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a b s t r a c t

Strategies for extracting organic acids from aqueous solutions using polymeric absorbents are demon-
strated and discussed in the context of two-phase partitioning bioreactor (TPPB) design. Experimental
data and material balances for the uptake of butyric acid and benzoic acid by a poly(ether-block-
amide) copolymer (Pebax 2533) establish the inherent limitations of unreactive absorbents for organic
acid bioprocesses that operate at near-neutral pH. Improvements to TPPB performance are achieved by
lowering pH temporarily with CO2 to enhance acid absorption, and removing the solute-rich polymer
before restoring pH to fermentative values by releasing the CO2 pressure. Butyric acid removal by
Pebax 2533 improved from 3% to 40% upon acidifying a pH 6 solution with 60 bar of CO2, while benzoic
acid absorption increased from 1% to 80% using this pressure manipulation technique. A reactive extrac-
tion approach involving a newly-synthesized amine functionalized hydrogel is also described wherein
acid/base reaction equilibrium governs the extent of solute uptake. Copolymerization of 2-
(dimethylamino)ethyl acrylate (DMAEA) and trimethylolpropane triacrylate (TMPTA) yielded a ther-
moset material with sufficient basicity to remove 80% of both butyric and benzoic acid from aqueous
solution using just 1 wt% polymer relative to the aqueous phase mass.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Two phase partitioning bioreactor (TPPB) technology can
improve the productivity of biological processes by sequestering
inhibitory fermentation products and/or compounds intended for
biodegradation [1]. Polymeric absorbents have attracted recent
attention, with considerable effort expended on developing meth-
ods for selecting polymers with high thermodynamic affinity for
target solutes [2] . This affinity is generally expressed in terms of
the partition coefficient (PC), defined as the ratio of the equilibrium
concentration of solute in the polymer ([s]pol, mole/g) to that in the
aqueous phase ([s]aq, mole/g) (Eq. (1)),

PC ¼ ½S�pol
½S�aq ¼ npol

S =mpol

naq
S =maq

ð1Þ
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where npol
S and naq

S are the moles of solute in the polymer and
aqueous phases, respectively, and mpol and maq are the phase
masses.

TPPB systems involving hydrophobic target solutes are rela-
tively simple to design, with PC values often exceeding 3000 for
polyaromatic hydrocarbons [3], and values in the range of 50–
100 for slightly more hydrophilic substrates such as 2-
phenylethanol [4]. In these favorable cases, the amount of polymer
required to bring solute concentrations below their inhibitory
levels, as expressed in terms of the phase ratio (F, Eq. (2)) is typi-
cally below 0.1.
F ¼ mpol

maq
ð2Þ

Sequestering hydrophilic molecules such as has been seen for
cis-indandiol is considerably more challenging, since they gener-
ally possess PC values less than 5 in organic solvents and polymers
[5]. As a result, higher phase ratios are required to regulate aque-
ous solute concentrations below inhibitory levels. Since this comes
at the expense of TPPB volumetric productivity, strategies for
improving the uptake capacity of the polymer phase are of consid-
erable interest.

Longstanding challenges encountered when extracting ioniz-
able solutes from aqueous solution, in particular the pH sensitivity
of solute partitioning, are well documented [6,7], and strategies for
recovering organic acids from fermentation media have been the
subject of several recent reviews [8,9]. At the near-neutral pH
levels needed to support the growth of many microorganisms,
solutes such as butyric acid (pKa 4.8) and benzoic acid (pKa 4.2)
exist predominately in their conjugate base form. Given that alkali
metal carboxylate salts are virtually insoluble in organic solvents
and polymers [10,11], solute extraction potential is limited to the
small amount of conjugate acid present in typical fermentation
media. This fact, combined with the low PC values generally
observed for organic acids, results in exceptionally poor perfor-
mance in conventional TPPB systems. In this work, butyric acid
has been selected as several studies have focused on in situ product
recovery (ISPR) of this molecule [12–14], as it has been shown that
this acid exerts a general inhibitory effect on fementative bacteria
[15], and reductions in acid concentrations during fermentation
would improve microbial performance. Additionally, benzoic acid
has been selected due to its strong partitioning behavior, which
provides comparison to the relatively low partitioning achieved
by butyric acid, while also permitting model validation for a sec-
ond acid.

One strategy for improving TPPB efficiency involves acidifying
the system intermittently to promote organic acid absorption, then
restoring the fermentation medium to a pH that supports the bio-
transformation. Repeated pH shifts can be accomplished without
increasing inorganic salt concentrations by acidifying reversibly
with carbon dioxide. Some success has been achieved by sparging
CO2 at ambient pressure [13,16], while higher partial pressures
(pCO2) have been shown to drop pH values further by virtue of
increased CO2 concentration [17]. Therefore, a sequence of CO2

pressurization, absorption, and depressurization has the potential
to enhance organic acid extraction without raising the ionic
strength of the aqueous phase.

