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ARTICLE INFO ABSTRACT

Editor: Dr. B. Van der Bruggen Electrodialysis can be utilized to separate acidogenic-derived volatile fatty acids (VFA) used in the production of
biobased and biodegradable polyhydroxyalkanoates (PHA). All VFAs are commonly recovered simultaneously in
the receiver solution, although their selective recovery could benefit the fermentation process. The effect of
membrane type, electric voltage and time on this selective recovery has been studied, but the impact of solution
PH — an essential factor in organic acid$ separation — remains still not sufficiently explored. Herein, the effect
of the initial feed pH on the fractionation degree of four VFAs commonly present in fermented solutions —
namely acetic, propionic, butyric, and valeric acid — was systematically evaluated. Three distinct anion-
exchange membranes were tested: Ralex AMH-PES, Fumasep FAS-PET-130, and PC200D. It was found that pH
significantly influenced VFA separation with the PC200D membrane, particularly enhancing the transfer of
smaller organic anions, such as acetate and propionate, while the percent extraction (PE%) of larger anions, such
as butyrate and valerate, remained practically unchanged as the pH increased. Thus, the higher the pH, the
greater the fractionation degree achieved. For the electrodialysis operated with a feed solution at pH 7, ratios of
(PEAc + PEp;op)/(PEy; + PEya)) and PExc/PEy, of 1.6 and 2.0, respectively, were obtained. This may be related
to the presence of tertiary amines in the PC200D’s fixed groups, which enhanced water dissociation occurrence.
The transfer of VFAs through the Ralex and Fumasep membranes was less affected by pH as they contain only
quaternary ammonium as their fixed charged groups.
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1. Introduction medium-chain-length PHAs (mcl-PHAs) have 6 to 14 carbon units, and

long-chain-length PHAs (lcl-PHAs) consist of more than 14 carbon units

Polyhydroxyalkanoates (PHA) are biobased, biocompatible, and
biodegradable polymers synthesized by microorganisms primarily
serving as carbon and energy storage materials. PHAs are recognized as
a sustainable alternative to traditional plastics across various sectors due
to their diverse physicochemical characteristics, which are determined
by the composition and arrangement of their monomeric units [1,2].
Consequently, PHAs are classified based on their monomeric composi-
tion: short-chain-length PHAs (scl-PHAs) contain 3 to 5 carbon units,

[1,2].

In the production of PHAs using mixed microbial cultures (MMCs),
acetic, propionic, butyric, and valeric acids are the most frequently
utilized precursor molecules. This is because these compounds, collec-
tively known as volatile fatty acids (VFA), are primarily produced during
the acidogenic fermentation of complex organic substrates, such as in-
dustrial by-products or waste streams [3].

The VFA profile of the fermented solution supplied to the MMC
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during PHA production is crucial, as it significantly influences both the
composition of the resulting PHAs and their properties, as well as the
overall production yield. In particular, during the synthesis of scl-PHAs,
3-hydroxyvalerate (3HV) monomers can be derived from either a single
molecule of valeric acid or from an equal combination of acetic and
propionic acids. Similarly, 3-hydroxybutyrate (3HB) monomers can
originate from either one molecule of butyric acid or from two molecules
of acetic acid. Additionally, the synthesis of PHAs from each mole of VFA
requires two moles of ATP, meaning one mole for active transport and
another for intracellular conversion. As a result, VFAs with longer car-
bon chains, such as butyric and valeric acids, demand less ATP for the
production of one C-mol of PHA compared to shorter-chain VFA like
acetic and propionic acids [4].

Enhancing control over the composition of VFA in the fermented
streams provided to MMCs during PHA production can lead to re-
ductions in overall production costs and improve the precision of the
desired monomer composition and consistency of the produced PHAs.
To address the aforementioned challenges, an effective strategy could
involve the recovery and separation of VFAs from the commonly used
fermented solutions in MMC processes, thereby allowing for the targeted
selection of specific types of VFAs introduced to the culture during PHA
accumulation.

In recent years, membrane separation techniques have been
frequently employed to extract nutrients (mainly nitrogen) or VFAs from
the fermented solution, such as forward osmosis [5], membrane
extraction [6], Donnan dialysis, [7,8] and electrodialysis [9,10].
Recently, the use of electrodialysis (ED) for recovering VFAs derived
from PHA production was systematically evaluated [10]. The influence
of the type of anion-exchange membrane (AEM), electric voltage, and
operating time on the selectivity degree of VFAs separation was
assessed. However, the impact of the pH of the fermented solution was
not evaluated, although this is an operational parameter that signifi-
cantly influences the transport of organic acids through AEMs. Several
authors have shown that pH affects the chemical equilibrium of species
in both the bulk solution and the membrane surface, altering the type
and mobility of the species being transferred through the membrane
[11,12]. In addition to the initial pH affecting the ED performance, the
feed solution pH varies over time due to the dynamic transport of species
through the membranes. Besides, the membrane/solution system is also
subject to significant pH changes caused by water dissociation at the
membrane surface and the resulting formation of H" and OH ions [13].
Therefore, it is crucial to evaluate the influence of the solution pH on the
percent extraction and selectivity degrees of species especially when
working with complex solutions such as fermented ones.

