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Supplementary materials

S1. Membranes

Homogeneous anion exchange AMX membrane with quaternary ammonium bases as
fixed functional groups and small amounts of weakly basic primary and secondary amines is
made by the paste method: a reinforcing polyvinyl chloride (PVC) fabric (Figure Sla) is
introduced into the membrane at the step of producing a composite material from a paste, which
consists of a PVC powder and the monomers styrene and divinylbenzene [1]. When these
monomers are copolymerized, a composite ion-exchange material is formed, in which PVC
particles are incorporated; the diameter of these particles does not exceed 100 nm (Figure Sla).
There is strong adhesion between the ion exchange material and the reinforcing cloth, which is
due to the fact that PVC is included in both materials. This preparation procedure eliminates the
possibility of the formation of macropores (larger than 200 nm) in the bulk of homogeneous
membranes. Although such membranes are called homogeneous [2,3], their structure is
heterogeneous at the nanoscale and includes two different polymer materials, as well as
reinforcing cloth, with fibers about 30 pum in diameter (Figure S1b). AMX membrane has
undulated surface (Figure S2). The distance between the levels corresponding to the top of the
“hills” and the bottom of the “valleys” in swollen state is equal to 30+pum [4].

Heterogeneous cation exchange MK-40 membrane is made by hot rolling of milled
cation-exchange resins KU-2-8, as well as a high-density polyethylene powder. Then reinforcing
nylon mesh is introduced (Figure 1d) using the hot pressing method [5]. The size of ion-
exchange resin particles ranges from 5 to 50 um. The adhesion between individual resin
particles, polyethylene, and the reinforcing cloth is low, resulting in gaps that form macropores
(about 1 pm in size) when the membrane contacts solutions [6]. The resin particles are evenly
distributed throughout the IEM (Figure Ic); their tops extend beyond the polyethylene coated

surface of heterogeneous membranes (Figure 1c). The resin is a copolymer of styrene and



divinylbenzene (8%). It contains sulphonate fixed groups (KU-2-8). Some of the characteristics

of the membranes under study are presented in Table S1.
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Figure S1. SEM images of (a, c) surfaces and (b, d) sections of (a, b) a homogeneous AMX
membrane and (c, d) a heterogeneous MK-40 membrane (d). The heterogeneous membrane MA -
41 has a structure similar to that of MK-40.



Figure S2. Optical image of the surfaces of the swollen membranes AMX [7] (a) and image of a
dry AMX membrane obtained using optical interferometry [7]. The tops of the hills in Figure (a)
are denoted by black dot.

Table S1
Some characteristics of a homogeneous Neosepta AMX (Astom, Japan) membrane under study
and a heterogeneous MK-40, MA-41 (Shchekinoazot, Russia) membranes, which was used as

an auxiliary membrane [8].

AMX MK-40

The thickness in 0.02 M NaCl solution, pm 140+3 520+20
The exchange capacity in the swollen state, mol dm™ | 1.22+0.05 | 1.52 + 0.08
Water content of swollen membrane equilibrated with | 16 & 2 302

0.02 eq dm™ NaCl solution, %

Fraction of the conducting surface, ® [9] 1.0 0.22 +0.03

Contact angle in the swollen (0.02 M NaCl solution) | 62 [7] 5542 [10]
state, grad

S2 Solutions
Monosodium phosphate (NaH2PO4) is a salt of the tribasic orthophosphoric acid. The
latter has the following structure
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Hydrogen tartrate ion, C,H,O;, denoted by HT _is a singly charged anion of the tartaric acid

(H,T). The ITUPAC name of H,T is 2,3 - dihydroxybutanedioic acid, C4He¢Os, which has the

following structure
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Dihydrogen citrate ion, C,H,O;, denoted by H,Cit" is the salt of the tribasic citric acid,

which preferred IUPAC name is 2-hydroxypropane-1,2,3-tricarboxylic acid. The structural

formula of the citric acid is:

OO
101
HO OH

OH

The proton-transfer reactions between water molecules and polybasic acid species (the

cases of phosphoric and citric acids with general formula HnA, where the maximum value of n is

3) are presented as follows:

H,A” +H,0——H,A +OH";
H,A+H,0T="=H,A” +H,0";

HA*+}gozé?zkgA*+0Ht

— kg — + .
}gA-ﬂgoz%?zHA2+Hg),

A¥ +H,0T——=HA” +OH;

_ ke _ .
HA® +HZO?A3 +H,0";

Calculation of the mole fraction of ampholyte species in solution and membrane
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Figure S2 shows the distribution of species of the polybasic acids under study (in mole

fractions) vs. the pH of the solution. These distributions are calculated using the appropriate

equilibrium equations and the pK, values presented in Table S2.
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Figure S2. Speciation diagrams: distribution of the phosphoric (a), tartaric (b) and citric (c) acid

species (in mole fractions) vs. the pH of the solution.



Calculation of the rate constants

There are relationships between the pseudo-unimolecular forward rate constants and

backward rate constants, which involve the equilibrium constants, the acid dissociation (K,) or

the base ionization (Kp) constants. For example, in the case of reactions (S1) and (S2), we have
[11,12]:

k] K k, _K K

Lo =D = S7
kfl " Kal k—z “ Kbl ( )

where K., (equal to 107!* mol?> dm™) is the water dissociation constant; K, (mol dm™) is defined
for each step of dissociation i=1, 2, 3 by Egs. (S2), (S4) and (S6), respectively; K,, =K /K.
Equations, similar to Egs. (S7), can also be written for the 2-nd and 3-rd dissociation steps. The
pseudo-unimolecular forward rate constants & and k, are obtained, when the concentration of
water, ¢, ,, is considered as a constant whose value is taken into account in the value of these
constants: k| =k, ,, k; =k,c, ,[11,13].

