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Abstract: The application of electrodialysis for tartrate stabilization and reagent-free acidity correction
of wine and juices is attracting increasing interest. New aliphatic membranes CJMC-3 and CJMA-3
and aromatic membranes CSE and ASE were tested to determine their suitability for use in these
electrodialysis processes and to evaluate the fouling of these membranes by wine components for a
short (6-8 h) operating time. Using IR spectroscopy, optical indication and measurement of surface
contact angles, the chemical composition of the studied membranes, as well as some details about
their fouling by wine components, was clarified. The current—voltage charsacteristics, conductivity
and water-splitting capacity of the membranes before and after electrodialysis were analyzed. We
found that in the case of cation-exchange membranes, complexes of anthocyanins with metal ions
penetrate into the bulk (CJMC-3) or are localized on the surface (CSE), depending on the degree of
crosslinking of the polymer matrix. Adsorption of wine components by the surface of anion-exchange
membranes CJMA-3 and ASE causes an increase in water splitting. Despite fouling under identical
conditions of electrodialysis, membrane pair CJMC-3 and CJMA-3 provided 18 =+ 1 tartrate recovery
with 31 - 1073 energy consumption, whereas CSE and ASE provided 20 + 1% tartrate recovery with
an energy consumption of 28 - 1073 Wh, in addition to reducing the conductivity of wine by 20 4 1%.
The casting of aliphatic polyelectrolyte films on the surface of aromatic membranes reduces fouling
with a relatively small increase in energy consumption and approximately the same degree of tartrate
recovery compared to pristine CSE and ASE.

Keywords: electrodialysis; tartrate stabilization; aliphatic; aromatic; ion-exchange membrane;
modification; layer by layer; fouling

1. Introduction

Quality grape wine is an integral part of the food preferences of most of the world’s
population. The industrial production of this drink comprises more than 13,500 million
decalitres per year [1]. Moreover, centuries-old traditional technologies are constantly
being improved. Thus, the successful application of membrane technologies [2—4] has
led to a sharp increase in the volume of exports and imports of wine [5,6]. The use of
membrane technologies, firstly, makes it possible to reduce production costs due to the
organization of a continuous and controlled automatic production mode, in addition to
reducing energy costs, process duration and wine losses. Secondly, membrane technologies
contribute to a reduction in secondary emissions into the environment, for example, due to
the abandonment of reagent methods for stabilizing wine [2]. Stability, in this case, means
the absence of any undesirable physical, chemical or organoleptic changes during a certain
period of wine storage [7].

One of the causes of clouding and precipitation in wines is the formation of poorly
soluble potassium and calcium tartrates [8]. Traditional methods of tartrate stabilization
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include abrupt or prolonged cooling of wine [9-11], inhibition of the process of crystalliza-
tion of tartrate salts by introducing metatartaric acid [12] or potassium polyaspartate [13]
and coagulation of tartrate-containing (and other) complexes or colloidal particles with
their subsequent sedimentation or filtration [13]. In this case, mannoproteins [11,14], ben-
tonite [13], carboxymethyl cellulose [12,15] and other organic substances [11] are introduced
into the wine materials. The use of ion-exchange resins is the cheapest method of tartrate
stabilization [16]. However, this method sometimes causes a change in the ionic composi-
tion of wine because resins adsorb valuable components, in addition to tartrates or metal
ions [17]. Furthermore, the pretreatment and regeneration of resins requires the use of
chemicals [18,19]. On the contrary, electrodialysis (ED) stabilization does not involve the
addition of foreign substances and does not lead to a loss of wine quality compared to cold
treatment [20] or other reagent methods [21,22]. That is why ED has been approved for
commercial use as an alternative technology for tartrate wine stabilization [23-26].

Systematic research on the use of ED in winemaking began in the 1970s [27-29]
and led to the development of automated technology [30] using conventional ED [31]
or conventional ED combined with bipolar membrane electrodialysis [32,33]. Under the
influence of an electric field, anions (chlorides, hydrotartrates, HT~, tartrates, T2, etc.)
are transferred through anion-exchange membranes (AEM), and cations (mainly K*) are
transferred through cation-exchange membranes (CEM). The desalination degree of wine
in the desalting circuit is estimated by electrical conductivity, the value of which depends
on the type of wine. desalination degree is adjusted empirically for each type of wine [34].
Thus, the electrical conductivity should be reduced by 15-20% for young wines, 5-15%
for old wines [35] and 20-30% for dessert wines [35,36] in order to achieve the optimal
concentration of tartaric anions. A greater change in the chemical composition, in particular
the removal of tartaric acid anions, degrades the quality of the wine [27,37,38]. The process
of ED stabilization of wine should not lead to a change in the alcohol concentration of more
than 0.1% vol., a decrease in the pH value by more than 0.25 units and a change in volatile
acidity (in terms of HySO4) of more than 0.09 g/L compared to the initial values, or to the
loss of polysaccharides and polyphenols (catechins, leucoanthocyanins and anthocyanins),
which exhibit antioxidant and antibacterial activity [39,40]. It has been shown [41] that ED
tartrate stabilization significantly reduces the loss of polyphenols compared to traditional
methods but does not completely eliminate them.

It is known [42,43] that polyphenols, as well as complexes and colloidal particles
formed by polyphenols and other components of wine, actively interact with ion-exchange
membranes. These are electrostatic interactions of negatively charged fixed groups of
cation-exchange materials with the flavylium cation of anthocyanins that acquire a positive
charge at pH 2.8-3.5 characteristic of wine [42,43]. Positively charged fixed groups of
anion-exchange materials interact with negatively charged complexes or colloidal particles,
which are formed by anthocyanins, proanthocyanidins, proteins and anions of tartaric [44]
and other organic acids. In addition, -7t (stacking) interactions occur between the aro-
matic rings of polyphenols and compounds that are part of ion-exchange membranes [45].
Numerous hydrogen bonds take place between oxygen and hydrogen. These elements
are found both in the organic components of wine (polyphenols, organic polybasic acids,
amino acids, proteins, saccharides, etc.) and in the fixed groups and organic materials con-
tained in AEM and CEM. The accumulation of wine components (primarily anthocyanins
and proanthocyanidins) takes place in the volume and on the surface of ion-exchange
membranes [42,46]. In addition to the loss of valuable components of wine, fouling leads
to a decrease in the ion-exchange capacity, conductivity, selectivity and mechanical sta-
bility of membranes [47]. Similar problems arise with the use of ED for the reagentless
deacidification of wine and fruit juices [43] or the use of ED during the final stage of
wastewater treatment in wineries [45,46]. The market potential of these hybrid technologies
is promising for the production of crude extracts with a high phenolic or calcium tartrate
content [48,49].
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AEM and CEM are most often used in the food industry with an aromatic matrix [43,50],
which enters into the all mentioned above types of interactions with wine components.
Furthermore, an increasing number of relatively inexpensive commercial ion-exchange
membranes with an aliphatic matrix have recently been introduced. These include, for
example, membranes manufactured by Fujifilm (Tilburg, The Netherlands) and Chemjoy
Polymer Materials Co., Ltd. (Hefei, China). In addition, well-known manufacturers of
aromatic membranes, such as Astom (Yamaguchi, Japan), are upgrading widely used
membranes [51], for example, CMX and AMX. The listed membranes are increasingly
used for various purposes [52-56]. However, their behavior in ED wine stabilization is
still unknown. In addition, we cannot predict the fouling of new membranes by wine
components in advance, because knowledge about the chemical composition and structure
of CJMC-3, CJMA-3, CSE and ASE is fragmentary.

