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Abstract: The increasing number of investigations on the use of electrodialysis (ED) in bio-refinery
requires a better understanding and tools to evaluate and describe the transfer of charged organic
solutes. This study focuses, as an example, on the selective transfer of acetate, butyrate, and chloride
(used as a reference), characterized by using permselectivity. It is shown that permselectivity between
two anions does not depend on the total ion concentration, neither on the ion proportions, current
intensity, or time nor on the presence of an additional compound. Therefore, it is demonstrated that
permselectivity can be used to model the evolution of the stream composition during ED, even at
high demineralization rates. Indeed, a very good agreement is found between experimental and
calculated values. This study and the application of permselectivity as a tool, as developed in this
paper, could be highly valuable for a wide range of applications in electrodialysis.
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1. Introduction
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composition. Several separation and recovery processes have already been investigated [1].
Among them, membrane processes, such as reverse osmosis, nanofiltration [2,3], or elec-
trodialysis [4-6], have the advantage of being operated without the addition of chemicals
such as acids or organic solvents compared to absorption or liquid-liquid extraction pro-
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VFAs with ED in order to separate them. It was shown that the transfer of VFAs decreases
with their molecular weight, in the order of formate > acetate > propionate > butyrate >
i-butyrate > valerate > caproate [6,16-18]. Permselectivity has gained increased attention
with the expanding utilization of ion-exchange membranes, from desalination [19-21] to ion-
exchange membrane bioreactors [22]. It has been shown that selectivity is mainly led by ion
properties (mobility, thus size, and valence) and membrane properties [20,23-28]. Previous
research about selectivity is, then, mostly focused on membrane modification to reduce
water hardness for nitrate removal and selectivity toward chloride (often used as reference)
or, for instance, to enhance monovalent selectivity for reverse electrodialysis [29-33].

In this paper, the selectivity between acetate (Ac), butyrate (Bu), and Chloride (Cl)
in ED is studied. The influence of initial anion composition (concentration and propor-
tions) and current intensity is investigated with two anion-exchange membranes and up
to high demineralization rates. Additionally, this study aims to describe the evolution
of solutes over demineralization with only the permselectivity, initial conditions, and
electrodialysis parameters.

2. Materials and Methods
2.1. Experimental Set-Up

Experiments were realized with synthetic mixtures of sodium acetate, butyrate, and
chloride at different compositions. The electrodialysis set-up is composed of a EUR 2B-10
stack (Eurodia, Pertuis, France), with a cross-section of 0.02 m?2, 10 cell pairs N leading to
0.4 m? of total membrane surface area, i.e., 0.2 m? for each type (cation or anion-exchange
membranes). Experiments were performed at constant current intensity. Diluate and
concentrate compartments were initially fed with 2 L of solution each. The electrode
compartment was filled with 3 L of 10 g/L of sodium sulfate. A schematic diagram of the
experimental setup is depicted in a previous paper [34]. Two types of the anion-exchange
membrane (Neosepta standard AMX and Neosepta selective ACS) were used with a
Neosepta CMX cation-exchange membrane (Tokuyama Corp., Tokyo, Japan). Experiments
have been realized below the limiting current density and with a pH between 7 and 8.

2.2. Analysis

Acetate and butyrate were analyzed by High-Performance Liquid Chromatography
(HPLC) (Jasco LC Net 11/ ADC, Tokyo, Japan) equipped with an Aminex HPX-87H (BioRad,
Hercules, CA, USA) column and a UV detector (UV-2077plus). The detector measured
VFAs by spectroscopy with a wavelength set at 210 nm. The column temperature was set
at 65 °C, and the mobile phase was a 5 mM sulfuric acid solution. The flow rate was set at
0.6 mL/min, and the injection volume varied from 2 pL to 10 pL.

Chloride was analyzed by ion chromatography (ICS 3000, Dionex, France) using an
AS-11-HC column (Dionex IonPac, Sunnyvale, CA, USA) and a conductivity detector
CD20. The injection volume and the temperature were set at 25 L. and 25 °C. Samples
were diluted to a maximum of 200-folds by ultra-pure water (resistivity > 18 M().cm)
before analysis.

It has been shown in several papers that a solvent transfer appears simultaneously with
the charged solute transfer [34,35]. In this study, the mass balance for water and ions was
checked, knowing the variation of the volume and concentrations in the 2 compartments.
The maximum deviation was less than 2% for volume and 10% for ions.

2.3. Experimental Procedure

It has been shown in previous works that membrane conditioning, especially mem-
brane counter-ion, has an influence on solute and solvent transfer [36,37]. Knowing the
ion-exchange capacity of the membranes used, which is lesser than 2 meq/g, and the
membrane surface used, one gains a maximum of 50 meq for anion-exchange membranes
AMX and ACS and a maximum of 70 meq for CMX membranes. Before each experiment,
the membranes were soaked into the solution for at least 4 h with a flow rate of 180 L/h.
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The solution was then removed and replaced by an identical one. This procedure ensures
a complete exchange in membrane counter ion, thus a fully equilibrated ion-exchange
membrane (IEM). Indeed, the quantity of ions in solution is up to 10 times higher than the
quantity of ions that the membrane can exchange [37].