In addition to evaluating ED performance, it is essential to assess the
transport mechanisms and fouling/sorption phenomena occurring at the
membrane under different operational conditions, since fouling is one of
the major limitations of electrodialysis [14,15]. Chronopotentiometry
can be used for this purpose, which is a helpful technique that allows for
evaluating the evolution of the potential drop of the membrane/solution
system over time. The chronopotentiograms (ChPs) provide valuable
information on the dominant ion transport mechanisms through the
membrane, such as diffusion/migration, gravitational convection and
electroconvection, in addition to water dissociation phenomenon
[11,16].

In this study, the influence of solution pH on the selective recovery,
by electrodialysis, of VFAs commonly present in biomass fermentation
for PHA production was evaluated. Feed solutions containing acetic,
propionic, butyric and valeric acids at different initial pH values (from 3
to 7) and three commercial AEMs with distinct characteristics (namely,
Ralex AMH-PES, Fumasep FAS-PET-130, and PC200D) were tested. The
mechanisms of ion transfer through the membranes were assessed using
chronopotentiometry.

Separation and Purification Technology 364 (2025) 132550

2. Materials and Methods
2.1. Electrodialysis and chronopotentiometry cell

The ED and chronopotentiometry experiments were conducted using
a commercial ED-Z mini unit (Mega, Czech Republic) presenting four
compartments with an AEM at the center and a cation-exchange mem-
brane (CEM) at the ends of the cell, as represented in Fig. 1. The effective
area of the membranes was 64 cm?. A platinum wire was placed at each
side of the AEM for the chronopotentiometry experiments. Spacers with
transverse filaments were placed at both surfaces of the CEMs to
enhance turbulence, while spacers without filaments were placed at
both surfaces of the AEM to increase the distance between the platinum
wires and the spacer filaments. In the ED experiments, the two com-
partments adjacent to the AEM contained the feed and receiver solu-
tions, respectively, while the two end compartments contained the
electrode rinse solution. The feed consisted of a solution initially con-
taining the VFAs, the receiver was composed of a NaCl solution, and a
NaySOy4 solution flowed through the electrode compartments. The feed
and receiver compartments were connected to external reservoirs con-
taining 250 ml of their respective solutions in the ED tests and 500 ml in
the chronopotentiometry tests, whereas the electrode compartments
were connected to the same reservoir containing 500 ml of the electrode
solution in both ED and chronopotentiometry tests. The solutions
circulated through the cell and reservoirs at a flow rate of 13.2 L/h. The
solutions in the reservoirs were stirred by a magnetic stirrer. The anode
and cathode electrodes were connected to a potentiostat/galvanostat
(Autolab PGSTAT204, Utrecht, The Netherlands), which supplied the
electric voltage/current. In the chronopotentiometry experiments, the
sensing and reference cables of the potentiostat were connected to the
platinum wires. The experiments were conducted at room temperature,
in duplicate, and the estimated relative errors between the results were
below 5 %.

2.2. Chronopotentiometry procedure

The chronopotentiometry experiments were conducted using the ED
cell shown in Fig. 1 but using the same solution in the feed and receiver
reservoirs. Feed solutions with initial pH values of 5, 6 and 7 were
tested. Several experiments were performed under increasing current
density values. Each experiment was conducted in two steps: (1) mea-
surement of the potential drop of the membrane/solution system (Ep,)

— Pt wires

Cathode
AEM

Fig. 1. Schematic representation of the electrodialysis and chro-
nopotentiometry cell. The solid, dash-dotted, and dashed lines connect the feed,
receiver and electrodes rinse solution compartments to their respec-
tive reservoirs.
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for 400 s under the application of electric current, and (2) measurement
of Ep for 200 s during system relaxation without applying electric cur-
rent. The current values applied in step (1) were based on a recent study
conducted with feed solutions at pH 6 and an ED system identical to the
one used here. In the previous study, the current density values were
defined based on linear sweep voltammetry (LSV) curves of the mem-
brane/solution systems [10].

Current-voltage curves (CVC) of each membrane/solution system
were constructed from the applied current densities and the respective
En values measured immediately before the interruption of current
application in step (1), as represented in Fig. S1 of the Supplementary
Material. The limiting current density (i), ohmic resistance (Ronm), and
overlimiting resistance (R3) were determined from the obtained CVCs.
iim was obtained by determining the intersection of the tangent lines of
the first (quasi-ohmic) and second (plateau) regions of the CVC. Ropn,
was determined by calculating the inverse of the slope (a;) of the
tangent line of the quasi-ohmic region, while R3 was determined simi-
larly, but considering the slope (a3) of the tangent of the third (over-
limiting) region [17].

