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Abstract
Objective: Homogeneous anion-exchange membranes ASE and heterogeneous anion-exchange membranes MA-41P were 
studied in 20±1 mM NaxH(2–x)T solutions with pH 2.5 and 9.0, where T is tartaric acid residue. Optical images and contact 
angles of membrane surfaces, as well as their current-voltage curves and pH of desalinated solutions, were measured before 
and after using ASE and MA-41P in electrodialysis. 
Experimental results: The study determined that in alkaline solutions, the development patterns of concentration polarization 
do not differ from those of strong electrolytes. In acidic solutions, the ability of tartrates to participate in protonation-
deprotonation reactions causes a 4-5 times increase in the empirical limiting current as compared to the theoretical limiting 
current calculated within the convective-diffusion model. The article discusses the mechanisms of tartrate transfer through 
anion-exchange membranes in cases when the desalinated solution contains mainly tartaric acid molecules.
Conclusions: Long-term operation (about 50 hours) under intensive current regimes results in the appearance of numerous 
caverns on the ASE surface and leads to an increase in the proportion of ion-exchange material on the MA-41P surface. 
The surfaces of both membranes become more hydrophobic. An analysis of current-voltage curves suggests that the 
electrochemical degradation of the ASE surface and specific interactions of tartrates with weakly basic fixed groups of both 
membranes lead to reduced proton generation and affect the development of electroconvection. 
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1. Introduction
Electrodialysis (ED) has been increasingly used 

for the extraction of tartaric acid from food industry 
waste  for conversion of tartrate salts into tartaric 
acid [1], for the correction of pH of wine materials 
[2], and for the tartrate stabilization in wine [3]. 
Tartrate stabilization by means of electrodialysis 
involves removal of tartaric acid anions and 
potassium cations from the desalination chambers 
of electrodialyzers in applied electric field 
through anion-exchange membranes (AEM) and 
cation-exchange membranes (CEM) respectively. 
This helps to prevent tartrate precipitation 
during long-term wine storage [4–7]. Systematic 
studies of the application of electrodialysis in 
winemaking began in the 1970s [8, 9, 10] and 
resulted in the development of an automated 
technology [11, 12, 13] involving conventional 
membrane stacks with alternating cation and 
anion-exchange membranes [14] or a standard ED 
combined with bipolar membrane electrodialysis 
[15, 16]. The degree of wine demineralization 
in the desalination unit is controlled based on 
the electrical conductivity, which depends on 
the type of wine. A reduction in the electrical 
conductivity of wine by 20% corresponds to 
a 10–15% reduction in the concentration of 
tartaric acid. Exact parameters of ED for tartrate 
stabilization are usually determined specifically 
for each type of wine [17]. It is known that the 
optimal concentration of tartaric acid anions can 
be obtained, when the electrical conductivity is 
reduced by 15–20% for young wines, by 5–15% 
for aged wines [18], and by 20–30% for dessert 
wines [18, 19].

There are several factors that limit the 
widespread introduction of ED for the treatment 
of solutions with tartrates or various forms of 
other polybasic acids. One of the main drawbacks 
is low current efficiency and higher energy 
consumption as compared to those observed 
in the electrodialysis of strong electrolytes (for 
instance, NaCl) [20, 21]. Another drawback is the 
rapid degradation of the properties of anion-
exchange membranes in solutions of polybasic 
acids and their salts [22, 23] as compared to strong 
electrolyte solutions. Both factors are associated 
with the structural features and the participation 
of polybasic acids in protonation-deprotonation 
reactions with water. 

Tartaric acid (2,3-dihydroxybutanedioic 
acid, according to IUPAC, C4H6O6) is a fairly 
large molecule containing two hydroxyl and two 
carboxyl groups (Fig. 1). 

Fig. 1. Structural formula of tartaric acid [24]

The structure of tartaric acid (H2T, where T 
is the acidic residue) results in a high degree of 
hydration of its anions (their hydration numbers 
are 14±3 [25]) and the possibility of steric hindrance 
during the transfer of these anions through an 
AEM [26]. There is also a possibility of specific 
interactions between carboxyl groups and primary 
and secondary amines, which are fixed groups 
in membranes. Such interactions, namely the 
formation of bound species, are characteristic for 
polybasic acids [27]. The binding behavior is caused 
by electrostatic interactions and the formation of 
hydrogen bonds, as well as by the donor-acceptor 
proton sharing between the carboxyl groups of 
acids and weakly basic amino groups [27]. The 
formation of bound species explains the sorption 
of polyvalent acid anions, including tartrates, by 
anion-exchange membranes described in a large 
number of studies [22, 23].

