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Abstract—Nowadays, industrial waste from feedstock contains a lot of organic acids, which are being dis-
charged into the water streams causing environment load with wastage of resources. Electrodialysis performs
an important role in wastewater treatment. In this study, we have prepared different anion exchange mem-
branes, by casting solution of poly(vinylchloride-co-vinylacetate) (PVC—VA) with uniformly dispersed
micronized anion exchange resin (polystyrene—divinylbenzene—trimethyl ammonium chloride) (PS—DVB—
TAC). These membranes were also processed for the deposition of polyaniline at different time intervals by
in situ polymerization. The cation exchange membrane (CEM) was also produced by casting a solution, con-
taining (PVC—VA) with micronized cation exchange resin [sulfonated poly(styrene-co-divinylbenzene)] (SPS—
DVB). The separation of the model solution of lactic acid was performed by using anion exchange membrane
(with coated/without coated PANI) and cation exchange membranes (CEM) in a four-compartment elec-
trodialyzer at same voltage. These different modified forms of anion exchange membranes were characterized
by FTIR/ATR for identification of functionalities within the polymer chain, SEM analysis for surface mor-
phology, TGA for thermal stability and a four-probe method for electrical conductivity of membranes. While,
% age of water uptake and ion exchange capacity were also determined. The results of electrodialysis showed
that the 14.78% of the lactate ions moved through anion exchange membrane (without a coating of PANI) to
the product compartment within 30 min of the experiment at (30 V). While, the membranes with polyani-
line’s coating time 2, 12, and 24 h have separation efficiency of lactic acid 21.65, 27.46, and 33.36% respec-
tively at the same voltage. The results clearly showed that higher PANI coating has a positive trend in the sep-
aration of lactic acid. This separation technique has a great potential in the separation of organic acids and

amino acids from a feedstock of microbial fermentation at an industrial scale.
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INTRODUCTION

Recently, composite membranes comprising intrin-
sically conductive polymers (ICPs) have been prepared
[1, 2]. These composite membranes have applications
in different fields of membrane processes such as elec-
trodialysis [3—5], gas separation [6], pervaporation, and
nanofiltration. Various methods have been used to pre-
pare these composite membranes including polymer
blending [7], in situ polymerization [8], grafting, and
electrochemical polymerization. Among various ICPs,
PANI is one of the largest studied ICP [9].

PANI, an intrinsically conducting polymer, has
some unique characteristics such as relatively low cost,
easy synthesis, large intrinsic electronic conductivity,
simple tunable chemistry with the aid of acid and base

as well as having environmental and thermal stability
[10—14].

Many investigations have been focused on the mod-
ification of solid surfaces with a layer of PANI that con-
sequently serves as the active constituent, while the
resin support provides the required mechanical features
[5, 15].

Various approaches to produce membranes by
using PANI have already been reported including drop
casting, dip coating, fractional thermal vacuum depo-
sition and electrochemical growth by voltammetric,
galvanostatic or potentiostatic routes [16].

Spin coating is the most common technique used
to produce thin PANI films [17]. The major limitation
to implement this approach is the availability of very
few solvents to completely dissolve PANI for subse-
quent spin coating. Moreover, the spin-coated PANI
films have less adhesion to the supporting surface.
Therefore, a scalable deposition method remains a
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challenge for morphological homogeneity and control
thickness of film on the solid-supported substrate. In
situ polymerization of aniline during deposition has a
potential to become a continuous, scalable and simple
method to produce smooth thin PANI film on sup-
ported surfaces. Sapurina with coworkers have
reported that the adsorption of aniline’s oligomers on
the upper surface of the supported substrate plays a
primary role in PANI film formation [18].

Research studies showed that the deposition rate,
electronic and morphological properties of thin films
of PANI are greatly dependent on the nature of the
substrate surface, whether hydrophobic or hydro-
philic. Hydrophobic substrates are smoother in PANI
deposition than hydrophilic substrates [19].

In biochemical and chemical industries ion
exchange membranes (IEMs) play an essential role, as
these are more advanced separation membranes [10].
Electrodialysis has attracted the attention to separate
and purify the organic acids and amino acids from
feedstock because of its environmentally benign
nature [20, 21]. In present work, we studied the sepa-
ration efficiency of PANI coated composite membrane
for the separation of lactic acid through electrodialysis
that has the most important potential applications in
food, chemical and pharmaceutical industries [22—24].

