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Electrodialysis can be used to recover charged precursors, such as volatile fatty acids (VFAs), of the biopolymers
polyhydroxyalkanoates (PHAs). In general, all VFAs are recovered in a receiver solution, despite their advan-
tageous partial fractionation. Herein, the separation of acetic, propionic, butyric, and valeric acids by electro-
dialysis was evaluated using three anion-exchange membranes (namely, Ralex AMH-PES, Fumasep FAS-PET-130
and PC200D) applying cell voltages from O V to 2.88 V. The mass transfer mechanisms were evaluated by linear
sweep voltammetry and chronopotentiometry. Fumasep showed a slightly greater VFAs fractionation capacity
than Ralex, while it was much greater for PC200D due to the presence of tertiary amines in its fixed functional
groups. Overall, increasing the operating voltage and/or time reduced the degree of VFAs fractionation with all
membranes. The higher percent extraction values and greater VFAs fractionation degrees obtained with the
PC200D membrane could enhance PHAs storage efficiency.

1. Introduction

Polyhydroxyalkanoates (PHA) are polymers synthesized by micro-
organisms, serving as intracellular reserves for both carbon and energy.
These biopolymers are biodegradable, biocompatible, and display a
diverse range of physicochemical characteristics. PHA are considered a
sustainable alternative to traditional fossil fuel-based plastics, as their
properties and versatility allows for their use in various sectors,
including various applications such as agriculture, biomedical, fabrics
and coatings [1].

PHAs are classified into three groups based on the length of their
monomer side chains, which significantly influence their properties:
short-chain-length (scl-PHAs) containing 3-5 carbon units, medium-
chain-length (mcl-PHAs) with 6-14 carbon units, and long-chain-
length (Icl-PHAs) comprising more than 14 carbon units [1]. Among

these categories, scl-PHA stands out as the most common type. Scl-PHA
can be composed either of 3-hydroxybutyrate (3HB) monomers forming
the homopolymer P3HB or a copolymer P(3HB-co-3HV) consisting of
both 3HB and 3-hydroxyvalerate (3HV) monomers, with varying 3HV
content.

Molecules such as volatile fatty acids (VFAs) serve as precursors in
PHA synthesis, wherein the carbon chain length and composition of
VFAs utilized during PHA production play a significant role in deter-
mining the resulting properties of PHA. In the production of PHA by
mixed microbial cultures (MMCs), acetic, propionic, butyric, and valeric
acids frequently serve as PHA precursors, leading to the synthesis of scl-
PHA. Specifically, during PHA synthesis, 3HV monomers can derive
either from a single molecule of valeric acid or from a combination of
acetic and propionic acids in a 1:1 ratio. Similarly, 3HB monomer can be
produced either from a single molecule of butyric acid or from a
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combination of two molecules of acetic acid. Furthermore, each mole of
VFA requires 2 moles of ATP for PHA synthesis (1 mol of ATP for active
transport and 1 mol of ATP for intracellular conversion). Consequently,
VFAs with longer carbon chains, such as butyric and valeric acids,
require less ATP to produce 1 Cmol of PHA compared to shorter-chain
VFAs (e.g., acetic and propionic acids) [1].

Sustainable development trends, driven by governmental regulations
and incentives, are boosting the PHA industry. Globally, the PHA in-
dustry market value is projected to increase from €85 million in 2023 to
€178 million in 2028, at a compound annual growth rate (CAGR) of
15.9 % [2]. Nonetheless, despite over a decade of investigation, prices
for PHAs remain higher compared to conventional plastics, particularly
for lower-grade applications such as packaging [1]. Therefore, it is
imperative to develop and optimize the PHA production process,
focusing on reducing resource usage, production costs, and expanding
the structural diversity of PHA. Addressing these challenges could
involve recovering and fractionating VFAs, the key precursors for PHA,
from fermented solutions typically used in PHA production with MMCs.
Specifically, producing PHA from solutions enriched with butyric and
valeric acids, recovered from fermented streams (comprising acetic,
propionic, butyric, and valeric acids) obtained via acidogenic fermen-
tation of complex organic resources, could significantly enhance control
and efficiency during PHA accumulation. The use of butyric and valeric
acids, rather than smaller-chain VFAs like acetic and propionic acids,
contributes to higher PHA yields. Moreover, improved control over the
VFA mixture composition enables the tailoring of PHA monomeric
structure (e.g., producing P(3HB-co-3HV) with 30 % 3HV content,
which is more suitable for packaging applications), thus unlocking the
potential for novel or enhanced applications that would be difficult to
achieve with fermented solutions containing all four VFAs as
constituents.

The separation and fractionation of VFAs can be achieved by means
of membrane-based processes, such as nanofiltration, Donnan dialysis,
conventional electrodialysis and electrodialysis with bipolar membranes
[3,4]. Among these techniques, electrodialysis is the most frequently
considered, because it allows for the VFAs recovery, in an efficient and
eco-friendly manner, which does not require the addition of reagents to
the feed solution [4].

Electrodialysis (ED) is an electro-membrane separation process that
allows for ion separation by means of the application of an electric po-
tential difference to a cell containing alternating anion- (AEM) and
cation-exchange membranes (CEM) [5]. ED has been so far tested in
studies aiming the extraction of VFAs from fermented solutions, where
VFAs migrate through an AEM towards a receiver (concentrate) solution
generally composed of inorganic salts, while nutrients are retained in
the feed (diluate) solution. These works have been generally conducted
using one type of commercial AEM, applying a constant voltage or
current density, aiming at recovering all present VFAs in the receiver
solution [6,7].

It has been found that the transport of VFAs through AEMs is
accomplished with a slight fractionation between them due to their
similar pKa values (~ 4.8), similar molecular dimensions and ion mo-
bilities in the membrane phase [6,8]. However, the works published so
far in the literature are not dedicated to evaluating the performance of
distinct AEMs, although the membrane properties can affect the degree
of VFAs fractionation. The sorption of VFAs in the membranes has also
generally not been considered in the studies published so far, despite this
phenomenon could block ionic pathways through the polymer, thus
reducing the membrane conductivity [9,10]. There is also a lack of
studies elucidating the mechanisms that govern the VFAs transport
under different current/voltage conditions, which strongly affects the
selective ion transfer and energy consumption [11]. To conduct these
assessments, various electrochemical techniques can be used, such as
impedance spectroscopy, linear sweep voltammetry, cyclic voltammetry
and chronopotentiometry. ~Among these techniques, chro-
nopotentiometry stands out since it allows for tracking the evolution of
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distinct mass transfer phenomena that contribute to the overall mem-
brane potential drop under different current regimes [12,13].

The present work aims to evaluate the selective extraction/frac-
tionation of four VFAs (acetic, propionic, butyric and valeric acids) via
electrodialysis from a synthetic solution that simulates a fermented
medium used in the PHA production. Systematic ED experiments were
conducted using three commercial AEMs presenting distinct character-
istics. The ED tests were performed at various cell voltages [0 V (no
voltage) to 2.88 V] to evaluate the effects of the dominant transport
mechanisms at underlimiting and overlimiting current regimes on the
selective transport of the VFAs. Overlimiting regimes were considered
herein since several authors have verified that they may reduce the
membrane area, apparatus dimensions, operating time, enhance ion
transport and mitigate fouling occurrence [5]. The main mass transfer
mechanisms (diffusion, migration, electroconvection), water dissocia-
tion phenomenon, and transport properties of the membranes/solution
systems (limiting current density and electrical resistance) were also
evaluated by linear sweep voltammetry and chronopotentiometry. The
occurrence of sorption was investigated in the ED tests and via chro-
nopotentiometry evaluations.