The values of the dissociation constants, Kai, used in the calculations are given in Table
S2. The values of the backward rate constants k-1 and k- are both taken equal to 10'® dm™ mol™

sT11].

Table S2
The acid dissociation constant, pK,; (at 25 °C) of acids [14], and pseudo-unimolecular forward
rate constants for the protonation (£'1) and deprotonation (k") reactions for different dissociation

steps of the orthophosphoric, tartaric and citric acids.

pKai (mol L) k'yand k2, s7!
H;POy H;Cit H,T H;POy H;Cit H,T
k' 1-10? 1-10"! 1-10°!
1-st step 2.12 3.13 2.98 s 8107 7106 1107
2ndstep | 721 476 434 u 2:10° 6 2
k'> 6-10? 2:10° 5-10°
k' 2-108 3-10° -
3-rd step 12.34 6.40 - 75 5107 4-10° i

S3. Theory
83.1. The Lévéque limiting current density and diffusion layer thickness.
83.1.1. The case of a binary electrolyte (NaCl, pH 5.7+0.1, NaH>POy, pH 4.6+0.1)



The Leveque equation [(S8) and equation (S9)] are used to estimate the theoretical

limiting current, i/, and the thickness of the depleted diffusion layer, §":

1/3
jov - 2FDG | (V) (S8)
™ T — 1) LD
LD 1/3
5L”:0.71h[ : ] (S9)
0

Here z; is the charge number of counterion 1, F is Faraday constant, D u t; are the diffusion
coefficient of the electrolyte and the electromigration transfer number of the counterion at
infinite dilution of the solution. The transport number of counterions in the membrane, Ti, was
considered equal to one; ¢ is its molar concentration in the feed solution entering the DC, Vj is
the average linear velocity of the solution flowing between the membranes forming the DC, 4 is
the distance between the membranes, L is the length of the channel. These equations were
obtained for the diffusion-convection heat transfer [15] and after were adapted to diffusion-
convection mass transfer in electrode [16] and ion exchange membrane [17] systems. For 1: 1
electrolyte and laminar hydrodynamic regime. Note that the value 0.71 for the factor in the right-
hand part of Eq. (S9) is given by the numerical solution of the 2D convection-diffusion problem
whose asymptotic solution is expressed by Eq. (S8). However, often [18,19] Eq. (S9) is used
with a factor 0.68 (Eq. (6) in the main text), which is obtained using the Peers equation [19] and
the approximation of Eq. (S8), where the second term in the brackets is neglected (Eq. (5) in the
main text). It is worth noting that this equation is applicable only for relatively short channel

lengths (L <0.027°V, / D) [17].

83.1.2. The case of a ternary electrolyte (NaH:Cit, pH 4.6+0.1; NaHT or KHT, pH 3.7+0.1)
Determination of ionic concentrations in an ampholyte solution
Taking into account all cations and anions, the electroneutrality condition for an external
solution can be written as follows:
Chya- +2Chp2- +3Cy3- = Cyg+ + Cy+ (S10)
The solutions used had pH<6; therefore, we neglected the concentration of OH™ ions.
Since solutions of a predetermined concentration are used during the experiment, the

C,,- value is known. In addition, the pH of the solution can be measured and the concentration

of H" ions (Cy+) can be determined. Thus, the parameters Cy, 4-, Cy42-, C43- remain unknown

in Eq. (S10). These values can be calculated from the equations derived from Egs. (S1) - (S6):



c, =10"" (S11)

_KuCis (S12)
H,A CH+
. K,Cpy (S13)
HA* C
e
o _KaCyp (S14)
A
C,.

Expressions (S12) - (S14) allow the concentration of all anions to be expressed in terms

of CH3 - After substituting the corresponding equations in Eq. (S10), there will be only one

variable, C;; ,. Using the function "Search for a solution" in Excel, we select such a value for

this parameter that the left side of the Eq. (S10) differs from the right side by no more than
0.001.

Determination of ionic concentrations in an anion-exchange membrane contacting with
an ampholyte solution

For an anion-exchange membrane, the electroneutrality condition is written for the
internal solution filling the pores. The concentration of H', since it is a co-ion, is negligible and
is not taken into account in Eq. (S15). In addition, the Na* ion is also a co-ion for the anion-

exchange membrane, so the C_ . value can be neglected.

+

Chya— + 2Cyp2- +3C43- + Cop- = Cygr + G (S15)

Here C. is the concentration of charged fixed groups, its value can be found using the
following expression:
C. - 0 (S16)
p
where p is the membrane porosity, which is expressed as the water content in cm® H,O / cm® of
the wet membrane.

The ion concentrations inside the membrane are found using the equations:

e K (S17)
C.,
_ ¢, Cor (S18)
CHzA’ =0;1’—
KHZA’COH’



=, _K,Cra (S19)

Cus =

C,.
e (520)
Co = 3 Cha

H+

where KgH;, is the constant of ion exchange equilibrium between H>A™ and OH".

The equation for C -+ is substituted into Egs. (S19) and (S20). Expressions (S18) - (S20)

can be substituted into Eq. (S15). After that, there will be only one unknown quantity, Con .
Using the function "Find a solution" in Excel, we select such a value for this parameter that the

left side of Eq. (S15) differs from the right side by no more than 0.001.