2.3. Electrodialysis operation

The ED experiments were conducted using feed solutions at initial
pH values of 3, 4, 5, 6 and 7, in potentiostatic mode under 2.35 V. This
voltage value was chosen based on a recently published study, which
demonstrated that it provides the optimal trade-off between percent
extraction and degree of fractionation of the VFAs using a feed solution
at pH 6 and the same ED cell used herein [10]. Before each experiment,
deionized water was circulated through the cell and reservoirs to
remove residues of VFAs from the previous experiment. Then, the feed,
receiver and electrodes reservoirs were filled with their respective so-
lutions, the pumps were turned on, and the voltage was applied after
approximately 1 min of circulation of the working solutions. The dura-
tion of the ED experiments was 3 h. Samples of 3 mL were withdrawn
throughout the experiments (at 0 h, 0.5 h, 1 h, 2 h and 3 h) from the feed
and receiver reservoirs, respectively, for analyzing VFAs concentration
and pH. [10].

Before conducting the tests, a LSV curve of the ED stack (electrodes)
was constructed to evaluate the relationship between applied voltage
and current density of the cell. The AEM used in the LSV construction
was Fumasep, and the feed solution had a pH of 6. The LSV parameters
were as follows: scan rate of 0.002 V/s, step of 0.01 V, and final potential
of 3 V.

2.3.1. Analytical methods

The concentration of VFAs in the samples withdrawn were analyzed
via high-performance liquid chromatography (HPLC) using a VWR
Hitachi Chromaster system (Hitachi, Tokyo, Japan). This setup included
a Pump 5160, an auto-sampler 5260, a Column Oven 5310, a Diode
Array Detector 5430, a Refractive Index (RI) Detector 5450, a Biorad
125-0129 30 x 4.6 mm pre-column, and an Aminex HPX-87H 300 x 7.8
mm column. The elution was performed with 0.01 mol/L HySO4 at a
flow rate of 0.6 mL/min and a column temperature of 60 °C. pH mea-
surements of the solutions were carried out using a Sension +pH3 meter
(Hach, Loveland, CO, USA).

2.4. Ion-exchange membranes

The ED and chronopotentiometry experiments were conducted using
three commercial AEMs (Ralex AMH-PES, Fumasep FAS-PET-130, and
PC200D) that exhibit distinct characteristics, particularly in terms of
heterogeneity, thickness, and type of functional groups. The two CEMs
present at the two ends of the cell were of the Ralex CMH-PES type. The
main characteristics of the membranes used are shown in Table S1 (see
the Supplementary Material).

The Ralex membrane is heterogeneous and thicker, while the
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Fumasep and PC200D membranes are homogeneous and significantly
thinner. The functional group of the Ralex and Fumasep membranes is
quaternary ammonium, whereas the PC200D membrane contains both
tertiary amines and quaternary ammonium groups.

2.5. Solutions

All solutions were prepared with deionized water. The feed solution
was prepared with the following VFAs: acetic acid (Fisher Scientific,
Loughborough, UK), propionic acid, butyric acid, and valeric acid (Acros
Organics, Geel, Belgium). Each VFA was present at an equimolar con-
centration of 25 mmol/L, which was defined based on real fermented
solutions and to eliminate ion transport effects due to concentration
differences [7,10]. NaOH (Fisher Scientific, Loughborough, UK) was
used for pH adjustment. The pH range was chosen based on the pH of
real feed solutions [18].

The receiver solution was 0.1 mol/L NaCl and the electrode rinse
solution 0.14 mol/L (20 g/L) NapSO4 (Panreac, Barcelona, Spain).

2.6. Equations

The performance of ED was evaluated by calculating the percent
extraction (PE%) of VFAs from the feed solution using Equation (1). In

this equation, CjF is the concentration of a given VFA (j) in the feed (F)
compartment at the beginning (¢t = 0) and at a given time (t = i) when
samples were withdrawn.

c.,
PE% = (1 f“>> ¢ 100 @)

F(t=0)

With the PE% results, the ratios of PE% for the following VFAs were
calculated: acetic/(butyric + valeric) (PEac/(PEpy + PEya))), propionic/
(butyric + valeric) (PEprop/(PEpy: + PEva)), (acetic + propionic)/
(butyric + valeric) (PEac + PEprop)/(PEpy: + PEvap) and acetic/valeric
(PEac/PEy,)). These ratios were calculated to evaluate the degree of
fractionation in the separation of the VFAs: the higher the ratio, the
greater the difference between the PE% values, indicating more effective
fractionation. The first two ratios reflect the separation of the smallest
VFAs (acetic or propionic) from the largest ones (butyric and valeric)
evaluated here, while the third ratio reflects the simultaneous separation
of the smallest VFAs (acetic and propionic) from the largest ones. The
latter ratio reflects the separation of the smallest (acetic) and largest
(valeric) VFAs. Among the ratios evaluated here, the most relevant is
(PEac + PEpyop)/(PEpyt + PEvap), as the aim of the study is to assess the
separation of acetic and propionic acids from butyric and valeric acids.

With concentration data of the VFAs, the deviation of the total
number of moles of each VFA present in the solutions relative to the
theoretical number of moles, which corresponds to the initial value, was
calculated (mass balance) for each time (i) using Egs. (2) — (4). In these
equations, the moles of each VFA (j) in the feed (F) and receiver (R)
compartments, as well as in the samples at the initial time (¢t = 0) and at
each sampling time (t = i), was considered. In the equations, C and V
refer to the VFA molar concentration and reservoir volume, respectively.
The reservoir volume considered in the equations is theoretical and was
determined by subtracting the volume of the aliquots withdrawn from
each compartment throughout the experiment.