Experiments were carried out at 24 &+ 2 °C, the temperature being stabilized by an
external cooling set-up. The diluate compartment was fed with different mixtures of Ac,
Bu, and CI sodium salts. Experimental conditions are listed in Table 1. The electrode
compartment was fed with 3 L of a 10 g/L of sodium sulfate solution.

Table 1. Experimental conditions used for ED.

Anion-Exchange Initial Anion-Molar Proportion (%) Current Intensity (A) Diluate Initial Total Anion
Membranes Acetate Butyrate Chloride Concentration (g/L)
93 7 1;,2;3 20
93 7 5
93 7 40
85 15 1
AMX 50 50
33 33 33
20
50 50 2
50 50 1
50 50
50 50 1 20
50 50
85 15 1;2
25
ACS 85 15 15
33 33 33
80 20 1 20
90 10

The concentrate compartment was initially fed with 2 L of tap water (conductivity
X = 0.3 mS/cm) to prevent high ohmic resistance that could appear with ultra-pure water
at the beginning of the experiment. Electrodialysis runs were stopped either if the voltage
reached U =20 V or if the diluate conductivity reached a value lower than 5 mS/cm to
prevent membrane degradation. All experiments were realized below the limiting current
value. The Faradic yield, determined for each experiment, was found to remain higher than
85%. Some experiments have been conducted in triplicate, and no significant variation has
been observed.

2.4. Chemicals

Mixtures of Ac, Bu, and Cl sodium salts have been prepared using sodium acetate
(>98%, Fisher Chemical, Hampton, NH, USA), sodium butyrate (>98%, Alfa Aesar, Haver-
hill, MA, USA), and sodium chloride (>99.9%, VWR Chemicals, Radnor, PA, USA). Elec-
trode compartment solution has been prepared with sodium sulfate (>99.9% VWR Chemi-
cals, Radnor, PA, USA).

3. Results and Discussion
3.1. Theoretical Approach

Solute transfer during ED was investigated in previous studies [34,38], and the main
conclusions are summarized below.

The transfer of ions in ED is the sum of two contributions [8]. The first one is migration,
directly led by the current intensity. The second contribution comes from the diffusion
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phenomenon due to the difference in solute concentration across the membrane. It has been
shown that in most ED conditions, for charged solutes, the diffusion is negligible compared
to the migration [8,39]. Thus, by considering only the migration flux for the solute transfer,
the quantity of ion transferred after a time f is given by the Equation (1), written for the

diluate compartment.
N
0
Zzi n, —n;) =n—=1t )
() =)

In this paper, every ion valence z is equal to 1, and 7 and n" are the quantities of solute
(mol), respectively, at the time t and at t = 0, and I (A) is the applied current. The faradic
yield # will be considered equal to 1. Finally, F (C/eq) is the Faraday constant, and N is the
number of cell pairs, which is 10. Another parameter used to characterize the selectivity in
ED is the permselectivity. Permselectivity can refer both to the selective transfer between
membrane co- and counter-ions or to the selectivity between two membrane counter-
ions. In this paper, the permselectivity P,; will only refer to the selectivity between two
counter-ions of the AEM, a and b, as defined by Equation (2) [20,25].

b _ /ey
/b C/ G

2

The transport number of the ion i in the membrane is represented by t;”* and the
concentration in the diluate by C;. The concentration is always related to the diluate
compartment. Moreover, the transport number in the membrane is defined by Equation (3)
with the solute flux [; (mol/s). It represents the fraction of the current carried by the
counter-ion i through the membrane.

m ziJ;
m _ 3
t; ] 3)

The subscript j refers to all membrane counter-ions, considering that no co-ions transfer
through the anion-exchange membrane. Thus, combining Equations (2) and (3), one makes
the following Equation (4) for the permselectivity.

_ ]a/]b
/b Cﬂ/ch

P, 4)
Furthermore, solute flux is defined by Equation (5) and the concentration (mol/m?)
by the ratio between the quantity n; and V (m?), the volume in the diluate.

- d?li

Ji = It ®)

It is also supposed that permselectivity remains constant over time. This hypothesis
will be validated later in the present paper. This assumption, the use of Equation (5), and
the definition of the concentration (C; = %) allows us to rewrite and integrate Equation (4)
to finally achieve Equation (6).

In ( %)

n
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Another parameter commonly used in electrodialysis is the demineralization rate A.
It represents the ratio between the quantity of charge transferred and the initial quantity of
charge in the diluate. It is given by Equation (7) for the diluate compartment.

Pa/h = (6)
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The description of the evolution of the demineralization rate A, thus the quantity of
solute, over time, can be determined by combining Equations (1) and (7). The resulting
Equation (8) is written below.

=———nlt 8
Fy .z 0 i 8)

1

Considering two solutes a and b, the combination of Equations (6) and (7), allows
to determine the variation of 1, and n;, versus the demineralization rate. The equations,
parameters, and variables are summarized in Table 2. Python software (version 3.9.13) is
used to solve the system that cannot be solved analytically.

Table 2. Equations, parameters, and variables used to determine 7, and n;, as functions of A.