The Lévéque limiting current density in a mixed electrolyte solution
Let us consider a ternary electrolyte composed of two kinds of counterions, 1 and 2, and
one kind of coion, a later on, we consider a solution of this ternary electrolyte in a diffusion layer
adjacent to an ion-exchange membrane.
The Nernst-Planck equations for these ions read:
e ) 21
dx RT dx
N s
dx RT dx

. dc F d (S23)
ja==D, —*+z,c, —=£
dx RT dx
After dividing each of the equations (S21)-(S23) by Di, summing the results, and taking into

account the electroneutrality condition

z¢ +z,6,+z,c,=0 (524)
we find:

J_.1+L+j_A:_d(cl+Cz+cz)=_(1+|zl/ZA|)dcl_(1+|Zz/ZA|)dcz (825)

D D, D, dx dx dx

The last equality in Eq. (S25) is obtained after eliminating c4 using Eq. (S24). Since j; do
not change along the coordinate x in a stationary state, Eq. (S25) can be easily integrated over the
thickness of the diffusion layer. If the current density is equal to the limiting one, the
concentrations of all ions at the membrane surface are very close to zero. In this case, we can

write:



jisr e (a2l (lz/zil)es e (S26)
D, D, 5 o D,

It follows from Eq. (S16) that the limiting flux density of counterion i can be represented
as [20]:

. theor __ (1+|Zi /ZA|)DiCiO _ |Z-|DZ.C;) j theor (827)

ilim 0 JAlim
) |ZA|DACA

The first term in Eq. (S27) shows what value the limiting flux density of counterion i
would have if the membrane were impermeable to coions. The second term reflects the
additional value of the counterion flux caused by the transfer of coions: when the coions appear
in the depleted layer, they create an additional electric field that attracts counterions from the
solution. This effect is called exaltation in the literature [20,21].

From Eq. (S27), it is easy to obtain an expression for the limiting current density:

1 ; 1 ; -0 TAlim .
bim =5 T2y Y 2404 = lim T p Lim (S28)
A
- theor
D,z5c% . . . . Z ]
where ¢, = —4=4-4_ is the coion transport number in the bulk solution, 7, = Zafaim T

2 0 ]
Z Dz’ c, Lim

i=1,2,4

the coion effective transport number in the membrane at i =1,

ll?m _ [(1+|Z1 /ZA|)D121010 +£‘1+|Z2 /ZA|)D22203]F (S29)

is the limiting current density in the case of a membrane impermeable to coions. The term

(TA“m /t A)iﬁm in Eq. (S29) can be interpreted as the sum of the current carried by the coions

(T,-i;, ), and the exaltation current of counterions. From Eq. (S29), we obtain:
-0
. Lim * L
bim =7 S30
S (830)
The resulting Eq. (S29) generalizes the well-known Peers equation for a single electrolyte.

Indeed, setting ¢) =0 gives:

i :M (S31)
lim (]—i —t1)§
where
De DD, (z1 +|ZA|) (532)
Dz, +DA|ZA|

is the electrolyte diffusion coefficient.
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For a mixture of two single electrolytes with a common coion (a ternary electrolyte), one can

obtain equation (S33), which is similar to equation (S31) [22]:

. _Dylzal i F

h =

lim (tA —TA )6 (833)
with Dy, the effective diffusion coefficient of ternary electrolyte,

0 0
~ z, z, o [(z1 +|ZA|)D12101 +(z2 +|ZA|)D2226’2 ]DA
Dter_|:£1+Z]D1N1+(1+ZJD2N2:| L= z Dizizcio (834)
i=1,2,4

0

Z.C.

— L1
N, =5

1
Z4C4

is the equivalent fraction of counterion i in the bulk solution. It is easy to see that in

the case, where the concentration of counterion 2 is zero, ¢) =0, Eq. (S34) is reduced to Eq.
(S32).

For a single electrolyte, the Leveque equation (Eq. (5) in the main text), allows
calculating the limiting current density and diffusion layer thickness as functions of the (single)
electrolyte diffusion coefficient, solution flow rate, distance between the membranes and
membrane length. It can be assumed that this equation remains valid in the case of ternary
electrolyte, if the value determined by Eq. (S34) is used as the electrolyte diffusion coefficient.

Under this assumption, we can write

1/3
S‘Lev 068l [ LD J
V

(S35)

2
0

Table S3 summarizes some of the characteristics of the studied electrolytes, which are used to

calculate the limiting currents.

Table S3
Some characteristics of the electrolytes under study. All data refer to the temperature of 25 °C.

Electrolyte Diffusion coefficients at infinite dilution, Transport numbers at infinite
Dix10°, cm?s™! dilution, ¢
anion anion
ti lectrolyt ti
cation singly doubly clectrolyte | cation singly doubly
charged charged charged charged
NaCl 2.032 [14] 1.61 0.396 0.604
NaH>PO4 | 1.334 | 0.959 [14] | 0.759 [14] 1.12 0.581 0.419
NaHxCit [61] | 0.799[23] | 0.700[14] | Dw=1.02 | 0.576 0.263 0.161
NaHT 0.852[24] | 0.794 [14] | Dir=1.10 | 0.528 0.229 0.243
KHT 1[.6915]7 0.852[24] | 0.794 [14] Du=129 | 0.621 0.184 0.195

11



The diffusion coefficient of a proton at infinite dilution of the solution (25 °C) is 9.311x70°, cm?

s [14].

S3.2. A one-dimensional three-layer steady-state model of weak acid species transfer in
anion exchange and diffusion boundary layers (developed in Refs. [24,27])

System description

Under the influence of an electric field, concentration polarization develops on the
membrane / solution interface: the solution is depleted at one side of the membrane, and enriched
at the other side. The concentration changes are due to the difference in the values of ion
transport numbers in the membrane and in the solution. The depleted DBL is located from
x=-0 to x=0; the enriched DBL, from x=d to x=d + ¢ (Figure S3), where 6 and d are

the thickness of the diffusion layers and the membrane, respectively. The ion-exchange

membrane is located between x =0 and x=d .
diffusion boundary layers

| depleted DBL | gy [ enriched DBL |
oy |

|
kl.