Another strategy for removing organic acids from fermentation
media uses water-insoluble, organic bases such as tertiary amines
to extract acids in the form of alkylammonium carboxylate salts
[18]. However, such reactive extractants have been reported to
exhibit strong toxic effects despite their extremely low solubility
in water [12], limiting their use for ISPR. However, these amine-
based extractants possess attractive qualities, encouraging
research to overcome these toxicity issues. Specifically, reactive
extractants avoids phase equilibrium limitations by exploiting
reaction equilibrium between a weak acid and a weak base, poten-
tially allowing for greatly improved recovery of acids demon-
strated low PC values. Kertes and King demonstrated high
extraction of carboxylic acids with mixtures of organic bases and
various solvents [19], and recently the reactive extraction of
biologically-produced solutes such as succinic acid [20] and buty-
ric acid [12] has stimulated research in developing novel reactive
extractants. Interestingly, recent studies have developed
acrylamide-based polymeric hydrogels that demonstrate reactive
extraction of organic acids due to their amine functionality [21],
and this approach may be able to overcome toxicity issues, as
the extractants are covalently bonded to the polymeric matrix.

This report begins with the development of a material balance
framework that describes the effects of polymer phase fraction
(F), polymer/solute affinity (PC), and aqueous solution pH on solute
uptake by an unreactive (i.e. absorptive) polymer. Knowledge of
the influence of pH on organic acid absorption is then used to
demonstrate the benefits of applying high CO2 pressure to acidify
the solution reversibly. We conclude with a demonstration of
organic acid extraction by reaction with a thermoset acrylate
hydrogel bearing a high concentration of pendant trialkyl amine
functionality.
2. Materials and methods

2.1. Polymers and materials

A polyether-co-amide block copolymer (Pebax� 2533, Arkema,
Inc) was selected on the basis of previous polymer selections
strategies for butyric acid [13], and this polymer is comprised of
80% poly(tetramethylene glycol) and 20% 12-poly(amide) by
weight [22], and was soaked in water and dried prior to use. An
amine functionalized hydrogel was prepared by solvent-fee
copolymerization of 2-(dimethylamino)ethyl acrylate (DMAEA,
4.25 g) with trimethylolpropane triacrylate (TMPTA, 0.75 g) at
70 ± 1 �C for 24 h using 2,20-azobis(2-methyl-propionitrile) (AIBN,
0.2 g) as a radical initiator. Soluble material within the resulting
thermoset was removed by swelling the polymer with THF and
recovering from excess acetone. The purified product was dried
under vacuum at 23 �C. It was assumed that any acid recovery
achieved by these polymers was based on absorption, as previous
work has demonstrated that uptake of solutes into amorphous
polymers is based on absorption rather than adsorption [23].

2.2. Analytical methods

Aqueous samples were analyzed for butyric and benzoic acid
concentration using an HPLC instrument (Varian Prostar) equipped
with a UV–Vis detector (Varian Prostar, PS325) operating at
220 nm. Butyric acid separations employed a Varian Hi-Plex H col-
umn (300 � 7.7 mm) operating at 60 �C with a 10 mM H2SO4

mobile phase at 0.7 mL/min, while benzoic acid separations used
a Varian Pursuit C8 5 lm column (250 � 4.6 mm), with a mobile
phase of 20 mM H3PO4 in 50:50 water/acetonitrile at 1 mL/min.
Butanol concentrations were determined with a Varian 450-GC
gas chromatograph equipped with a CP-8410 AutoInjector, VF-
5 ms 30 m column and a FID detector.

2.3. Partition coefficient determinations

Partition coefficients for butanol, butyric acid, and benzoic acid
absorption by Pebax 2533 were determined in triplicate by con-
tacting polymer (1 g) with the requisite aqueous solution of solute
(10 mL). Butanol and butyric acid experiments were conducted
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using 20 g/L solutions. The low solubility limit of benzoic acid
restricted its aqueous concentration to 2.5 g/L, necessitating the
addition of 5% v/v 1 M H2SO4 to acidify the solution to the point
where the conjugate base concentration was rendered insignifi-
cant. After 24 h equilibration at 30 �C, the aqueous phase was dec-
anted and analyzed for solute concentration as described above.
The solute concentration in the polymer was calculated by mate-
rial balance. As water absorption by Pebax 2533 is 1.2% [24], any
possible effects on partitioning were considered negligible.
Polymer-free control samples were subjected to the same testing
regimen to ensure the constancy of initial solution concentrations
throughout the equilibration period. PC values for solute absorp-
tion by Pebax 2533 at 30 �C were calculated from Eq. (1) to be:
2.0 ± 0.2 for butanol, 4.2 ± 0.3 for butyric acid, and 70 ± 1for ben-
zoic acid with error reported as standard deviation (n = 3).
2.4. Influence of polymer phase fraction, acid concentration and initial
pH on acid partitioning