2. Materials and methods

A simplified flowchart of the main evaluations conducted by linear
sweep voltammetry, chronopotentiometry and electrodialysis is shown
in Figure S1 (see supplementary material), whereas a detailed descrip-
tion of the materials and methods is presented below.

2.1. Electrodialysis

2.1.1. Electrodialysis system

The ED experiments were conducted using an ED-Z mini unit (Mega,
Czech Republic) containing two CEMs and an AEM separated by spacers
forming four compartments, as represented in Fig. 1. A Ralex CMH-PES
cation-exchange membrane was present at each of the two extremities of
the stack (facing the two electrodes) and the AEM under evaluation was
mounted in the center, thus separating the feed solution from the
receiver solution. The total effective membranes area was 64 cm>. The
ED compartments were independently connected to three external
magnetically stirred reservoirs containing 250 ml (feed and receiver)
and 500 ml (electrodes) of the solutions, which operated at room
controlled temperature (~20 °C). The electrodes compartments (anode

Cathode (-)
CEM
Anode (+)

@

i
Feed solution Receiver solution Electrodes solution
(VFAs) (NacCl) (Na,S0,)
+ £
H 5 ¥

Fig. 1. — Schematic representation of the ED cell. The dotted (pink), dashed
(black) and solid (red) lines connect the reservoirs containing the feed, receiver,
and electrode solutions to their respective cell compartments.
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and cathode) were connected to the same reservoir containing the
electrodes rinse solution. Independent peristaltic pumps were used to
recirculate the solutions between the ED compartments and the reser-
voirs at a flow rate of 13.2 L/h. The electrodes of the ED stack were
connected to a potentiostat/galvanostat Autolab PGSTAT204 (Utrecht,
The Netherlands), which provided the electric potential/current. Two
platinum wires were placed at each surface of the AEM under evaluation
for constructing the curves of linear sweep voltammetry (LSV) and
chronopotentiograms (ChPs) of the membranes (AEMs)/solution sys-
tems. The experiments were conducted at least in duplicate to ensure
reproducibility and the estimated relative errors between the results
were below 5 %.

2.1.2. Electrodialysis operation

The ED tests were carried out in a batch potentiostatic mode. Before
each test, distilled water was recirculated through all compartments/
reservoirs. The experiments were carried out at several applied cell
voltages, which were defined in function of the limiting current density
(iim ) of the membrane (Ralex)/solution system obtained by LSV. To
obtain the relationships between applied cell voltage and i, of the
Ralex/solution system, the LSV of the ED stack (electrodes) was also
constructed, which provided the relationship between the applied
voltage and the current density of the stack. Firstly, it was defined that at
the cell voltages that would be applied to the ED stack, the Ralex/so-
lution system would be investigated at 0 %, 10 %, 30 %, 50 %, 70 %,
120 %, 140 %, 160 % and 180 % of its iy, . This percentage range of
applied current in relation to the i, of the membrane/solution system
was defined based on the percentage usually considered in ED opera-
tions, which is 70 % [14,15]. As one of the objectives of our work was to
evaluate the mechanisms of the transfer of VFAs under different current
conditions, several percentage values below and above 70 % (from 0 %
to 180 %) were considered herein to cover both underlimiting and
overlimiting current regimes. Therefore, the ED tests were conducted
under 0V (no voltage), 1.72V, 2.22, 2.35V, 245V, 2.66 'V, 2.74 V,
2.82V, and 2.88 V, respectively.

The duration of the experiments was 7 hours. Aliquots (3 ml) were
withdrawn from the feed and receiver solutions reservoirs at the
beginning (after approximately 1 minute of recirculation of the working
solutions, when the voltage was initially applied) and at 0.5 h, 1 h, 3 h,
5 h, 7 h for analyzing the pH and conductivity of the solutions and the
VFAs concentrations.

2.1.3. Ion-exchange membranes

Three AEMs were evaluated: a heterogenous Ralex AMH-PES (Mega
a.s, Czech Republic) and a Fumasep FAS-PET-130 (FuMa-Tech GmbH,
Germany) and a PC200D (PCA - Polymerchemie Altmeier GmbH, Ger-
many), which are homogeneous. Ralex and Fumasep contain quaternary
ammonium as fixed functional groups, whereas PC200D contains ter-
tiary amines in addition to the quaternary ammonium groups. The latter
has been developed to allow for the transfer of ions of up to 200 Da [16].
The Ralex CMH-PES cation-exchange membrane is heterogeneous and
presents sulfonic acid functional groups. Table 1 presents the main
characteristics of the AEMs and CEM.

Table 1
Main characteristics of the AEMs.
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2.1.4. Solutions

The working (feed) solution was prepared with distilled water and
the following VFAs at 25 mmol/L (each): acetic acid (Fisher Scientific,
Loughborough, UK), propionic acid, butyric acid, and valeric acid (Acros
Organics, Geel, Belgium). The solution pH was adjusted to 6 using NaOH
(Fisher Scientific, Loughborough, UK) and its initial conductivity was
equal to 6.2 mS/cm. As distilled water was recirculated through the ED
compartments and reservoirs before each experiment and a small
amount of water remained in the tubing, the actual concentration of
each acid at the beginning of the experiments was approximately
23 mmol/L, the actual pH was approximately 6.15 and the conductivity
was approximately 6 mS/cm.

The solution that received the VFAs (receiver) was composed of
0.1 mol/L NaCl (Panreac, Barcelona, Spain) prepared with distilled
water and presented initial a conductivity of 9.6 mS/cm. The electrodes
rinse solution was composed of 0.14 mol/L (20 g/L) of NaySO4 (Pan-
reac, Barcelona, Spain), prepared with distilled water and presented an
initial conductivity of 17 mS/cm.

2.1.5. Analytical methods

The concentrations of the VFAs in each sample was determined by
HPLC using a VWR Hitachi Chromaster chromatographer (Hitachi,
Tokyo, Japan) equipped with a Pump 5160, an auto sampler 5260, a
Column Oven 5310, a Diode Array Detector 5430, a 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 (0.01 M HySO4 eluent, flow rate 0.6 ml/min
and column temperature 60 °C). The pH and conductivity of the solu-
tions were measured using a pH meter Sension+ pH3 (Hach, Loveland,
CO, USA) and a conductivity meter (Horiba Laqua-PC1100, Japan),
respectively.

2.1.6. Equations

The ED performance was evaluated in function of the percent
extraction of VFAs from the feed solution and the flux of VFAs that
reached the receiver solution.

The percent extraction (PE%) was calculated by Eq. 1, where le;“(t:O)

and Cﬂg(t:i) are the concentrations of each VFA (j) in the feed (F) solution

at the initial state (t = 0) and at time i, respectively. Then, the ratios of
percent extraction of acetic/propionic acids (PEac/PEp;op), propionic/
butyric acids (PEp;op/PEpyt), acetic/valeric acids (PEac/PEvay), and the
pairs of acetic+propionic and butyric+valeric acids (PEac+PEprop)/
(PEgy+PEya1) were calculated for all voltages applied. These PE% ratios
were the parameters used to evaluate the degree of VFAs fractionation in
each tested condition: higher ratios indicate greater distances between
the PE% of each VFA, which means a greater fractionation degree is
obtained under such condition. It is worth mentioning that the ratio
(PEAc+PEp;op)/(PEpy+PEva) is particularly important, as it allows for
the evaluation of the transfer of the two shorter-chain VFAs (which are
less desired for the production of PHAS) to the receiver solution and the
retention of the two longer-chain VFAs (which are most desired for the
production of PHAs) in the feed solution.