The purpose of this study was to compare the behavior of new aliphatic and aromatic
ion-exchange membranes during tartrate stabilization of wine using electrodialysis, as well
as to evaluate their fouling with wine components. We used this knowledge to counter
fouling by modifying the surface of the membranes. In particular, giving the AEM and
SEM surface an electric charge opposite to that of the foulant [57,58] and changing its
hydrophilic/hydrophobic balance [57-59] was tested. These methods have proven effective
in counteracting fouling from bacteria, proteins and some aromatic acids. However, as far
as we know, they have not yet been used to extend the life cycle of ion-exchange membranes
in the electrodialysis processing of wine and juices.

2. Materials and Methods
2.1. Membranes

Hefei Chemjoy Polymer Materials Co., Ltd., Hefei, China, manufactures CMA-3 and
CJMC-3 homogeneous membranes. The basis of their ion-exchange matrix is polyvinyli-
dene fluoride [60], which is crosslinked using substances containing aromatic rings [61].
Detailed information about their conductivity, diffusion permeability and selectivity is
provided in [62,63]. Homogeneous membranes ASE and CSE are manufactured by Astom
(Yamaguchi, Japan) [51]. The manufacturer does not provide information on the chemical
structure of these membranes.

CJMC-3 and CSE cation-exchange membranes contain sulfonate fixed groups. The fixed
groups of CJMA-3 and ASE anion-exchange membranes are mainly quaternary amines [51,63].
IR spectra of these membranes are presented in Supplementary Materials (SM)
Figures 51-54 and are discussed in Section 3.2.2.

Table 1 lists some characteristics of the studied membranes.

Table 1. Some characteristics of the studied membranes.

Ion-Exchange

Membrane Thickness in 0.02 M Water Content Capacity of
NaCl Solution (um) (gH20/ggry, %) Swollen Membrane
(mmol/gwet)
CJMA-3 151 +5 17 £ 1[62] 0.57 £ 0.05 [62]
CIMC-3 185 £5 44 + 3 [63] 0.63 £ 0.05 [63]
ASE 150 £5 24 1 [56] 1.93 £ 0.05 [56]
CSE 140 £ 5 42 +1[56] 1.57 £ 0.05 [56]

Heterogeneous membranes MK-40 and MA-41 (Shchekinoazot, Shchekino, Russia)
were used as auxiliary membranes. Their characteristics are detailed in [62,63].

2.2. Solutions

“Tristoriya” dry red wine (Tristoriya Appellation, Novorossiysk, Krasnodar Terri-
tory, Russia) was the base a model solution. This wine was made in 2021 from Cabernet
Sauvignon (50%) and Syrah (50%) grapes. The composition of the wine is listed in Table 2.
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Some of the components were obtained using chromatographic methods (Krystall-2000M,
Chromatech-Analytic, Yoshkar-Ola, Russia), and non-volatile compounds were determined
by the capillary electrophoresis method (Kapel-105M, NPF Lumex, Saint Petersburg, Rus-
sia). Note that wine contains ions CI~ (193 + 5 mg/L), SO42~ (969 + 5 mg/L) and K*
(1281 £ 5mg/L), as well as molecules and anions of tartaric acid (1281 + 5 mg/L) and
other organic acids. Sugar and ethyl alcohol are 10 &+ 1%wt and 11 = 1%vol, respectively.

Table 2. Detailed composition of the wine.

Inorganic Matter m g/LC oncentratlono Ymass Organic Matter mg /LC oncentration %vol
Cl™ 193 +5 - acetic aldehyde 3245 -
SO4%~ 969 + 5 - diacetyl 445 -
K* 1281+ 5 - acetoin 48 +5 -
Na* 136 £ 5 - furfurol 14+5 -
Mg2* 1045 _ 2,3-butyleneglycol 560 4 5 B

racemate

Ca?* 124 +5 - 2,3-butyleneglycol meso 259 +5 -
Organic acids methyl acetat 45+5 -
ascorbic 31+5 - ethyl acetat 82 +£5 -
tartaric 1872 £5 - ethyl butyrate 1+5 -
citric 405 £5 - ethyl caproate 7£5 -
lactic 5020 £5 - ethyl lactate 83 £5 -
malic 156 + 5 - ethyl caprylate 2+5 -
succinic 1622 +5 - ethyl caprate 4+5 -

chlorogenic 11+5 - ethanol - 11+1
niacin 8§£5 - methanol 142 £5 -
orotic 973+ 5 - 1-propanol 33+5 -
caffeic 37+5 - isobutanol 50+5 -
gallic 10+5 - 1-butanol 2+5 -
acetic 1955 £ 5 - amyl alcohol 253 +5 -
propionic 9+£5 - octanol 16+5 -
isobutyric 1+5 - benzyl alcohol 15+5 -
3-methylbutanoic 75 - phenethyl alcohol 128 £5 -
Saccharides 1,2-propylene glycol 24+5 -
** total - 10+1 * polyphenols, total 670 + 10 -

* total amount of monomers and polymers in terms of gallic acid; ** data provided by the manufacturer.

The concentrations of anthocyanin (Ant) and proanthocyanidin (PAC) polymers in
the wine were equal to 77 + 3 mg/L (in terms of cyanidin-3-glucoside) and 235 £+ 3 mg/L,
respectively. They were determined using an ECOVIEW UV-1800 spectrophotometer
(Shanghai Mapada Instruments Co., Ltd., Shanghai, China) following the procedures
described in [64]. This wine had already been subjected to tartrate stabilization. That is
why 2000 mg/L of tartaric acid and 400 mg/L of potassium chloride were added to imitate
the composition of the wine material before tartrate stabilization. The total content of
tartrates, chlorides and potassium cations in this case corresponded to the average content
of these substances in wine materials. The conductivity and pH of the model solution were
2.67 £ 0.1 mS/cm and 3.30 £ 0.05, respectively. This indicator is also in a typical range for
wine materials before tartrate stabilization [31].