Solute partitioning tests were performed in triplicate by adding
varying amounts of Pebax 2533 (0.5, 1.0, 1.5, 2.0, 2.5, 3.5 and 5.0 g)
to 10 mL of 2.5 g/L aqueous solutions of butanol, butyric acid, or
benzoic acid, which respectively represented polymer fractions of
0.05, 0.10, 0.15, 0.20, 0.25, 0.35, 0.50, reflecting the range of poly-
mer fractions employed in TPPBs. After 24 h equilibration, the pH
of the aqueous phase was measured before determining the aque-
ous phase and polymer phase solute concentrations by the meth-
ods described above. Solute speciation between its conjugate acid
and conjugate base forms was calculated from the measured solu-
tion pH (see Supplemental Information), from which the species

fractions in the two phases (i.e. npol
HA=n

tot, naq
HA=n

tot, and naq
A�=n

tot)
were calculated. To determine the effect of initial acid concentra-
tion on changes to pH arising from absorption, triplicate samples
of Pebax 2533 (5 g, F = 0.5) were shaken in butyric acid solutions
(10 mL) of varying concentrations (2.5, 5, 10, 15, 20, 25, 35, and
50 g/L) for 24 h, after which the equilibrium pH and solute distri-
bution were determined as described above. A polymer fraction
of F = 0.5 was selected as this is the highest practical polymer frac-
tion, and thus represents the maximum values for changes in equi-
librium pH. Since typical fermentations for organic acid production
tolerate pH near neutral values, knowledge of species distribution
as a function of pH is an important consideration. Butyric acid and
benzoic acid solutions (10 mL, 2.5 g/L) were pH-adjusted with 3 M
KOH or H2SO4 to yield values ranging from 2 to 7 at equilibrium,
after which partitioning and solute distribution were determined
as described above.
Fig. 1. Partitioning of butanol between Pebax 2533 and the aqueous phase as a
function of polymer fraction (30 �C; [Butanol]initial = 2.5 g/L; Lines represent Eqs. (3)
and (4) with PC = 2.0).
2.5. Absorption assisted by CO2 pressurization

Aqueous solutions (500 mL) of 2.5 g/L butyric acid or benzoic
acid were adjusted to pH 6.0 using 3 M KOH, since this is the opti-
mal pH for butyric acid fermentation by Clostridium tyrobutyricum.
Pebax 2533 (100 g) was added to the solution and the mixture was
transferred to a 1-L stainless steel pressure vessel equipped with a
liquid sampling tube (Parr Instrument Company, Moline, IL, USA).
The vessel was sealed and pressurized with CO2 (15, 30, 45, or
60 bar) and stirred at 500 rpm for one hour. The aqueous phase
was then sampled under pressure and the acid concentration
determined as described above. Since solution pH could not be
measured within the pressure vessel, conjugate acid and conjugate
base mole fractions were not determined, but rather reported as
the fraction remaining in aqueous solution (naq

tot=ntot) and absorbed

by the polymer (npol
HA=n

tot).
2.6. Reactive extraction with amine-functionalized hydrogel

Samples of amine functionalized hydrogel (20–100 mg) were
added to 10 mL aliquots of 2.5 g/L butyric and benzoic acid. These
were allowed to equilibrate with pH monitoring to ensure comple-
tion, an equilibrium was reached at 2 h. Considering the extremely
low polymer fractions employed (0.002–0.01), the small degree of
water absorption observed was considered negligible. Samples of
aqueous solution were then analyzed following the HPLC method
described above.

3. Results and discussion

3.1. Absorption of unreactive solutes

Designing a TPPB process requires knowledge of the solute dis-
tribution between the organic/polymer phase and the aqueous
phase. For systems involving unreactive target molecules, a parti-
tion coefficient (PC) is all that is needed to calculate the phase ratio
(F) that will maintain aqueous solute concentrations below cyto-
toxic levels. Eqs. (3) and (4) are material balances expressed in
terms of the fraction of the total solute loading in the polymer

(npol
S /ntot) and aqueous (naq

S /ntot) phases.

npol
S

ntot ¼
F � PC

F � PCþ 1
ð3Þ

naq
S

ntot ¼
1

F � PCþ 1
ð4Þ

In a batch bioreactor operating at a given phase ratio, the total
amount of solute in the system (ntot) is time dependent, but the
fraction of solute partitioning between the phases is fixed, provid-
ing that PC remains constant. Note that the PC for a polymer/solute
combination is equal to the solute activity coefficient in the poly-
mer phase divided by that in the aqueous phase [2]. Since these
activity coefficients are different functions of phase composition,
PC values are, strictly speaking, dependent on ntot. However, vari-
ations in PC are often sufficiently small to be ignored without
introducing significant error to the analysis.

Consider the data plotted in Fig. 1 for butanol absorption, a bio-
molecule that has been studied previously in the context of TPPB
development [4,25]. Independent measurements of butanol uptake
by Pebax 2533 from an aqueous solution containing 2.5 g/L of
solute (not shown) provided a PC estimate of 2.0 ± 0.2. Using this
single value in Eqs. (3) and (4) gave predictions of solute partition-
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ing with respect to phase ratio that agree with experimental val-
ues. This confirms that a constant PC, when measured at a solute
loading that is relevant to bioprocess design, can be used with con-
fidence to predict solute partitioning.