VFA'moles liquots) (p_;
Mass balance%_; = — T (PRrdquos = ) 4 100 2
VFA'moles . r) (=0)
VFAijIes(HR)(r:O) = CJF(t:O) VF(L:l)) + CJR([:O)VRa:a) 3
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VFAijZeS(F+R+aliquats)(t:i) = (CIF([:i) X VF[[:U)
; i
+(CJR(t:i) X VRH) + Zizo [Clatiquotsofr .y % V(atiguotsot)_, “

+Z;:0 [C( li ) (e=i) ]

3. Results and Discussion

X Viaiiq

)(t=i)

The speciation diagram of the aqueous solution containing the four
VFAs evaluated in the present study is shown in Fig. S2 of the Supple-
mentary Material. All the VFAs are monoprotic, and the following pKa
values were used for the construction of the curves: acetic (4.76), pro-
pionic (4.87), butyric (4.83) and valeric (4.82) acids [19,20]. As the pKa
values are very similar, the curves are practically overlapped. It is
noteworthy that the formation of charged species begins at a pH of
approximately 3 and reaches its maximum fraction at pH 7, which jus-
tifies the evaluation of solutions presenting pH values between 3 and 7.
A low pH value, such as pH 3, was considered, despite the speciation
diagram indicating that the species are mostly protonated under these
conditions, as acidogenic fermentation processes are typically carried
out in environments with pH values starting at this level [18]. Addi-
tionally, the dynamic transport of ions across the membranes during
electrodialysis causes significant pH changes at the membrane/solution
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interface and in the bulk solution [21,22]. As a result, the initial pH of
the feed solution is unlikely to remain constant throughout the process.
This approach allows for evaluating electrodialysis performance under
conditions in which the species are protonated, which is relevant for
real-world applications with fluctuating pH.

3.1. Chronopotentiometry

The ChPs obtained for the Ralex, Fumasep, and PC200D membranes
using feed solutions at the three studied pH values are shown in Fig. 2.
pH values below 5 were not considered in the chronopotentiometric
study because preliminary tests (not shown) indicated that the curves
were very similar due to the low fraction of charged species. Fig. 2 shows
the curves obtained under representative applied current densities,
while the curves for all investigated current densities can be found in
Figs. S3-S5 of the Supplementary Material.

As expected, the Ey, of the curves obtained under low current den-
sities with all membranes remained constant, due to the dominance of
transport of VFAs by diffusion/migration. The pH increase of the feed
solution from 5 to 7 did not affect the behavior of the ChPs of the Ralex
membrane significantly (Fig. 2a-c). The curves obtained at the highest
current densities exhibited intense oscillations, which may be associated
either with the occurrence of electroconvection or, more likely, a
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Fig. 2. ChPs obtained with the (a-c) Ralex, (d-f) Fumasep and (g-i) PC200D membrane and feed solution at pH 5, 6 and 7.
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turbulized flow of the solutions caused by the spacers present since the
oscillations have been verified for all AEMs shown in Fig. 2 [10].
Furthermore, for the Fumasep and PC200D membranes, oscillations
were observed even in curves that indicated intense water dissociation
occurrence, although electroconvection and water dissociation being
competitive phenomena, which indicates that it is more likely that os-
cillations are due to solution turbulence. Although the curves for the
Ralex did not indicate the occurrence of water dissociation at the
membrane surface at any pH value, the relaxation section exhibited an
atypical behavior for all membranes as E, did not reach zero, especially
after applying the highest current densities. This may have occurred due
to the concentration gradients throughout the experiments, as ion
transfer through the membranes under each current pulse altered the
solution conditions.

The Fumasep curves obtained at the highest current densities also
exhibited intense oscillations, which may be related to the solution
turbulence, as discussed for the Ralex. A rapid increase in E, at the
beginning of the curve, when the current was applied, followed by a
decrease was also observed (peak indicated in Fig. 2f). This is a typical
behavior indicative of water dissociation at the membrane surface, as
the H" and OH™ ions formed in the reaction increase the conductivity at
the membrane/solution interface, thereby decreasing the electrical
resistance and, consequently, the Ep, [23]. This was more pronounced at
pH 7 and can be explained by the fact that OH™ ions inhibit electro-
convection, as they are transported via the Grotthuss mechanism
without causing fluid movement [15,24]. As electroconvection and
water dissociation are competing phenomena, water dissociation was
enhanced at this condition. Besides, it is known that quaternary
ammonium groups are converted into tertiary amines under current
application, which intensifies water dissociation [25,26]. These results
are consistent with the pH profiles of the bulk solutions over time, which
is shown in Section 3.2.1.

Another possible reason for the Ep, peak shown in Fig. 2d-f is the
change in the species exchanged at the membrane’s fixed charge when
the membrane system shifted from the relaxed condition to the current
application condition. In this case, the chemical equilibrium at the
membrane surface was altered (increasing Ep), and then the quasi-
steady state was reached (quasi-constant Ep,).