EXPERIMENTAL
Chemicals

Polystyrene-divinylbenzene-trimethyl ammo-
nium chloride (PS—DVB—TAC) anion exchange resin
(Mecolite PA 101) and sulfonated polystyrene divinyl-
benzene (SPS—DVB) (mecolite PC003 ID) was
obtained from the local market and used after crushing
(400 mesh). Poly(vinylchloride-co-vinylacetate)
(PVC—VA) was purchased from the commercial sup-
plier [Akbari store] while, analytical grade Lactic acid
(88%) was obtained from [Sigma-Adrich]. Aniline,
Ferric chloride (FeCls;), methyl ethyl ketone (MEK),

phenolphthalein was purchased from Merck®, USA.
Hydrochloric acid and sodium hydroxide were pur-
chased from Sigma-Aldrich. Because all reagents were
of analytical grades so they were used as received. For
the preparation of all solutions in the whole experi-
mental work deionized water was used.

FEquipments

Scanning electron microscopy (SEM) micro-
graphs were recorded using JEOL JSM-6480LV at
various magnifications. Particle size analyzer, Lite-
sizer-500 (Anton Paar GmbH ) with a measuring range
of 0.3 nm—10 um, was used to determine the particle
size of the anion exchange resin. The FTIR-ATR anal-
ysis was performed by using JASCO FTIR 4100 spec-
trophotometer in attenuated total reflectance (ATR)
mode in the range of 650—4000 cm~!. The electrical
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conductivity of the membranes was measured by using
(Keithley, 6220-Precision current source, 2182-
Nanometer) four-probe method. DC power supply
(Adiget PS 3030DD) was used as a potential source.
The thermogravimetric analysis of membranes was
conducted under a nitrogen atmosphere using Schi-
madzu TGA-50 analyzer. The heating rate for the
membranes was 20°C/min.

Procedure to Synthesize Anion Exchange Membrane

(PS—DVB—-TAC) anion exchange resin was
crushed in pestle and mortar and subsequently soaked
in distilled water for more than 24 h. Then it was
ground again to a very fine size to be sieved through
300—400 mesh after drying for 6 h at 50°C. (PVC—VA)
(2.0 g) was added in MEK solvent (16 g) and stirred for
4 h. When it became a clear solution then (PS—DVB—
TAC) anion resin (2.0 g) was added in the solution of
(PVC—VA), and then stirred for another 4 h until the
resin was uniformly distributed. Then resin dispersed
solution was cast on the glass plate by casting knife, the
solvent was allowed to evaporate for 4 h at 25°C and
the formed membrane was removed from the casting
plate.

Aniline (0.4 M) and FeCl; (0.3 M) solutions were
prepared in 0.4 M aqueous HCI separately. Then
[(PVC—VA) + (PS—DVB-TAC))] composite mem-
brane was coated with PANI by in situ polymerization.
For this purpose, [(PVC—VA) + (PS—DVB-TAC)]
composite membrane was dipped in 0.4 M anilinium
chloride solution and then was slowly added with
0.3 M FeCl; solution. This deposition of PANI was
carried out for 2, 12, and 24 h durations with three dif-
ferent membranes respectively and PANI was coated on
the membrane. After the deposition, the membranes
were removed and washed with 1 M HCI solution to
remove the oligomers and then again washed with
deionized water. Similarly, the cation exchange mem-
branes were also self-prepared by using the cation
exchange resin (SPS—DVB) and (PVC—VA) in the same
ratio as in the synthesis of anion exchange membrane.

The schematic route for the synthesis of polyani-
line deposited anion exchange membranes has been
shown below in Fig. 1.

Water Uptake

For the % age measurement of water uptake, Mem-
branes of almost 2 cm? were soaked up in deionized
water for 24 h at room temperature for equilibration.
Membranes were weighed after the removal of exces-
sive water by the absorbent paper and then dried in an
oven for four hrs at 60°C, and then weighed again. By
taking the difference of mass between wet (W) and
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Fig. 1. Synthesis of polyaniline’s coated composite anion exchange membrane.

dry (W,,y) membranes the % age of water uptake was cal-
culated by using the following formula [25—27].