I

. . |
—& 0 d i d+6
-

bulk solution
uonnjos g

BY

Figure S3. Schematic representation of the membrane system

The model takes into account the presence of seven different species in the membrane and
the adjacent diffusion layers. We consider the presence of Na® and the species, which are
involved in the reactions of protonation-deprotonation between different forms of phosphates

and water. Table S4 shows these species and the subscripts, which are used to indicate them

hereinafter.
Table S4.
Considered species
Species Subscripts
H,PO, 0
H,PO, !
HPO;” 2

12



PO; 3
OH "~ 4
H* 5
Na* 6

Chemical equilibriums in the system

The local chemical equilibrium is assumed at any point of the system:

K, = CLCS . (H,PO, & H,PO; +H"); (852)
0
K,, =25 (H,PO; & HPOY +H"); S53
a2 c » ( 2 4 = s T ), ( )
1
K, =25, (HPO; =2 PO} +H"); (S54)
)
K, =cyc5, (H,O220H +H"). (S55)

Here K,; are the equilibrium constants of protonation-deprotonation reactions (S52) —

(S54), K, is the constant of water self-ionization.
The distribution of phosphoric acid species as a function of pH is shown in Figure S2a.
The species present in the system satisfy also the local electroneutrality condition, which is
written in solution:
cg+cs—c,—3¢c;—2¢c,—¢c, =0 (S56a)
and in the membrane
¢s+cs—c,—3c;—2¢c,—c,+c, =0 (S56b)
where ¢, is the concentration of the membrane fixed charges.
Eqgs. (S52) — (S55) are used locally at any point of the three-layer system. These equations
are used also together with the equation expressing the total concentration of phosphor (C)
C=c,+c +c, +c;. (S57)
to find the concentration of each species in the bulk solution C,~B at two external boundaries,
x=—6 and x=d+¢J, where the Na" ion concentration (c¢,) and the total phosphor

concentration ( C ) are known.
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Transport in the diffusion layers

The flux density of species i (j;) is described by the Nernst-Planck equation, written in a

steady state as:

j=—D|%i . £ do) (S58)
dx RT dx
where the gradient of electric potential a0 can be found by summing up Eq. (S58), written for
X

each of the seven species and applying the local electroneutrality assumption (S56a):

)
F d¢ IZZZ-]I/ 1
= . (S59)

Rl S,
j
Here z; and D, are the charge and the diffusion coefficient of species i; F is the Faraday

constant; R is the gas constant; 7 is the temperature.
The Na® ions are not involved in the protonation-deprotonation reactions. In the case of

steady-state transport across an ideally permselective AEM considered here, the sodium ion flux
density is zero at any point of the system ( j, =0). In contrast, the flux density of all other

species will be a function of the coordinate, since they participate in the chemical reactions.

These fluxes are calculated using the following equations:
i=FY.2,) ; (S60)
Jr=lotiithtis; (S61)

ho, s s

= ; (562)
D¢, Dscs Dy,
J2 " Js _ Ji : (S63)
D,c, Dscs D
J3 + Js __J» : (S64)
Dicy  Dses  Dic,
S I o (S65)
D,c, Dsc,

where i is the electric current density; j, is the total flux density of phosphor containing

species, j, does not depend on the coordinate in steady state due to the mass conservation law.

14



Egs. (S62) — (S65) are deduced from the equilibrium equations (S52) — (S55) and the
Nernst-Planck equation (S58). The same equations were used in [28] to describe the transport of

6 different species in a membrane system with a NaHCO3 solution.

The effective transport number for ion 7 can be found from the obtained values of J,:

szl

T = (S66)

l

In contrast to the conventional transport number f;, which shows the fraction of current

: .. dg : .
transported in condition —t =0, T. allows the occurrence of concentration gradients. In

dx l
general, 7} depends on the coordinate.
The potential difference across each diffusion layer is calculated using the Nernst-Planck
equation (S58). Considering j, =0 in steady state, Eq. (S58) can be rewritten as

do __RT dInc,

A F  dx (567)

and the potential differences in question are as follows:
Ap” =R—FTh12—6f) ; (S68)

6
Ap” =I;—Tmz—6i, (S69)

6

D E . .
where C; and C; are the concentrations at the membrane surface in the depleted (D) and the

. e . B . . .
enriched (E) diffusion layers, respectively, C; is the concentration in the bulk solution.

Transport in the membrane
A membrane is modeled as a homogeneous medium containing fixed ionic groups with a

molar concentration ¢, .To describe the transport through the membrane and the potential

difference across the membrane, a set of equations identical to those used for the diffusion layers
(S58) — (S66), (S68), (S69) were applied.

To link the boundary concentrations in the membrane and the diffusion layers, the
condition of electrochemical potential continuity is used. Then the following Donnan relations at

the membrane interfaces with the depleted (D) and enriched (E) solutions can be found:

D = (Pouibe™ [RT (S70)

1 1 b
z,FAQ" |RT

cf=cle , (S71)
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mD

where the bar over the concentration denotes membrane phase; Ap™” and Ap™ are the Donnan

potential drops at the respective membrane interfaces.
The system of Egs. (S70) and (S71) written for all species and the electroneutrality
equation (S52b) allow us to find the boundary concentrations of all species in the membrane and

the values of both Donnan potential drops.