The VFAs flux (J) was calculated using Eq. (2), where C{a( ) and

t=i

Ralex AMH-PES [17]

Fumasep FAS-PET-130

PC200D [19,20] Ralex CMH-PES [21,22]

[18]
Heterogeneity Heterogeneous Homogeneous Homogeneous Heterogeneous
Matrix/binder Polyester/ Polyethylene terephthalate Ethyl oxide/polyepichlorohydrin Polyester/Polyethylene
Polyethylene copolymer
Permselectivity - 0.5/0.1 M KCI (%) >90 94-97 Not specified >90
Thickness of dry membrane (mm) 0.45 0.1-0.13 0.09 + 0.01 0.45
Ion-exchange capacity (meq/g dry membrane) 1.8 1-1.3 1.3 (quaternary), 0.6 (tertiary) 2.2
Water content < 65 13-23 45 55
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Cﬁmzh) are the concentration of each VFA (j) in the receiver solution (R)
at time i and at time h (immediately before time i), respectively, V is the
receiver solution volume, A,, is the membrane area and At is the time
difference between t; and t; [23].

c,._
PE% = (1 —#) ¢ 100 @
F(t=0)
J— (C}R(r:i) - CJR(t:h)) 14 @
- AnAt

The mass balance (MB%) of each VFA (j) was calculated considering
its concentration in the feed and receiver solutions, the aliquots with-
drawn throughout the experiments, and the theoretical volume in each
reservoir (discounting the volume of each aliquot withdrawn at times i).
Egs. (3)-(5) were used for calculating MB%.

VFA'Mass  (r4reai »
MB%_ = e ) 4 100 3)
VFA'massr-r) .,
VFAjmass(F+R)(t:0) = GF([:O)VF(::D) + Cl;z(t:O)VR(z:o) 4

VFA'MGSS ¢ aliquors) gy = <ij(t:i) x theoretical VFM) + (CJR([:i)

l
x theoretical VRH) +
i=0

[C(dliqm’ﬁ of  F)i

i

x V(aliquos of F)(H)] + [C(aliquos of Ry
i=0

X V(aliquoLs of R)(HJ]

5
2.2. Linear sweep voltammetry

LSVs diagrams were constructed for two systems: membranes
(AEMSs)/solution and the ED stack (electrodes).

The LSV curves of the AEMs/solution system were obtained using
two platinum wires, which were placed at each surface of the AEM under
evaluation for acting as reference and sensor electrodes, respectively.
The feed and receiver reservoirs were filled with the working solution
containing the VFAs. Curves for solutions containing each of the VFAs
separately (~23 mmol/L) and the solution containing all VFAs simul-
taneously were obtained (all solutions at pH 6). The following param-
eters were applied: scan rate of 0.008 mV/s, step of 0.008 V, final
potential of 0.7 V for Ralex and 0.3 V for Fumasep and PC200D. The
ohmic resistance (Ropn) for each VFA was obtained by calculating the
inverse of the slope of the tangent of the ohmic region of the curves. The
iim values of the membranes/solution systems were determined by the
Cowan-Brown method [24].

For obtaining the LSV curves of the ED stack (electrodes), the feed
reservoir was filled with the working solution containing all VFAs
simultaneously (pH 6), the receiver reservoir was filled with 0.1 mol/L
NaCl solution, and the following parameters were applied: scan rate of
0.002 V/s, step of 0.01 V and final potential of 3.5 V.

2.3. Chronopotentiometry

ChPs were obtained for the AEMs/solution system using the same
stack configuration as the LSVs, by filling both feed and receiver reser-
voirs with the working solution containing all VFAs simultaneously. The
ChPs were obtained for the three AEMs and applying progressive current
values between 0.002 — 0.4 A (0.03-6.25 mA/cm?, respectively). The
curves were obtained by 1) measuring the potential drop of the mem-
brane/solution system for 10 seconds without applying electric current,
2) measuring the potential drop under application of current pulses for
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400 seconds, and 3) measuring the potential drop during the relaxation
period (200 seconds), when no current was applied.

3. Results and discussion
3.1. Linear sweep voltammetry

LSV curves were constructed for the Ralex, Fumasep and PC200D
membranes (Fig. 2). As it can be observed, the curves did not show the
typical three well-defined regions as a poorly defined plateau was ob-
tained due to the intense solutions mixing [25,26]. The results of ohmic
resistance for Ralex and Fumasep membranes obtained from the LSV
curves are shown in Table 2, while for PC200D they were not possible to
be calculated due to the oscillations verified with this membrane even
within the ohmic region.

The LSV curves obtained for Ralex and Fumasep showed similar
shapes especially at low current densities. According to Table 2, the Ropm
of Ralex/solution system for each VFA showed the following order:
acetic < propionic < butyric < valeric acids, which can be explained by
the increasing molecular sizes of the VFAs, as smaller species tend to face
less resistance to be transported through the membrane. For Fumasep,
the Ropm of the acids were virtually identical and lower than those of
Ralex due to the homogeneity and lower thickness of the former [12]. As
the current density increased, the i, of each VFA was reached. As
shown in Fig. 2, the difference between the ohmic (first) and plateau
(second) regions is very subtle, which hindered the precise ijny
determination by the intersection of the tangents relative to the first and
second regions. Therefore, curves of Cowan-Brown method were con-
structed, which allow for a clearer visualization of i, [24] (see
Figures S2 and S3 of supplementary material for the solutions containing
each VFA separately and all VFAs simultaneously, respectively). Note in
Figure S2 that the iy, values of each VFA obtained with Ralex are very
similar (~ 1.5 mA/cm?), which can be explained by their identical
charge and similar molecular size. For Fumasep, although the
Cowan-Brown curves did not show a clear peak (minimum point), one
can see that the iy, values of each VFA are also similar. According to
Fig. 2, at high current densities (above approximately 1.5 mA/cm?), the
curves for both Ralex and Fumasep with the solutions containing each
VFA separately showed typical oscillations in the potential drop due to
the dominance of overlimiting mass transfer phenomena, such as elec-
troconvection, gravitational convection and/or water dissociation at the
solution/membrane interface.

The LSV curves obtained for Ralex and Fumasep membranes with the
solution containing all VFAs simultaneously, presented more than one
inflection point related to the depletion of the VFAs due to concentration
polarization [27]. As shown in the Cowan-Brown curves present in
Figure S3 (see supplementary material), two iy,  values were obtained
for Ralex and Fumasep with the solution containing all VFAs:
0.88 mA/cm? and 2.5mA/cm? for Ralex, and 1.4 mA/cm? and
2.5 mA/cm? for Fumasep. The similarity between the LSVs (Fig. 2) of the
acetic/propionic and butyric/valeric pairs and the presence of two i,
peaks (Figure S3) indicate that these VFA pairs are depleted simulta-
neously during concentration polarization. For PC200D, only one peak
related to the izn (1.4mA/cm?) can be clearly seen in the
Cowan-Brown curve since intense oscillations were verified, which
hindered the determination of other i, values. Considering the
above-mentioned, the i, of the membrane/solution systems consid-
ered herein to define the voltages applied to the ED tests was
2.5 mA/cm?, which is the iz, value obtained for both Ralex and
Fumasep membranes. As the curves for the solution containing all VFAs
showed multiple inflection points, the Ryp, values were not determined
for this solution. Oscillations under high current densities (> 3 mA/cm?)
were also observed for both Ralex and Fumasep with the solution con-
taining all VFAs simultaneously, as expected.