The protonation-deprotonation reactions, 
whose equilibrium constants can easily be found 
in reference literature [28], are described by the 
following equations: 

C4H6O6 + H2O ↔ C4H5O6
– + H3O

+ 

K1 = 1.12·10–3 mol/dm3 		  (1)
C4H5O6

– + H2O ↔ C4H6O6 + OH-	 (2)
C4H5O6

– + H2O ↔ C4H4O6
2– + H3O

+ 

К2 = 5.62·10–5 mol/dm3 		  (3)
C4H4O6

2– + H2O ↔ C4H5O6
– + OH–	 (4)

Calculations based on these constants result 
in the distribution of molar fractions of various 
forms of tartaric acid depending on the pH of 
the solution (Fig. 2). These dependencies show 
that the electric charge of tartrates is extremely 
sensitive to the pH of the medium.

The purpose of our study was to perform 
a comparative analysis of the development of 
concentration polarization in anion-exchange 
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membrane/NaxH(2–x)T solution systems with a pH 
of 2.5 or 9.0 depending on the characteristics of 
the membrane surface, and to assess the impact 
of long-term membrane operation in these 
solutions on the process. 

For this purpose we used an ASE homogeneous 
membrane (Astom, Japan) and an MA-41P 
heterogeneous membrane (LLC Shchekinoazot, 
Russia). The studies were performed using 
“fresh” membrane samples and samples that 
were employed in a laboratory ED unit during the 
extraction of tartrates from NaxH(2-x)T solutions 
in underlimiting and overlimiting current modes.

2. Materials and methods
2.1. Solutions

Experiments were conducted in 20±1 mM 
NaxH(2-x)T solutions prepared from tartaric acid 
powder (Vecton, Russia) and distilled water 
(resistance 1 MΩ·cm, pH 5.6±0.1). The pH 

values were adjusted using a 100±1 mM NaOH 
solution (Vecton, Russia). The total molar 
concentration of tartrates in the prepared 
solutions was determined using a DIONEX 
ICS‑3000 chromatographic system (USA) with a 
conductometric detector and background signal 
suppression unit. The electrical conductivity of 
the solutions was measured at 25°C using an 
Expert-002 conductometer (OOO Econix-Expert, 
Russia). The distribution of various forms of 
tartaric acid depending on the pH of the solution 
was calculated taking into account the equilibrium 
constants of tartaric acid dissociation for the 1st 
and 2nd stages [28]. The main characteristics of 
the solutions are presented in Table 1.

2.2. Membranes
Some of the properties of anion-exchange 

membranes manufactured by Astom, Japan (ASE), 
and OOO Shchekinoazot, Russia (MA-41P) were 
described in previous articles [28, 29] and are 
summarized in Table 2. IR-Fourier spectroscopy 
[30] demonstrated that the ion-exchange material 
of a “fresh” pseudohomogeneous ASE membrane 
contains practically no weakly basic fixed groups. 
The electrochemical behavior of a heterogeneous 
MA-41P membrane in NaCl solutions also 
indicates the absence of such groups, at least 
previous to the operation of the membrane in 
intensive current modes [30]. The membranes are 
reinforced with nylon fabric (MA-41P) [31] or a 
mixture of polyethylene and polypropylene (ASE) 
[32]. The absence of macropores ensures a low 
volume fraction of intergel spaces (f2) in the ASE 
membrane (Table 2). On the contrary, the MA-41P 

Fig. 2. Distribution of molar fractions of various forms 
of tartaric acid depending on the pH of the solution

Table 1. Some characteristics of the 20±1 mМ NaxH(2–x)T solution 

pH Electrical conductivity, μS·cm–1 H2T, % HT–, % T2–, %
2.5±0.1 1525±5 73.5±0.1 26.0±0.1 0.5±0.1
9.0±0.1 3570±5 0 0.1±0.1 99.9±0.1

Table 2. Some properties of the studied anion-exchange membranes

Membrane Type Ion-exchange 
matrix Fixed groups Q, 

mМ·gwet
–1* f2

** Θ***

ASE homogeneous
PS+DVB –N+(CH3)3

1.93 0.06 1.0
МА-41P heterogeneous 0.92 0.26 0.25

* Exchange capacity of the swollen membrane; determination error ± 0.05 mM·gwet
–¹

** Volume fraction of intergel spaces in NaCl solutions; determination error ± 0.02
*** Proportion of conductive surface; determination error ± 0.02
PS+DVB – polystyrene cross-linked with divinylbenzene
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membrane is characterized by a rather high f2 due 
to the presence of macropores between the threads 
of the reinforcing material and the ion-exchange 
composite, as well as between the inert binder and 
resin particles. Additionally, the AB-17-2 resin, 
which is part of MA-41P, contains only 2% of DVB. 