3.2. Absorption of organic acids

As described above, organic acid extraction is complicated by
dissociation of the acid within the aqueous phase. Predicting the
extent of ionization requires knowledge of the acid dissociation
constant in water (pKa) and the solution pH, which when combined
with material balances, gives Eqs. (5)–(7). Note that three process

variables must be quantified; conjugate acid in the polymer (npol
HA/

ntot), conjugate acid in water (naq
HA/n

tot), and conjugate base in water
(naq

A�/n
tot), assuming that carboxylate anion is not absorbed by the

polymer (npol
A�/n

tot = 0).

npol
HA

ntot ¼
F � PC

F � PCþ 1þ 10ðpH—pKaÞ
h i ð5Þ

naq
HA

ntot ¼
1

F � PCþ 1þ 10ðpH—pKaÞ
h i ð6Þ

naq
A�

ntot � ¼
10ðpH—pKaÞ

F � PCþ 1þ 10ðpH—pKaÞ
h i ð7Þ

These expressions were validated by comparing calculated val-
ues to experimental data acquired for butyric acid (PC = 4.2 ± 0.3,
pKa 4.8) and benzoic acid (PC = 70 ± 1, pKa = 4.2) absorption by
Pebax 2533. Note that these are intrinsic PC values for conjugate
acid absorption [26], measured at a low enough pH to supress acid
dissociation, in contrast to observed PC values calculated at an arbi-
trary pH, which can be affected by solute ionization. Fig. 2 illus-
Fig. 2. Equilibrium pH and acid-carboxylate partitioning as a function of Pebax� 2533 f
from Eqs. (5)–(7)).
trates the effect of phase fraction on polymer and aqueous phase
compositions, as well as the equilibrium pH. Agreement between
calculated and measured solute partitioning values is good, provid-
ing confidence that our material balance and reaction equilibrium
framework is useful for TPPB design. Moreover, as observed for
butanol absorption, a PC value derived from measurements that
are appropriate to TPPB operation gave good material balance
predictions.

The data in Fig. 2 demonstrate two other principles of TPPB
development: the sensitivity of solute absorption to polymer/so-
lute affinity (PC), and the pH buffering capacity of a polymeric
absorbent. Although Pebax 2533 absorbed both solutes, the
removal efficiency of benzoic acid was far greater than that of
butyric acid, owing to significant differences in PC (70 ± 1 versus
4.2 ± 0.3, respectively). Unreactive absorbents for bioreactions
yielding multiple organic acids can, therefore, be designed to
remove one solute preferentially, if a large difference in PC values
exists. This opportunity for selective removal on the basis of ther-
modynamic partitioning is not afforded by basic absorbents such
as amine-functionalized hydrogels, which we demonstrate in the
final section of this paper.

The sensitivity of aqueous phase pH to the polymer phase frac-
tion is particularly important. In the case of butyric acid, pH
increased from 3.4 in the absence of polymer to 4.1 at F = 0.5, while
benzoic acid showed a rise from 3.0 to 4.8 over the same range.
Since these changes result from selective removal of acid from
the aqueous solution, the large pH shift observed for benzoic acid
absorption is consistent with the greater affinity of Pebax 2533
for this solute. The ability of an absorptive phase to raise pH by
sequestering organic acid is widely reported [27], and is not unique
to the system of present interest. However, our data suggest that
pH buffering can impose an upper limit on extraction efficiency.
The data plotted in Fig. 2b show that experimental measurements

of npol
HA/n

tot for benzoic acid approached an asymptotic value of 0.87.
Consider that the limit of Eq. (5) as F?1 is 1.0 when pH is con-
raction (a. butyric acid; b. benzoic acid; 30 �C; [acid]initial = 2.5 g/L; lines calculated
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stant, in which case all organic acid can be extracted given a suffi-
ciently large amount of polymer. On the other hand, since pH is an

increasing function of F, npol
HA/n

tot can approach a plateau that is dic-
tated by the magnitude of PC versus (1 + 10(pH–pKa)). We conclude
that, unlike unreactive solutes such as butanol, the fractional
uptake of an acidic solute may not be quantitative, and limitations
should be considered when setting absorption efficiency targets in
TPPB process design.

Further insight into the relationship between solution pH and
organic acid uptake was gained from experiments in which the
butyric acid concentration was varied while holding the polymer
phase fraction at F = 0.5. Fig. 3 presents plots of initial pH (prior
to polymer addition) and equilibrium pH (24 h in the presence of
polymer). Differences in pH ranging from 0.5–0.7 units were
observed at all acid concentrations, confirming that acid absorp-
tion by the polymer can lessen the need for chemical pH adjust-
ment and ease the osmotic stress arising from base addition [28].
While similar observations have been made for adsorptive ion-
exchange resins [29] and reactive extraction systems [12], pH reg-
ulation with unreactive polymers has not been explored
previously.
3.3. Effect of pH on species distribution

Up to this point in our study, pH was not manipulated using
additional reagents, but left to reach an equilibrium position pro-
duced by water, polymer and organic acid alone. However, the
observed pH fell below the 5–7 range required by many bioconver-
sions, and buffering and/or the addition of strong base would,
therefore, be required. Fig. 4 illustrates partitioning experiments
wherein aqueous phase pH was adjusted deliberately using strong
mineral acid or base. The experimental data, along with calcula-
tions based on Eqs. (5)–(7), confirm that, as pH is increased, conju-
gate acid in the polymer and aqueous phases are lost to the
aqueous conjugate base fraction. At pH 6.0, which represents the
optimal pH value for butyric acid produced by C. tyrobutyricum
[28], 91% of total butyric acid and 89% of total benzoic acid
remained in the aqueous phase in the form of a carboxylate salt.

