we confine ourselves to considering the effect of the uneven temperature distribution on the dissociation coefficient of
water molecules.

Materials and Methods

1. Mathematical model

1.1. Simultaneous equations

Consider a one-dimensional stationary transport process for single-charged salt ions in the Nernst diffusion
layer. We take into account the dissociation (recombination) reactions of water and the temperature effects associated

with the Joule heating of the solution. Such a case is described through a system of equations [5]:
-F de dacy

]'1=R_T0 1 1E_D1E, (1

J2 = Riszczj_i_ D, %a (2)
Ja = - DaCs G2 = D3 2, (3)
o = e DaCa G2 = Da )
=L -G, 5)
0=""0+R; ,i=1..4 (6)
KT+ E -1+ B(CoCy — k(1) = 0. %

Here, Ry = R, = 0,Rs = Ry = kCp,o — kyC3Cy = ky(kyy — C3Cy), Ky (T) = Ky, e?TT0)_ i = 1,2 are salt ion
indices; i = 3 and i = 4 are, respectively, the indices of hydrogen ions H* and hydroxyl OH™; E = _;—x(p is the electric
field strength; C;, j;, D; are, respectively, concentration, flux, diffusion coefficient of the i-th ion; k;(T) is the constant
of water dissociation rate; k, is the constant of the recombination rate of hydrogen ions H* and hydroxyl OH™; k,,is the
equilibrium constant; &, is the dielectric capacitivity; F is the Faraday number; [ is the total current density; k is the
coefficient of thermal conductivity; p, is the density of the solution; ¢, is specific heat of the solution; G = E - [ is the

density of heat sources associated with the passage of electric current through the solution (Joule heating of the solu-
tion); B = qk,, Q = (C3 C, — k‘iiﬂ) = qkr(C3 C,—k, (T)) is the density of heat sources and sinks associated with

the recombination and dissociation of water molecules.
The total current density / is equal to: I = I + I,,,.
Here, I; is partial current density by salt ions; I, is partial current density by water ions.
From (6)—(8), it follows: j; = const, j, = const, I; = F - (j; — j,) = const, I, = const, but j; # const,

. k . o o .
ju # const, a? = oo s thermal diffusivity of the solution.
oCp

1.2. Boundary conditions
Assume that x = 0 corresponds to the depth of the solution, where the electroneutrality condition C; — C, +
C; — C, = 0 is fulfilled, and x = § corresponds to the conventional “solution — membrane” interface. Thus, 8™ is the
thickness of the Nernst diffusion layer.
In this paper, for definiteness, a cation-selective membrane (CSM) is considered, which for simplicity will be
assumed to be ideally selective (jz(u) = 0).
v KOM

¥
@—

<—_C!’

H,0

7
r— =

o>

0 i ) X

Fig. 1. Diagram of diffusion layer near cation-selective membrane

1) Boundary conditions in the depth of the solution (x = 0)

few .
Assume,C; (0) = Cyg, C;(0) = Cpp, C3(0) = C39, C,(0) = Cao’ while Cyg + C39 = C30, T(8) = T,
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2) Boundary data at the “solution — membrane” interface (x = 9)

Suppose that C, (8) = Cy4y, C5(8) = C3p. At this, the sum Cy,, + Cs,,, is comparable to the tabular value of the
exchange capacity of the cation-selective membrane. The flux density j,(8) = j,, of ions OH is determined by the
catalytic reaction of dissociation of water molecules in a thin surface layer of a cation exchange membrane.

For temperature, the condition of flow balance is used at the point x = § [1]:

dx dx
2. Transition to dimensionless form
2.1. Characteristic quantities and formulas for the transition to a dimensionless form
As a characteristic concentration of C, we take the concentration of salt cations C;,. Actual values of C;, are

within the range of10™>M — 1M. As a characteristic temperature, we take the room temperature T, = 298K. As a char-
2D1D,
D1+D;

acteristic length, we consider the thickness of the diffusion layer 8, which is of the order of 10~*m. Denote D, =

as the electrolyte (NaCl) diffusion coefficient @y = % — as the thermal potential [5].