Heterogeneous membranes MK-40 and MA-
41 (OOO Shchekinoazot, Russia) are auxiliary. 
They contain sulfonate fixed groups (MK-40) and 
quaternary amines (MA-41). The characteristics of 
these membranes are detailed in [33, 34]. Prior to 
experiments, all the membranes underwent salt 
pretreatment [35]. They were then divided into 
2 samples, each of which was equilibrated with 
a 20±1 mM NaxH(2-x)T solution with pH 2.5 or 9.0.

2.3. Methods
The surface of swollen membranes was 

visualized using a SOPTOP CX40M optical 
microscope (Yuyao, Zhejiang, P.R., China). The 
MA-41P membrane was preliminarily soaked in 
a solution containing anthocyanins for 12 hours 
to increase the contrast of the anion-exchange 
resin particles on the surface of the inert binder – 
polyethylene.

Contact angles of the swollen membrane 
surfaces were measured using the sessile drop 
method as detailed in [36].

The current-voltage characteristics of the 
analyzed membranes were studied in a flow-
through four-chamber electrodialysis cell described 
in [37]. The schematic diagram of the cell is shown 
in Fig. 1. One of the solutions presented in Table 
1 was pumped through all the chambers of the ED 
cell. The average linear velocity of the solution 
in the chambers (V) was 0.40±0.01 cm·s–1. The 
intermembrane distance (h), the length of the 
solution desalination path (L), and the polarized 
membrane area (S) were 6.6±0.1 mm, 20±1 mm, and 
400±2 mm2, respectively. Luggin capillaries were 
connected to the geometric centers of the surfaces 
of the studied anion-exchange membranes (*AEM). 
The distance between their tips and the surface was 
about 0.8 mm. The capillaries were connected to 
microchambers containing measurement Ag/AgCl 
electrodes EVL-1M3.1 (Gomel, Belarus). They in 
turn were connected to an Autolab PGSTAT-100 
electrochemical station (Metrohm Autolab B.V., 
Kanaalweg, Netherlands). The same station was 
used to polarize the membrane stack of the ED 

cell through polarizing platinum electrodes. The 
current density scan rate was 2.3·10–3 mA cm–2. 
Parallel to determining the current-voltage 
characteristics, the inlet and outlet pH in the 
desalination chamber was measured at regular 
intervals. To perform the measurements, combined 
electrodes were used, which were immersed in 
flow-through microchambers and connected to 
Expert-001 pH meters (OOO Econix-Expert, Russia).

All measurements were performed before 
and after electrodialysis desalination of 20±2 mM 
solutions of NaxH(2–x)T with pH 2.5 or 9.0. During 
electrodialysis, the membranes functioned at 
current densities from 0 to 2.0 mA·cm–2 for 10 hours.

The reduced current-voltage characteristics 
(CVCs) were plotted in i – Δj′ coordinates [38]. 
The reduced potential drop Δj′ was determined 
based on the measured potential drops Δj:

Δj′ = Δj – IRef.	 	 (5) 

Here I is the applied current, Ref is the effective 
ohmic resistance of the membrane and the solu-
tion located between the Luggin capillaries. It 
was determined based on the current-voltage 
characteristics as dj/dI where I → 0.

Fig. 3. Schematic diagram of the laboratory electro-
dialysis cell
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The theoretical limiting current ilim
Lev was 

determined using the Levich equation derived 
within the framework of the convection-diffusion 
model [39]:
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Here D is the diffusion coefficient of the 
electrolyte; z1 and c1 are the charge number and 
the concentration of the counterion (HT- for the 
solution with pH 2.5 and T2– for the solution with 
pH 9.0); tA is the transport number of the co-ion 

(cation Na+) during infinite dilution. The transport 
number TA of the co-ion in the AEM was considered 
to be zero due to low electrolyte concentrations 
in the desalination and concentration chambers. 
For 20±1 mM solutions of NaxH(2–x)T with pH 2.5 
and 9.0 the calculated values of ilim

Lev were 0.56 
and 4.10 mA cm–2 respectively.