According to Fig. 2c, the LSV curves obtained for PC200D showed a
very different behavior from Ralex and Fumasep since intense
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Fig. 2. — Representative LSVs of the AEMs/solution system for (a) Ralex, (b) Fumasep and (c) PC200D. The solutions contained each VFA separately and all VFAs

simultaneously at initial pH 6.

Table 2
Ohmic resistance of the AEMs (Ralex and Fumasep)/solution systems obtained
from the LSV curves shown in Fig. 2.

Ralex Fumasep
Ronm (Q. Standard Ropnm (Q. Standard
cm?) deviation* cm?) deviation**
Acetic acid 11.7 0.3 8.2 0.1
Propionic 13.4 0.2 8.3 0
acid
Butyric acid 16.6 0.1 8.4 0.1
Valeric acid 17.0 0.1 9.1 0.3

“ Curves analyzed for the Ralex: acetic acid (4), propionic acid (4), butyric
acid (5), valeric acid (2).

™ Curves analyzed for the Fumasep: acetic acid (3), propionic acid (2), butyric
acid (3), valeric acid (3).

oscillations with large amplitudes were verified especially under high
current densities. This behavior was not expected since the oscillations
occur less intensely even at low current densities, which made impos-
sible the determination of Rypm.

These differences between the LSV curves of the three membranes,
especially the intensity and amplitude of the oscillations verified for the
PC200D, can be explained by the different type and degree of hydro-
phobicity of their functional groups, which is the main surface property
that affects overlimiting mass transfer [28]. In this case, the differences
in the functional groups of the membranes affected the intensity of each
overlimiting mass transfer mechanism, such as electroconvection and
water dissociation, that took place at each membrane, affecting the
shapes of their LSVs. While the functional groups of Ralex and Fumasep
are composed of quaternary ammonium, those of PC200D are composed
of quaternary ammonium and tertiary amines [16]. On one hand, it is
well known that tertiary amines exhibit a higher catalytic activity to the
water dissociation reaction than the quaternary ammonium groups [29].
On the other hand, tertiary amines are more hydrophobic than

quaternary amines [30,31], thus favoring earlier occurrence of elec-
troconvection phenomena with larger vortices (higher amplitudes) [11,
32]. Therefore it is expected that these phenomena are strongly
competitive at the PC200D and their simultaneous occurrence at this
membrane would be favored by its relatively low thickness (Table 1)
since the membrane functional groups would become more exposed to
the membrane/solution interface [28]. It is worth noting that the os-
cillations amplitude varies strongly in function of the VFA type
(compare the curves for acetic and valeric acids). It is known that an ion
with a bigger hydrated radius and higher hydrophobicity tends to favor
electroconvection and disfavor water dissociation [32,33]. Among the
VFAs tested herein, acetic acid has the lowest molecular size and hy-
drophobicity degree [34], which means that it would favor water
dissociation occurrence. As the largest oscillations amplitude was veri-
fied for acetic acid and the lowest one was verified for valeric acid, it
could be suggested that the intense oscillations of the curves are mainly
associated with the water dissociation reaction. This will be also dis-
cussed in the chronopotentiometry results section (Section 3.2). Lastly,
Fig. 2(c) additionally shows that the curve of acetic acid is very distant
from the other VFAs and very close to the curve constructed with the
solution containing all acids, showing lower electrical ohmic resistance
due to its more vertical slope. This can be explained by the lower size
and higher hydrophilic nature of acetic acid and, therefore its prefer-
ential transport through the membrane. As such a difference between
the VFAs was not verified for Ralex and Fumasep, Fig. 2 suggests that
PC200D strongly favors the transport of acetic acid while the other VFAs
are transported at a considerably lower rate, which was confirmed by
the results obtained in the ED experiments (Section 3.3).

The LSV curve obtained for the ED stack (electrodes) with Ralex
membrane is shown in Figure S4 (see supplementary material). This
curve was used for determining the voltage values that would be applied
in the ED tests in function of the i/ij, ratios of the Ralex/solution
system, as described in Section 2.1.2.
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3.2. Chronopotentiometry

ChPs at several applied current densities (0.03 mA/cm? — 6.25 mA/
cm?) were obtained for each membrane using the solution containing all
VFAs simultaneously at initial pH 6. The results are shown in Fig. 3.

The ChPs obtained for each membrane showed distinct behaviors.
For all membranes, the potential drop maintained constant over time
when low values of current density were applied (see 0.03 mA/cm?)
indicating that the VFAs transfer was governed by diffusion/migration
[12]. As the applied current increased, the initial potential drop (Eg —
indicated in Fig. 3a) increased, which is related to the ohmic contribu-
tion of the membrane/solution system when the membrane was not yet
under the effect of intense concentration polarization [13]. This prop-
erty was similar for all membranes, showing values close to zero for low
currents, as expected, and between 0.05 V — 0.08 V for higher currents.

As the current density increased, an inflection point appeared, and
the potential drop measured over time increased strongly due to the
concentration polarization occurrence. Then, a quasi-steady state con-
dition was reached due to the dominance of overlimiting transport
mechanisms [12,13,32]. It is worth noting that this increase in potential
drop occurred in a very short time for all membranes, without showing
the typical inflection point related to the reduction in concentration
when the membrane/solution system reaches the concentration polari-
zation condition. Therefore, when current density values greater than
iim are applied, the time during which the VFAs are transferred by
electro-diffusion, before being transferred by overlimiting mechanisms,
is extremely short or even non-existent [12].

The region of quasi-steady state condition after the concentration
polarization occurrence showed different behaviors for each membrane.
The potential drop values measured for Ralex were considerably higher
than for Fumasep and PC200D under the same current densities (for
example 0.43 V, 0.23 V and 0.20 V, respectively, under 6.25 mA/cm?).
This indicates a greater overlimiting resistance of Ralex, which can be
explained by its heterogeneity and the consequent tortuous counter-ion
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pathway [35].

For Ralex, the curves under moderate current values showed subtle
oscillations over time, and the intensity of the oscillations increased with
increasing applied current density (compare 1.25 mA/cm? to 6.25 mA/
cm?). Thus, under high current densities, the VFAs transfer through
Ralex was governed by electroconvection [36], whereas the occurrence
of intense water dissociation was not verified for this membrane.
Differently, Fumasep showed intense oscillations of potential drop even
at moderate current density values (0.78 mA/cm?) and this increased
with current density. Furthermore, after the rapid increase in potential
drop during concentration polarization under high current densities, the
potential drop reached a peak (maximum point) between 0 — 15 seconds
and then reduced until the quasi-steady state condition was reached
(indicated at Fig. 3b). This maximum point is generally associated with
the occurrence of gravitational convection or water dissociation on the
membrane surface. As gravitational convection occurs in more concen-
trated solutions [37], the maximum point shown in the present work
appeared due to the water dissociation phenomenon.