Model parameters

The calculations are carried out for the following parameters. The concentration of
monosodium phosphate in the bulk solution is 0.02 mol/L, pH = 4.7. The equilibrium constants
of protonation-deprotonation reactions of phosphoric acid by the first, second and third stages, as

well as the water self-ionization constant are as follows [14]: K, , = 7.25-107 mol/L
(pK,, =212);  K,,=631-10"mol/L (pK,, =721);  K,,=4.8-10"mol/L
(pKa,3 = 12.34); K, =10 mol/L (pr = 14). The diffusion coefficients of the ions and the
molecules in solution are taken at infinite dilution [14]: D, =0.91-10" m’ / S ;
D, =0.958-107° m?*/s; D, =0.759 10 m?/s; D, =0.824-107 m*/s ;
D, =527-10"° m?’/s; D, =93-10" m’/s; D, =1.33-10° m*/s.

The determination of the exact values of the diffusion coefficients in the membrane, B,.,
for a multicomponent system is a very complex task. For approximate evaluation of Bl , note

that the size of H,PO,, HPO; and PO, ions (being counterions for anion-exchange

membranes) differ only slightly. Therefore, we can assume that the diffusion coefficients of all

these ions have close values. We can approximately evaluate these diffusion coefficients as
D, =2-10" m?/s. The conductivity of the membrane calculated using these diffusion

coefficients is equal to 0.98 mS /cm, which is consistent with the experimentally determined
value, 1.0 mS /cm [29].
When we compare the calculated and experimental CVCs, we use the corrected potential drop

A¢' defined using Eq. (S72).

S3.3. Details of the simulation of overlimiting mass transfer at the undulated surface
of the anion exchange membrane in overlimiting current modes
The calculations were performed using the so-called "base model", which is based on the

two-dimensional equations of the Nernst-Planck-Poisson-Navier-Stokes and takes into account

16



the electroconvective transfer of ions and fluid [30]. This model is successfully used to describe
the overlimiting mass transfer in extended desalination channels of electrodialyzers. In our case,
the membrane has a geometrically inhomogeneous (undulated) surface, characterized by a
doubled amplitude, A, and a wave length, B (Fig.S.4). The solution between the anion-exchange
membrane (supposedly impermeable to cations) and the middle of the desalination channel is
considered. This version of the model is close to a real system and, we believe, allows us to
characterize qualitatively the structure of the fluid vortex motion at the membrane surface, as
well as to estimate the contribution of its geometric inhomogeneity to the overlimiting mass
transfer. The calculation was performed for a NaCl solution with an input concentration of 0.01
mol m 3. This low concentration is used to reduce the calculation time to an acceptable level
[31]. Other input parameters of the calculation were taken to be equal to the parameters of the
experimental system. A numerical solution was found by the finite element method using the

commercially available COMSOL Multiphysics 5.5 software .

| Solution

». Membrane
Middle of the channel

Figure S4. Schematic representation of the simulated system

S4. Methods

S4.1. Measurements
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Figure S4 shows the scheme of the set-up and cell. The active membrane area is 2x2 cm?;
the distance between the neighboring membranes, 4, is 6.6 mm; the electrolyte solution flows
with a velocity of 0.4 cm s™'. For measuring the potential drop over a membrane, two Luggin’s
capillaries were installed from the membrane left- and right-hand sides, the distance between the
capillary tip and the studied membrane is 0.8 mm. The auxiliary cation-exchange (MK-40) and
anion-exchange (MA-41) membranes shield the studied membrane from electrode reactions
products; MK-40 and the studied membranes form a desalination compartment (14). The
investigated H" and OH™ ions generation occurs at the surfaces of these membranes facing the
desalination compartment. The difference between values of pH of the solution at the inlet and
outlet of this compartment is governed by the difference between the proton and hydroxyl ions
fluxes through the cation exchange membrane and the anion exchange membrane, respectively.
These values are measured using combined electrodes for pH measurements (11) (Figure S5).
One of them is immersed in the flow-through cell (9), the other one is in the additional tank (2).
Both electrodes are connected to pH-meters (10).

The plexiglass frames that separate the membranes in the cell were equipped with special
comb-like guides (Fig.S5b) to assure a laminar solution flow in intermembrane space [32].

The thickness of the swollen membrane (d,, | m) was controlled by a high-precision
digital micrometer MKC-25 0.001 with an accuracy of 1 pm. The membrane thickness was
obtained by averaging the results of 10 measurements made at various points of the sample under
study.

The specific electric conductivity of IEM (k") was determined by a differential method
using a clip cell [33,34] and an immittance meter MOTECH MT4080 (Motech Industries Inc.,
Taiwan) at an alternating current frequency of 1 kHz. All samples were studied in 0.02
M investigated solutions, starting from the lowest concentration.

The electric conductivity of membranes (k*) was determined by the equation

K* = (S72)

where R 1s the resistance of membrane and solution; R; is the resistance of solution; d, is the
membrane thickness in the solution of given concentration.