We pass to dimensionless quantities:

x® =% oW = % g — 284 ;@ — L’ Di(u) _ ﬁ, Is(u) _ 1_s, I\E/u) — Il’ Ci(u) _ G s _ _iS
5 I Do Inp

©o’ @p dx’ np Inp 10”7t DiC1o
JiF . W — 1 _ DoCq1oF
Di(u)lnp, i=1234TY = . Im!J =5
Then, k‘(;o(T) _ ':Cw_(;) - y(u)emu)mu)_l), where y® = (ckW)Z’ b@ = pT,.
10 10
Assume that S(u) — M (w) — @ﬁ
C1oF282° F2 Dy’

2.2. Transition to dimensionless form in equations
Focusing on [6], we pass to the dimensionless form in the system of equations (1) - (6):

(u)
ac — @ - (u)
—2=VE® -, ©)
(w)
dc .
T =—CVEW -y, (10)
(u)
s~ _ ~w ()
o = GUEY =) (an
S(u)Déu) :_xj?gu) = g® (]'(‘Sl)eb(u)(T(u)_l) _ C?Eu)CzEu))’ (12)
(w)
acy” _ (w) (W)
= —CUEW -y, (13)
ROING %fiu) — W (]'(‘E;l)eb(“)(T(")—l) _ C3(“)Cf‘)), (14)
aEW _ ) _ s @) _ )
eW——=0" -+ - " (15)
We write the total current density in the form of Is(u) + I‘E,u) =],

Here,
Is(u) — Dl(u)jl(u) _ Dz(u)jz(u)’ I‘Elu) — Déu)jéu) _ Diu)jiu))
moreover, for a perfectly selective membrane jz(u) = 0 and, consequently,
W — p) ;)
s 1 J1 -

Under the transition to a dimensionless form, the heat equation (7) takes the form:

2 (u)
JACH) (Z;_u))z +EW . [ 4 gw (Cgu)Ci”) _ Y(u)eb(u)(T(u)_1)> =0 (16)
Here, k@ = —%_ and g = r¥uo
’ DoC1oR DoRTy

2.3. Physical meaning and evaluation of the trivial similarity criteria

The parameters s(u),Déu),Diu), a®™ @) ké;‘ ), B(u), b are trivial similarity criteria. Let us determine their
physical meaning and values at the characteristic input parameters of the problem.

1.b™ ~ 15,

2. The parameter Y™ is the square of the ratio of the concentration H* or OH™ ions in a neutral solution
(pH = 7) to the electrolyte concentration. Its values vary from 107° to 107*#, and it can be considered a small param-
eter.

2
3. W = CTOTFOZZ =2 (%d) , where I; = 21;::;32 is Debye length. Thus, the parameter €™ is the doubled
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square of the Debye length ratio I, to the diffusion layer width 8. The values of €™ vary from 107" to 1077, and this
parameter can be considered small.

RToer Ky _ RTo€yr 2kyCig

4. = =
F2 Dy  2C1oF? Dy

= (z ) Here, L. ’Zk " . This value is proportional to the width of the re-
T rt10

combination region (RR). Thus, the parameter a® is the square of the ratio of the Debye length to the width OP [ ,.
The parameter a®) = 14 and in the framework of this problem, it is a universal constant since it does not depend on the

input parameters of the problem. So: ll—d =+ a® = 3.74, i.e., the width of the OP is approximately 37 % of the width of

r

the quasi-equilibrium region of the space charge (SCR, Debye length).

2.4. Nontrivial similarity criteria, physical meaning and evaluation of quantities

In the equation (16), the dimensionless coefficients k™ and B® are trivial similarity criteria. Any relation be-
tween trivial criteria is called a nontrivial similarity criterion. Below, we express k™ and p™ through other known
similarity criteria.

2 2
A"po¢ a”  Poc . Po¢
1) Consider k™ = —— = p—2 B0 _ PO Here, = ’ i the Lewis - Semenov number. We in-
DoC1oR DOCwR Do CioR (.‘10R Do

. . C10
troduce the dimensionless number p = p
op’

ric heat capacity, varies from indicates the relative specific volumetric heat capacity, it varies from 1078 to 1074,

E The number p indicates the relative specific volumet-

and it can be considered as a small parameter.

kr82C 82 2kyC 82 82 .
2) Consider the parameter p® = &2 =10 — 42 Zfrma0 4 = = Arn_5. Here, Arn = 9= 228 is the
DoRT,  2RT, Do 2RTy D20 12 RT,
rt10

dimensionless quantity which is a thermal analogue of the Arrhenius criterion. It characterizes the sensitivity of the heat

8 2 1(lg 2 S5 2 a lg 2 lg 2
amount of a chemical reaction to temperature changes. As _(z_) = _(z_) (z_) =2 and € =2 (E) ,a=2 (z_) ,

T T d T
then B = Arn -2 Thus the heat equation (16) has the following dimensionless form:

d2 (uw)
ele &L
3) The calculations show that
_kw R kyeF?8* R kyF?8?
Y C10 PoCp RToer pocp  PoCpTosr

. 12\2 , ke F262 _ . o o
Since e = 2 (Ed) , then N, = p":‘% ~ 2,5+ 1073, Therefore, we obtain a nontrivial similarity criterion,
ocpToer

which shows the relation

yu = nZe.
Likewise,
EL=T1Ng1.
Here,
_ R*Togr 1n-14
Ngq = =y 3,5-107, 17)
Y = Ngp€?, (18)
F4*8%k
Na2 = RZTOZs‘g
Note that n3 = ng,1 Ny 5.
2.5. Dimensionless form of a system of equations
Thus, a dimensionless system of equations describing the model has the form (index u is omitted for simplici-
ty):
dc
d_xl = GiF - ]1, dx =—GE - ]2; P = GE —J3,
eDs d_13 = a(Yeb(T v — C3C4) dC4 = —CE —jy,

eD, 514 = a(ye?TV - ¢5¢,), sg = C1 —Cy+C3—C,y.