The relaxation section also showed unexpected behavior. In most
cases, a rapid drop of Ej, as soon as the current application was inter-
rupted was observed, followed by an increase, and then a subsequent
decrease. This behavior may be attributed to the recombination of
deprotonated VFAs with protons retained at the diluted solution/AEM
membrane interface and was predominantly observed with the Fumasep
and PC200D membranes due to the higher intensity of water dissocia-
tion occurring at these membranes.

The PC200D curves were similar for all pH values. When the highest
current densities were applied, E,, showed a peak followed by a
continuous increase over time, particularly with the solution at pH 5
(indicated in Fig. 2g). This is related to the development of concentra-
tion polarization and intense water dissociation occurrence at the
membrane, forming H' at its diluted (feed) side. In this case, the
retention of protons at the membrane due to their Donnan exclusion
reduces the pH at its surface, thus altering the chemical equilibrium of
the VFAs. As the pKa of the VFAs is approximately 4.8, the pH reduction
led to the formation of uncharged species that increased the membrane
resistance (see Fig. S2), causing the continuous increase in potential
drop. This effect was not as pronounced at the highest pH (pH 7) due to
the higher OH™ concentration, which prevented the achievement of pH
values below 4.8 at the membrane surface. It is therefore recommended
that the feed solution presents a pH of 6 or higher with the PC200D to
avoid an increase in resistance. It is worth mentioning that this behavior
was observed only with the PC200D membrane due to the presence of
tertiary amines in its functional groups, which promote intense water
dissociation and consequently alter the pH at the membrane surface.
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3.1.1. Current-voltage curves

Fig. 3 shows the CVCs obtained for the Ralex, Fumasep and PC200D
with the feed solution at initial pH values of 5, 6 and 7, and Table 1
presents the results of ijim, Ronm, and Rz obtained from the curves.

The CVCs presented the typical shape with three well-defined re-
gions (indicated in Fig. 3a): the quasi-ohmic (region 1), plateau (region
2), and overlimiting region (region 3) [27]. According to Table 1, the i,
values of the membranes were relatively similar, whereas Ryp, and
mainly Rs showed variations presenting the following order: Ralex >
Fumasep > PC200D. The highest resistance values obtained for Ralex
were expected due to its heterogeneity and higher thickness, whereas
the lowest ones obtained for PC200D may be due to its lower thickness
[23]. The greater variations for Rs than Ry, among the membranes
indicate that their structural differences affect their electrical resistance
more intensely under overlimiting mechanisms (R3) than under diffu-
sion/migration (Ropm). In this case, the heterogeneity of the membranes
and the ability of their fixed charges to dissociate water were factors that
contributed to amplifying the differences in the overlimiting current
region (i > ijy), which was not as relevant in the quasi-ohmic region due
to the similar diffusion boundary layer for the three membranes.

Lastly, according to the LSV curve of the ED stack (Fig. S6 of the
Supplementary Material), the current density of the ED system under
application of 2.35 V with the feed solution at pH 6 was approximately
0.98 mA/cm?>. As the limiting current densities of the membrane/solu-
tion systems were approximately 0.6 mA/cm? with the solution at pH 6
(Table 1), the membrane systems operated in overlimiting regime,
which means they were strongly influenced by water dissociation and/
or electroconvection.

3.2. Electrodialysis

3.2.1. ED performance

Figs. 4 to 6 present the results of PE% of each VFA obtained with the
Ralex, Fumasep and PC200D membranes, respectively, using feed so-
lutions at initial pH values from 3 to 7. Figs. S7 to S9 show the same
results plotted distinctly: each figure presents the PE% results obtained
for the four VFAs using a feed solution at a given pH condition.

For the Ralex membrane (Fig. 4), the increase in pH enhanced the PE
% of VFAs, particularly from 3 and 4 to 5, which can be explained by the
pKa value of VFAs being approximately 4.8. In this case, VFAs were
partially protonated at pH levels below 5, which hindered their transfer
through the AEM. The transfer of VFAs, even at pH values lower than
their pKa, occurred due to the presence of a small fraction of charged
VFAs, as shown in Figure S2. The increase in pH from 5 to 7 did not
significantly affect the PE% values.

For the Fumasep membrane (Fig. 5), the curves at pH 3 and 4 were
nearly overlapping, indicating that the flux of each VFA within this pH
range was identical. The increase in pH to 5 enhanced the PE%, as the
VFAs became charged. However, increasing the pH from 5 to 6 or 7
caused a slight reduction in PE% of all VFAs, which can be explained by
the competition between VFAs and OH species, especially those
generated in the water dissociation reaction (Fig. 2). Therefore, for the
Fumasep membrane, it is recommended that the feed solution presents
an initial pH of 5 if the goal of electrodialysis is to recover all VFAs
simultaneously in the same receiver solution, without considering their
selective recovery.