Wwet _I/V:iry

Water uptake (%) = x100.

dry

Ion Exchange Ccapacity

2 c¢cm? specimen of anion exchange membrane with-
out PANI coating [(PVC—VA) + (PS—DVB-TAC)] and
PANI-modified membranes were immersed in 30 mL
of 0.1 M NaOH solution for 24 h, separately. The
chloride ions attached with the quaternary ammo-
nium part of resin and with quinoid part of polyaniline
were replaced by OH~ ions. The depletion of the
hydroxyl ions was determined by titrating with 0.1 M
HCI solution using phenolphthalein as an indicator.
Before drying, the membranes were washed by rinsing
with deionized water. The IEC was determined as
milliequivalents (meq/g) of OH~ per gram of dry
membrane by using the following formula [26]:

[VNaOH (Nl N2)]

IEC me
qa/g) W,

ry
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Electrical Conductivity

The electrical conductivity of nonfabricated and
the polyaniline’s fabricated membranes was measured
by the four-probe method. In this method, a 3 cm
spherical sample of the membrane was prepared by
punching with the help of puncher of internal diame-
ter 3 cm and then its conductivity was measured by
using the four-probe, each probe being separated by
0.2 cm because its thickness (130—140 um) is very
small as compared to the probe spacing, and its value
is calculated by using the following formula [31]:

-seft)

Here Visthe voltage, /is the value of current, obtained
from the conductivity data. While, C is correction fac-
tor, its value was calculated by dividing the diameter (d)
of the membrane’s sample by probe spacing (s). Then
conductivity was calculated by taking the inverse of
resistivity, using the following formula.

Resistivity (p)

Conductivity (o 1/ Resistivity .
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Fig. 2. Experimental set up of electrodialyzer.

Electrodialysis

The process of electrodialysis was carried out in a
four-compartment electrodialyzer cell as shown in
Fig. 2. Titanium plates were used as an anode and
cathode. The exposed area of these electrodes was
12.56 cm?. Self-prepared anion and cation exchange
membranes were used for the separation of lactic acid.
The exposed area of the membranes was (12.56 cm?).
NaOH solution (0.1 N) was used in anodic and
cathodic compartments. The chamber beside the
cathodic compartment was tagged as the feed com-
partment and the compartment alongside the anodic
compartment was tagged as the product chamber. In
both of these chambers, 1% lactic acid solution was
placed.

Before electrodialysis, membranes were placed in
their corresponding solutions for 24 h. All solutions
were prepared in the deionized water. At room tem-
perature, all experiments were conducted for 30 min
by using the DC potential source at standard voltage
(30 V) for 30 min duration and monitor the separation
of lactic acid from different forms of polyaniline
coated anion exchange membrane by acid—base titra-
tion using phenolphthalein as an indicator [28].

RESULTS AND DISCUSSION
Particle Size Determination

The particle size of the anion exchange resin is
within the range of 1.976 to 2.964 um as shown in
Fig. 3. The most frequently occurring particle size is
2.4 to 2.5 um which is a quite narrow range and a good
indicator of uniform distribution. Particle size distri-
bution is an important factor because it affects the
phase morphology of membranes. Finer the resin par-
ticles are, the more uniform and homogenous is the
phase morphology. As the resin particles become
coarser, phase morphology will be more irregular and
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Fig. 3. Particle size determination of anion resin (PS—
DVB-TAC).

non-uniform. The poly(vinylchloride-co-vinylace-
tate) (PVC—VA) is a film-forming material, while the
particles of anionic exchange resins are infusible and
incapable to form a film. As the particle size of resin
become coarser, it will affect the continuous film for-
mation of the resulting membranes. So, in this
research very fine size of resin (PS—DVB-TAC) is
used to form a homogenous phase of anion exchange
membrane as evident from SEM images in Fig. 4.

SEM Analysis

SEM images of the pure polymeric membranes and
its modified version were recorded which are shown in
Fig. 4. Figure 4aisa SEM image of the pristine mem-
brane of (PVC—VA) showing the smooth surface.
Figure 4b is presenting the rough surface texture of
membrane formed by compositing (PVC—VA) with
anion exchange resin (PS—DVB—TAC) of particle size
1.976 to 2.964 micron. Figure 4c is displaying the
deposition of PANI on the surface of the composited
membrane after 2 h polymerization’s time of aniline.
Figure 4d is showing the dense character of polyani-
line deposited during 12 h of polymerization on the
composite membrane. Figure 4e represents even more
dense deposition of polyaniline during 24 h of polym-
erization on composite membrane.