The curves for PC200D were similar to those obtained for Fumasep,
but the curves of the former did not show oscillations under moderate
current densities. Note that the oscillations with the PC200D started to
appear at 1.88 mA/cm? and intensified with the increase in current
density. Potential drop peaks (maximum point) between 0 — 15 seconds
were also verified for this membrane, indicating the occurrence of water
dissociation. The potential drop of the curves under high current den-
sities (greater than 2.5 rnA/cmz) did not reach a quasi-steady state
condition, showing a continuous increase until the current application
was interrupted (indicated in Fig. 3(c)). This continuous increase in E,
can be explained by the intense water dissociation occurrence at the
diluate interface of PC200D, the consequent transfer of the formed OH
ions to the concentrated compartment, and the Donnan exclusion of
protons at the membrane diluate interface [38]. Thus, the accumulated
protons shifted the chemical equilibrium of the VFA species, which
became protonated (pKa ~4.8). These uncharged species accumulated
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Fig. 3. — Representative ChPs of the membrane/solution systems obtained for (a) Ralex, (b) Fumasep and (c) PC200D. The solution was composed of all VFAs at

initial pH 6.
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at the diluate side of the PC200D and caused the continuous increase of
its resistance, as shown in Fig. 3c. The oscillations of potential drop after
the maximum point for PC200D were more intense than those of
Fumasep, indicating that the overlimiting mechanisms occurred more
intensely at the former. As already discussed, this can be explained by
the presence of tertiary amines in PC200D and agrees with the LSVs
shown in Fig. 2c. Besides, the maximum point of E,, and intense oscil-
lations for PC200D indicate the occurrence of electroconvection simul-
taneously to water dissociation, which supports the discussion on the
competition of these phenomena (Section 3.1).

Lastly, the relaxation section of the membrane/solution systems,
after interrupting the electric current application, showed a similar
behavior for all membranes. After applying low current densities, the
potential drop during relaxation remained close to zero, as expected. As
the applied current density increased, the potential drop during relax-
ation dropped to a non-zero value (between approximately 0.05 V and
0.1 V for all membranes) and remained practically constant, showing a
very slow decrease over time. This is related to the non-ohmic resistance
of the membrane system, which depends strongly on the DBL thickness
[39], and can be explained by the changes in VFAs concentration at the
diluate and concentrated interface of the membranes after each current
pulse application.

3.3. Electrodialytic separation

ED experiments were conducted under distinct cell voltage values
[0 V (no voltage), 1.72V,2.22'V,2.35V,2.45V,2.66 V,2.74 V,2.82 V,
2.88 V] and their performance was evaluated by calculating the percent
extraction and flux of VFAs.

3.3.1. Percent extraction

Figs. 4-6 show the results of percent extraction (PE%) as a function
of time (0 — 7 h) for the ED tests conducted at 0 V (no voltage applied),
1.72V,2.35V,2.45V, 2.66 V, 2.88 V with Ralex, Fumasep and PC200D
membranes, respectively. The results for voltages of 2.22 V, 2.74 V and
2.82 V showed similar behaviors and are present in Figures S5-S7 (see
supplementary material).

1004 100 -
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To support the discussions on the selectivity of each VFA transport,
the ratios of percent extraction of acetic/propionic acids (PEac/PEprqp),
propionic/butyric acids (PEpyop/PEpyr), acetic/valeric acids (PEac/PEya))
and the pairs of (acetic+propionic)/(butyrict+valeric) acids
(PEAc+PEp;op)/(PEpy+PEya) were calculated for all voltages applied.
The greater the ratio, the greater the fractionation degree of the VFAs
pairs. The results for the samples withdrawn at times 0.5h, 3hand 7 h
are shown in Table 3, whereas the complete table containing the results
for all samples withdrawn (0 h, 0.5h, 1 h, 3h, 5h, 7 h) is shown in
Table S1 (see supplementary material).

According to Figs. 4-6, increasing the cell voltage increased the
percent extraction for all membranes at all times evaluated, as expected,
but the membranes showed different behaviors. The overall percent
extraction of all acids obtained with Fumasep were considerably higher
than with Ralex, especially under no (0 V) or medium (1.72 V- 2.45 V)
voltages. This greater transport of ions through the homogeneous
membrane was expected because of its lower thickness and, conse-
quently, lower electrical resistance [40]. Under high voltages (2.45 V —
2.88 V), Ralex and Fumasep membranes showed similar performances,
indicating that the alteration of the dominant ion transport mechanism
from diffusion/migration to the overlimiting suppressed the effects of
membrane homogeneity. Under all voltages applied (0 V — 2.88 V),
PC200D showed percent extraction values of acetic acid practically
identical to those of Fumasep. For propionic acid, the values of PE%
obtained with PC200D were slightly lower than those with Fumasep,
while for butyric and valeric acids the PE% values were considerably
lower.

The PE% values of the VFAs obtained with Ralex and Fumasep
showed the following order: acetic > propionic > butyric = valeric,
while for PC200D the order was acetic > propionic > butyric > valeric.
This behavior was partially expected since the lower the size of a specie,
the faster is its transport across conventional ion-exchange membranes.
On the other hand, only PC200D allows for the fractionation of butyric
and valeric acids.

According to Table 3, Fumasep showed a slightly greater selectivity
in the separation of acetic and propionic acids compared to Ralex in a
short time (PEac/PEprop = 1.1-1.3), while PC200D showed a much

100
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electrodialysis.
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electrodialysis.

(1.0 - 1.3), while for PC200D the ratio was 6.6 without voltage appli-
cation and short time, and between 1.0 — 1.4 for the other voltages and
times. The ratio of acetic and valeric acids (PEs./PEy,) was 1.1 - 1.3 for
Ralex, 1.2 — 2.0 for Fumasep and 1.4 — 4.2 for PC200D. Lastly, the
percent extraction ratios for the acetic+propionic and butyric+valeric
pairs (PEac+PEpyop)/(PEpy+PEy,)) exhibited a similar behavior to the
other ratios mentioned, indicating that the PC200D allows for the

greater selectivity for these acids especially when no current was applied
(PEA¢/PEpyop = 2.4). For medium-long operating times (3 h and 7 h), the
separation of acetic and propionic acids with Ralex and Fumasep was
similar (PEac/PEpop = 1.0-1.3), while for PC200D the distance between
the curves remained greater than for the other membranes (PEac/PEprop
= 1.0-1.4). Regarding the separation of propionic and butyric acids,
Ralex and Fumasep showed similar ratios of PEpyop/PEpy: for all times
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Table 3
Percent extraction ratios of PExc/PEprop, PEprop/PEpyt, PEac/PEval and (PEac+PEprop)/(PEpy+PEvar) obtained in the electrodialysis tests under distinct voltages
applied.
PE% ratios
Ralex Fumasep PC200D
Cell voltage Time (h) Ac/ Prop/ Ac/ (Act+Prop)/] Ac/ Prop/ Ac/ (ActProp)/|] Ac/ Prop/ Ac/ (Act+Prop)/
V) Prop But Val (Butt+Val) | Prop But Val (But+Val) | Prop But Val  (Butt+Val)
o5 |2 BoN 11 R 13 1 20 1.3
0 3 12 L1 13 1.2 12 L1 15 13 14 14 1.8
12 12 14 13 11 L1 12 1.2 13 13 19 L6
05 [BRON 1.1 12 L1 13 2.0 14 12 19 14
1.72 3 L1 11 12 L1 13 13 13 13 19 1.6
12 12 14 13 L1 11 L1 12 12 17 1.4
05 |12 11 12 11 12 12 15 13 13 12 17 L5
222 3 12 11 14 1.3 12 12 14 1.3 13 13 20 17
12 12 14 13 L1 11 12 1.2 12 12 17 15
05 |12 11 13 12 L1 12 13 1.2 15 15
235 3 12 L1 13 1.2 12 [ 11 13 1.2 13 13 20 L6
12 11 13 12 L1 11 11 12 12 16 1.4
o5 | 11 12 1.1 12 L1 13 1.6 14 14 P22 17
2.45 3 12 L1 13 1.2 L1 L1 12 1.2 12 13 18 1.6
L1 11 12 1.2 11 12 14 13
05 |12 L1 13 12 13 13 16 1.4 15 14 25 19
2.66 3 11 11 13 1.2 L1 11 13 1.2 12 12 16 1.4
L1 L1 L1 L1
05 |12 12 13 13 12 12 13 13 13 13 18 L5
2.74 3 L1 11 13 1.2 11 L1 12 11 11 12 15 1.4
o o i o fio w0 w0 o Jioowe w
05 |13 12 14 13 13 13 16 1.4 13 13 19 1.6
2.82 3 L1 11 13 1.2 L1 L1 12 1.1 L1 12 14 13
11
05 | L1 11 12 1.2 13 L1 14 13 14 13 17
2.88 3 L1 11 12 1.2 L1 L1 12 1.1 11 11 14 1.2