The curves obtained for the PC200D showed distinct behaviors from
the other membranes. At pH values of 3 and 4, the curves for each VFA
were nearly overlapping, similar to what was observed for the Fumasep
membrane and unlike what was observed for the Ralex. On the other
hand, the increase in pH from 4 to 7 considerably enhanced the PE% of
the VFAs with the PC200D, which was more pronounced for smaller
VFAs (compare acetic acid with valeric acid). Thus, the PE% of VFAs
obtained with PC200D was strongly influenced by the initial pH of the
feed solution. This may be related to the presence of tertiary amines in
its fixed groups, which intensified the occurrence of water dissociation
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Fig. 3. CVCs for the Ralex, Fumasep and PC200D obtained with the feed solution at initial pH values of (a) 5, (b) 6 and (c) 7.

Table 1
Values of i}, , Ronm and R3 obtained from the CVCs for the Ralex, Fumasep and
PC200D membranes with the feed solution at initial pH values of 5, 6 and 7.

Ralex Fumasep PC200D
pPHS
ifim (MA/cm?) 0.32 0.25 0.21
Rotm (Q-cm?) 50 32 32
R3 (Q-cm?) 53 33 19
pH6
ifim (MA/cm?) 0.58 0.61 0.62
Rotm (Q-cm?) 49 35 35
R3 (Q-cm?) 61 34 22
pH7
iim (MA/cm?) 0.59 0.63 0.70
Ronm (Q-cm?) 61 36 40
R3 (Q-cm?) 75 34 29

especially with feed solution at greater pH values, forming H" and OH™
ions that increased the conductivity and consequently reduced the
resistance of the membrane/electrolyte system. The lower resistance
and transfer of OH™ ions may have altered the transport of each of the
VFAs as a function of their size. The intense water dissociation occur-
rence at the PC200D is in accordance with the chronopotentiometric
curves (Fig. 2g-i) and pH profiles vs. time, which will be shown below.

The pH profile vs. time of the feed and receiver solutions throughout
the ED experiments is shown in Fig. 7. The figure presents the pH pro-
files obtained using the (a,d) Ralex, (b,e) Fumasep, and (c,f) PC200D
membranes.

The feed solution curves exhibited similar behaviors for the three
membranes. On the other hand, the receiver solution curves differed
considerably.

For the Ralex, a reduction of the receiver pH was observed in all
cases, which can be explained by the transfer of VFAs from the feed
solution. For the Fumasep and mainly PC200D, a reduction of the pH of
the receiver solution was observed with the feed solution at initial pH

values of 3 and 4, which can be explained by the transfer of a small
fraction of charged VFAs by electromigration or neutral VFAs by diffu-
sion from the feed (Figure S2). For the ED conducted with feed solutions
at initial pH values of 5, 6 or 7, the receiver solution showed a constant
or increasing behavior. This can be explained by the intense occurrence
of water dissociation at the diluted (feed) side of the Fumasep and
PC200D membranes, as verified in the ChPs (Fig. 2d-f and g-i, respec-
tively), and the consequent formation of OH™ ions. In this case, both OH™
and VFAs were simultaneously transferred to the concentrated
compartment, maintaining the pH of the receiver solution relatively
constant. It is worth mentioning that, although water dissociation occurs
more intensely at AEMs [28], the pH of the solutions may have been
affected by the occurrence of this phenomenon at the CEMs (Ralex CMH-
PES) present at both extremities of the electrodialysis cell, generating
H"™ and OH™ ions in the feed and receiver solutions. Moreover, the
protons generated at the anode may have also affected the pH of the
receiver solution, as they migrated through the CEM toward the cath-
ode. In this case, as all experiments were conducted with the same CEM
and under the same voltage, the effect of the protons generated at the
anode should have been similar in all evaluations shown herein. Lastly,
the dissociation and recombination of VFAs during their transfer
through the AEM expectedly influenced the pH of both feed and receiver
solutions. This occurred because the feed was acidified by dissociation of
the VFAs at the solution/membrane interface contacting the feed solu-
tion prior to being transferred through the membrane, while the receiver
solution was alkalinized by the recombination of VFAs with protons
present in that solution.

As shown in Figs. S7 to S9, the general order of PE% obtained for the
acids was acetic > propionic > butyric > valeric, which can be explained
by their molecular sizes and diffusion coefficients (values at infinite
dilution of 1.089-10°° cm?/s, 0.953-10° cm?/s, 0.868-10° cm?/s, and
0.593-10° cmZ/s, respectively [29,30]).

To facilitate the evaluation of the selective separation of VFAs, the
ratios of the PE% for the following VFAs were calculated: PEs./(PEgyt +
PEva1), PEprop/(PEgyt + PEva), (PEac + PEprop)/(PEpy + PEvap), and



K.S. Barros et al.

O
a O
!

AI\JI\)S%A

PE (%) - Ralex - Acetic acid

o
L

-
o oo u
! L L L

- X- pH3

1-&--pH 5
|—®—pH 6

Separation and Purification Technology 364 (2025) 132550

15 20

Time (h)

0.0 15
Time (h)
(c)
- - pH3
]--m--pH4
1-&--pH 5
|—®—pH B
] /g'_//j T
- . . ; . .
0.0 0.5 1.0 1.5 2.0 25 3.0
Time (h)

15
Time (h)

10

Fig. 4. PE% of (a) acetic, (b) propionic, (c¢) butyric and (d) valeric acids obtained with the Ralex membrane.