We expect that there is always a strong interaction
between the benzenoid or quinoid part of polyaniline
i.e. (N—H or —N=) and Cl or C=0 moieties in the
(PVC—VA). A similar interaction is expected between
the quaternary ammonium [C,(N™)] part of the anion
exchange resin and the functional moieties in the
(PVC—VA). This might have resulted in the covering
of [[PVC—VA) + (PS—DVB-TAC)] with PANI. The
higher magnification of the (PVC—VA) shows that the
matrix membrane is porous as SEM image is inset in
Fig. 4a.
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Fig. 4. SEM images of (a) Pristine (PVC—VA) membrane (b) anion fabricated [PVC—VA) + (PS—DVB—-TAC)] and PANI fabri-
cated films at (c) 2, (d) 12, (e) 24, h of aniline polymerization time, respectively, while, the insets in (a) represents image at higher

magnification of (PVC—VA).

Water Uptake Percentage

(PVC—VA) membrane is hydrophobic so it does
not absorb water. The [(PVC—VA) + (PS—DVB-—
TAC)] membrane absorbed (10.67%) amount of water
due to the presence of quaternary ammonium func-
tionalities of resin. In [(PVC—VA) + (PS—DVB-—
TAC)] + PANI 2 h membrane water uptake increased
(16.56%) significantly due to the combined effect of

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 56

benzenoid, quinoid and quaternary ammonium moi-
eties. But in [(PVC-VA) + (PS—DVB-TAC)] +
PANI 12 h membrane water uptake (23.72%)
increased effectively with increasing the time of PANI
coating. Moreover, in [PVC—VA) + (PS—DVB-—
TAC)] + PANI 24 h membrane water uptake is
(29.33%) which showed that by further increasing the
time of PANI coating, thickness of PANI on the com-
posited membrane is increased.

No.7 2020



592

Table 1. H,O uptake (%) values of non-fabricated and
PANI fabricated [(PVC—VA) + (PS—DVB-TAC)] mem-
branes

KHURRAM et al.

Table 2. Ion Exchange capacity (IEC) in (meq/g) of non-
fabricated and PANI fabricated [(PVC—VA) + (PS—DVB—
TAC)| membranes

Water
Sr no. Membranes uptake,
% age
1 (PVC—VA) 0.00
[(PVC—VA) + (PS—DVB-TAC)] 10.67
3 [(PVC—VA) + (PS—DVB-TAC)] + 16.56
PANI (2 h)
4 [(PVC—VA) + (PS—DVB-TAC)] + 23.72
PANI (12 h)
5 [(PVC—VA) + (PS—DVB-TAC)] + 29.33
PANI (24 h)

The results of % age of water uptake given in Table 1,
showed the increasing trend of water uptake with
increasing the deposition time of PANI coating.

lon Exchange Capacity

Table 2 shows the values of ion exchange capacities
of [(PVC—VA) + (PS—DVB-TAC)]| composite and
PANI modified membranes. The value of ion
exchange capacity of [(PVC—-VA) + (PS—DVB-
TAC)] is (1.268) which is due to the presence of
exchangeable chloride moieties on the Trimethyl qua-
ternary ammonium. The trend for ion exchange
capacity is similar as the % age of water uptake. The
value of IEC of PANI coated membrane for two hrs,
increased (1.417) due to the synergic effect of exchange-

[(PVC—VA) + (PS—DVB-TAC)| + PANI 24 h
[(PVC—VA) + (PS—-DVB-TAC)] + PANI 12 h

[(PVC—VA) + (PS—DVB—TAC)] + PANI 2 h
[(PVC—VA) + (PS—DVB-TAC)]

N
(PVC—-VA)

T, %

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm ™!