2
sLeZTZ + epEl + padrn(CsC, — ye?TV) = 0.
The system of equations contains three small parameters €, u and y, connected by relations (17) and (18). The
parameter € enters the equations singularly, i.e., as a coefficient in the derivatives, and the parameter y is regular, so the
system of equations is simultaneously singularly and regularly perturbed.
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2.6. Transition to dimensionless form under boundary conditions

The dimensionless boundary conditions have the form:

Cilx=0 =1, Calx=0 = 1+ C30, C3lx=0 = C50, Calx=0 = Cao = - T(0) =1,

b
C30

Cily=1 = Cim, C3lx=1 = C3m:f4|x=1 = Jjam>
. d d
_kaT(l) = uD,b, ah(l)-

Remark 1. Owing to continuity, the following is valid:

Iy = D3jzm — Dajam = D3j30 — Dajao-

3. Numerical solution algorithm

3.1. Transition to a boundary value problem for a system of second-order equations

Due to the small parameter € in the equations (12), (14) and (15), the boundary-value problem (9) - (16) is sin-
gularly perturbed; therefore, the system is inconvenient for a numerical solution [7]. In addition, differential equations
are of the first order, and a boundary-value problem is set for them. In the equation (15), for the electric field strength,
the right-hand side is independent from E. This causes stability problems in the numerical solution to the discrete sys-
tem of equations by the Newton — Kantorovich method [8]. Therefore, the boundary value problem (9) - (16) should be
reduced to a form convenient for a numerical solution. To do this, we pass to the system of second-order equations:

dzcl _ i d2C2 _ —_d dZC3 _ i _ a(yeb(T'l)—C3C4)
dx2  dx (ClE)’ dx2 ~ dx (CZE)’ dx2  dx (C3E) eD3 ’
a’*c, _ —d _ a(yebTY_c;c,) a’E _ . . dc; _dcy
dx?2 - dx (C4‘E) €Dy > dez - E(Cl + CZ) J1 +]2 + dx dx’
eLe L 4 euEl +- padrn(CyC, — ye?TD) = 0 (19)
2xz TEH 3 3bs —Y .

In connection with the transition to systems of the second-order equation, it is necessary to supplement the ini-
tial boundary conditions with the missing boundary conditions for the function E. From the boundary conditions, it fol-
lows that at the point x = 0, the electroneutrality condition C; — C, + C3 — C, = 0 is satisfied. Due to the continuity,
with some accuracy, in the vicinity of the point x =0 x =0, C; — C, + C3 — C, = 0 is fulfilled, therefore E, can be
calculated from the electroneutrality condition. Adding the equations for C;, i = 1, ...,4 and using the electroneutrality

=4 (C1(0) = C,(0)).

1+Cyp

condition C;q — Cyo + C39 — C4o = 0, we can obtain the relation E|,—q =
From the equation for E at x = 1, we have: 83—5 =(C; —Cy+ C5— Cy)ly=1-
x=1

Research Results

3.2. Numerical Results

To analyze the results of the numerical solution, along with the graphs of the desired functions C;, E, j3, j,, T, we
consider the graphs of the functions p(x) = C; — C, + C3 — C,, p(x) = C3C, — ye?T~V. The function p(x) character-
izes the distribution of charge density, and p(x) is the deviation from the equilibrium of the dissociation (recombina-

tion) reaction.
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Fig. 2. Graph of function p(x) = C; — C, + C3 — C4 ([0; 0.93]) (a); graph of function p(x) = C3C, — ye?T~D(b); graph of function
p(x) = C3C, — ye?T=1 in SCR (c); temperature graph (d)
From Fig. 2(a), it follows that the diffusion layer is divided into three regions. The first is the region of electro-

neutrality (ENR), where p(x) = 0. The second is the space charge region (p(x) > 0). The third is an intermediate layer
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between them where the charge distribution density has a pronounced local maximum. The SCR itself is divided into
two parts: extended and quasi-equilibrium (it is very small and adjacent to the interface). In the quasi-equilibrium part
of the SCR, the charge density distribution obeys the exponential law (not shown in Fig. 2).

A general view of the graph of the function p(x) (Fig. 2, b) shows that the deviation from equilibrium occurs:

- in the recombination region which is located inside the ENR;

- in the space charge region (Fig. 2, ¢).