3. Results and discussion
3.1. Optical images and contact angles 
of membrane surfaces

Fig. 4 shows optical images of the surfaces 
of the swollen membranes before and after ED. 

а d

b e

c f
Fig. 4. Optical images of the surfaces of ASE (a, b, c) and MA-41P (d, e, f) membranes before and after ED
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Table 3 presents the contact angles of the studied 
membrane surfaces before and after ED. During 
ED, these surfaces were facing the desalination 
chamber.

The surface of a “fresh” (not used in ED) ASE 
membrane was almost homogeneous (Fig. 4a). 
The ion-exchange material slightly protruded 
above the fibers of the reinforcing fabric. Other 
irregularities did not exceed a few micrometers. 
Apparently, the geometric heterogeneity is 
caused by the specifics of the pasting method 
of membrane manufacturing. The geometry of 
the ASE surface after ED underwent significant 
changes. Optical images (Fig. 4b, c) clearly 
demonstrate the appearance of caverns. They 
are evenly distributed over the membrane 
surfaces and reach several tens of μm in diameter. 
Moreover, when the membrane contacted the 
acidic solution (pH 2.5), the number of caverns 
increased compared to the alkaline solution 
(pH 9.0). The appearance of these caverns is no 
different from those observed on the surface 
of AMX and AMX-sb membranes [40] produced 
by Astom before switching to the production 
of ASE. This fact, as well as the results of IR 
spectroscopy [30], suggests that previously 
produced membranes (AMX) and new membranes 
(ASE) contain the same ion-exchange materials. 
It is these materials that undergo electrochemical 
destruction during membrane operation in 
intensive current modes. In other words, the 
use of a different inert binder and reinforcing 
material apparently did not help to reduce the 
electrochemical degradation of the ASE surface 
as compared to AMX during ED processing of 
tartrate-containing solutions.

The surface of a “fresh” heterogeneous MA-
41P membrane consists of an inert binder (low-
pressure polyethylene) and anion-exchange 
resin particles (Fig. 4d) and is rougher than the 
surface of a “fresh” ASE membrane. Threads of 
the reinforcing fabric were sometimes observed 
on the surface of MA-41P. No caverns identifiable 

by means of optical microscopy appeared after the 
use of the membrane in ED processing of tartrate-
containing solutions (Fig. 4e, f). At the same time, 
the linear dimensions of the resin particles on 
the surface increased. A particularly noticeable 
increase in the linear dimensions and a 27% 
increase in the proportion of conductive surface 
as compared to a “fresh” membrane was observed 
after ED in NaxH(2-x)T with pH 9.0. Apparently, 
changes in the linear dimensions of the resin 
particles (and MA-41P membranes) were caused 
by the factor we previously identified when 
studying MA-41 membranes kept in tartrate-
containing solutions for a long time [41], namely 
the stretching of the ion-exchange matrix, when 
highly hydrated anions were introduced into its 
pores [25]. When an NaxH(2-x)T solution with pH 
2.5 is replaced with a solution with pH 9.0, the 
electric charge of tartaric acid anions increases. 
This should facilitate increased hydration and, 
respectively, result in an increase in the linear 
dimensions of the resin particles. 

We should note that the use of ASE in a 
NaxH(2-x)T solution with pH 2.5 does not result 
in any noticeable changes in the contact angle θ 
of the membrane surface as compared to “fresh” 
membranes (Table 3). When a solution with pH 
9.0 was used, the increase in the contact angle of 
the ASE surface after ED significantly exceeded 
the measurement error. The surfaces of the MA-
41P membrane became more hydrophobic after 
the ED of both acidic and alkaline solutions. The 
observed changes in the hydrophilic/hydrophobic 
balance were most likely caused by the loss of 
electrical charge by some fixed groups located 
on the surfaces of the studied membranes. We 
can assume that under intensive current modes, 
some of the quaternary amines transformed into 
weakly basic amino groups. This phenomenon 
was described in a number of studies, including 
[42]. In alkaline solutions, these groups were 
deprotonated and lost their electric charge [43]. 
In acidic solutions, they formed bound species 

Table 3. Contact angles of membrane surfaces before and after their use for ED extraction of tartrates 

Membrane
NaxH(2–x)T with pH 2.5 NaxH(2–x)T with pH 9.0

Before ED After ED Before ED After ED
ASE 33±2° 31±3° 35±2° 45±3°

МА-41P 60±4° 69±2° 61±4° 68±2°
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with HT- anions, which have zero electric charge 
[30]. The hydrophilic/hydrophobic balance of the 
ASE membrane after ED in an acidic tartrate-
containing solution is apparently affected by two 
opposing factors. On one hand, a decrease in the 
electric charge of the surface should contribute 
to an increase in the measured contact angle. 
On the other hand, an increase in the roughness 
parameters of the surface should result in a 
decrease in the contact angle [43], if the θ of the 
material does not exceed 90°. 