Fig. 5. FTIR-spectra of PVC—VA and PANI fabricated
[PVC—VA) + (PS—DVB-TAC)] membranes.
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Sr Ion exchange
no. Membranes capacity (IEgC)
[(PVC—VA) + (PS—DVB-TAC)] 1.268
2 |[(PVC-VA) + (PS—DVB-TAC)] + 1.417
PANI (2 h)

3 |[(PVC—VA) + (PS—DVB-TAC)] + 1.724
PANI (12 h)

4 | ((PVC—VA) + (PS—DVB-TAC)] + 1.976
PANI (24 h)

Table 3. Characteristics IR peaks in (cm™") of non-fabricated
and PANI fabricated (PVC—VA) + (PS—DVB-TAC)| mem-
branes

Sr no. Wave number, cm ™! Assignment
1 689 stretching C-1
2 1737 stretching C=0
3 1232 stretching C-0 (C-0-0)
4 1367 stretching CN+
5 2913 stretching C—H
6 3234 stretching N-H

able chloride associated with quinoid (—N=) and qua-
ternary ammonium functionalities. This can also be
observed in the increased value of water uptake for the
PANI modified membrane for 2 h.

The value of ion exchange capacity further
increased (1.724) for the modified membrane with
PANI coating for 12 h. This is probably due to thick
coating of PANI with exchangeable chloride of quater-
nary ammonium resin. Finally, the value of IEC of
PANI coated membrane for 24 h is (1.976) increased
again. This means, by densing the coating of PANI on
the composite membrane the amount of exchangeable
chlorides is increased.

Structure Elucidation

FTIR analysis was used to investigate the structure
of ion exchange membranes as shown in Fig. 5 and
absorption signals have been given in Table 3. The peak
appears at 689 cm~! shows the existence of C-l, at
1737 cm™! attributed to C=O0 stretch and at 1232 cm™!
corresponded to C—O stretch. It is observed that with
increasing the time of deposition of Polyaniline, the
height of the peak of these groups decreases as well.
The peak of quaternary amine (CN™') appears at
1367 cm~!' and C—H stretch band is at 2913 cm~.
While, the peak appears at 3234 cm™! is due to N—H
bond and the broadening of this peak shows hydrogen
bonding with C=0 group.
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Thermogravimetric Analysis

Figure 6 shows the TGA curves of (PVC—VA),
[(PVC—VA) + (PS—DVB-TAC)] and PANI-modi-
fied [(PVC—VA) + (PS—DVB-TAC)] cast films. In
(PVC—VA), the weight-loss between 60—270°C, is
corresponding to the loss of moisture, residual MEK
(solvent) and additional volatile components. The
second weight loss between 270—360°C attributed to
dehydrochlorination and deacetification of (PVC—
VA) that results in the formation of polyene which is
further degraded between 400—580°C into lower
molecular weight molecules [29, 30]. Above this tem-
perature carbonaceous polymer residues and ash are
formed as shown by the TGA profile.

In [(PVC—VA) + (PS—DVB-TAC)], membrane
weight loss compared to PVC—VA) membrane starts at
early temperature region (30—270°C), which shows
the removal of water, trapped in (PS—DVB—-TAC)
resin. Moreover, in addition to dehydrochlorination,
deacetification the deamination also occurred because
of the presence of quaternary ammonium moiety in
the anion exchange resin. The decreasing weight loss
in the second transition between 270—360°C can be
described in terms of the lower extent of dehydrochlori-
nation and deacetification and this is due to smaller
(PVC—VA) content in [(PVC—VA) + (PS—DVB-TAC)]
composite membrane. Similarly, between 360—
540°C, the decreased weight loss as compared to
(PVC—VA) membrane indicating the fusion and sub-
sequent charring of anion exchange resin with the
removal of the gaseous products.

In the case of [(PVC—VA) + (PS—DVB-TACQ)]
composite membranes, coated with PANI for 2, 12,
and 24 h, higher weight losses occurred between 30—
270°C as compared to [(PVC—VA) + (PS—DVB-—
TAC)] composite membrane. Here, PANI is doped
with HCI and it is released from PANI along with
moisture. In the temperature range between 270—
360°C, a decreasing trend of weight loss is shown as
compared to [(PVC—VA) + (PS—DVB-TAC)] repre-
senting that, increasing the PANI coating, increased
the thermal stability of membrane.

The decreased weight loss of PANI-modified
[(PVC—VA) + (PS—DVB-TAC)] composite mem-
branes as compared to [(PVC—VA) + (PS—DVB—
TAC)] membrane in the range 450—560°C indicates
that deposition of PANI, decreased dehydrochlorina-
tion, deacetification and deamination of [(PVC—VA) +
(PS—DVB—-TAC)] and enhanced the stability of PANI
coated membranes.