Equations Data Variables
1,0 1y
Haty Initial quantity of a Quantity of solute a
A=1- n9-+n 1,0 ny
Py = ln( 1 ) /1n ( 1 > Initial quantity of b Quantity of solute b
a " Py A
Permselectivity Demineralization rate

To represent the evolution of the solute quantities independently of the initial quan-
tities, n,/ ng and ny,/ ng are considered instead of 1, and #;. As indicated by previous
equations, 1,/n9 and 1,/ ng depend only on permselectivity P,, initial solute quantities
ng, ng, and demineralization rate A. An example of the variation of n,/ ng and ny,/ ng
versus A is plotted on Figure 1, for a 50/50 (%mol) mixture of two solutes a and b, and for
different permselectivities.

1.0
P=1
pP=2

0.8 - P=4
P=10
P=30

0.6 P=w

n;

-0 b

ny

0.4

0.2 1

0.0 . . ——
0.0 0.2 0.4 0.6 0.8 1.0

Figure 1. Variation of n;/n;0 of solutes a (red) and b (blue) for different permselectivities as function of
the demineralization rate A. The initial quantity ratio of a and b is 50/50 (%mol).

As expected, Figure 1 shows that for a low demineralization rate, the quantity of a
decreases faster than that of b. Moreover, the difference between the two anions is more
important for increasing permselectivity. For a higher demineralization rate, once most
of the solute a has been transferred, solute b transfer increases to ensure the transport of
the applied current. This is the most visible in the case of boundary conditions, with a
theoretical infinite value of permselectivity. In that case, solute 2 would be completely
removed before solute b starts to be transferred. On the contrary, with a permselectivity of 1,
i.e., no selectivity, the transfer of both solutes would be the same so that proportions would
remain identical. This can be observed in Figure 2 as well, showing the evolution of the
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proportions of solutes a and b in the diluate and the concentrate versus the demineralization
rate.

Diluate Concentrate
1.0
T =<\ a

=08 S e NN — p=1
s |\ Jos o e T N
g pat U N I p=2
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Figure 2. Solute proportions of a and b in the diluate and the concentrate versus the demineralization
rate A. The initial quantity ratio of a and b is 50/50 (mol/mol).

The concentrate compartment is supposed to be initially fed with water only. One can
observe that the maximum proportion that can be reached in the concentrate depends on
the permselectivity for a low demineralization rate. Additionally, the maximum proportion
of the most transferred ion in the concentrate depends also on initial solute proportions.
At the end of the process, for a demineralization rate approaching 1, all species have been
transferred to the concentrate compartment, and solute proportions match the initial diluate
values. Another noteworthy outcome observable in Figure 2 is that the slight permselectiv-
ity variations have a greater impact on the evolution of solute quantity and proportions on
lower permselectivities. The opposite is also true for higher permselectivities.

Previous results were illustrated with initial identical proportions of solutes 2 and b in
the diluate. Results obtained with different proportions are reported in Figure 3.

One can observe that the evolution of solute quantity during demineralization is
heavily influenced by the initial solute quantity proportions. As the initial quantity of a
differs from b, the influence of the permselectivity tends to be negligible on the solute with
the highest concentration. Consequently, the influence of the permselectivity is visible on
both solute quantities of a2 and b for a 50/50 (mol/mol) mixture, represented previously
in Figure 1. Thus, this specific ratio has been chosen to design some experiments and for
further representations.

Nevertheless, experimental initial 7,°/m,? ratio values can be different for every
experiment realized and then can lead to different curve shapes, as shown in Figure 3.
To make easier the comparison of the results obtained with various initial proportions,
the evolution of the solute quantity 1;/n;" is to be set independently of 1,°/n;°. To do so,
values are represented as a function of the sum of individual demineralization rates A;.
Additionally, to receive x-axis values between 0 and 1, the sum is divided by the number of
solutes M. The resulting x-axis is named AY, and its expression is given by Equation (9).

©)

n

1 n? —n;
NO_ 1
_MZ l 0

1 1

The representation of the variation of n;/n,° for different ratio 1,° /1% on Figure 3 can
be then modified to fit on a single graph using A’. Hence, Figure 4 represents n;/n;° as a
function of A°.
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Figure 3. Variation of 1;/n,° of solutes a (red) and b (blue) for different permselectivities and different
initial quantity ratios a/b (mol/mol), as function of the demineralization rate A.
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Figure 4. Variation of 1;/1;° versus A? of solutes a (red) and b (blue), for different permselectivities
and every n,°/m,° value.

One can observe that the representation of n;/m? as a function of A° allows indeed
to compare different experiments realized with a different ratio 1,°/n,°. Thus, it is pos-

sible to observe the influence of other parameters on the permselectivity by using this
A representation.

3.2. Experimental Study

Experiments were carried out with different proportions and total concentrations
of anions. The list of experiments is provided in Table 1. An example of a variation

of quantity (mol) of Ac and Bu in both compartments is provided in Figure 5 for a
50/50 (mol/mol) composition.
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Figure 5. Quantity n; of acetate and butyrate versus time in the diluate and the concentrate com-
partment. Initial solute ratio 50/50 (mol/mol), total initial diluate anion concentration 20 g/L,
AMX/CMX membranes, and current intensity I = 1A.