Auxiliary solutions for electrodialysis and solutions used to study the characteristics
of membranes were prepared using sodium chloride (NaCl) and tartaric acid (HT) crystals
of analytical grade (JSC Vekton, Saint Petersburg, Russia), as well as chemical-purity-
grade crystals of potassium chloride (Mikhailovsky Plant of Chemical Reagents, Barnaul,
Russia). All solutions were prepared using distilled water with an electrical resistance of
300 £ 10 kQ) cm and pH of 5.04 £ 0.01 at 25 °C.
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2.3. Electrodialysis Remouval of Tartrates
Tartrate stabilization of the model solution was carried out using a six-compartment

laboratory ED cell (Figure 1).
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Figure 1. Scheme of the experimental setup: lab-scale ED cell (1) with membranes under study
(AEM and CEM) and auxiliary membranes (CEM is identical to CEM, and AEM is identical to AEM);
a plastic frame with comb inlet and outlet devices that separate the membranes (2); measuring
Ag/AgCl electrodes (3) placed in microreservoirs with Luggin capillaries (4); AKIP V7-78-1 digital
multimeter (Siglent, Shenzhen, China) (5); Keithley 2200-60-2 programmable power supply (Keithley
Instruments, Cleveland, USA) (6); personal computer (7); Heidolph Pumpdrive 5001 peristaltic pump
(Heidolph Instruments GmbH & Co., Schwabach, Germany) (8); Expert-001 pH meter (Econix-Expert
Ltd., Rumyantsevo, Russia) (9); Expert-002 conductometer (Econix-Expert Ltd., Rumyantsevo, Russia)
(10); intermediate tanks in the desalination (DC), concentration (CC) and electrode (EC) compartment

circuits (11-15, respectively).
The AEM and CEM membranes under study formed a desalination compartment

(DC) through which the model solution was pumped. Auxiliary membranes AEM and

CEM were used to limit the adjacent concentration compartments (CC; and CCy). These
membranes are identical to those under study. Auxiliary membrane MA-41 separated one
more desalination compartment (DC *) from the anode compartment. Each membrane
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had a polarizable area equal to 7.29 + 0.01 cm?. Solution desalination length (L) was equal
to 2.70 £+ 0.01 cm, and the intermembrane distance () was 0.66 + 0.01 cm. Before the
start of the experiment, all circuits, except the DC circuit, were filled with KCI solution
(0.4 g/L). The volumes of circulating solutions were equal to: 150 = 1 mL (DC, CC;
and CC;), 1000 = 1 mL (DC *) and 5000 + 1 mL (the electrode compartments, EC). The
average velocity of the pumped solution flow (V) was equal to 0.42 cm/s (DC, DC *,
CC; and CCy) and 1.68 cm/s (EC). Electrodialysis was carried out at a current density
of 1.22 mA/cm?. The potential drop was measured between the Luggin capillaries. The
capillaries were mounted in microreservoirs with Ag/AgCl electrodes (3). The change in
the conductivity and pH of solutions in the circuits of DC, CC; and CC; during ED was
measured using conductometric sensors and combined pH electrodes immersed in tanks
(11,12,13). The experiment was terminated when the conductivity of the model solution
decreased by 25 £ 1% compared to the initial value. The concentrations of K* cations and
Cl™ anions and the total content of tartrates in the DC, CC; and CC, circuits before and
after electrodialysis were determined using a DIONEX ICS-3000 (USA) chromatographic
system with a conductometric detector and a background signal suppression unit.

The degree of demineralization and concentration of solutions (7) in the DC, CC; and
CC,; circuits, as well as the degree of removal of tartrates (1) from the DC circuit, was
calculated (in %) according Formulas (1) and (2):

y =10 100% (1)
Ko
T _ T
yr = Lch).loo% )
o

Indices 0 and ¢ correspond to the values of the conductivity (x) of the solution and
the total molar concentration of tartrates (c”) before and during ED for time t. A positive
7 value indicates an increment of ions concentration, whereas a negative value of +y is an
indicator of decreasing of ion concentration. Fluxes of ions through the membranes were

calculated according to Formula (3):
. n
Ji =355 ®3)

where 7 is the quantity of matter (in mol), S is a membrane surface (in m?) and f is ED
duration (in s). Index i corresponds to the type of transported ion.
Energy consumption (in W - s or Joule) was calculated according to Formula (4):

W= I[-Ag-t @)

where I is the current (in A), Ag is the potential drop (in V) and ¢ is ED duration (in s). The
number of transported electric charges was determined according to Formula (5):

Q=1It ®)
2.4. Membrane Fouling Study

Before and after electrodialysis, current-voltage curves of the membranes under study
were obtained using an Autolab PGSTAT-100 electrochemical complex (Metrohm Autolab
B.V., Kanaalweg, The Netherlands). The current sweep rate was 0.02 mA/ cm?. Before
the experiment, the Luggin capillaries were brought to the studied membrane (e.g., CSE),
and the adjacent membrane in the DC (e.g., ASE) was replaced with an auxiliary MA-41
membrane. In the case of the study of anion-exchange membranes, the cation-exchange
membrane in DC was replaced with an auxiliary MK-40 membrane. The 0.02 M NaCl
solution was pumped through all circuits of the electrodialysis cell.
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The theoretical limiting current was calculated using the Lévéque equation [65] ac-
cording to Formula (6):
2 Vo 1/3
147 —= .
() ©

where z; and cg’ are the charge number and the molar concentration of the counterion,
respectively, at the inlet of the DC compartment; T; and t; are the effective transport
number of the counterion in the membrane (assumed to equal 1 in calculations of i1im =)
and the counterion transport number in the solution, respectively; F is the Faraday constant;
and D is the binary electrolyte diffusion coefficient.

The conductivity of membranes before and after electrodialysis was determined in
0.1 M NaCl solution by a differential method using a clip cell [66,67]. The measurements
were taken at an alternating current frequency of 1 kHz using an AKIP 6104 immittance
meter (B + K Precision Taiwan, Inc., New Taipei City, Taiwan).

Optical images of membranes before and after electrodialysis were obtained using a
SOPTOP CX40M microscope (Yuyao, Zhejiang, China).

FTIR spectra of the membranes were obtained using a Vertex-70 spectrometer (Bruker
Optics, Ettlingen, Germany) and OPUS™ software (Cooperative Library Network, Berlin—
Brandenburg, Germany).

The sessile drop method was used to determine the contact angle between a wet
membrane surface and a water drop lying on its surface. Details of the experiments are
described in [68].

iLeo _ z1FDc(1)
(T - h)

2.5. Membrane Surface Modification

A thin film of LF-4SK (NPO Plastpolimer, Saint Petersburg, Russia) coated the sur-
face of an anion-exchange membrane. Aliphatic sulfonated fluoropolymer LF-4SK is an
analogue of Nafion (DuPont, Wilmington, DE, USA) [69,70].