Partitioning data for organic acids is often expressed in terms of
the distribution coefficient, D, defined as the concentration of con-
0.0

0.2

0.4

0.6

0.8

1.0

0 10 20 30 40 50

n/
nto

t

[Butyric acid]total (g/L)

nHA
aq/ntot

nH-
aq/ntot

nHA
pol/ntot 

2.5
3.0
3.5
4.0
4.5

0 10 20 30 40 50

pH
 

equilibrium pH
ini�al pH

Fig. 3. pH and species distribution as a function of initial butyric acid concentration
(F = 0.5; 30 �C; lines represent Eqs. (5)–(7)).
jugate acid in the organic phase divided by the aqueous phase con-
centrations of conjugate acid and conjugate base. This quantity is
readily derived from Eqs. (5)–(7) to give the distribution coefficient
at any pH, as follows.
D ¼ ½HA�pol
½HA�aq þ ½A� �aq ¼ npol

HA=mpol

naq
HA þ naq

A�
� �

=maq
D ¼ PC

1þ 10ðpH—pKaÞ ð8Þ

Unlike PC, which is relatively constant, D is a dynamic value
that changes as a function of PC and pH. Thus D represents a value
that approaches PC as pH decreases, providing a measure of
achievable partitioning at a given pH value. The distribution coef-
ficient data provided in Fig. 4 highlight the sensitivity of solute par-
titioning to PC and aqueous solution pH. Clearly, TPPB systems that
are buffered or otherwise maintained near neutral pH cannot pro-
vide high organic acid absorption levels, irrespective of the poly-
mer/acid affinity. This realization has motivated studies of
alternative approaches, as described below.
3.4. Effect of CO2 acidification on acid absorption

One strategy to improve TPPB performance involves acidifying
the system temporarily to promote absorption, then removing
the solute-rich polymer before restoring pH to fermentative values.
Whereas shifting the pH using mineral acids and bases increases
the ionic strength of the solution, CO2 can acidify a solution rever-
sibly by introducing carbonic acid and its various conjugate bases.
Small improvements in organic acid uptake have been demon-
strated by sparging CO2 through acidic solutions at atmospheric
pressure [10,11], However, higher CO2 pressures have a greater
potential to affect solution pH [30,31] and, by extension, to
improve butyric and benzoic acid absorption. Fig. 5 demonstrates
the effect of CO2 acidification on the performance of Pebax 2533.
Test solutions contained 2.5 g/L of organic acid that were brought
to an initial pH of 6.0 using KOH. After loading the polymer at
F = 2.0 to these solutions, they were pressurized with CO2 and
allowed to equilibrate at room temperature for 1 h.

Fig. 5a shows that the distribution coefficient for butyric acid
increased from D = 0.1 at pCO2 = 1 bar to D = 3.0 at 60 bar pCO2,

which represents an increase in recovery from 3% to 40%. The
improvement in benzoic acid absorption was even greater, as D
rose from 0.7 to 24.0 using CO2 addition, corresponding with
recovery increase from 1% to 80% (Fig. 5b). The heightened
response of the benzoic acid system is a by-product of its poly-
mer/solute affinity, which is reflected by its high partition coeffi-
cient. These results demonstrate that CO2 pressurization has a
strong positive effect on solute partitioning, owing to medium
acidification, thereby providing a means of changing pH without
increasing the osmotic pressure on a microorganism. Additionally,
previous work has studied the effect of high pressure CO2 on
microbial activity, explicitly demonstrating that fermentative cells
could withstand a one hour exposure to high pressure with no
observable effects, while also outlining many important practical
considerations for the application of high pressure techniques to
achieve ISPR in acid fermentations [14]. In particular, is important
to note that fermentation media containing pH buffers are more
difficult to acidify, and TPPB development involving CO2 pressur-
ization techniques require careful analysis of overall pH control
strategies.
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3.5. Reactive extraction by base-functionalized hydrogel

Our studies have confirmed that, irrespective of the affinity of
an unreactive polymer for an organic acid, the influence of pH on
the conjugate acid/conjugate base distribution is such that TPPBs
operated at near-neutral pH are inherently inefficient. An alternate
extraction strategy involves exploiting the solute’s acidity using a
base-functionalized hydrogel to sequester the target molecule as
a carboxylate salt [32]. Covalent bonding of the reactive function-
ality to the polymer matrix renders it insoluble in the aqueous
phase, potentially avoiding cytotoxicity reported for small mole-
cule extractants [12,33]. Gonzalez-Saiz et al. applied this hydrogel
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approach to sequester citric acid with a thermoset comprised of
acrylamide, N,N0-methylenebisacrylamide, and small amounts of
N,N-dimethylaminoethyl methacrylate (7–20%) [34]. Using a phase
fraction of F = 0.02, they removed 31% of citric acid from a 10 g/L
solution. Similarly, Asci and Hasdemer used a poly(acrylamide-c
o-N,N0-methylenebisacrylamide) hydrogel to extract acetic, lactic,
citric, and tartaric acid. Due to the low basicity of primary amides,
they required extremely high phase fractions on the order of F = 2.5
to achieve removal efficiencies of 70–75% [21].