The current-voltage characteristics (CVC) were recorded at the current sweep of 0.02
mA s!. The working area of measuring Ag/AgCl electrodes immersed in the solution identical to
the feed solution is 11.2 cm?. In the case of phosphate, tartrate or citFigrate containing solution, a

small amount of NaCl (~1%) was added to the solution to ensure the stable operation of the
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measuring electrodes. The initial volume (before the experiment) of the feed solution in tank (1)
and the hoses was 5 L. The feed solution was pumped from tank (1) through all the cell
compartments; then, it returned into the same tank. The salt concentration in the feed solution
circulating through tank (1) changed very little (<1%) during one experimental run due to the

relatively large volume of this solution.

i
8 el
D I g,
oot | . B
l["'l |
B

Figure S5. Schematic design of the experimental setup (a) and plexiglass frames with special
comb-shaped guides that separate the membranes (b): a flow-through four-compartment
electrodialysis cell containing an anion-exchange membrane under study (AEM*) and two
auxiliary membranes, an anion-exchange and a cation-exchange membranes; tank with 0.02 M
electrolyte solutions (1); additional tank (2) for determination of ion transport numbers; valves
(3, 4); the Luggin capillaries (5); Ag/AgCl electrodes (6); platinum polarizing the working and
counter electrodes (7); Autolab PGSTATI100N (8); flow-through cell with a pH combination
electrode (9); pH meter pHM120 MeterLab (10) connected to computer; pH meter (10);
combined electrode for pH measurements (11) connected to pH meter (10); conductivity cell
(12) connected to a conductometer; titration device (13) for maintaining a constant pH in the
solution circulating through tank (2); desalination compartment (14); the solid purple lines show
schematic concentration profiles in two neighboring compartments separated by the membrane

under study.
The potential drop over the membrane under study (AEM*) measured using Luggin’s capillaries

(5) 1s a function of the distance between the capillary tip and the membrane as well as the ohmic

resistance produced by the membrane [32]. When the cell is disassembled for replacing the
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membrane, these parameters change. To exclude this ambiguity, instead of the total potential
drop, A@ , we use the reduced potential drop, A¢’, defined as follows [35]:
Ap'=Ap-iR,
(S73)

where R, (Ohm cm?) is the effective resistance, which is found by extrapolation i — 0 in the

coordinatesi—d¢/di, using the initial part of CVC [32].

In the case of chronopotentiograms (ChP) the reduced potential drop, A¢', defined as

follows:
Aw': A¢ - Aq)Ohm (S74)
where Ag,,, is the ohmic potential drop just after the current is switched on.

The effective transport numbers, T; and partial current numbers i; of counter ions were
found also using the cell presented in Figure S4. The difference with the measurements of CVC
is in the fact that desalination compartment (14) is fed from additional tank (2). The volume of
the solution circulating through the desalination compartment and tank (2) is 0.1 L, which is
essentially less than the volume of the solution circulating through tank (1), the concentration
and electrode compartments. During one experimental run, in conditions where the potential
difference between the Luggin capillaries, Ag, is kept constant, the salt concentration in the
desalination circuit decreased with time. Since the rates of generation of H" and OH™ ions at the
CEM and AEM forming the desalination compartment are different, pH of the feed solution
changed with time. Namely, it became acidic in the studied cases. In order to keep a constant pH
value of the feed solution, a 0.1M solution of NaOH was added into tank (2) through
microcapillary (13). The rate of decrease in the salt concentration of the solution in tank (2),
dC/dt, is found by using the measured values of conductivity, x, of this solution (using
submersible conductometric cell (12)) and taking into account the known constant pH value. The
effective transport numbers, 7;, of salt and water ions in the anion-exchange membrane under
study (AEM* in Figure S4) are found by knowing the rate of concentration decrease dC/dt, and
the rate of addition of NaOH into tank (2); the mass balance equations are applied in the
calculations. Simultaneously, the partial current density of species “i”

=i T;.

, 1i, 1s determined as i;
For the desalted NaCl solution, the material balance of the transport of counterions in the

desalting channel is described by Eq. (S75), if we assume that the difference in electrolyte

concentration in different parts of the installation (tube, cell, vessel) is insignificant:
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I7d_c__l-(7-vaEM_T;AEM)Sn+C dV_}
dt 2, F T oat

(S75)

Here TfEM TAEM are the effective numbers of counterions in the cation-exchange and anion-
exchange membranes that form the desalting channel; § is the active (polarizable) surface area of

the membrane under study; » is the number of desalination chambers; 7 is the volume of the
solution in the desalting channel; Crand 77, are concentration and volume of the titrant (NaOH)

added in the desalination path. The first term in the right-hand side of Eq. (S75) describes the
decrease in the concentration of the electrolyte in the DC due to the transfer of counterions
through the corresponding membranes; the second term of the equation describes the addition of
sodium ions with the titrant.

In the case when the transfer of salt co-ions through membranes can be neglected (since

0.02 M solutions used in the study are quite diluted), it follows from Eq. (S75):

-CEM - CEM poe 7
jCEjVI — lNa* — lTNa* ~ _Kd_c +&d£ (876)
Na F F Sd S dt
AEM s AEM =
e e oV dC (S77)
c F F S dt

After the effective transfer numbers of salt counterions have been determined, it is easy to find

the effective transfer numbers of protons (CEM) and hydroxyl ions (AEM):
CEM _ CEM AEM AEM
T. —1—Ta+ , " =1-T (S78)

N OH™ cr
In the case of desalting a NaH>PO, solution, the partial currents of protons and sodium

ions in the CEM are calculated using Eqgs. (S76) and (S78).
To determine the partial currents of #,PO,, HPO; , PO, and OH ions in an AEM,

the material balance equations were composed on the basis of the following assumptions.
1. The total flux of pentavalent phosphorus (P) in the AEM is equal to the sum of all
fluxes of phosphorus-containing ions entering the AEM from the desalination channel. Since pH

in the intermediate tank, from which the solution enters the DC, is 4.6, only H, PO,  ions are

present in it (Figure S2a). In this case:

AEM JAEM . AEM
s _ .AEM __ :AEM . AEM LAEM __ H,PO, HPO> PO
o, =P = Jmpor T upor T po = + * (S79)
2870, 280, 4 4 F z F z F
Zm,po, HPO,*~ PO
2P0y ) A

where the “AEM” and “s” indices refer to the anion-exchange membrane and the solution on its

side adjacent to the depleted diffusion layer (Figure 3 in the main text), respectively. The value

S
H,PO,~

of j can be easily determined experimentally from the rate of concentration decrease in the

desalting stream (where the pH value is kept constant) using an equation similar to Eq. (S77):
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s _ Z d CNaHzPO4

Tivo, =g

It follows from Figure S2a that only two types of phosphorus-containing particles can be

(S80)

simultaneously present in the AEM, namely /#7,PO, and HPO;” or HPO; and PO, . The
concentration of other particles in each of the three pH ranges is very low and they can be
neglected. A third pair of PO; and OH " ions can coexist at pH > 13.