In the case of a cation-exchange membrane, the modifying film was made using
the layer-by-layer method. It consisted of 4 bilayers of successively deposited aliphatic
polyelectrolytes. The first aliphatic polyelectrolyte contained positively charged ammonium
groups. The second aliphatic polyelectrolyte contained negatively charged sulfonic groups.
An aliphatic polyelectrolyte with a high content of amino groups coated these layers.
Membranes with a modified surface are designated by the index m.

3. Results and Discussion
3.1. ED Processing of the Model Solution

Figures 2 and 3 and Table 3 present the results of electrodialysis processing of the model
solution using CJMC-3 and CJMA-3, CSE and ASE, and CSEm and ASEm membranes.

Table 3. Some parameters of electrodialysis processing of model solution at a degree of demineraliza-
tion equal to 20%.

Cation-Exchange Membrane Anion-Exchange Membrane
Membrane H* K* Cl- YT
ji 12 mmol Yir % 3j; mmol Yis %o ji mmol Yir % ji
CIMC- 0.010 £ 0.002 1.09 19+1 0.07 0.29 18£1 0.02 0.70 18+1 0.05
3//CIMA-3 ’ ' ’ ' ’ ’ ’ ’
CSE//ASE 0.012 £ 0.002 1.19 21+1 0.09 0.30 18+1 0.02 0.77 20+£1 0.06
CSEm//ASEm 0.018 £ 0.002 1.20 21+1 0.08 0.58 35+1 0.04 0.65 17 +1 0.04

1 the amount of substance (in mmol) removed from the DC with a decrease in the conductivity of the model
solution by 20%; 2 the error in determining the amount of the substance removed from the DC is +:0.002; 3 the
error in determining the flux (j; in mmol m~2 s~!) of ions through the membranes of the DC is 4-0.02.
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Figure 2. Degrees of concentration (a,c) and demineralization (b) of solutions, as well as the difference
between the current and initial pH values (d-f) in the CC; (a,d), DC (b,e) and CC; (c,f) circuits vs. the
ED duration of the model solution. Data are presented for CC;, DC and CC, formed by membranes
CJMC-3 and CJMA-3, CSE and ASE, and CSEm and ASEm.
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Figure 3. The degree of removal of tartrates (a), the number of electric charges transported (b) and
energy consumption (c) with a decrease in the conductivity of the model solution in the desalination
circuit by 20%. The data are presented for CC;, DC and CC, formed by CJMC-3 and CJMA-3, CSE
and ASE, and CSEm and ASEm membranes.
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CIMC-3 *

100pm

With an increase in the duration of electrodialysis (ED), the conductivity of the model
solution in the DC circuit expectedly decreased (Figure 2b), and the conductivity of the
solutions in concentration circuits CC; and CC; increased (Figure 2a,c) compared with
the initial values. Moreover, significant differences in the behavior of membrane stacks
formed by the membrane pairs CJMC-3 and CJMA-3 and CSE and ASE were observed
only for CCy, into which anions were transferred from the model solution. The increase in
conductivity (Figure 2c) and alkalization of the solution (Figure 2f) in this circuit were more
pronounced in the case of aliphatic membranes compared to aromatic membranes. These
differences point to the differing composition of the anions carried by the CJMA-3 and ASE
membranes. In particular, slightly more tartrates and less chloride were transported across
the ASE membrane compared to CJMA-3 (Table 3). Note that the difference in recovered
tartrates using aliphatic and aromatic anion-exchange membranes at a given (20%) degree
of demineralization of the model solution (Figure 3b) was approximately the same.

Differences in the number of electric charges transported and energy consumption
were small (Figure 3b,c). These data suggest positive prospects for the use of both studied
anion-exchange membranes in the ED tartrate stabilization of wine. The same can be said
about the cation-exchange membranes. Both membranes provided approximately the same
increase in the conductivity of the solution in the CCy circuit (Figure 2a). The difference is
that the CJMC-3 membrane carried slightly more protons (Figure 2d) and slightly fewer
potassium ions (Table 3) compared to the CSE membrane. The revealed differences in
transport characteristics seem to be due to the higher exchange capacity of ASE and CSE
compared to CJMA-3 and CJMC-3 membranes (Table 1).

Note that the degree of removal of tartrates using the studied membrane pairs
(yr =19 £ 1%) is almost proportional to the degree of demineralization of the solution
(7 =20 £ 1%). Moreover, the use of membranes of the previous generation ensured the
extraction of 10-15% of tartrates while reducing the conductivity of the processed solution
by 20% [35], possibly as a result of the fouling stage of the CJMC-3, CJMA-3, CSE and ASE
membranes, which were in contact with the wine material for only 6-8 h. Furthermore,
fouling takes place and depends on the nature of the studied membranes.

3.2. Fouling of Membranes in Electrodialysis
3.2.1. Fouling Color Indication

Figures 4 and 5 show optical images of the surfaces of the membranes facing the
desalination compartments, as well as their cross sections.

@) reE] CSE ASE ASE *

100pm 100pm 100pm 100pm 100pum 100pm

(a)

(b)

(c) (d) (e) (f) (8 (h)

Figure 4. Optical images of membranes surfaces facing the desalination compartment. Membranes
after electrodialysis processing of model solution (b,d,f,h) are indicated by *. Images of pristine
membranes in distilled water (a,c,e,g) are shown for comparison.
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Figure 5. Optical images of cross sections of the studied cation-exchange (a,b) and anion-exchange
(c,d) membranes after electrodialysis, indicating the location of the DC (desalination compartment)
and CC; or CC; (concentration compartment) relative to the membrane cross sections.

The surfaces of the cation-exchange membranes acquired a burgundy (red—violet)
color after ED (Figure 4b,f). The intensity of this coloration reached its maximum in a thin
layer on the surface facing the DC compartment with the model solution. It decreased as it
approached the opposite surface facing CC; with a KCl solution. As in the case of cranberry
juice [45] flavylium, anthocyanin cations (Ant*), which are red in an acidic environments
(SM, Figure S5), penetrated into the volume of CJMC-3 * and CSE *, and high-molecular-
weight proanthocyanidins (PACs), tannins Ant complexes with wine components were
adsorbed on the surface. The purple shade of the CJMC-3 * cross section appears to be
associated with complexes of anthocyanins with (metal) ions, which are blue in color [71,72].
These positively charged complexes penetrated deep into CJMC-3 * due to the high mobility
of its polymer chains. However, the diffusion of these complexes deep into CSE * was
hindered by stronger crosslinking of its aromatic polymer matrix. That is why only a thin
layer near the surface facing the DS acquired a purple shade.