These results demonstrate that acetate concentration increases faster than that of
butyrate in the concentrate, despite the same initial concentrations in the diluate. Such a
higher transfer of acetate compared to other VFAs in the mixture, including butyrate, was
already reported in previous studies [4,6,40]. Another way to observe the selective transfer
is to represent VFA proportions over time, as shown in Figure 6.

Diluate Concentrate

Proportions (mol/mol)

0 12 24 36 48 60 72 84 0 12 24 36 48 60 72 84
Time (min)

Time (min)

Figure 6. Proportion of acetate (a—red) and butyrate (b—blue) versus time in the diluate and the con-
centrate compartments. Initial solute ratio 50/50 (mol/mol), total initial diluate anion concentration
20 g/L, AMX/CMX membranes, and current intensity I = 1A.

It is again found that the proportion of acetate in the concentrate is higher than in the
diluate. About 65% at the beginning of the run, it decreases continuously to reach 50%
(initial value in the feed) for an almost complete demineralization (95% of demineralization
at the end of the operation). Simultaneously, in the diluate, the proportion of butyrate
increases over time to reach 80% at the end of the operation.

These results show that electrodialysis provides a selective transfer of organic acids,
even with initial identical proportions and the use of standard anion-exchange membranes.
To quantify this selectivity, permselectivity is determined. According to Equation (6), it is
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provided by the slope of the variation of In1(1,/nJ) versus In(n;/n). Figure 7 shows the
corresponding plots obtained with mixtures of acetate and butyrate for the two types of
anion-exchange membranes used.

-1.5 -1 —0.5 0

In(ny/ny)

Figure 7. Variation of In(11,/n,°) versus In(n,/n,%), with a and b respectively for acetate and butyrate,
and for multiple experiments with AMX and ACS anion-exchange membranes.

Data presented in Figure 6 were obtained from all experiments given in Table 1. These
experiments were realized with different conditions, including current intensity, solute
proportions, total anion concentration, and with or without chloride. One can observe
that for a given membrane, all the points are aligned on a single straight. It means that no
influence of another parameter than the membrane type can be pointed out, and a very
good linear regression can be drawn for both sets of data (R?> > 0.99). Moreover, even
for a given experiment, data shown in Figure 7 were taken at different durations, also
confirming that the permselectivity does not depend on demineralization time and rate. For
any set of experimental conditions, such a constant permselectivity was observed during
demineralization for any couple of anions.

In a previous study, it was reported that permselectivity between sodium and mag-
nesium ions varies with the current density. Nonetheless, a slight influence of the concen-
tration and cation proportions was also observed [41]. These results were obtained for
a couple of divalent and monovalent cations and for a different range of concentrations,
demineralization rates, and current intensities. The determination of the permselectivity
was also different since it was calculated considering only the initial concentrations of
ions in the diluate and not their variation versus time. This approximation was made
according to the range of demineralization rate investigated, which remains low enough
for the transfer of ions to vary almost linearly versus time.

Permselectivity values obtained for all couples of anions are reported in Table 3 for
the two anion-exchange membranes used in this work.

Table 3. Permselectivity values obtained from experiments for couples of acetate, butyrate, and
chloride with the two anion-exchange membranes.

Permselectivity
Membrane AMX ACS
Ac/Bu 1.7+£0.1 23401
Cl/Ac 56+0.6 14+3

Cl/Bu 11+2 30£9
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As expected, higher permselectivities are obtained with a more selective membrane,
ACS versus AMX. The value cited as a reference and given by Astom Corporation [23] is
the permselectivity between chloride and sulfate, which increases from 0.77 with AMX
membrane to 2.5 with ACS. Regarding VFA value, it increases from 1.7 to 2.3 for the
couple acetate/butyrate. The same statement can be made with chloride/acetate and chlo-
ride/butyrate values, which increase respectively from 5.6 to 14 and 11 to 30. Furthermore,
as previously stated in the theoretical approach section, variation in permselectivity values
in cases of high permselectivities results in slight fluctuations in the solute evolution. This
might explain the experimental imprecisions that have been observed as permselectivities
grow higher.

Moreover, from Equation (4), one draws the following Equation (10) between the
permselectivity of a couple of solutes in a ternary mixture.

Pesp = Peja X Pyyp (10)

Using the Equation (10) for chloride/butyrate couple, for instance, permselectivity
obtained are Py, = 9.5 with standard AMX membranes and P¢y/p, = 32 with ACS mem-
branes. Hence, calculated values match satisfyingly experimental ones as there is an
absolute deviation of respectively 1.5 and 2 for the given values compared to data shown in
Table 2. The application of the previous equation on every set of values leads to the same
conclusion. This supports the validity of the theoretical development but also strengthens
permselectivity values obtained from experiments.

It has been shown previously that it is possible to determine the evolution of the
quantity of solutes in a binary system, as a function of the demineralization rate, by
knowing the permselectivity and the initial quantity of the solutes in the diluate. Such
theoretical evolutions were plotted in Figures 1 and 3 for different permselectivities and
initial solutes ratios. Experimental results obtained with AMX and ACS membranes for
mixtures of acetate and butyrate are compared to theoretical values and displayed as an
example in Figure 8.