It should be noted that protons are co-ions and are excluded from the AEM due to the
Donnan effect [36]. Therefore, the pH of the internal membrane solution is 1-2 units higher than
the pH of the external solution [24]. It follows from the Donnan equation that the electrostatic
exclusion of co-ions increases with dilution of the external solution [24]. The results of
mathematical simulation, which take into account the values of the protonation—deprotonation
constants of orthophosphoric acid particles (Table S2) and the Donnan potential of the AEM
[37], show that as the current density in the membrane system increases, the solution in contact
with the surface of the AEM from the depleted diffusion layer becomes more and more diluted.
In this case, the concentration of H' ions in the near-surface layer of the membrane decreases,
and the pH of this layer increases. At a relatively low current density (low concentration
polarization), the pH of the near-surface AEM layer is relatively low, and this layer contains

H,PO; and HPQO; ions. With an increase in the current density, the pH of the near-surface

layer of the AEM increases; it is enriched first with PO; and then with OH ™.

In the pH range from 5 to 10 (relatively low current densities), when there are only

H,PO; and HPO; ions in the AEM, the total current density, i, is determined by the transfer of

only these ions:

- AEM AEM -
Ypo; Vo =1 (S81)

and, in accordance with Eq. (S80),

- AEM - AEM

.5 _ HPO, HPO,*
]HZPO; - T+7 (582)

In this case, the partial currents of singly and doubly charged phosphorus-containing ions can be

found by the following equations:

- AEM X

Yipo, = 2F)H2P04’ —i (583)
AEM (s s
lHPO42’ B 2(l F)Hzpog ) (S84)

In the pH range from 10 to 13.5 (high current densities), we find in a similar way:
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jAEM :2(3Fjs —i) (S85)

HPO,> H,P0,”
AEM A - s
oy = 3(l _2F]HZP04) (S86)

Coefficients «2» and «3» in Eqs. (S72) — (S76) correspond to electric charges z,, . and 2, .

At higher current densities, when doubly charged ions are transformed into triply charged

ones ( /i=0), and the pH of the surface layer of the AEM exceeds 13.5, the

THPO}’ = lHPOf’
current in the membrane is determined by the transfer of PO and OH . The partial currents of

these ions are found as:

=30, 5%
L =il (S88)

The partial flux of protons entering the depleted diffusion layer (DDL) is:
S = 2 (589)

Taking into account that i, = j,z, F, the partial current density of H" ions in the depleted

diffusion layer at the membrane surface is:

<AEM -AEM

) Mee
P= Hpo PO (S90)
" 2 3

Note that the 4+ values are not difficult to find if the concentration (Cr) and flow rate of the
titrant (W7), continuously added to the vessel (2) of the experimental setup are known (Figure
S4). In this case, the equation for calculating 54+ is:

s _EWdc, (S91)

1 S dt
Eq. (S91) is derived under the assumption, that all protons entering the solution from the
AEM/solution interface are carried out by the fluid flow from the desalination channel. This
equation is convenient to use, if the solution entering the desalting channel simultaneously
contains not one, but several anions (solutions of tartaric and citric acid salts), and the calculation
of the partial fluxes of these anions in the membrane is difficult.

The electrochemical impedance spectra were measured by applying the same set-up as for
the CVC measurements (Fig.S5) and using the same protocol as in Ref. [38]. To record one
spectrum, about 2 hours is needed. Before recording the complex impedance, the membrane was
initially kept for 20 min under a given direct current (DC) density i and then in conditions where
alternating current (AC) is imposed over the DC bias. The time necessary to attain a

quasistationary state at a given frequency was found automatically by Autolab PGSTAT-100.

23



The recording of an EIS spectrum at a given DC density is started from the smallest frequency;
the overall frequency range is from 3x10° Hz to 5x10° Hz. The resulting EIS spectrum is
presented as the difference between two spectra: the first one was measured with the membrane

and the second one, without the membrane, using the same cell [39].

S.4.2. Specific features of the hydraulic scheme of the setup for parallel measurement of
chronopotentiograms and visualization of electroconvective vortices

The electrodialysis cell and the hydraulic circuit of the set-up for parallel measurement of
chronopotentiograms and visualization of electroconvective vortices have a number of specific
features. A schematic diagram of this set-up and the cell are shown in Figure 1 of the main text
of the article.

Note that a steady layered unidirectional convective flow, devoid of any fluid fluctuations,
is a paramount condition when organizing an experiment to study electroconvection in flow-pass
channels an electrodialysis cell. To ensure these conditions, two buffer tanks (11), which are
located above the cell, are used. The tank (11) is equipped with special devices that maintain a
constant solution level, providing a constant hydrostatic pressure. The solution is fed into the
buffer tanks (11) by means of pumps (12) from the tanks (9), and then flows by gravity into the
electrodialysis cell through the holes in the plastic pressure plates. The inner diameters of the
tubes and holes through which the liquid enters the cell are 3.0 mm, the cell has an
intermembrane distance of 3.2 mm. The channels of the electrodialysis cell, through which the
liquid is pumped, have a length of 30 mm. It includes the length of the hydraulic stabilization
section after the flow has entered the cell, which is equal to 15 mm. Special devices for input and
output of solutions as well as the hydraulic stabilization sections neutralize any fluctuations in
the fluid flow.