The surfaces of anion-exchange membranes after ED (Figure 4d,h) have a shade that
is close to the color of the surfaces of pristine membranes (Figure 4c,g). However, this
does not mean that anthocyanins and their complexes are absent on the surfaces and in the
depths of CJMA-3 * and ASE * membranes. It is known that the pH of the internal solution
of anion-exchange membranes is shifted to the alkaline region compared to the external
solution due to the Donnan exclusion of protons, which are coions for AEM [73]. Therefore,
at a pH of the external solution of about 3 (as in the studied model solution), the internal
solution of AEM has a pH of about 6-7. With such values of pH, the red anthocyanin cations
turn into a mixture of colorless carbinol pseudobases and purple quinoidal anhydrobases
(SM, Figure S5), the color of which (SM, Figure S6) is similar to that of CJMA-3 * and ASE
* membranes (Figure 4d,h). After the cross sections of anion-exchange membranes were
placed in an acidic medium, they acquired a red shade, indicating the presence of Ants in
the deep of CJMA-3 * and ASE * (Figure 5¢,d). In addition, as in the case of cation-exchange
membranes, a very thin layer of burgundy substances appeared on the surface of the AEMs.

The results of color indication of fouling were confirmed by IR spectroscopy data and
estimates of the hydrophilic-hydrophobic balance of the membrane surface.
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3.2.2. IR Spectra and Surface Contact Angles of the Membranes Surfaces

The IR spectra of pristine and fouled membranes are shown in Figures 6 and 7. The
surfaces of the fouled membranes that were facing the concentration compartments are

designated CC. The surfaces that were exposed to the desalination compartment with the
model solution are designated as DC.
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Figure 6. IR spectra of CJMC-3 (a) and CJMA-3 (b) membranes before and after ED.
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Figure 7. IR spectra of CSE (a) and ASE (b) membranes before and after ED.

The pristine membranes CJMA-3 and CJMC-3 (Figure 6) have a fluoropolymer aliphatic
matrix, which is indicated clearly by the peaks inherent to both of these membranes. The
strong absorption bands at 1768 cm~! and 877 cm ™! characterize asymmetric and sym-
metric vibrations of the CF, bond, respectively [74]. The range of 1200-1300 cm ! refers
to vibrations of the C-F bond [75]. In addition, both membranes have an absorption
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peak in the region of approximately 1403 cm~!, indicating the presence of a C-H bond.
Moreover, there are weakly intense bands in the regions of 837 cm ™!, 970-980 cm~! and
1610-1650 cm ™!, which together confirm the presence of aromatic material as a crosslinking
component [76,77].

Functional groups of the CJMA-3 membrane are characterized by the presence of
C-N and N-CHj vibrations (1481 cm ! and 1232 cm ™!, respectively), which confirms the
presence of quaternary ammonium functional groups [4] and a small number of secondary
amino groups (1268 cm™!) [78]. The most significant peaks characteristic of sulfonate
groups are found in the CJMC-3 membrane, which include oscillation of C-S, S-O and
SO3-H* in the range of 1008-1126 cm ! [79]. Thus, the materials from which the stud-
ied membranes are made are stable, not harmful or toxic and allowed for use in food
industries [80,81].

The spectrum of the CJMC-3 * and CJMA-3 * membranes facing CC (Figure 6) shows
the presence of -C=0 (~1710 cm~!) and -OH (~1350 cm~!) groups, which are inherent in
anthocyanins [82] and usually attributed to the galloyl units of catechins (proanthocyani-
dins) [79]. Screening of functional groups and groups attributed to the polymer matrix is
also noticeable for both membranes. The peaks of symmetric vibrations at 700-750 cm ™! are
related to skeletal vibrations of sugar in glycosylated phenols [83]. In the case of the CJMA-3
* membrane, the peaks in the region of 1000-1200 cm ! show C-OH, C-O and C-O-C valence
vibrations related to vibrations of fragments of alcohol and sugar functional groups, as
well organic acids [84]. The same peaks are observed in the IR spectra of the surface facing
the DC. However, the -C=0 groups (1710 cm~!) disappear, but C=C-C groups (1612 cm™1)
are observed. This suggests the presence of anthocyanins and other low-molecular-weight
polyphenols in the bulk of both membranes, whereas high-molecular-weight polyphenols
occupy the surface facing the DC.

The IR spectra of the CSE and ASE membranes (Figure 7) contain peaks related to
stretching vibrations of the C-H (~3030 cm 1) and aromatic ring (1440-1600 cm™), as
well as in-plane (9601000 cm~!) and out-of-plane deformation vibrations of the benzene
ring (675-950 cm™ 1), which clearly demonstrate the aromatic nature of their matrix [75].
In particular, strong absorption bands in the “fingerprint” region characteristic of the
benzene ring, as well as peaks at 1460-1495 cm~! and 1635 cm ™!, are characteristic of a
polystyrene-divinylbenzene matrix [77]. The spectra of both membranes exhibit peaks
characteristic of the C-Cl groups (576 cm~1) [85]. Inert fillers (polyvinyl chloride or other
chlorinated aliphatic polymers) may contain these groups. In the ASE membrane, the
transmission band of carbon—nitrogen bonds (1120 cm~! and 1470 cm™1) are an indirect
sign of quaternary amines. A weakly pronounced peak at 1240 cm~! indicates the prob-
ability of the presence of a small number of secondary ammonium groups. The CSE
cation-exchange membrane shows distinct peaks of C-S, 5=O and O-5=0 in the range of
1008-1126 cm ™! [79] corresponding to the -S03” groups. The shift of peaks relative to each
other in the membranes can be related to compression stretching and different strains of
matrices with different functional groups for CSE and ASE.

Everything that has been discussed for aliphatic membranes after electrodialysis is
true for aromatic membranes. In addition, a strong increase in the transmittance of peaks
related to the aromatic components of wine is observed through their — (stacking) inter-
action with the CSE and ASE aromatic matrix [85]. The spectrum of the ASE * membrane
(Figure 7b) acquires a pronounced peak at approximately1600 cm ™!, which is attributed
to the carboxyl group COO™ [84]. The anions of organic (in particular tartaric) acid are
counterions for anion-exchange membranes. Therefore, they are present in the bulk of the
membrane. This peak becomes clearly visible due to the higher ion-exchange capacity of the
ASE compared to the CJMA-3 membrane (Table 1). An increase in the peak of 1240 cm ™!
for the ASE * membrane indicates the adsorption of substances that contain secondary
amines, such as proteins and amino acids.

The contact angle values (Table 4) makes it possible to estimate the hydrophilic/
hydrophobic balance of the pristine membrane surface and its changes after ED. Wet
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CJMC-3 and CJMA-3 membranes demonstrate rather low wetting angles. This result is
not expected because the ion-exchange capacity of aliphatic membranes is relatively low
(Table 1). Therefore, their surface should have a low concentration of hydrophilic polar
groups. In addition, hydrophobic fluorine-containing fragments of the matrix should
contribute to an increase in contact angles. The observed hydrophilicity of the CJMC-3 and
CJMA-3 surface was caused by the large macropores localized at the boundary between
the ion-exchange material and the reinforcing cloth that peers through to the surface
(Figure 5a) [62,63,68]. Judging by the ion-exchange capacity (Table 1), the concentration of
polar fixed groups on the surface of CSE and ASE membranes is approximately three times
higher compared to CJMC-3 and CJMA-3. Moreover, the contact angles of the surfaces of
aromatic membranes are higher than in the case of aliphatic membranes (Table 4). The
obtained data are most likely explained by the fact that CSE and ASE membranes do not
contain reinforcing cloth (Figure 5b,d) or, accordingly, macropores.