1.0

—e— Butyrate
o Acetate

AMX ACS
0.0 :

0.0 02 0.4 A 06 08 1.0 0.0 0.2 04 A 06 08 1.0

Figure 8. Variation of n;/n;" for acetate and butyrate in the diluate versus the demineralization rate
A. Experimental points and theoretical curves from permselectivity. Initial quantity na.” = 0.28 mol
and np,? = 0.28 mol; p = 1.7, 1 = 1 for AMX membranes. na = 0.25 mol and ng,? = 0.29 mol; p = 2.3,
I =1 for ACS membranes.

One can observe that there is a very good agreement between the theoretical curves de-
termined with a permselectivity of 1.7 and 2.3 for AMX and ACS, respectively (Table 3) and
the experimental points. It is again confirmed that permselectivity is constant throughout
the demineralization, i.e., versus time.

On the other hand, two experiments have been conducted using an initial acetate/chloride
ratio of 85/15 (mol/mol), but at different current densities, respectively, 1A and 2A. Thus,
the results are represented graphically in Figure 9 as a function of A’. As explained previ-
ously in the theoretical approach, all n; /n) values for a given membrane and a given couple
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of solutes plotted as a function of A can be represented on a single curve for a specific
given permselectivity value. This representation has the advantage of being independent
of the initial n0/ ng ratio.

1.0 &
a Current |1A |2A
Acetate | @ | O
0.8 1 B\ Chloride| ® | O
) o
n; 967 RN
ny
0.4 1 A
0.2 }
. .
0.0 ; ; =0 -
0.0 0.2 0.4 AO 0.6 0.8 1.0

Figure 9. Variation of 1;/n;° for acetate and chloride in the diluate versus the demineralization rate
A at 1A and 2A. Experimental data points and theoretical curves from permselectivity p = 14 for
ACS membranes.

One can observe in Figure 9 that the variations of acetate and chloride for the two
different experiments are very similar and fit properly with the theoretical curve, set with a
permselectivity P = 14. Consequently, these results confirm that the current density does
not influence the permselectivity for the range investigated. Experiments with higher
current intensities cannot be conducted due to the resulting voltage of the system and the
possibility of damaging the membranes. Thus, the range of current intensities investigated
might not cover the evolution of the permselectivity approaching the limiting current
or higher.

Finally, experimental values (points) from all the experiments listed in Table 1 are
reported in Figure 10, including experiments in the ternary mixture, as a function of AL,
Theoretical curves are also plotted using the permselectivity values previously determined
and listed in Table 3.

It is confirmed that, whatever the experimental conditions, the results obtained for a
given couple of solutes and a given membrane are located on a single curve. Each calculated
curve fits the experimental data satisfactorily. Thus, the mathematical expression obtained
from Equations (6) and (7) describes with good agreement the behavior of two co-ions
during the whole process. This also confirms that the permselectivity is independent of
solute proportions, concentrations, current intensity, time (demineralization rate), and other
ions in the solution.

From permselectivity values previously obtained, the system can be extended to a
ternary mixture. Indeed, it has been shown previously that the permselectivity is not
influenced by the other ions in the solution. In that case, the three equations needed to
solve the system are the mass balance and two permselectivity equations, taking into
account the three considered compounds. Data needed are still the demineralization rate
and initial quantity of solutes. Figure 11 shows the evolution of 1,/ n? of acetate, butyrate,
and chloride in a ternary mixture as a function of the demineralization rate. Both calculated
and experimental data are displayed for AMX and ACS anion-exchange membranes.
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Figure 10. Variation of n;/n;® versus A? for every experiment realized, for AMX and ACS membranes,
and for each solute couple. Experimental points and theoretical curves from permselectivity values.
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Figure 11. Variation of n;/n;° for acetate, butyrate, and chloride as function of A. Experimental points
and theoretical curves from permselectivity values (Table 3). Initial quantities are na = 0.24 mol,
ngy” = 0.21 mol, and n¢;? = 0.20 mol for AMX membrane and na? = 0.23 mol, ng,® = 0.23 mol, and
nc® = 0.20 mol for ACS membrane.

Two noteworthy outcomes can be drawn from Figure 11. First, as experimental data are
in accordance with predicted values, it confirms that the permselectivity is not influenced
by the presence of other compounds in the solution. Then, it also shows that the system
can be solved for binary and ternary mixtures. Thus, it can be expected that as long as
permselectivities are known, the system can be solved no matter the number of compounds
in the solution.

4. Conclusions

In this work, ED was investigated for the selective recovery of VFA. Permselectivity
was used to characterize the selectivity between a couple of anions, including chloride,
used as the reference anion.

Experiments were carried out to study the influence of the different parameters on
permselectivity. It was demonstrated that, in the range of conditions investigated, permse-
lectivity depends only on the membrane and the solutes. Indeed, it does not depend on
the concentration or proportions of anion in the feed. Moreover, permselectivity depends
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neither on the current intensity in the range investigated nor the demineralization rate,
even for almost complete demineralization. Finally, it is not affected by the presence of a
third solute. As expected, the use of more selective membranes, ACS, compared to AMX
(Tokuyama Corp., Japan), increases the selectivity. The value of the permselectivity between
acetate and butyrate increases from 1.7 4= 0.1 to 2.3 £ 0.1. Then, the chloride/acetate value
increases from 5.6 & 0.6 to 14 £ 3 and 11 £ 2 to 30 £ 9 for the chloride/butyrate mixture.