The membranes in the cell were arranged vertically. The solution flowed perpendicular to
the direction of the Earth's gravitational field. The average linear velocity of the solution flow is
0.07 cm s (Reynolds number Re =1). This value of the Reynolds number provides a steady
layered hydrodynamic flow of the solution in the cell.

The electrodes polarizing the membrane system were located in the geometric center of the
experimental cell. The length of these electrodes was equal to 5.3 mm. Electroconvective
vortices arised and were recorded precisely in the polarized section. The ratio of the
intermembrane distance to the desalination length (the length of the polarized section) was
chosen in such a way as to provide the clearest image of the recorded electroconvective vortices.

The absence of fluctuations or vortex flow of a liquid without an imposed electric field has

been verified repeatedly in preliminary experiments.
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Previous experiments and calculations using 2D model showed [40] that gravitational

convection does not occur under the conditions of the electroconvection visualization.

S.5. Some results of numerical simulation using a stationary model (Section S3.3) of the
transfer of species of weak polybasic acids in a system with an anion-exchange membrane
In the case of NaH>POj4 solution, the model (Section S3.3) predicts the presence of two
inclined plateaus on the total CVC (Figure S6). In the region of the first plateau (about 0.05 V of
the reduced potential drop), the partial current density of singly-charged ions H>POs4 in the
membrane reaches a maximum value that is close to the limiting current calculated by the
Leveque equation. The limiting current calculated by the Leveque equation is the limiting value
of the partial current carried by HoPO4™ ions in solution, where this change this current is limited
by diffusion through the depleted diffusion layer. When A¢' is close to 0.05 V, the concentration
of HoPOy4™ ions at the AEM surface reaches a value, which is much lower than the concentration
value in the bulk solution, hence its diffusion flux density attains a maximum [26,41]. Thus, the
appearance of the first plateau II' is due to the saturation of the NaH,POj4 salt diffusion from the

solution to the membrane surface (Figure S6b).

4 - membrane 4 +
| depleted | enriched i | i
[ DBL DBL e [ tot
12H,PO,
HZPO‘:j:
"LHPO,?
3+ H* : ol iMupo,2> 34
E 2 4 E 2 ®*H,PO,;
E ___‘_ — o — e ——— — — — -__ - .-_.-.-.-_r—_-"_"-—___ —_'Ev—
_ I |"mLev L iSu,p0, lim
1 7 ) 1 iSy-
IMH,PO,;
I i"po,>
0 ; i 0 e
0 0.1 0.2 0 0.1 0.2
Ag', V Ag',V
(a) (b)
Figure S6. Theoretical total current density (iwr) and partial currents of HoPO4™ (i 1,P0, ) and

HPO,? (lf]?o/lz ) ions in an AMX membrane (a) as well as the partial currents of HoPO4™ (

Ly po; ) and H* (z ) ions in the depleted solution at the membrane surface (b) as functions

of the corrected potential drop Solid lines are calculated using model [25,26]. Dashed lines
show the limiting current i< calculated using the Leveque equation, Eq. (5) in main text,
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and the exaltation current, i;x 0. » calculated using Eq. (S45). “II”” and “II"” show the first

and second inclined plateaus, respectively.

The decrease in NaH;POs concentration in the solution at the AEM surface leads to a
stronger Donnan exclusion of protons from the membrane. As a result, the pH of the AEM
internal solution increases and a higher part of the singly-charged phosphate H>PO4 ions

transform into the doubly-charged HPO4* ions when crossing the membrane interface:

H,PO, — HPO; + H" (insert in Figure S6a). The protons released into solution at the depleted

membrane interface are involved in the charge transfer in the depleted DBL forming partial

current density #*u+ (Figure S6b). When the fluxes of PO4*” and OH™ ions in the membrane are

negligible, i’ , =i*™"

L =1..,» (Figure S6a). These protons appearing in solution and the doubly-

charged HPO, anions in the membrane cause the rise of current density above the Leveque

limiting current density, iim"'. The second plateau II" (and limiting current, ijim2) is observed
when the membrane is completely converted into the HPO4*~ form. In this state, the flux of
protons, released when the HPO4~ anions enter the membrane and transform into HPO4>", is
saturated.

Figure S7 shows dimensionless concentration profiles of individual components of the
NaH2POq4 solution in the anion-exchange membrane AMX and the adjacent diffusion layers in a

steady state at a current density i/iim" of 0.5, 1.1, 2.0, or 2.3.

Diluted DBL AEM Enriched DBL Diluted DBL AEM Enriched DBL
1 1
ciZi"‘Cb Cizi/Q ili"mLeV=0.5 CiZiICh CiZil’Q ili"mLev=1 _1
25 25
0.8
2 INH:PO,
Q.6
PO,
15 1 H,PO,’ !
1 4
&"f HPO,
0.2
0. H,PO,
HPO,2
5=226 pm d=170 pm 5=226 pm 5=226 pm d=170 pm ; 5=226 pm
(a) (b)
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Figure S7. Dimensionless concentration profiles of individual components of the NaH,PO4
solution in the anion-exchange membrane AMX and the adjacent diffusion layers in a steady
state at a current density i/in"®" of (a) 0.5, (b) 1.1, (c) 2.0, or (d) 2.3. Equivalent concentrations
zici are used in the case of ions, and molar concentration C; is used for neutral phosphoric acid

molecules. Adapted from [42].
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