15
Time (h)

20

2.5

1(b)

1(@)

15 20 25 30

Time (h)

1.0

Fig. 5. PE% of (a) acetic, (b) propionic, (c) butyric and (d) valeric acids obtained with the Fumasep membrane.

PEAc/PEy,. The results are presented in Table 2.

As shown in Table 2, the membranes led to different VFAs ratios as a
function of initial feed pH. Regarding the PEx./(PEgy + PEyj)) ratio, the

Ralex membrane exhibited relatively constant values as the initial feed
pH increased from 3 to 7, while the ratio for Fumasep membrane showed
a slight increase from 0.6 to 0.8. The PC200D membrane exhibited a
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Fig. 6. PE% of (a) acetic, (b) propionic, (c) butyric and (d) valeric acids obtained with the PC200D membrane.

more pronounced ratio increase, ranging from approximately 0.6 to 1.0.
This indicates that the separation of acetic acid from butyric and valeric
acids was increased significantly with increasing pH only when using the
PC200D membrane.

The PEp;op/(PEyt + PEys)) ratios obtained with all membranes were
lower than the PEa./(PEpy + PEyy)) ratios due to the greater size simi-
larity of propionic, butyric and valeric compared to acetic, butyric and
valeric acids. In general, the PEp;p/(PEpys + PEval) ratios exhibited
similar behavior: a slight increase for the Ralex and Fumasep mem-
branes (ranging from 0.4 to 0.6) and the PC200D (ranging from 0.5 to
0.7). These results indicate that increasing the initial feed pH has a
smaller effect on the separation of propionic acid from butyric and
valeric acids compared to the separation of acetic from butyric and
valeric acids.

The (PEac + PEprop)/(PEgy; + PEya) ratios, which are the most
relevant parameter as the aim of the study is to assess the separation of
acetic and propionic acids from butyric and valeric acids, showed sig-
nificant differences among the membranes. For the Ralex, the ratio
increased from 1.0 to 1.2 as the pH rose from 3 to 7. For the Fumasep,
the increase was from 1.0 to 1.4, and for the PC200D, it ranged from 1.1
to 1.6. This indicates that it was possible to achieve more than 50 %
fractionation of the acetic + propionic and butyric + valeric acid pairs
using the PC200D membrane only at pH values of 6 and 7.

Finally, the PEs./PEyy, ratios, which reflect the separation of the
smallest and largest VFAs evaluated here, showed no clear trend of in-
crease or decrease with increasing initial feed pH for the Ralex mem-
brane. In contrast, these ratios increased with the Fumasep membrane
(from 1.0 to 1.5) and especially with the PC200D membrane (from 1.2 to
2.0).

The general order of the VFAs ratios was PC200D > Fumasep > Ralex
at all pHs. For the Fumasep and mainly PC200D, the greater the pH, the
greater the ratios, especially the (PEac + PEprop)/(PEgy; + PEval) one,

which means that the transfer of smaller ions (acetic and propionic
acids) and the retention of bigger ions (butyric and valeric acids) were
intensified. This may be explained by the greater intensity of water
dissociation at high pH conditions, as indicated by the ChPs of the
membranes and the pH profiles over time. In this case, the OH™ ions
formed in the water dissociation reaction competed with the VFAs to be
transferred, thus hindering the transfer of VFAs having a bigger size.
Thus, smaller VFAs tend to be transferred through the membrane
together with the formed OH™ ions, while bigger VFAs tend to be
retained more intensely at the membrane. The low selectivity of VFA
transport using the Ralex membrane may be explained by its high
electric resistance when operated at overlimiting condition (Rs in
Table 1). In this case, Rs remained high throughout the electrodialysis
process, as intense water dissociation did not occur at this membrane,
and therefore, OH™ ions were not significantly formed.

Lastly, separating VFAs into two solutions, one enriched with acetic
and propionic acids, and the other enriched with butyric and valeric
acids, offers economic and operational advantages in PHA production by
MMCs. Specifically, studies have shown that PHA-accumulating MMCs
preferentially consume longer-chain VFAs (butyric and valeric acids) for
PHA synthesis before utilizing shorter-chain VFAs (acetic and propionic
acids) [31], as from an energetic standpoint, this is more advantageous
for the cells. Therefore, providing these longer-chain VFAs during PHA
synthesis benefits the PHA accumulation stage. ED enables the partial
fractionation of longer-chain VFAs from shorter-chain VFAs, and
consequently offers the potential to manipulate the monomeric
composition of the copolymer scl-PHA, as the ratio of 3HB to 3HV de-
pends on the availability of their precursors.