Permselectivity values have then been used to model the variation of the solute
quantity during ED. These variations were compared with experimental ones showing a
very good agreement. Since it was shown that the presence of a third anion does not change
the permselectivity, this approach could be used for more complex mixtures than those
investigated in this work. Furthermore, this approach can also be used in another field of
study as the conclusions of this paper are not limited to volatile fatty acids. Interesting
further research may be conducted on the separation of other organic solutes as well as
ions of different valences, for instance.

Author Contributions: R.C.: investigation, writing—original draft, methodology, formal analysis;
S.G.: supervision, writing—review and editing, validation, and conceptualization; H.R.-d.B.: supervi-
sion, writing—review and editing, funding acquisition, resources, and conceptualization. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was co-funded by Toulouse INP and the Région Occitanie through the PhD
grant of Robin Caveriviére 2021-09 COMUE/Région “Projet BioCO20rganics”. The authors acknowl-
edge also the financial support provided by the French state aid managed by the National Research
Agency under the Investments for the Future program bearing the reference ANR-18-EURE-0021.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

List of symbols

C Concentration (mol/m?)

F Faraday constant (C/eq)

I Current intensity (A)

J Solute flux (mol.s~1)

M Number of considered counter-ions
n Quantity (mol)

N  Number of cell-pairs

P Permselectivity

t Time (s)

t™  Transport number in the membrane
V  Volume (m?)

Z Valence

Greek symbols

m Faradic yield

A Demineralization rate

A individual demineralization rates mean
X Conductivity (mS/cm)

Subscripts and superscript

Ac  Acetate

Bu Butyrate

Cl  Chloride

i Ion



Membranes 2023, 13, 545 14 of 15

References

1.  Atasoy, M.; Owusu-Agyeman, I.; Plaza, E.; Cetecioglu, Z. Bio-based volatile fatty acid production and recovery from waste
streams: Current status and future challenges. Bioresour. Technol. 2018, 268, 773-786. [CrossRef] [PubMed]

2. Zacharof, M.-P,; Lovitt, R. Complex Effluent Streams as a Potential Source of Volatile Fatty Acids. Waste Biomass-Valorization 2013,
4, 557-581. [CrossRef]

3. Zacharof, M.-P; Mandale, S.J.; Williams, PM.; Lovitt, R.W. Nanofiltration of treated digested agricultural wastewater for recovery
of carboxylic acids. J. Clean. Prod. 2016, 112, 4749-4761. [CrossRef]

4. Jones, RJ.; Massanet-Nicolau, J.; Guwy, A.; Premier, G.C.; Dinsdale, R.M.; Reilly, M. Removal and recovery of inhibitory volatile
fatty acids from mixed acid fermentations by conventional electrodialysis. Bioresour. Technol. 2015, 189, 279-284. [CrossRef]
[PubMed]

5. Jones, R.; Massanet-Nicolau, J.; Fernandez-Feito, R.; Dinsdale, R.; Guwy, A. Recovery and enhanced yields of volatile fatty acids
from a grass fermentation via in-situ solids separation and electrodialysis. J. Clean. Prod. 2021, 296, 126430. [CrossRef]

6. Pan, X.-R.; Li, W-W,; Huang, L.; Liu, H.-Q.; Wang, Y.-K.; Geng, Y.-K.; Lam, PK.-S.; Yu, H.-Q. Recovery of high-concentration
volatile fatty acids from wastewater using an acidogenesis-electrodialysis integrated system. Bioresour. Technol. 2018, 260, 61-67.
[CrossRef]

7.  Lee, WS.; Chua, A.SM.; Yeoh, HK.; Ngoh, G.C. A review of the production and applications of waste-derived volatile fatty acids.
Chem. Eng. J. 2014, 235, 83-99. [CrossRef]

8.  Bailly, M. Production processes of fermented organic acids targeted around membrane operations: Design of the concentration
step by conventional electrodialysis. . Membr. Sci. 2001, 191, 129-142. [CrossRef]

9. Huang, C; Xu, T,; Zhang, Y.; Xue, Y.; Chen, G. Application of electrodialysis to the production of organic acids: State-of-the-art
and recent developments. J. Membr. Sci. 2007, 288, 1-12. [CrossRef]

10. Dai, K.; Wen, J.-L.; Wang, Y.-L.; Wu, Z.-G.; Zhao, P-]J.; Zhang, H.-H.; Wang, J.-].; Zeng, R.J.; Zhang, F. Impacts of medium
composition and applied current on recovery of volatile fatty acids during coupling of electrodialysis with an anaerobic digester.
J. Clean. Prod. 2019, 207, 483-489. [CrossRef]

11.  Wei, P; Xia, A.; Liao, Q.; Sun, C.; Huang, Y.; Fu, Q.; Zhu, X,; Lin, R. Enhancing fermentative hydrogen production with the
removal of volatile fatty acids by electrodialysis. Bioresour. Technol. 2018, 263, 437-443. [CrossRef]