transfer of a large portion of acetic and propionic acids to the receiver
solution while retaining part of the butyric and valeric acids in the feed
solution especially in short times and low voltages. This behavior veri-
fied for the PC200D differed considerably from that of the Ralex and
Fumasep membranes. With the PC200D, percent extractions of acetic
and propionic acids between 70 % and 77 % and 60 %-67 % were ob-
tained, respectively, achieving a (PEac+PEprop)/(PEput+PEya) ratio of
1.4 under 2.35V (7 hours), 2.45V (5 hours), 2.66 V (3 hours), and
2.74 V (3 hours).

Overall, the membranes showed a reduction in the PEsc/PEpqp,
PEprop/PEgut, PEac/PEval and (PEac+PEprop)/(PEpy+PEya) ratios with
increasing voltage (for a defined time) especially at longer times, which
can be explained by the alteration of the dominant ion transport
mechanism at underlimiting and overlimiting current regimes. This in-
dicates that voltage values greater than 2.88 V are not recommended for
the ED application evaluated herein. The results obtained for all mem-
branes indicate that ion transport governed by diffusion/migration
(without application of voltage) allows for a more selective separation
between the acids, which is most notable for PC200D. In this case, ion
transport occurs mainly due to differences in species concentration in
the diluted/concentrated compartments and is virtually not influenced
by their charges, which are identical for all VFAs evaluated here

(diffusion coefficients in water at infinite dilution of 1.089-10~° cm?/s,
0.953-107° cm?/s, 0.868-10~° cm?/s, and 0.593-10~° cm?/s for acetate,
propionate, butyrate and valerate anions, respectively [41,42]). When
voltage is applied, ion transport is primarily governed by electro-
migration, and in this case, the identical charges of the species result in
ions being extracted similarly. The difference between the values of
PEac/PEprop, PEprop/PEput, PEAc/PEval and (PEAc+PEprop)/ (PEgyt+PEval)
obtained in tests conducted without and with potential application,
especially for PC200D at a short operating time (0.5 h), indicates that
the effects of electric charge on ion transfer by electromigration is more
intense at membranes containing tertiary amines than at those pre-
senting only quaternary ammonium groups. As the applied voltage
increased from 1.72 V to 2.88 V, the ratios of PE% decreased, especially
at medium (3 h) and longer (7 h) times because of the effects of over-
limiting mechanisms. As mentioned, the intense occurrence of water
dissociation at the diluate side of PC200D, which was verified in the
LSVs, ChPs, and pH profiles that will be shown in Section 3.3.3, led to
the formation of protonated (uncharged) VFAs at the membrane surface.
In this case, the transport of VFAs by electromigration may have ceased
to be relevant and became governed by diffusion. Some authors have
evaluated the selective separation of VFAs using adsorbents and noted
that those materials containing quaternary ammonium allow for strong
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adsorption by anion exchange, while tertiary amines predominantly
adsorb uncharged VFAs due to hydrophobic interactions [3,4]. Thus, in
the present study, the formation of uncharged species under intense
water dissociation at PC200D may have intensified the transport of
species across this membrane by diffusion.

All membranes showed a reduction trend in the ratios of PExc/PEpyop,
PEprop/PEgut, PEac/PEval, and (PEac+PEprop)/(PEput+PEya) with
increasing time (for a defined cell voltage), especially under high volt-
ages. The lower fractionation degree at longer times occurred because,
in this case, the smallest ions have already been transferred to the
concentrated compartment. Thus, the competition between smaller and
larger ions decreased, allowing the larger ones to migrate more intensely
through the membrane despite their larger size. This is particularly
noticeable for PC200D, indicating that the concentration ratio of species
of different sizes present in the diluate solution strongly affects their
separation.

Our results showing the possibility of fractionating the VFAs under
certain time frame and cell voltage conditions, especially with the
PC200D, differ from the results obtained by Tao et al. [43], who found a
nearly identical percent extraction of acetic/butyric and propionic/bu-
tyric acids in an electrodialytic separation using the PC SA membrane
(PCCell GmbH, Germany). Jones et al. [6] also obtained percent ex-
tractions of acetic and butyric acids very close to each other, but did not
specify the membrane that was used. Brown et al. [7] evaluated the
electrodialytic separation of VFAs and verified that the polytetra-
fluoroethylene membrane does not have any selectivity towards the
acids evaluated herein, showing identical percent extractions. Lastly, the
results obtained herein also differ from those showed by Scoma et al. al.
[8], who obtained a separation factor of only 1.14 for acetic and butyric
acids and 1.1 for acetic and propionic acids using Neosepta AMX
membrane (Astom Corporation, Japan).

3.3.2. Flux and mass balances

The evaluation of the reach of VFAs to the concentrated compart-
ment was performed by calculating their flux. Figs. 7-9 present the flux
results over time under cell voltages of 0V, 1.72V, 2.35V, 245V,
2.66 V, 2.88 V obtained with Ralex, Fumasep, and PC200D membranes,
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Fig. 7. — Representative flux obtained with the Ralex membrane under (a) 0V, (b) 1.72V, (c) 2.35V, (d) 2.45V, (e) 2.66 V and (f) 2.88 V throughout the

electrodialysis.
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respectively. The results for all voltages tested (0 V — 2.88 V) are shown
in Figures S8 — S10 (see supplementary material).

As expected, the flux curves for each acid transported through each
membrane showed a similar trend to the percent extraction: acetic >
propionic > butyric > valeric. The distances between the curves also
follows similar behaviors to the PE% values, which are different for each
membrane and decrease over time. Note that at longer times, especially
for Fumasep and PC200D under high potentials, the flux of VFAs that
have a larger size (butyric and valeric acids) became greater than the
flux of acetic and propionic acids, which can be explained by the lower
competition between small and large ions when transported through the
membrane, as discussed in Section 3.3.1. For Ralex, an unexpected
behavior of the flux values over time was observed. Note that the flux
increased from short times, remained constant, and then decreased,
which is more evident under higher applied voltages. This indicates that
the flux values of ions reaching the concentrated compartment were
lower than the expected, especially at short times, which may have
occurred due to ion sorption in the membrane phase. To shed light on
this phenomenon, the mass balance of the species throughout the tests
was estimated for all voltages applied, and the results are present in
Table S2 (see supplementary material). It is worth mentioning that
values slightly above 100 % (101 % — 104 %) are due to intrinsic de-
viations in the chemical analysis.