3.2. Current-voltage characteristics of 
membranes and pH of desalinated solutions 
NaxH(2-x)T with pH 9.0

Fig. 5 demonstrates the current-voltage 
characteristics of ASE and MA-41P membranes 
determined in a 20 mM NaxH(2–x)T solution 
with pH 9.0, and the difference in the inlet and 
outlet pH in the desalination chamber of the 
laboratory electrodialyzer, measured in parallel 
to the measurement of the CVC. The data was 

а b

c d
Fig. 5. Current-voltage characteristics of ASE (a) and MA-41P (b) membranes obtained in a 20 mM NaxH(2-x)T 
solution with pH 9.0, and the difference between the inlet and outlet pH in the desalination channel of the 
laboratory electrodialyzer, measured in parallel with obtaining the CVCs of ASE (c) and MA-41P (d) membranes. 
Explanations are provided in the text
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obtained using “fresh” membranes (before ED) 
and membranes used for the ED processing of 
the said solutions (after ED). The results of the 
graphical processing of the CVC are summarized 
in Table 4. The empirical limiting current ilim

emp 
and the length of the inclined plateau in the CVC 
were determined as shown in Fig. 5b.

We should note that the NaxH(2-x)T solution 
with pH 9.0 contains only trace amounts of HT– 
anions and almost 100% of T2– anions (Fig. 2, 
Table 1). Due to the Donnan exclusion of protons 
formed as a result of autoprotolysis of water, the 
pH of the internal solution of the AEM was higher 
than that of the external solution. In this case, T2- 
anions in both the membrane and the depleted 
solution did not undergo any changes. Therefore, 
the mechanism of their transfer (Fig. 6a) and 
development of concentration polarization were 
the same as observed in strong electrolytes. 

Increased current density causes a gradual 
decrease in the concentration of the electrolyte 

(Na2T) in the depleted solution near the membrane 
surface. The decrease results from the diffusion 
limitations for the transport of the electrolyte 
to the AEM interface. A limiting state is formed, 
when the concentration of Na2T in the solution 
near the interphase region is infinitely low as 
compared to that in the depth of the solution in 
the desalination chamber. This state corresponds 
to ilim

Lev, determined within the framework of the 
convection-diffusion model using equation (4). 
For fresh ASE membranes, ilim

emp exceeds ilim
Lev by 

18% (Fig. 5a, Table 4), and the initial section 
of CVC demonstrates a characteristic decrease 
in conductivity (insertion in Fig. 5a). This 
indicates the presence of the Dukhin–Mishchuk 
electroconvection near the ASE surface, which 
develops in a thresholdless manner [44, 45]. 
Slight electroconvective vortices transport the 
more concentrated solution to the surface, thus 
shifting the formation of the limiting state (ilim

emp) 
towards the region of higher current densities. At 

Table 4. Values of empirical limiting currents and lengths of the inclined plateau section found by 
means of graphical processing of CVCs

pH of NaxH(2-x)T Parameter
ASE МА-41P

Before ED After ED Before ED After ED

9.0
ilim

emp/ilim
Lev* 1.18 0.98 1.08 0.95

length of plateau, V 1.09 3.30 2.09 6.01

2.5
ilim

emp/ilim
Lev 3.55 4.13 4.95 3.56

length of plateau, V 0.56 1.24 2.14 2.63

* The error in determining ilim
emp is ±3 %

                               а                                                                 б                                                                в
Fig. 6. Schematic representation of the transport mechanisms of anions T2– (a), HT– (b) and H2T (c) in anion-ex-
change membrane and adjacent depleted solution in an applied electric field
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higher current densities, the shortage of charge 
carriers in the near-membrane depleted solution 
result in a rapid potential drop (the region of the 
inclined plateau in the CVC). It is known that 
the slope of the CVC plateau can be accounted 
for by catalytic water dissociation (CWD) with 
the participation of fixed membrane groups and 
Rubinstein–Zaltzman electroconvection [46, 47]. 
Both processes develop in the threshold mode. 
According to [38], for the feed solutions with 
the concentration of electrolyte of 20 mM, the 
critical reduced potential drop for the onset of 
CWD is 0.3 V.