Table 4. Contact angles of the surface of the studied membranes.

Membranes Pristine * After ED
CJMC-3
50 &+ 3 36 +3
CJMA-3
48+ 3 1945
CSE
53 +2 36+3
ASE
57 +3 30+3
CSEm
67 +4

51+3 52+3

* Surface facing the desalination compartment.

Adsorption of highly hydrated complexes of wine components leads to significant
hydrophilization of the membrane surface (Table 4).
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Thus, the results of IR spectroscopy and assessment of the hydrophilic-hydrophobic
balance of surfaces confirmed and detail the conclusions made on the basis of the color
indication of the studied membranes. The low-molecular-weight components of wine (pri-
marily anthocyanins and catechins) penetrated deep into all studied membranes. However,
during the initial stage of fouling (as in our studies), they do not cause irreparable harm to
functional groups, despite the fact that they partially shield them. High-molecular-weight
polyphenols, as well as their hydrophilic complexes with metal ions, saccharides, amino
acids, etc., are adsorbed on the surfaces of membranes facing the DC. The structural features
of the membrane matrix are manifested as follows. In the case of aromatic membranes,
fouling is facilitated by 7-7t (stacking) interactions the ion-exchange matrix and polyphe-
nols. Fouling of the volume of aliphatic membranes is facilitated by the higher mobility of
their polymer chains.

The blue complexes of Ant with counterions of Mg?*, K* and other metals [71] are
observed in the depths of the CJMC-3 * cation-exchange membrane. Stronger crosslinking
of the ion-exchange matrix of the CSE aromatic membrane hinders the penetration of these
complexes into its depth.

3.2.3. Current-Voltage Curves and Electrical Conductivity of Membranes

Figures 8 and 9 show the current-voltage curves (CVCs) and the dependences of
the solution pH difference at the output and input DC upon the current density normal-
ized to the calculated limiting current. These dependences provide information abouts
the influence of membrane surface characteristics on the development of water splitting
and electroconvection.
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Figure 8. Current-voltage curves (a) of aromatic membranes before (CSE and ASE) and after (CSE *
and ASE *) electrodialysis processing of the model solution, as well as the dependence of the solution
pH difference at the DC output and input upon the current density normalized to the calculated
limiting current (b). The dependences of ApH vs. i/iy;,,/” were obtained in parallel with the CVC
measurements. The studies were carried out in 0.02 M NaCl solution.



Membranes 2023, 13, 84

16 of 25

6 T ——cJumc-3
F —— CJMC-3* i
- —— CJMA-3 0
| —— CJMA-3* 5
4l i
NE L _04 T
S [ s
- i
- i _08 T
2. o= i
I -12 +
02 A,V 08 L
0 = f L
0 0.8 1.6 24 -1.6 +
Ao,V
(a) (b)
Figure 9. Current-voltage curves (a) of aromatic membranes before (CJMC-3 and CJMA-3) and after
(CJIMC-3 * and CJMA-3 *) electrodialysis processing of the model solution, as well as the dependence
of the solution pH difference at the DC output and input upon the current density normalized to the
calculated limiting current (b). The dependences of ApH vs. i/i};,/” were obtained in parallel with
the CVC measurements. The studies were carried out in 0.02 M NaCl solution.
CVCs of the pristine membranes are similar to many others obtained, for example, for
CMX or AMX [86,87]. The curves contain the initial (I) and “overlimiting” (III) sections, as
well as the “sloping plateau” section (III). The slopes of section (I) are approximately the
same for all the studied membranes, as their electrical resistance is small compared to the
resistance of the solution located between the Luggin capillaries. The intersection point of
the tangents to sections I and II gives the value of the experimental limiting current (i;,, 7).
The difference in the values of the potential drops at the intersection points of the tangents
to sections Il and III and I and II gives the value of the “plateau length”. These parameters
are summarized in Table 5.
Table 5. Parameters of the current-voltage curves of the studied membranes before and after
electrodialysis processing of the model solution.
Parameter CJMC-3 CJMA-3 CSE ASE
Pristine 2.62 3.64 2.18 3.22
jr. €x] 2
ftim ™", A/ cm After ED 252 3.48 234 3.15
“ ” Pristine 1.11 0.70 0.95 0.61
plateau length”, V After ED 1.71 0.83 0.98 136
i/ijim ¢ value corresponding to the Pristine 1.50 1.25 1.35 1.06
beginning of water splitting After ED 1.39 1.18 1.35 1.11
Pristine -0.09 -0.42 -0.88 -0.08
i Lev _
ApH value at ifiy,, ** = 2.0 After ED ~0.42 ~1.54 ~0.53 ~0.88

All pristine membranes show ij;,,"** exceeding theoretical limiting currents. Addition-
ally, as in the case of well-studied membranes, for example, AMX [88], the reason for this
excess is the development of electroconvection by the “electroosmosis I” mechanism [89].
This phenomenon manifests itself as an increase in conductivity in section I at currents
preceding ij;,,“*P compared to the conductivity during the early stages of concentration
polarization (inset in Figure 9a). The decisive role for the development of “electroosmosis
I” on the surface of the membranes under study seems to be played by the geometric
inhomogeneity (waviness) of their surface. Indeed, CJMC-3 and CJMA-3 have a wavier
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surface compared to CSE and ASE. Therefore, the conductivity of the solution in the end of
section I increases more significantly, and the increase in ij;,®” compared to ij;,, " is higher
than in the case of CSE and ASE membranes.

In the case of homogeneous ion-exchange membranes, the start of water splitting, as
a rule, coincides with the achievement of i;,,**? [86]. The studied pristine membranes are
no exception. As follows from the results of IR spectroscopy, CJMA-3 and ASE contain a
certain amount of secondary and tertiary amines, which exhibit highly catalytic activity
towards water splitting [90]. The pristine CJMA-3 membrane contains more weakly basic
fixed groups than pristine ASE. This conclusion is based on the more intense acidification
of the desalted solution in the case of the CJMA-3 membrane compared to ASE.