12. Hernandez, P.A.; Zhou, M.; Vassilev, L; Freguia, S.; Zhang, Y.; Keller, ].; Ledezma, P.; Virdis, B. Selective Extraction of Medium-
Chain Carboxylic Acids by Electrodialysis and Phase Separation. ACS Omega 2021, 6, 7841-7850. [CrossRef]

13. Kim, J.-H,; Lee, M.; Jeong, H.; Ko, S.; Moon, S.-H.; Chang, 1.S. Recycling of minerals with acetate separation in biological syngas
fermentation with an electrodialysis system. Chem. Eng. J. 2023, 459, 141555. [CrossRef]

14. Luiz, A.; McClure, D.D,; Lim, K,; Leslie, G.; Coster, H.G.; Barton, G.W.; Kavanagh, ].M. Potential upgrading of bio-refinery
streams by electrodialysis. Desalination 2017, 415, 20-28. [CrossRef]

15. Luiz, A.; Spencer, E.; McClure, D.D.; Coster, H.G.; Barton, G.W.; Kavanagh, ] M. Membrane selection for the desalination of
bio-refinery effluents using electrodialysis. Desalination 2018, 428, 1-11. [CrossRef]

16. Kelman, S.; Grieves, R.B. Electrodialytic transport of inorganic and of organic anions. J. Appl. Chem. 1968, 18, 20-24. [CrossRef]

17.  Schrodt, J.T.; Yonikas, PJ.; Grieves, R.B. Continuous-flow electrodialysis of acetate, butyrate, and chloride: A correlating equation.
Can. J. Chem. Eng. 1969, 47, 398—402. [CrossRef]

18.  Moon, P].; Parulekar, S.J.; Tsai, S.-P. Competitive anion transport in desalting of mixtures of organic acids by batch electrodialysis.
J. Membr. Sci. 1998, 141, 75-89. [CrossRef]

19. Shaposhnik, V.; Kesore, K. An early history of electrodialysis with permselective membranes. J. Membr. Sci. 1997, 136, 35-39.
[CrossRef]

20. Sata, T. Studies on anion exchange membranes having permselectivity for specific anions in electrodialysis—Effect of hydrophilic-
ity of anion exchange membranes on permselectivity of anions. J. Membr. Sci. 2000, 167, 1-31. [CrossRef]

21. Xu, X;He, Q.;Ma, G.; Wang, H.; Nirmalakhandan, N.; Xu, P. Selective separation of mono- and di-valent cations in electrodialysis
during brackish water desalination: Bench and pilot-scale studies. Desalination 2018, 428, 146-160. [CrossRef]

22.  Matos, C.T.; Fortunato, R.; Velizarov, S.; Reis, M.A.; Crespo, J. Removal of mono-valent oxyanions from water in an ion exchange
membrane bioreactor: Influence of membrane permselectivity. Water Res. 2008, 42, 1785-1795. [CrossRef] [PubMed]

23. Luo, T; Abdu, S.; Wessling, M. Selectivity of ion exchange membranes: A review. |. Membr. Sci. 2018, 555, 429-454. [CrossRef]

24. Sata, T.; Yamane, Y.; Matsusaki, K. Relationship of permselectivity between two anions to water content of anion exchange
membranes with pyridinium groups. Electrochim. Acta 1997, 42, 2427-2431. [CrossRef]

25. Luo, T.; Roghmans, F.; Wessling, M. Ion mobility and partition determine the counter-ion selectivity of ion exchange membranes.
J. Membr. Sci. 2020, 597, 117645. [CrossRef]

26. Reig, M.; Farrokhzad, H.; Van der Bruggen, B.; Gibert, O.; Cortina, J.L. Synthesis of a monovalent selective cation exchange
membrane to concentrate reverse osmosis brines by electrodialysis. Desalination 2015, 375, 1-9. [CrossRef]

27. Vaselbehagh, M.; Karkhanechi, H.; Takagi, R.; Matsuyama, H. Surface modification of an anion exchange membrane to improve
the selectivity for monovalent anions in electrodialysis—Experimental verification of theoretical predictions. J. Membr. Sci. 2015,
490, 301-310. [CrossRef]

28. Takagi, R.; Vaselbehagh, M.; Matsuyama, H. Theoretical study of the permselectivity of an anion exchange membrane in

electrodialysis. J. Membr. Sci. 2014, 470, 486—493. [CrossRef]