Indeed, after reaching this value, acidification 
of the desalinated solution was observed (Fig. 5c), 
which increased with an increase in the applied 
current. Despite the constant influx of protons, 
formed as a result of CWD, into the near-membrane 
solution, after reaching the threshold value of 
Δj′ equal to the length of the inclined plateau, 
potential drop did not significantly grow with an 
increase in the current density. This overlimiting 
section of the CVC corresponds to the formation 
of large clusters of EC vortices in accordance with 
the Rubinstein–Zaltzman mechanism [47, 48].

For the MA-41P membrane (Fig. 5b), the 
concentration polarization developed in a similar 
way. The difference in the process, as compared 
to the ASE membrane, was caused by both 
electrical and geometric heterogeneity of the 
MA-41P surface. In our previous studies [31] we 
demonstrated that the heterogeneity parameters 
of this membrane are optimal for the development 
of both types of electroconvection. Therefore, 
with only 25% of the conductive surface, MA-41P 
demonstrated ilim

emp equal to ilim
Lev, within the limits 

of measurement error. Similar to ASE, catalytic 
water dissociation begins at critical values of the 
reduced potential drop (Fig. 5d). However, the 
intensive delivery of the electrolyte by clusters 
of EC vortices to the MA-41P surface shifted the 
intense acidification of the desalinated solution 
towards the region of higher i/ilim

Lev. Provided that 
all other conditions were equal, local current 
density values in the area of anion-exchange 
resin particles on the MA-41P surface were higher 
than those of the ASE. Therefore, the desalinated 
solution became more acidic, and the recorded 
reduced potential drops had higher values for 
the heterogeneous membrane as compared to 

the homogeneous one [31].
After the ED processing of the NaxH(2–x)T 

solution with pH 9.0, the empirical limiting current 
decreased by 17%, while the length of the inclined 
plateau increased by 3.0 times for the ASE 
membrane as compared to the fresh sample. For 
the MA-41P membrane, these parameters were 
12% and 3.0 times, respectively (Fig. 5a, b, Table 4). 
The difference between the inlet and outlet pH 
in the desalination channel decreased for both 
studied membranes (Fig. 5d, e). The causes of 
these changes have already been discussed in 
section 3.1. On one hand, specific interactions 
of tartrates with weakly basic fixed groups on 
the membrane surface weakened the influence 
of these catalytically active groups (primary and 
secondary amines) on the generation of H+ and 
OH- ions. On the other hand, these interactions 
apparently led to a decrease in the electric 
charge of the surface. This, in turn, resulted in 
a weakening of electroconvection developed in 
accordance with the Dukhin–Mishchuk mode. 
The weakening of this type of electroconvection 
is most obvious in the CVC of the ASE membrane 
used in ED. We should note that the CVC of a 
fresh membrane contained a section where the 
value of the reduced potential drop decreased 
as compared to that reached at i ≈ 0.5ilim

Lev (Fig. 
5a). The CVC of the same membrane after ED 
demonstrated only a slowdown in the growth of 
Δj′ at 0.6ilim

Lev < i < 1.1ilim
Lev. 

Apparently, changes in the surface charge 
negatively affect the space charge density, 
which determined the degree of development 
of Rubinstein-Zaltzman electroconvection. As 
a result, the threshold potential drops at which 
individual EC vortices merge into large clusters 
are shifted towards the region of higher Δj′. 
Moreover, for both membranes, the “lengthening” 
of the inclined plateau, which is an indicator 
of this phenomenon, takes place despite the 
fact that the hydrophobicity of the ASE and 
MA-41P surfaces increased after ED. In other 
words, facilitating the slip of EC vortices along 
the membrane surface had less influence on the 
degree of electroconvection development than 
changes in the structure of the double electric 
layer and the space charge region, which was 
caused by specific interactions of tartrates with 
fixed groups on the membrane surface. 
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NaxH(2-x)T with pH 2.5
Current-voltage characteristics of ASE 

and MA-41P membranes obtained in a 20 mM 
NaxH(2–x)T solution with pH 2.5 are presented in 
Fig. 7. The results of their graphical processing 
are summarized in Table 4. Changes in the pH 
of desalinated solutions caused by phenomena 
developing at the AEM/depleted solution 
interface appear to be insignificant, considering a 
fairly high concentration of protons in the core of 
the flow. They cannot be recorded on the ΔpH – i 
dependencies. Therefore, we are not going to 
discuss these dependencies.