According to Table S2, the mass balance remained at 100 %
throughout the experiments (0 — 7 h) with all membranes when no
voltage was applied. For Fumasep and PC200D, the mass balance closure
gradually decreased over time (up to 85 %) especially under high volt-
ages (greater than 2.35 V). This may have occurred because, at longer
times and high voltages, two opposing driving forces acted on the VFAs:
the electromigration force associated with electroconvection towards
the concentrated compartment and the back diffusion force towards the
diluate compartment [44]. Thus, part of the VFAs were retained at/in
the membranes. Besides, the intense water dissociation at these mem-
branes (confirmed in the ChPs and pH profiles that will be shown in the
next section) led to the decrease of pH at the membranes diluate side and
bulk solution, where part of the acids were present in their free form.
The high concentration of free VFAs may have been responsible for their
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electrodialysis.

loss by evaporation due to their high volatility [3,43], which can also
explain the decrease in mass balance closure for Fumasep and PC200D
membranes. The Ralex membrane showed a different behavior. Note
that a strong reduction in the mass balance was observed for this
membrane (up to 72 %) even at short times (0.5 h), reaching consider-
ably lower values of MB% than the other membranes. Besides, there is a
clear relationship between ion size and sorption intensity for Ralex: the

smaller the ion, the more intense the sorption. The intense sorption in
Ralex can be explained by its greater thickness and the presence of
clusters of ion exchange sites as it is a heterogeneous membrane. Several
works on sorption have been published on literature, which were con-
ducted using single salt solutions, pesticides or pharmaceuticals [45,46].
Some of these works showed that the membrane thickness strongly in-
fluences ion sorption, but only few works on VFAs sorption have been
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published. As sorption occurrence may reduce the membrane conduc-
tivity and block pathways through the polymer [9,10], which impairs
the separation process, dedicated studies must be conducted to shed
light on the sorption occurrence of the VFAs in each membrane testes
here.

3.3.3. pH and conductivity of feed and receiver solutions

Fig. 10 shows the pH vs. time profiles of the feed (Fig. 10 a,b,c) and
receiver (Fig. 10 d,e,f) solutions throughout the ED experiments con-
ducted with Ralex, Fumasep and PC200D under each voltage value. The
small variations (between 6 and 6.2 for the feed and 5.7 — 6.2 for the
receiver) in the initial pH values are due to the recirculation of distilled
water through the compartments/reservoirs before the experiments.

As shown in Fig. 10, the feed pH maintained virtually constant over
time under low voltages and decreased strongly under high voltages,
despite the transfer of the acids (VFAs) to the receiver compartment.
This reduction is explained by the occurrence of water dissociation re-
action at the diluate side of the AEMs. Note in Fig. 10 that the final pH
values of feed solution of the tests conducted with Fumasep and PC200D
at 2.74V, 2.82V and 2.88 V was lower than 5, while for Ralex it
occurred only at 2.88 V. This indicates the formation of protonated VFAs
at these voltage conditions and supports the discussions on chro-
nopotentiometry (Section 3.2) and the decrease in MB% for Ralex and
Fumasep due to potential VFAs evaporation in their free form. As the pH
at the diluate interface of AEMs is considerably lower than in the bulk
solution [38,47], the formation of uncharged VFAs at the membrane
surface may also have occurred at lower voltage values. The less intense
pH reduction of the feed solution with Ralex than with Fumasep and
PC200D indicates a less intense water dissociation at the former, which
also agrees with the previous discussions. The intense pH reduction of
the feed solution to values lower than 5 over time under the highest
voltage values (2.74 V - 2.88 V) should be avoided, since the uncharged
species formed are not transferred through the membranes and, in this
case, a fraction of the energy consumed is wasted. Besides, it was veri-
fied (Table 3) that the application of high voltages reduces the frac-
tionation degree of the VFAs.
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The pH profile of the receiver solution showed distinct behaviors
depending on the membrane under investigation. As shown in Fig. 10d,
the receiver pH with Ralex dropped rapidly (0.5 h) and the drop in-
tensity increased considerably with the voltage applied. As Ralex did not
show greater transfer of VFAs from the feed solution when compared
with the other membranes, this drop could be explained by the
desorption of VFAs that were sorbed in Ralex in the previous tests, which
supports the unexpected behavior of Ralex on VFAs flux and mass bal-
ance discussed in Section 3.3.2. The pH drop intensity increased
significantly with increasing cell voltage due to the enhanced driving
force that favored the VFAs desorption. The receiver solution pH
increased over time due to the transport of OH" ions present initially in
the feed solution, in addition to the OH' ions possibly generated by water
dissociation at the membrane’s diluate interface. The pH profiles of the
receiver solution with Fumasep (Fig. 10e) and PC200D (Fig. 10f)
membranes showed another behavior: under no (0 V) or low voltage
values, the pH increased in a short time (0.5 h) and remained constant or
decreased over time (1h-7h). The pH increase in a short time can be
explained by the preferential transport of OH" ions initially present in
the feed solution due to their much smaller size compared to VFAs, while
the constant or decreasing pH behavior can be explained by the trans-
port of VFAs to the receiver solution over time. Under high voltage
values, the pH of the receiver solution with Fumasep and PC200D
dropped rapidly (0.5 h) and remained practically constant (showing a
subtle increase) over time (1h-7h), which can be explained by the
intense transfer of VFAs in a short time and the transfer of OH" ions from
the feed solution under intense water dissociation together with elec-
troconvection at longer times. As the presence of VFAs and OH' in the
receiver solution causes opposing effects on its pH, it remained virtually
constant over time.

The conductivity profiles of the feed and receiver solutions are
shown in Figure S11 (see supplementary material). The membranes
exhibited similar behaviors. For the feed solutions, the conductivity
slightly increased under no (0 V) and low voltages (1.72 V), while
decreased considerably under the other voltages (2.22 V — 2.88 V). The
increase observed for 0 V and 1.72 V can be explained by the higher
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Fig. 10. — Representative pH time profiles of the feed (a,b,c) and receiver (d,e,f) solutions obtained under application of distinct cell voltage values (0 V - 2.88 V)

with Ralex, Fumasep and PC200D membranes.
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conductivity of the initial receiver solution (~9.5 mS/cm) than the feed
solution (~6 mS/cm), favoring the transport of Cl" ions through the AEM
by diffusion. When voltages between 2.22 V — 2.88 V were applied, the
conductivity of the feed solutions decreased expectedly because the
solution became more diluted. The receiver solutions exhibited the
opposite behavior for all membranes: a slight reduction over time in
conductivity under no (0V) and low voltages (1.72V) due to the
transport of Cl ions by diffusion to the feed solution and a strong in-
crease under the other voltages (2.22 V — 2.88 V) due to the increase in
VFAs concentration throughout the experiments.