In the first case, p(x) > 0, .e., recombination prevails over the dissociation C5C, » ye?T~V_ In the second
case, on the contrary, p(x) < 0, and dissociation prevails over recombination in the SCR, as well as in the intermediate
layer. The temperature (Fig. 2, d) increases linearly by 0.0028 in a dimensionless form (or 0,0028 - 298 = 0.83 de-
grees). The increase depends on the total current density or potential jump in the diffusion layer and can be up to tens of

degrees. Obviously, all terms of the equation (19) are small compared to the first one, that is, the second derivative is

d?T . . . . .
i 0. From this, it follows that the temperature is linear and is determined by the boundary conditions.
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As follows from Fig. 3 a, the sodium concentration decreases linearly in the ENR and becomes small in the
SCR, but it is higher than the concentration of the remaining ions (Fig. 3 d). The center of the RR is the intersection
point of the graphs of concentration of Na* u Cl™ and, respectively, of OH~ and H*. To the right of the center, the
concentration of Cl~ decreases faster than the concentration of Na*. The deficit of negatively charged ions resulting
from this is compensated by the rapid growth of hydroxyl ions, and the condition of electroneutrality is preserved (Fig.
3a).
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From the data in Fig. 4, it follows that in ENR, the electric field strength increases rapidly tens of times (Fig.
4, a). A particularly high rate of the electric field strength is observed in the SCR upon reaching values of the order of
1
7
carriers change: before RR, the charge is determined by Na*, Cl~, H* ions, and after — by Na™, Cl~, OH ions. The
appearance of a “step” owes to the fact that the diffusion coefficient of hydrogen is approximately two times greater
than the diffusion coefficient of hydroxyl. The VAC increases without limit with a growth of the potential jump in the
over-extreme mode I; > 2 (Fig. 4, d). This growth tends to be much slower than the experimentally observed one,
which means that along with the dissociation (recombination) reaction of water, there is another mechanism of super-
limit transfer. It is generally accepted that electroconvection is such a mechanism [9-11]. In this regard, a problem of
evaluation and interaction of the dissociation (recombination) reaction and electroconvection occurs.

In the RR there is an internal boundary layer of E electric field strength (Fig. 4, b). This is due to the fact that charge
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Fig. 5. Flux plot of hydrogen j; (a) and hydroxylj, () ions

Fig. 5 shows that the flow of hydrogen ions is positive. It is constant to the left of the RR and is practically
equal to zero to the right of the RR till the SCR. In the SCR, the flow of hydrogen ions increases linearly due to the in-
tense dissociation of water. The flow of hydroxyl ions to the left of the RR is practically zero, and to the right, it is
negative and constant until the SCR. In the SCR, the flow of hydroxyl ions, as well as the flow of hydrogen ions, in-
creases linearly. In a quasi-equilibrium SCR, the hydroxyl ion flux changes sharply and satisfies the boundary condition
j4(1) = j,(m). The recombination region is an internal boundary layer for the flows of hydrogen and hydroxyl — they
change sharply here.

Discussion and Conclusions. In this paper, the transport of binary salt ions through a diffusion layer near a
cation exchange membrane is considered. A mathematical model of the process is proposed, which takes into account
the temperature effects caused by the dissociation (recombination) of water molecules and the Joule heating in solution.
This model consists of 9 ordinary differential equations with corresponding boundary conditions. An algorithm for the
numerical solution to a boundary value problem is developed, and its computational investigation is presented. The
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basic laws of the transfer of salt ions are defined considering the dissociation (recombination) reaction of water mole-
cules and temperature effects.

It is shown that the VAC grows without limit with a growth of the potential jump in the over-extreme mode,
and is much slower than in experiments. Therefore, along with the dissociation (recombination) reaction of water, there
are other mechanisms of super-limit transfer (for example, electroconvection and gravitational convection). Thus, a
challenge arises of assessing the interaction of dissociation (recombination) reactions, electroconvection, and gravita-
tional convection.

Temperature effects from the dissociation (recombination) reaction and the Joule heating in the ENR are al-
most imperceptible (with the exception of RR). The Joule heating in the SCR is two orders of magnitude higher than the
cooling effect of the water dissociation reaction. Upon the recombination, approximately the same heat is released in the
RR as during the Joule heating in the expanded SCR. However, due to a small size of the RR, the effect of this heat is
imperceptible. Thus, we can assume that there is only one source of heat at the interface in the SCR, which, due to its
noticeable size, causes a significant increase in temperature throughout the diffusion layer. It follows that the emergence
and development of gravitational convection is possible.

In the paper, a solution of sodium chloride is considered; however, the study is valid for a solution of any bina-
ry salt.

General conclusions following from the results obtained enable to intensify the process of salt ion transport in
the electrodialysis machines.
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