Our attempts to prepare a base-functionalized hydrogel con-
taining high amine concentrations began with peroxide-Initiated
crosslinking of a commercially available homopolymer, poly(2-
(N,N-dimethylamino)ethyl acrylate). Unfortunately, the extent of
crosslinking introduced by the cure was insufficient, giving a ther-
moset that generated space-filling gel when immersed in dilute
aqueous solutions of benzoic acid. Hydrogels with the requisite
crosslink density were prepared by radical copolymerization of
2-(N,N-dimethylamino)ethyl acrylate (DMAEA) with trimethylol-
propane triacrylate (TMPTA) using azobisisobutyronitrile (AIBN)
as a radical initiator (Fig. 6). A purified thermoset comprised of
85 mol% DMAEA and 15 mol% TMPTA swelled to three times its
original mass when submerged in a 2.5 g/L solution of benzoic acid
in water, giving particles that resisted mechanical breakup over
prolonged periods of agitation in suspension.
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Fig. 7. Equilibrium pH and acid-carboxylate partitioning as a function of amine h
The data presented in Fig. 7 demonstrate the efficiency of this
thermoset to absorb carboxylic acids. Applying a phase ratio of
F = 0.01 to a 2.5 g/L solution of butyric acid removed 81% of the
solute, giving an equilibrium pH of 5.4 (Fig. 7a). Note that each
gram of thermoset contained 5.9 mmoles of tertiary amine func-
tionality. Loading the material at F = 0.01 to a 2.5 g/L solution of
butyric acid corresponds to an amine:acid molar ratio of 2.1:1,
meaning that there was enough amine to bind all the butyric acid
in solution. That only 81% of the acid was removed is a product of
weak acid/weak base interactions, as well as the affinity of butyric
acid for the hydrogel phase [35,36]. In the case of benzoic acid,
treating a 2.5 g/L solution with F = 0.01 gave an amine/acid ratio
of 2.9, resulting in a removal efficiency of 74% and a final pH of
6.0 (Fig. 7b).

This is in sharp contrast to Pebax 2533 (Fig. 2), which required
nearly an order of magnitude more polymer to approach these
removal efficiencies. To gain a better perspective of this perfor-

mance gap, we used Eq. (5) to calculate npol
HA/n

tot for Pebax 2533
operating at F = 0.01 and pH 5.8, which predicted a value of just
0.8% for butyric acid, and 1.1% for benzoic acid. The amine hydrogel
not only provided better removal efficiencies, it did so at moderate
pH without appreciable sensitivity to organic acid structure. Con-
sistent absorption values were observed for butyric and benzoic
acid, implying that selectivity for organic acid separation is not
provided by basic extractants, unlike those recorded for Pebax
2533, whose absorption capacity is dictated by water/polymer
phase equilibrium as opposed to acid/base reaction equilibrium.
However, some degree of separation could be afforded in reactive
absorbent by careful consideration of extraction pH, if sufficient
difference in dissociation constants between two given acids exists
[27].

Hydrolytic instability is an important deficiency of an acrylate-
based hydrogel, owing to the sensitivity of esters to water under
both acidic and basic conditions. Indeed, the self-catalyzed hydrol-
ysis of poly(N,N-dimethylaminoethyl acrylate) is well documented
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[37], cleaving 2-(N,N-dimethylamino)ethanol from the polymer
backbone. This releases organic base into aqueous solution where
it neutralizes organic acid without sequestering it within the
hydrogel. The timescale of this hydrolysis is on the order of hours
under the conditions of use [33], making it unsuitable for TPPB
applications. As described above, Asci and Hasdemer prepared a
polyacrylamide hydrogel that is more robust to hydrolysis than
that used in this work [21], but the low basicity of acrylamides
resulted in far inferior performance to the tertiary amine function-
ality of present interest. We are preparing a second generation of
thermoset hydrogels to overcome this instability, while retaining
the basicity that makes this class of materials so promising for
organic acid bioprocesses. Furthermore, this future work will also
focus on describing the reaction kinetics and mechanisms for these
reactive hydrogels.

4. Conclusion

Experimental data and material balances describing organic
acid partitioning have confirmed that TPPBs operating at near neu-
tral pH suffer performance limitations due to acid dissociation.
Indeed, the pH buffering effect provided by acid absorption into
the polymer phase can establish an upper limit to solute removal,
such that further increases in phase fraction have little effect.
These limitations can be overcome to some degree by reversible
acidification using high pressure CO2, which facilitates conjugate
acid uptake without increasing the ionic strength of the fermenta-
tion medium. However, reactive extraction by thermoset materials
containing organic base functionality is more effective, since high
acid recoveries can be achieved at moderate pH using relatively
small amounts of polymer, although more selective extraction
may be achievable with non-reactive absorbents.

Acknowledgments

We acknowledge the financial support of the Natural Sciences
and Engineering Research Council of Canada via Grant 386200.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2015.11.068.

References

[1] J.J. Malinowski, Two-phase partitioning bioreactors in fermentation
technology, Biotechnol. Adv. 19 (2001) 525–538.