3.3.4. Practical implications of the results in the production of PHAs

The membrane type, applied voltage, and operating time strongly
influence the fractionation degree of VFAs in the production of PHAs.
For all membranes tested, it was observed that under high voltages and
extended durations, the simultaneous transfer of all VFAs (acetic, pro-
pionic, butyric and valeric acids) through the AEMs is intensified,
thereby reducing the fractionation degree of the VFAs, which are
recovered together in the receiver solution. Conversely, under the
application of low to moderate voltages and shorter times, higher de-
grees of fractionation are achieved. In this scenario, the separation of
acetic and propionic acids (transferred to the receiver solution) from
butyric and valeric acids (retained in the feed solution) is intensified.
However, in this case, lower PE% values for all VFAs are obtained.
Therefore, it is necessary to consider a trade-off between the desired PE
% values and fractionation degree when selecting the voltage and
operating time.

Concerning the membrane characteristics, the type of functional
groups (composed of quaternary ammonium and/or tertiary amines)
was found to be the factor with the greatest impact on the fractionation
degree. Among the membranes evaluated, the use of PC200D is most
recommended as it contains tertiary amines, achieving PE% ratios of
VFAs pairs significantly higher than those of other membranes, partic-
ularly under moderate voltage values. This is related to the ability of
tertiary amines to promote the transport of shorter-chain VFAs (acetic
and propionic acids) while retaining longer-chain VFAs (butyric and
valeric acids). With PC200D, (PEac+PEp;op)/(PEpyt+PEya) ratios of 1.4
are obtained under 2.35 V (7 hours), 2.45 V (5 hours), 2.66 V (3 hours),
and 2.74 V (3 hours). Although the voltage of 2.74 V allows for a high
degree of fractionation, voltages equal to or greater than this value
should be avoided because the intense water dissociation on the mem-
brane surface, facilitated by the tertiary amines, leads to a sharp
reduction in the solution’s pH and the consequent formation of un-
charged species, which could result in increased energy consumption
not associated with the transfer of VFAs. Therefore, it is suggested that
low to moderate voltage values are applied, preferably between 2.35 V
and 2.45V, as these allow for high percent extraction values of acetic
and propionic acids (up to 75 % under 2.35 V, and 85 % under 2.45 V)
and high (PEac+PEpyop)/(PEpy+PEval) ratios (around 1.5).

If the aim of the electrodialysis operation is to recover all VFAs in the
receiver solution rather than fractionating them, the use of Fumasep
should be considered, as this membrane showed PE% values for acetic
and propionic acids similar to the PC200D, while the PE% of butyric and
valeric acids obtained with Fumasep were also high. Considering the
application of ED evaluated in this study, it is suggested that the use of
the Ralex membrane is avoided, despite being more resistant and
affordable, due to the considerably lower PE% values and PE% ratios
obtained for all VFAs.

Lastly, it is worth mentioning that the solutions tested herein are
synthetic and do not contain other components typically present in real
biological process solutions, such as nutrients and other cationic and
anionic species [21]. The presence of nutrients in real solutions (usually
present as NHJ), in addition to Na™, and other cationic species in trace
concentrations should not affect the transfer of VFAs as they are co-ions
(present a positive charge), meaning they are repelled by the AEM. The
presence of other anionic species (counter-ions) in real solutions, such as
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Cl" and other species in trace concentrations, should also not alter the
results of VFAs’ fractionation degree observed herein, as no spe-
cies/complexes are formed between the VFAs and Cl ions, meaning they
are transferred independently through the AEM. However, the presence
of Cl"ions and other anionic species in trace concentrations may alter the
time required to achieve the PE% values obtained herein. Therefore, it is
suggested that a dedicated study be conducted to evaluate the rela-
tionship between voltage and time using the PC200D membrane and a
real fermentative process solution.

From a PHA production perspective, separating the VFA mixtur-
e—comprising acetic, propionic, butyric, and valeric acids—into two
distinct solutions (one enriched with acetic and propionic acids and the
other with butyric and valeric acids) offers both economic and efficiency
benefits. Studies have demonstrated that PHA-accumulating MMCs
generally preferentially consume longer-chain VFAs (butyric and valeric
acids) for PHA synthesis before utilizing shorter-chain VFAs (acetic and
propionic acids) [48]. This selective consumption behavior impacts both
the efficiency and duration of the PHA accumulation stage.

Operators during PHA accumulation face two options regarding
pulse-wise feeding: i) introduce a new carbon pulse once butyric and
valeric acids are depleted, which can accelerate the accumulation pro-
cess and potentially increase PHA storage and yields. However, this
approach may result in the accumulation of acetic and propionic acids,
which could reach high concentrations, potentially inhibiting the cul-
ture. Additionally, treatment of the effluent is required before safe
disposal; or ii) wait for the culture to consume the less-preferred VFAs
after the butyric and valeric acids are depleted. This approach may lead
to longer accumulation times and potentially lower maximum PHA
storage and yields, as the culture might enter a famine state for butyric
and valeric acids. However, the advantage is that it produces a carbon-
free effluent, thereby eliminating the need for further treatment.

Fractionating the VFA mixture prior to use in PHA accumulation can
address these challenges, enhancing PHA storage in the biomass and
improving overall PHA yields. Additionally, optimizing the butyric/
valeric ratio during fractionation can enable tailored production of P
(3HB-co-HV) copolymers with varying 3HV content, resulting in poly-
mers with diverse properties and a broader range of potential
applications.

Moreover, the solution with acetic and propionic acid content
(receiver) could be directed towards various bioprocesses. For instance,
it could be utilized in biogas production using anaerobic digestion,
where acetic acid serves as a primary methane precursor [49]. Alter-
natively, the solution could be employed in aerobic granular sludge
(AGS) reactors for the production of extracellular polymeric substances
(EPS), as these systems have been shown to effectively use simple
wastewater containing acetate and propionate as carbon sources [50].

4. Conclusions

Systematic electrodialysis experiments were conducted using two
homogenous and one heterogenous AEMs and applying distinct cell
voltages to evaluate the recovery and fractionation of four VFAs
commonly present in fermented solutions used for PHA production. All
membranes exhibited a decrease in the fractionation degree of VFAs as
the voltage and/or time increased. Conversely, lower PE% values were
obtained at lower voltages and shorter durations. Therefore, a trade-off
between the desired high fractionation degree and high PE% values
must be considered.

Among the evaluated membranes, the PC200D demonstrated the
highest capacity for VFAs fractionation, which might be attributed to the
presence of tertiary amines in its fixed functional groups. With the
PC200D, PE% values of around 80 % were obtained for acetic and
propionic acids, achieving a PE% ratio for the pairs of acetic-+propionic
and butyric+valeric of 1.4 under voltages of up to 2.45 V. Voltages
above 2.45 V are not recommended to avoid the occurrence of intense
water dissociation at the membrane surface, and a consequent increase
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in energy consumption not associated with an enhancement in the VFAs
degree of recovery.

The promising results obtained with the PC200D indicate that the
proportion of tertiary amines in the membrane functional groups must
be further exploited as a potential way for increasing the degree of
electrodialytic separation of VFAs. It is therefore suggested that dedi-
cated studies should be conducted to evaluate other commercial anion-
exchange membranes containing tertiary amines and/or to develop
membranes presenting different proportions of quaternary/tertiary
amines in order to further improve their VFAs fractionation properties.

Considering PHA production, our findings support the valorization of
solutions rich in butyric and valeric acids (retained in the feed) during
the PHA accumulation phase. This approach could enhance PHA storage
in the biomass and improve overall PHA yield, leading to increased
productivity. Conversely, the solution with higher concentrations of
acetic and propionic acids (receiver) could be redirected to alternative
bioprocesses, such as biogas production or EPS synthesis.
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