https://doi.org/10.1016/j.biortech.2018.07.042
https://www.ncbi.nlm.nih.gov/pubmed/30030049
https://doi.org/10.1007/s12649-013-9202-6
https://doi.org/10.1016/j.jclepro.2015.07.004
https://doi.org/10.1016/j.biortech.2015.04.001
https://www.ncbi.nlm.nih.gov/pubmed/25898090
https://doi.org/10.1016/j.jclepro.2021.126430
https://doi.org/10.1016/j.biortech.2018.03.083
https://doi.org/10.1016/j.cej.2013.09.002
https://doi.org/10.1016/S0376-7388(01)00459-8
https://doi.org/10.1016/j.memsci.2006.11.026
https://doi.org/10.1016/j.jclepro.2018.10.019
https://doi.org/10.1016/j.biortech.2018.05.030
https://doi.org/10.1021/acsomega.1c00397
https://doi.org/10.1016/j.cej.2023.141555
https://doi.org/10.1016/j.desal.2017.02.023
https://doi.org/10.1016/j.desal.2017.11.006
https://doi.org/10.1002/jctb.5010180105
https://doi.org/10.1002/cjce.5450470418
https://doi.org/10.1016/S0376-7388(97)00292-5
https://doi.org/10.1016/S0376-7388(97)00149-X
https://doi.org/10.1016/S0376-7388(99)00277-X
https://doi.org/10.1016/j.desal.2017.11.015
https://doi.org/10.1016/j.watres.2007.11.006
https://www.ncbi.nlm.nih.gov/pubmed/18054985
https://doi.org/10.1016/j.memsci.2018.03.051
https://doi.org/10.1016/S0013-4686(96)00405-7
https://doi.org/10.1016/j.memsci.2019.117645
https://doi.org/10.1016/j.desal.2015.07.023
https://doi.org/10.1016/j.memsci.2015.04.014
https://doi.org/10.1016/j.memsci.2014.07.053

Membranes 2023, 13, 545 15 of 15

29.

30.
31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

Giiler, E.; van Baak, W.; Saakes, M.; Nijmeijer, K. Monovalent-ion-selective membranes for reverse electrodialysis. J. Membr. Sci.
2014, 455, 254-270. [CrossRef]

Indusekhar, V,; Trivedi, G.; Shah, B. Removal of nitrate by electrodialysis. Desalination 1991, 84, 213-221. [CrossRef]

Hell, F; Lahnsteiner, J.; Frischherz, H.; Baumgartner, G. Experience with full-scale electrodialysis for nitrate and hardness removal.
Desalination 1998, 117, 173-180. [CrossRef]

Kesore, K.; Janowski, F.; Shaposhnik, V. Highly effective electrodialysis for selective elimination of nitrates from drinking water.
J. Membr. Sci. 1997, 127, 17-24. [CrossRef]

Kikhavani, T.; Ashrafizadeh, S.; Van der Bruggen, B. Nitrate Selectivity and Transport Properties of a Novel Anion Exchange
Membrane in Electrodialysis. Electrochim. Acta 2014, 144, 341-351. [CrossRef]

Han, L.; Galier, S.; Balmann, H.R.-D. Ion hydration number and electro-osmosis during electrodialysis of mixed salt solution.
Desalination 2015, 373, 38-46. [CrossRef]

Strathmann, H. Ion-Exchange Membrane Separation Processes; Elsevier: Amsterdam, The Netherlands, 2004.

Fuoco, A.; Galier, S.; Balmann, H.R.-D.; De Luca, G. Correlation between macroscopic sugar transfer and nanoscale interactions in
cation exchange membranes. J. Membr. Sci. 2015, 493, 311-320. [CrossRef]

Galier, S.; Savignac, J.; Balmann, H.R.-D. Influence of the ionic composition on the diffusion mass transfer of saccharides through
a cation-exchange membrane. Sep. Purif. Technol. 2013, 109, 1-8. [CrossRef]

Han, L.; Galier, S.; Balmann, H.R.-D. A phenomenological model to evaluate the performances of electrodialysis for the
desalination of saline water containing organic solutes. Desalination 2017, 422, 17-24. [CrossRef]

Borges, F.; Balmann, H.R.-D.; Guardani, R. Investigation of the mass transfer processes during the desalination of water containing
phenol and sodium chloride by electrodialysis. J. Membr. Sci. 2008, 325, 130-138. [CrossRef]

Scoma, A.; Varela-Corredor, F; Bertin, L.; Gostoli, C.; Bandini, S. Recovery of VFAs from anaerobic digestion of dephenolized
Olive Mill Wastewaters by Electrodialysis. Sep. Purif. Technol. 2016, 159, 81-91. [CrossRef]

Dong, T.; Yao, J.; Wang, Y.; Luo, T.; Han, L. On the permselectivity of di- and mono-valent cations: Influence of applied current
density and ionic species concentration. Desalination 2020, 488, 114521. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.memsci.2013.12.054
https://doi.org/10.1016/0011-9164(91)85131-D
https://doi.org/10.1016/S0011-9164(98)00088-5
https://doi.org/10.1016/S0376-7388(96)00282-7
https://doi.org/10.1016/j.electacta.2014.08.012
https://doi.org/10.1016/j.desal.2015.06.023
https://doi.org/10.1016/j.memsci.2015.06.028
https://doi.org/10.1016/j.seppur.2013.02.019
https://doi.org/10.1016/j.desal.2017.08.008
https://doi.org/10.1016/j.memsci.2008.07.017
https://doi.org/10.1016/j.seppur.2015.12.029
https://doi.org/10.1016/j.desal.2020.114521

	Introduction 
	Materials and Methods 
	Experimental Set-Up 
	Analysis 
	Experimental Procedure 
	Chemicals 

	Results and Discussion 
	Theoretical Approach 
	Experimental Study 

	Conclusions 
	References