Sulfonate fixed groups have low catalytic activity with respect to water splitting [90].
In addition, “electroosmosis 1” shifts the start of water splitting to 1.35 (CSE) and 1.50
(CJMC-3) i/ij;,,,“¢? (Table 5). However, alkalization of the desalted solution, which indicates
a more intense generation of H+ and OH- ions at the CEM/depleted solution interface,
can be detected only with a slight excess of i;,,**V. At higher current densities, water
splitting near the surface of the MA-41 auxiliary membrane (which is used to measure the
CVCs of cation-exchange membranes) “wins”. Therefore, the desalted solution is acidified
in overlimiting current modes. Less acidification of the solution in the case of CJMC-3
compared to CSE is an indicator of more intense water splitting on the surface of the
aliphatic membrane compared to the aromatic membrane.

In the case of cation-exchange membranes, the “plateau length” causes a critical
potential drop, at which point large vortex structures arise (Rubinstein—Zaltzman non-
equilibrium electroconvection [91]) that intensively mix the solution and enhance mass
transfer. The hydrophilicity of the surface the two studied CEM membranes is almost
the same. However, slightly more intense water splitting apparently shifts the formation
of large electroconvective clusters to the region of higher potential drops. Therefore, the
plateau on the CVC of the CJMC-3 membrane is lengthened compared to the CSE (Table 5).
In the case of anion-exchange membranes, the “plateau length” decreases due to the starting
of intense water splitting.

After ED processing of the model solution, the values of the experimental limiting
currents changed little in comparison with pristine membranes. The CVC of the aromatic
CSE * membrane underwent the fewest changes (Figure 8a, Table 5); ij;,,“* increased by only
7%, and the “plateau length” remained the same as for the pristine membrane. However,
less acidification of the solution (Figure 8b and Table 5) indicates a slight enhancement of
water splitting in the case of CSE * compared to the CSE membrane. This means that the
above-described fouling with wine components did not lead to dramatic changes in the
electrochemical characteristics of the CSE.

In the case of CJMC-3 *, the plateau length increased by 1.5 times, and desalted solution
become acidic in comparison with the CJMC-3 membrane (Figure 9, Table 5). This means
that the foulant on the CJMC-3 * surface reduced the ability of the membrane to water split.
However, significant hydrophilization of the surface (Table 4) due to this foulant hindered
the onset of intense electroconvection.

The CVC plateau of the ASE * and CJMA-3 * membranes lengthened by more than 200
and 15%, respectively. The desalted solution became significantly acidified compared to
the pristine membranes (Figures 8 and 9 and Table 5). This means that the hydrophilization
of the surface caused by the adsorption of wine components (Table 4) contributed to
a reduction in electroconvection. Specific interactions of anions of tartrates and other
polybasic acids with fixed groups of the anion-exchange membrane cause a change in the
positive electric charge to a negative charge [92]. Both hydrophilization and surface recharge
inhibit electroosmosis I. As a result, the section of negative conductivity on the CVC
practically disappears (insert in Figure 9a). Small vortices developing by the mechanism of
“electroosmosis 1” begin to rotate in the opposite direction and prevent the development of
non-equilibrium electroconvection [93]. It is known [90] that carboxylic groups have exhibit
highly catalytic activity towards water splitting. In addition, positively charged fixed



Membranes 2023, 13, 84

18 of 25

groups on the AEM surface can form a bipolar interface with an adsorbed foulant layer
that contains complexes or colloidal particles with negatively charged carboxyl groups.

Thus, fouling of the surface of aliphatic and aromatic membranes leads to different
consequences. In the case of cation-exchange membranes, water splitting increases on
the surface of the aromatic CSE * membrane but decreases on the surface of the aliphatic
CJMC-3 * membrane. In contrast, in the case of anion-exchange membranes, water splitting
increases on the surface of the aliphatic C’/MA-3 * a membrane but decreases on the surface
of the aromatic CSE * membrane. It is quite probable that the reason for the observed
phenomenon is the change in the surface charge of the anion-exchange membranes due to
fouling. However, this hypothesis requires further confirmation.

Conductivity (Table 6) is largely governed by the transport characteristics of the
membrane volume.

Table 6. Conductivity (mS/cm) of the studied membranes before and after electrodialysis processing
of the model solution. Data obtained in 0.1 M NaCl solution.

Membrane CJMC-3 CJMA-3 CSE ASE CSEm ASEm

Pristine 57+0.3 31+03 8.0=£03 49+03 20£03 46=+03
After ED 59£03 23£05 58 £0.3 41+03 1.1+05 1.9+05

Short-term (6-8 h) participation in ED processing of the model solution has practi-
cally no effect on the conductivity of the aliphatic CJMC-3 * cation-exchange membrane.
Moreover, the conductivity of the CJMA-3 * membrane decreases by about 25 £ 4%. In the
case of both aromatic membranes, fouling causes a decrease in conductivity by 16 & 4%
(ASE *) and 28 £ 4% (CSE *). In the case of aromatic membranes, the presence of a dense
layer of foulants under the surface facing the DC (Figure 5) seems to play a decisive role.
The decrease in the conductivity of the aliphatic CJMA-3 * is most likely caused by specific
interactions of fixed amino groups with carboxyl groups of anions of multiply charged
organic acids, which are transferred through the anion-exchange membrane during ED of
the model solution.

3.3. Impact of Membrane Modification on the Fouling

Modifying the surfaces of CSE and ASE membranes should have resulted in repla-
cement of the aromatic surface with an aliphatic surface, as well as a reversal of its electrical
charge. In the case of the modified cation-exchange membrane, CSEm, the surface acquired
the same positive charge as that of the Ant* cations in the model solution (and wine
materials). In the case of the modified anion-exchange membrane, ASEm, the surface
acquired the same negative electric charge as that of the counterions and the colloidal
particles of wine component complexes [94] on the AEM surface.

The CSEm surface became more hydrophobic, whereas the ASEm surface became
more hydrophilic compared to the pristine membranes (Table 4). These changes in hy-
drophilic/hydrophobic balance appear to be caused by a decrease in the polar groups on
the CSEm surface compared to CSE. It is known that films formed using LF-4SK (or Nafion)
dispersion have a porous structure and a rather hydrophilic surface. High hydrophobicity
of surfaces is achieved by the treatment of samples at high temperatures [95]. The ASEm
membrane was not temperature-treated due to fears of destroying its structure.