Note that the feed NaxH(2–x)T solution with 
pH 2.5 contained only 26.5% of tartrate anions. 
These were mostly HT- anions. The other tartrates 
are located in tartaric acid molecules, which 
should not participate in electric charge transfer. 
The fact that for fresh membranes, the values 
of ilim

emp exceed the values of ilim
Lev by 3.55 (ASE) 

and 4.95 (MA-41P) times indicates the presence 
of mass transfer caused by the participation of 
various forms of tartaric acid in the protonation-
deprotonation reactions. Indeed, the effect of 
these reactions on the transfer of HT– anions 
has been studied both by means of experimental 
methods and mathematical modelling. These 
results are summarized in [38], and the mechanism 
of transfer, called acid dissociation (AD), is 

schematically presented in Fig. 6b. HT– anions 
participate in protonation-deprotonation 
reactions in accordance with equations (1) and 
(2) presented in the introduction. These reactions 
occurred both in solutions and in AEMs. At the 
same time, the Donnan exclusion of co-ions took 
place in the AEM [48]. Therefore, protons, which 
are one of the products of reactions (1), (3), were 
excluded from the membrane, and the AEM 
was enriched with doubly charged T2– anions. 
Doubling the electric charge of counterions 
in the membrane and the constant influx of 
protons into the near-membrane depleted 
solution resulted in an increase in current density 
without a significant increase in the potential 
drop. Δj′ began to grow only when the AEM 
was saturated with T2– anions. In this case, the 
rate of proton influx into the depleted solution 
ceased to increase with increased current density. 
Therefore, the incoming protons could not 
compensate for the increase in the resistance of 
the near-membrane solution, which was caused by 
diffusion limitations of counterion (HT-) delivery 
from the depth of the desalinated solution to 
the membrane surface. Theoretical estimates 
demonstrate that at the maximum possible 
concentration of monovalent anions in the feed 
solution, which corresponds to pH 3.6 (Fig. 1), 
we can expect an increase in ilim

emp by 2.2 times 

                                                а                                                                                                   b
Fig. 7. Current-voltage characteristics of ASE (a) and MA-41P (b) membranes obtained in a 20 mM NaxH(2–x)T 
solution with pH 2.5. Explanations are provided in the text
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as compared to the limiting current ilim
Lev. Higher 

values of recorded empirical limiting currents 
(Fig. 7, Table 4) indicate the anions initially 
contained in the feed solution were not the only 
ones being transferred through anion-exchange 
membranes. The source of additional HT- anions 
were, apparently, tartaric acid molecules located 
in the near-membrane depleted solution. By 
analogy with the results of mathematical 
modelling [49] and the experimental study [50] 
of the transfer of weak acetic acid in membrane 
systems, the following scheme can be suggested 
(Fig. 6c). The dissociation of H2T near the AEM 
surface is stimulated by the constant removal 
of resulting protons and HT- anions from the 
reaction zone caused by an external electric 
field. Based on the results of mathematical 
modelling [50], we can expect that the degree 
of H2T dissociation will be higher, when the 
tartaric acid molecules are closer to the AEM 
surface and at higher values of the applied current 
density. A similar hypothesis was suggested 
by Martí-Calatayud et al. [51]. They performed 
ED separation of citric acid and nitrate anions 
and observed the enhanced transfer of citrates 
through the AEM as the number of nitrates in 
the desalinated solution decreased. Apparently, 
HT- anions are the first to be transferred from the 
feed depleted solution into the AEM. As charge 
carriers in the near-membrane solution are 
depleted, irreversible acid dissociation intensifies 
near the AEM surface. The observed values of 
ilim

emp can be explained by at least two factors: 
the values of the kinetic constants of tartaric 
acid protonation-deprotonation reactions and 
the rate of H2T molecule delivery from the depth 
of the solution to the AEM/depleted solution 
interface. Kinetic constants depend on the values 
of the equilibrium constants of acid dissociation 
for the first and second stages and on the rate 
of product removal from the reaction zone. 
The rate of H2T molecule delivery to the AEM 
boundary will depend on the solution flow rate 
in the desalination chamber (thickness of the 
depleted diffusion layer), as well as on the degree 
of electroconvection development according to 
the Dukhin-Mishchuk mode. The characteristics 
of the MA-41P surface are more favorable for 
the development of this type of EC [31] than 
the ASE. The fact that for MA-41P the recorded 

values of ilim
emp of a fresh membrane were higher 

than for ASE suggests that under the conditions 
of the experiment, electroconvective delivery of 
acid to the AEM surface is crucial. Unfortunately, 
in acidic solutions, the influence of Dukhin–
Mishchuk EC on the CVC shape is masked by 
the influx of protons into the depleted solution, 
which are generated by the AD mechanism (insets 
in Fig. 7). Therefore, this hypothesis needs to 
be further verified by means of mathematical 
modelling.