Measurement of Electrical Conductivity

The results given in Table 4 indicate that the elec-
trical conductivity of the membranes is ranged from
0.009 x 107 to 3.4 x 10~7. As the coating time of poly-
aniline was increased, the conductivity of polyaniline
composite membranes was also enhanced.
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Fig. 6. TGA curve of P(VC—VA) and PANI fabricated
composite membranes.

Electrodialysis

After electrodialysis, the concentration of lactic
acid in the feed compartment was determined by
titrating against 0.01 N NaOH using phenolphthalein
indicator. Before electrodialysis operation, a blank
reading for 1% lactic acid was taken. The experimental
separation results of the lactic acid are summarized in
Table 5.

Results given in Table 5 show that anion exchange
membrane without PANI coating is capable of sepa-
rating the lactic acid upto 14.78%. While, the anion
exchange membranes with 2 and 12 h PANI coating
has 21.65 and 27.46% separation efficiency respec-
tively. Moreover, the separation of lactic acid with 24 h
PANI coating is 33.36%. It was observed during the
electrodialysis process that energy consumption was
varied from 1.5 to 0.8 kW h/kg and current efficiency
(n) was varied from 60 to 80% with an increasing trend
of PANI coating. The results of fabricated membranes

Table 4. Electrical conductivity in (S cm™!) of non-fabri-
cated and PANI fabricated [PVC—VA) + (PS—DVB-—
TAC)] membranes

Electrical
conductivity
Sr no. Membranes s
G X107/,
Scm™!
1 [(PVC—-VA) + (PS—DVB-TAC)] 0.009
2  |[(PVC—VA) + (PS—DVB-TAC)] + 0.16
PANI (2 h)
3 |[(PVC—VA) + (PS—DVB-TACQC)] + 0.78
PANI (12 h)
4 |[(PVC—VA) + (PS—DVB-TAC)] + 34
PANI (24 h)
No.7 2020
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Table 5. Separation efficiency of lactic acid by non-fabricated and polyaniline’s fabricated membranes for 30 min time

frame of electrodialysis

Initial conc. of lfégil:c?ngter Difference between Age separation
of lactic acid in feed electrodialvsis in the the final and initial | of lactic acid by
Sr. no. Membranes compartment feed comga rtment conc. of lactic acid elelctrodialysis
g/100 mL g/100 mL g %
1 | (PVC—VA) 1.136 1.136 0.00 0.00
2 |[(PVC—VA) + (PS—DVB— 1.136 0.968 0.168 14.78
TACQO)]
3 |[(PVC—VA) + (PS—DVB— 1.136 0.89 0.246 21.65
TAC)] + PANI 2 h
4 |[(PVC-VA) + (PS—DVB— 1.136 0.89 0.312 27.46
TAC)] + PANI 12 h
5 |[(PVC—VA) + (PS—DVB— 1.136 0.757 0.379 33.36
TAC)] + PANI 24 h
show that with increasing PANI coating, separation REFERENCES

percentage of lactic acid is increased.

CONCLUSIONS

Heterogeneous anion exchange membranes were
synthesized by coating polymeric anion exchange
membrane of [(PVC—-VA) + (PS—DVB-TAC)] with
PANI. The PANI was coated on the anion exchange
membrane via in situ polymerization of aniline at dif-
ferent polymerization times. SEM images of the PANI
coated membranes showed that the thickness of the
polyaniline coating was dependent on the time dura-
tion. Moreover, coating of PANI is denser at longer
polymerization time than the shorter polymerization
time. The verification of specific interaction between
PANI and [(PVC—VA) + (PS—DVB-TAC)] mem-
brane is also confirmed by FTIR analysis. The ion
exchange capacity and water uptake of the fabricated
membranes are positively affected by the PANI coat-
ing, showing an increasing trend in performance with
more deposition time of PANI. The data of electrical
conductivity shows that with increasing PANI coating
the electrical conductivity is also increased. The
experimental results showed that the acid separation
capability of the membranes increases as PANI coat-
ing thickness increased in the membranes by employ-
ing the DC potential source, which can be used as a
better solution for the industry of feedstock to separate
organic acids from their waste.
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