The conductivity of ASEm and ASE was approximately the same within measurement
error (Table 6). The conductivity of CSEm decreased by four times compared to the pristine
membrane (Table 6). These changes in conductivity are in agreement with the observed
changes with similar surface modifications of other membranes [96,97]. Indeed, a thin single
layer of LF-4SK does not significantly contribute to the resistance of counterion transfer in
the anion-exchange membrane. On the contrary, the formation of several dense bilayers
with fixed groups of different charges can significantly increase this resistance [96,98] if the
thickness of each layer is more than a few nanometers, as in our case.
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The time it took to reduce the conductivity of the model solution increased by 21 + 1%
compared to the ED processing of the model solution using CSE and ASE membranes
(Figure 2b). The pH of the model solution decreased by only 0.14 units (Figure 2e), which
is allowed by the requirements for tartrate stabilization of wine [99]. The degree of tar-
trate removal using the modified membranes slightly decreased compared with pristine
membranes (Figure 3a). The flux of tartrates through ASEm slightly reduced compared
to ASE (Table 3). However, the transport of C1~ anions through ASEm and K* cations
through CSEm increased compared to pristine membranes (Table 3). The reason for these
changes was the competitive transfer of protons (CSEm) and hydroxyl ions (ASEm) due
to water splitting at the CSE/m and ASE/m interfaces (m is a modifier). More significant
acidification and alkalization of the solutions in circuits CC; and CC; (Figure 2d,f) confirm
this assumption. In addition, the transferred electrical charge and energy consumption
increased by 17% and 29%, respectively, when replacing CSE and ASE membranes with
CSEm and ASEm (Figure 3b,c). The deterioration of the energy performance of ED process-
ing of the model solution was influenced by an increase in the electrical resistance of the
modified membranes.

Figures 10 and 11 visualize the fouling of modified membranes by anthocyanins and
other colored wine components. Table 4 contains information on the effect of foulants on
the hydrophilic/hydrophobic balance of the CSEm and ASEm membrane surfaces.

CSEm * ASE * ASEm *

0.5cm 0.5cm 0.5cm
| S— ] f—]
(b) (c) (d)

Figure 10. Optical images of the surfaces of CSE and ASE (a,c) and modified CSEm and ASEm (b,d)
membranes facing the desalination compartment. The membranes after electrodialysis processing of
the model solution are indicated by *.

Desalination compartment

Concentration compartment

(a) (b)

Figure 11. Optical images of cross sections of modified CSEm * (a) and ASEm * membranes (b) after
ED processing of model solution. “Desalination compartment” and “Concentration compartment”
indicate the chambers bordering the membrane surface. The cross section of the ASEm * membrane
was placed in acidic solution before imaging to make the presence of anthocyanins more evident.
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After ED, a decrease in the contact angle value by 28% (Table 4) (increase in hy-
drophilicity) of the surface was observed in the case of CSEm * membrane. However,
the CSEm * surface remained more hydrophobic than in the case of the CSE * membrane
(Table 4). Only some islands on the surface turned pink, whereas the entire surface of
the unmodified membrane was bright red (Figure 10a,b, Table 4). Electrodialysis of the
model solution did not affect the hydrophilic/hydrophobic balance of the surface of the
modified ASE membrane (Table 4). The surface of the ASEm * became lighter compared
to the ASE * membrane (Figure 10c,d). Color indication of the cross sections (Figure 11)
showed significantly less fouling of the modified membranes compared to the pristine
membranes (Figure 5b,d). The reduction in fouling of ASEm * volume was less significant
compared to the cation-exchange CSEm * membrane.

Thus, modification of the surface of aromatic membranes protects their volume from
anthocyanins and other coloring components of wine. Moreover, the conductivity of the
modified CSEm and ASEm after ED decreased more strongly compared to the pristine
membranes (Table 6). The reason for the decrease in the conductivity may be a more
intense transfer of protons (CSEm) or hydroxyl ions (ASEm) due to the enhancement of
water splitting during ED. For example, increasing the alkalinity of the internal solution
of the ASEm membrane will unequivocally lead to the transfer of mainly doubly charged
tartrate anions [100]. As previously mentioned, such anions enter into specific interactions
with fixed groups of AEMs, reducing their exchange capacity [101] and, accordingly, their
conductivity [102].

Thus, the results of our first attempt to counteract fouling in the tartrate stabilization of
red wine using electrodialysis confirmed the promise of modifying the surface of aromatic
ion-exchange membranes. Moreover, the use of the layer-by-layer method was more
effective than applying a single layer of modifier. However, preventing the penetration
of Ant and PACs into ion-exchange membranes slightly increased the duration of ED and
energy consumption. The optimization of the parameters of the modifying layers will be
continued in the future.

4. Conclusions

CSE and ASE membranes contain an aromatic ion-exchange matrix and an apparently
inert filler from an aliphatic chlorine-containing material. CJMC-3 and CJMA-3 membranes
have an aliphatic polyvinylidene fluoride ion-exchange matrix crosslinked with aromatic
agents.

The wavier surface of aliphatic membranes stimulates more intense electroconvec-
tion in the desalination compartment compared to aromatic membranes. The CJMA-3
anion-exchange membrane contains more weakly basic fixed groups and therefore shows
increased water splitting compared to the ASE membrane.

Under the identical conditions of ED processing of the model solution of a red wine
(current density 1.22 mA/ cm? and average flow rate 0.42 cm/s), the studied membrane
pairs provided a decrease in the electrical conductivity of wine by 20 + 1% at an energy
consumption of 31 10~3 Wh (CJMC-3//CJMA-3) and 28 10~2 Wh (CSE/ / ASE). The degree
of removal of tartrates was 18 & 1% and 20 &+ 1%, respectively.

After a short-term (6-8 h) ED treatment of the model solution, fouling with highly
hydrated wine components led to significant hydrophilization of the surface of all the
studied membranes.

The high-molecular-weight aromatic components of red wine are localized in the
surface facing the desalination compartment, as well as in the near-surface layer of CSE
and ASE membranes. Anthocyanins and other colored wine components occupy the entire
volume of aliphatic membranes after electrodialysis. This indicates a less dense crosslinking
of the CJMC-3 and CJMA-3 membranes compared to the studied aromatic membranes.

Fouling of the surface of the aliphatic and aromatic membranes leads to different
consequences. In the case of cation-exchange membranes, water splitting increases on the
surface of the aromatic CSE membrane but decreases on the surface of the aliphatic CJMC-3
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membrane. In contrast, in the case of anion-exchange membranes, water splitting increases
on the surface of the aliphatic CJMA-3 a membrane but decreases on the surface of the
aromatic CSE membrane. This phenomenon can be explained by a change in the surface
charge of anion-exchange membranes due to specific interactions with carboxyl groups of
anions of polybasic acids. However, this hypothesis requires further confirmation.

The casting of aliphatic polyelectrolyte films protects the surface and volume of the
studied aromatic membranes from anthocyanins and other coloring components of wine
in ED. Approximately the same recovery of tartrates is achieved with a relatively small
increase in energy consumption compared to using pristine CSE and ASE membranes. The
layer-by-layer method of modification seems to be preferable.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/membranes13010084 /s1, Figure S1: IR spectrum of the CJMA-3
membrane; Figure S2: IR spectrum of the CJMC-3 membrane; Figure S3: IR spectrum of the ASE
membrane; Figure S4: IR spectrum of the CSE membrane; Figure S5: The structures of anthocyanins
and their modifications depending on the pH of the medium; Figure S6: Effect of pH on the color of
the model solution.
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