[2] S. Bacon, J. Parent, A.J. Daugulis, A framework to predict and experimentally
evaluate polymer-solute thermodynamic affinity for two-phase partitioning
bioreactor (TPPB) applications, J. Chem. Technol. Biotechnol. 89 (2014) 948–
956.

[3] L. Rehmann, S. Bozhi, A.J. Daugulis, Polymer selection for biphenyl degradation
in a solid-liquid two phase partitioning bioreactor, Biotechnol. Prog. 23 (2007)
814–819.

[4] F. Gao, A.J. Daugulis, Polymer-solute interactions in solid-liquid two-phase
partitioning bioreactors, J. Chem. Technol. Biotechnol. 85 (2010) 302–306.

[5] J.T.S. Dafoe, A.J. Daugulis, Bioproduction of cis-(1S,2R)-indandiol, a chiral
pharmaceutical intermediate, using a solid–liquid two-phase partitioning
bioreactor for enhanced removal of inhibitors, J. Chem. Technol. Biotechnol. 86
(2011) 1379–1385.

[6] L.C. Craig, Identification of small amounts of organic compounds by
distribution studies. Application to atabrine, J. Biol. Chem. 150 (1943) 33–45.

[7] C. Golumbic, N. Orchin, S. Weller, Partition studies on phenols. I. Relation
between partition coefficient and ionization constant, J. Am. Chem. Soc. 71
(1949) 2624–2627.

[8] C.S. López-Garzón, A.J.J. Straathof, Recovery of carboxylic acids produced by
fermentation, Biotechnol. Adv. 32 (2014) 873–904.
[9] K.L. Wasewar, A.A. Yawalkar, J.A. Moulijn, V.G. Pangarkar, Fermentation of
glucose to lactic acid coupled with reactive extraction: a review, Ind. Eng.
Chem. Res. 43 (2004) 5969–5982.

[10] D. Vandak, J. Zigova, E. Sturdik, S. Schlosser, Evaluation of solvent and pH for
extractive fermentation of butyric acid, Process Biochem. 32 (1997) 245–251.

[11] K. Schugerl, Extraction of primary and secondary metabolites, in: Udo Kragl
(Ed.), Technology Transfer in Biotechnology: from Lab to Industry to
Production, vol. 92, Springer-Verlag, 2005, pp. 1–48.

[12] Z. Wu, S. Yang, Extractive fermentation for butyric acid production from
glucose by Clostridium tyrobutyricum, Biotechnol. Bioeng. 82 (2003) 93–102.

[13] E.C. Peterson, A.J. Daugulis, Demonstration of in situ product recovery of
butyric acid via CO2-facilitated pH swings and medium development in two
phase partitioning bioreactors, Biotechnol. Bioeng. 111 (2014) 537–544.

[14] E.C. Peterson, A.J. Daugulis, The use of high pressure CO2-facilitated pH swings
to enhance in situ product recovery of butyric acid in a two phase partitioning
bioreactor, Biotechnol. Bioeng. 111 (2014) 2183–2191.

[15] D. Michel-Savin, R. Marchal, J.P. Vandecasteele, Butyrate production in
continuous culture of Clostridium tyrobutyricum: effect of end-product
inhibition, Appl. Microbiol. Biotechnol. 33 (1990) 127–131.

[16] A.J. Hepburn, A.J. Daugulis, The use of CO2 for reversible pH shifting, and the
removal of succinic acid in a polymer-based two-phase partitioning
bioreactor, J. Chem. Technol. Biotechnol. 87 (2012) 42–50.

[17] B. Meyssami, M.O. Balaban, A.A. Teixeira, Prediction of pH in model systems
pressurized with carbon dioxide, Biotechnol. Prog. 8 (1992) 149–154.

[18] S. Yang, H. Huang, A. Tay, W. Qin, L. De Guzman, C. San Nicolas, Extractive
fermentation for the production of carboxylic acids, in: S. Yang (Ed.),
Bioprocessing for Value-Added Products from Renewable Resources, Elsevier,
2007, pp. 421–446.

[19] A.S. Kertes, C.J. King, Extraction chemistry of fermentation product carboxylic
acids, Biotechnol. Bioeng. 28 (1986) 269–282.

[20] T. Kurzrock, D. Weuster-Botz, Recovery of succinic acid from fermentation
broth, Biotechnol. Lett. 32 (1986) 331–339.

[21] Y.S. Asci, I.M. Hasdemir, Removal of some carboxylic acids from aqueous
solution by hydrogels, J. Chem. Eng. Data 53 (2008) 2351–2355.

[22] Y. Yampolskii, B. Freeman, Tailoring polymeric membranes based on
segmented block copolymers for CO2 separation, Membrane gas separation,
John Wiley and Sons Ltd., Singapore, 2010. pp. 227–231.

[23] T. Craig, A.J. Daugulis, Polymer characterization and optimization of conditions
for the enhanced bioproduction of benzaldehyde by Pichia pastoris in a two-
phase partitioning bioreactor, Biotechnol. Bioeng. 110 (2012) 1098–1105.