We should note that the length of the inclined 
plateau on the CVCs obtained for the solution 
with pH 2.5 for fresh ASE and MA-41P membranes 
decreased by almost 2 times as compared to the 
solution with pH 9.0. Intense oscillations of 
the potential drop in the overlimiting section 
of the CVC indicate the formation of EC vortex 
clusters according to the Rubinstein-Zaltzman 
mechanism. The causes of the intensification of 
this type of electroconvection in acidic solutions 
are not yet fully clear.

Long-term operation of membranes during 
the electrodialytic processing of NaxH(2–x)T 
solution with pH 2.5 had a different effect on 
the CVCs of the studied membranes. When the 
ASE membrane was used, the empirical limiting 
current increased by 16%, and the length of 
the inclined plateau increased by 2.2 times as 
compared to the fresh sample. The behavior of 
the MA-41P membrane after ED was different. 
The empirical limiting current decreased by 28%, 
and the length of the inclined plateau increased 
only by 20%. 

The increase in ilim
emp in the case of ASE 

could be facilitated by Dukhin–Mishchuk EC. 
Its enhancement is most likely caused by the 
appearance of numerous caverns on the surface 
of the membrane after ED. A similar effect was 
observed in the case of long-term operation of 
AMX and AMX-sb membranes [41], which were 
taken out of production and replaced with ASE 
[52]. It is known [46], that excessive development 
of the Dukhin-Mishchuk EC can shift the 
Rubinstein–Zaltzman formation of EC vortex 
clusters towards the region of higher potentials. 
This is apparently what happened in the case of 
the ASE membrane. Noticeable hydrophobization 
of the MA-41P surface (Table 4) is an indicator 
of partial loss of electric charge by its fixed 
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groups. Apparently, the change in the structure 
of the double electric layer caused a weakening 
of the Dukhin–Mishchuk EC and reduced the 
number of tartaric acid molecules delivered to 
the conductive surface of this membrane. 

4. Conclusions
Voltammetry combined with optical 

visualization and measurement of contact 
angles of swollen membrane surfaces is a highly 
informative method for studying mass transfer 
mechanisms of various forms of tartaric acid. 

When the feed solution NaxH(2–x)T (T is 
the tartaric acid residue) contains mainly 
doubly charged T2– anions, the mechanisms of 
transfer of these ions through anion-exchange 
membranes (AEM) do not differ from the well-
known mechanisms of strong electrolyte transfer. 
The presence of geometric heterogeneity 
and high electric charge of the homogeneous 
membrane surface (ASE, Astom, Japan) or 
optimal parameters of electrical heterogeneity 
of the heterogeneous membrane (MA-41P, OOO 
Shchekinoazot) stimulate electroconvection and 
overlimiting mass transfer.

When the feed solution NaxH(2–x)T contains 
26.5% of anions and 73.5% of acid molecules, 
the mechanisms of tartrate transfer in membrane 
systems become more complex. Regardless of 
the properties of AEM surfaces, the empirical 
limiting currents ilim

emp, which are determined by 
means of graphical processing of current-voltage 
characteristics, appear to be several times higher 
than those that could be caused by the transfer 
of tartrate anions present in the feed solution. 
The observed increase in ilim

emp can be caused by 
the irreversible dissociation of tartaric acid in 
the depleted solution near the AEM surface. It 
results form the continuous removal of protons 
and HT– anions from the reaction zone in the 
applied electric field. 

Long-term participation in the electrodialytic 
processing of NaxH(2–x)T solutions with pH 2.5 or 
9.0 affects the hydrophilic/hydrophobic balance 
and morphology of ASE and MA-41P surfaces, 
as well as the degree of electroconvection 
development in the depleted solution adjacent 
to them. The dependence of ilim

emp registered in 
acidic solutions on the conditions affecting the 
development of electroconvection suggests that 

irreversible dissociation of tartaric acid is limited 
by its delivery to the anion-exchange membrane 
surface.
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