3.2.2. Mass balances of VFAs
The results of mass balances for VFAs are presented in Table S2 of the
Supplementary Material. Note that in some cases, the values did not
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reach 100 %, which suggests that the VFAs were retained in the mem-
branes due to the sorption phenomenon. This occurred more intensely at
the Ralex membrane using the feed solution with an initial pH value of 5
or 6, since the mass balance values were considerably lower than 100 %.
The lower sorption intensity at pH 3 and pH 4 with the Ralex can be
explained by the smaller fraction of charged species in solution, which
reduced the attraction between VFAs and the fixed charges of the
membrane. On the other hand, the lower sorption intensity at pH 7 can
be attributed to the high concentration of OH™, which desorbed the VFAs
from the functional groups. No significant sorption was observed for the
Fumasep membrane at any pH condition. For the PC200D membrane,
sorption occurred only for the valeric acid at lower pH values (pH 3 and
pH 4), which can be explained by its larger size and higher degree of
hydrophobicity, as the more hydrophobic a solute is, the greater its
sorption onto the membrane [32,33]. In this case, sorption occurred
mainly by diffusion due to the lack of charge on the VFA. This is in
agreement with the recent works published by Aghapour Aktij et al. [34]
and Ramos-Suarez et al. [35], who found that VFAs are primarily
adsorbed through diffusion in ion-exchange materials containing ter-
tiary amines when they are in their protonated state due to hydrophobic
interactions. Lastly, the lower VFAs sorption observed for the Fumasep
and PC200D membranes compared to that of the Ralex membrane can
be explained by their lower thickness (Table S1) [36,37].

4. Conclusions

The results showed that the initial feed pH plays an important role in
the selective recovery of VFAs from fermented solutions by electrodi-
alysis, especially with the PC200D membrane. Increasing the initial feed
pH with this membrane primarily impacted the percent extraction of
smaller VFAs, such as acetic and propionic acids. On the other hand, the
PE% of larger acids, such as butyric and valeric, was practically unaf-
fected. These results indicate that, for the selective separation of VFAs
using the PC200D, an initial feed solution pH of 7 is recommended, as it
improves the PE% ratios of the VFA pairs. For the ED operated under this
condition, (PEac + PEprop)/(PEgyt + PEyal) and PEs./PEy, ratios of 1.6
and 2.0, respectively, were obtained. Conversely, the Ralex membrane
exhibited minimal sensitivity to changes in the initial feed pH, whereas
for the Fumasep membrane an increase in the initial feed pH led to a
reduction in percent extraction values but resulted in a slight increase in
fractionation degrees. The higher degree of VFA separation achieved
with PC200D may be explained by the presence of tertiary amines in its
functional groups, which intensified the occurrence of water dissocia-
tion at the membrane, and its low resistance.

In the context of PHA production, the results demonstrate the
feasibility of producing fermented solutions with higher concentrations
of butyric and valeric acids, compared to smaller VFAs like acetic and
propionic acids, while also contributing to the fractionating 3HB and
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Table 2
PE% ratios of PEac /(PEgut + PEval)s PEprop /(PEput + PEvar), (PEac + PEprop)/(PEpyt + PEvyal), and PEa. /PEy, for the ED tests.
PEAo/(PEgy+PEva) PEp;op/(PEgutPEva) (PEAc*+PEprop)/ (PEgut*PEyal) PEA/PEva
pH TELn)e Ralex | Fumasep ZggD Ralex | Fumasep Zg(C)D Ralex | Fumasep Zg(C)D Ralex | Fumasep Zg(C)D
0.5 0.64 0.51 0.61 ] 0.44 0.44 0.51 1.08 0.94 1.12
3 1 0.55 0.55 0.63 ] 0.48 0.46 0.45 1.03 1.01 1.08
2 0.61 0.59 0.70 ] 0.43 0.47 0.45 1.04 1.06
3 0.65 0.59 0.75] 0.47 0.49 0.49 1.12 1.08
0.5 0.51 0.58 0.68 | 0.41 0.46 0.50 0.93 1.04
4 1 0.56 0.58 0.72 ] 0.45 0.47 0.46 1.01 1.05
2 0.59 0.60 0.73 ] 0.42 0.49 0.49 1.01 1.09
3 0.65 0.59 0.80 ] 0.44 0.49 0.50 1.09 1.08
0.5 ] 0.51 0.62 0.89 ] 0.50 0.52 0.58 1.01
5 1 0.58 0.65 0.93 ] 0.48 0.53 0.62 1.06
2 0.62 0.63 0.89 | 0.49 0.53 0.61 1.11
3 0.64 0.61 0.88 | 0.51 0.53 0.62
05 | 065 | 071 [230]053 | 060 | 085
1 0.65 0.74 0.96 | 0.55 0.62 0.70
6 2 0.66 0.71 0.93 ] 0.56 0.60 0.70
3 0.66 0.69 0.92 | 0.56 0.59 0.70
0.5 | 0.56 0.79 0.96 | 0.54 0.62 0.71
7 1 0.54 0.76 0.92 ] 0.53 0.62 0.69
0.68 0.76 0.90 | 0.62 0.62 0.69
3 0.62 0.76 0.88 | 0.59 0.62 0.69
*Colors considered for each range of VFA ratios:
Minimum | Maximum
0.4 0.649
0.65 0.8449
0.845 1.14
1.545 1.99

3HV precursor molecules for use during the PHA accumulation stage.
This approach is anticipated to enhance PHA accumulation yields and
enable better control over the monomer composition of the resulting
PHA biopolymers.
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