[24] Arkema, Inc., Polymer data sheet Pebax 2533 (2009).
[25] W. Barton, A. Daugulis, Evaluation of solvents for extractive butanol

fermentation with Clostridium-acetobutylicum and the use of poly(propylene
Glycol) 1200, Appl. Microbiol. Biotechnol. 36 (1992) 632–639.

[26] R.G. Robinson, D.Y. Cha, Controlled pH extraction in the separation of weak
acids and bases, Biotechnol. Prog. 1 (1985) 18–25.

[27] J. Zigová, E. Šturdík, D. Vandák, S. Schlosser, Butyric acid production by
Clostridium butyricum with integrated extraction and pertraction, Process
Biochem. 34 (1999) 835–843.

[28] Y. Liu, P. Zheng, Z. Sun, Y. Ni, J. Dong, P. Wei, Strategies of pH control and
glucose-fed batch fermentation for production of succinic acid by
Actinobacillus succinogenes CGMCC1593, J. Chem. Technol. Biotechnol. 83
(2008) 722–729.

[29] S.A. Ataei, E. Vasheghani-Farahani, In situ separation of lactic acid from
fermentation broth using ion exchange resins, J. Ind. Microbiol. Biotechnol. 35
(2008) 1229–1233.

[30] K.L. Toews, R.M. Shroll, C.M. Wai, N.G. Smart, PH-defining equilibrium between
water and supercritical CO2, influence on SFE of organics and metal chelates,
Anal. Chem. 67 (1995) 4040–4043.

[31] C. Roosen, M. Ansorge-Schumacher, T. Mang, W. Leitner, L. Greiner, Gaining
pH-control in water/carbon dioxide biphasic systems, Green Chem. 9 (2007)
455–458.

[32] A.A. Garcia, C.J. King, The use of basic polymer sorbents for the recovery of
acetic acid from dilute aqueous solution, Ind. Eng. Chem. Res. 28 (1989) 204–
212.

[33] V.M. Yabannavar, D.I.C. Wang, Strategies for reducing solvent toxicity in
extractive fermentations, Biotechnol. Bioeng. 37 (1991) 716–722.

[34] J.M. Gonzales-Saiz, M.A. Fernandes-Torro, C. Pizarro, Application of weakly
basic copolymer polyacrylamide (acrylamide-co-N,N,0-dimethylaminoethyl
methacrylate) gels in the recovery of citric acid, Eur. Polym. J. 33 (1997)
475–485.

[35] A.M. Eyal, R. Canari, PH Dependence of carboxylic and mineral acid extraction
by amine-based extractants: effects of pKa, amine basicity, and diluent
properties, Ind. Eng. Chem. Res. 34 (1995) 1789–1798.

[36] X. Shan, W. Qin, Y. Dai, Dependence of extraction equilibrium of
monocarboxylic acid from aqueous solutions on the relative basicity of
extractant, Chem. Eng. Sci. 61 (2006) 2574–2581.

[37] M.B. McCool, E. Senolges, The self-catalysed hydrolysis of poly(N,N-
dimethylaminoethyl acrylate), Eur. Polym. J. 25 (1989) 857–860.

http://dx.doi.org/10.1016/j.cej.2015.11.068
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0005
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0005
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0010
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0010
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0010
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0010
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0015
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0015
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0015
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0020
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0020
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0025
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0025
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0025
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0025
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0030
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0030
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0035
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0035
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0035
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0040
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0040
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0045
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0045
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0045
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0050
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0050
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0055
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0055
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0055
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0055
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0055
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0060
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0060
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0065
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0065
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0065
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0065
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0070
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0070
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0070
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0070
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0075
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0075
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0075
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0080
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0080
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0080
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0080
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0085
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0085
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0090
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0090
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0090
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0090
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0090
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0090
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0095
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0095
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0100
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0100
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0105
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0105
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0110
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0110
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0110
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0110
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0110
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0115
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0115
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0115
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0125
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0125
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0125
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0130
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0130
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0135
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0135
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0135
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0140
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0140
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0140
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0140
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0145
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0145
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0145
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0150
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0150
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0150
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0150
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0155
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0155
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0155
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0160
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0160
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0160
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0165
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0165
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0170
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0170
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0170
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0170
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0170
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0175
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0175
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0175
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0180
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0180
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0180
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0185
http://refhub.elsevier.com/S1385-8947(15)01620-4/h0185

	Characterization of pH dependence in organic acid absorption with�non-reactive and reactive polymers for application in two-phase�partitioning bioreactors
	1 Introduction
	2 Materials and methods
	2.1 Polymers and materials
	2.2 Analytical methods
	2.3 Partition coefficient determinations
	2.4 Influence of polymer phase fraction, acid concentration and initial pH on acid partitioning
	2.5 Absorption assisted by CO2 pressurization
	2.6 Reactive extraction with amine-functionalized hydrogel

	3 Results and discussion
	3.1 Absorption of unreactive solutes
	3.2 Absorption of organic acids
	3.3 Effect of pH on species distribution
	3.4 Effect of CO2 acidification on acid absorption
	3.5 Reactive extraction by base-functionalized hydrogel

	4 Conclusion
	Acknowledgments
	Appendix A Supplementary data
	References


