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a b s t r a c t

This study evaluated the potential of extracting acetic acid from rumen fluid by forward
osmosis (FO). Unlike other FO applications to extract water and reduce the feed water
volume, this research used FO to mimic the ruminant intestines for extracting acetic acid
from rumen fluid to a clean matrix with a minimum water flux. The FO extraction of
acetic acid was optimised with a synthetic solution using cellulose triacetate (CTA) and
thin film composite (TFC) polyamide membranes under different operating parameters
(e.g. membrane orientation and stripping solution pH ). Under the same operating con-
ditions the CTA membrane showed higher acetic acid transport than the TFC polyamide
membrane. Increasing the stripping solution pH from 5.5–6.5 to 9.0–10.0 increased the
acetic acid transport through both CTA and TFC membranes. On the other hand, the
membrane orientation had no discernible effect on the transport of acetic acid. Under
the optimum conditions, the FO process using the CTA membrane exhibited negligible
water flux and extracted 27% of the maximum attainable acetic acid from the synthetic
solution within 8 h of operation. The optimised conditions were used to elaborate the
FO extraction of acetic acid from a real rumen fluid. Considerably lower extraction rate
from the real rumen fluid was observed compared to the synthetic solution, suggesting
the need for further research to address the complexity of the rumen matrix.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Ruminant animals such as cows, sheep, and koalas have a unique digestive system that allows them to acquire nutrients
and energy from a plant-based (lignocellulose) diet. Their stomach consists of four compartments instead of one like in
other animals. The first compartment, often called the fore-stomach or rumen, contains a complex microbial community
of bacteria, archaea, fungi, and protozoa to break down cellulosic materials under anaerobic conditions (Creevey et al.,
2014; Yue et al., 2013). The breaking down of cellulosic material leads to the formation of rumen fluid mainly composed
of phospholipids, amino acids, inorganic ions, dicarboxylic acids, gases, carbohydrate, glycerides, cholesterol esters, and
volatile fatty acids (VFAs) (Artegoitia et al., 2017). Amongst these constituents, VFAs are vital as they provide energy and
nutrient for ruminant animals after diffusing through their intestine (Yue et al., 2013). In other words, the unique microbes
in the rumen convert lignocellulosic biomass that is indigestible by other animals to beneficial VFAs. This unique capacity
of ruminant animals has spurred scientific interests to mimic their rumen for producing VFAs from lignocellulosic biomass
such as crop residues and other lignocellulosic waste (Nguyen et al., 2020a).
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VFAs production from lignocellulosic biomass might play an important role in industrial development in coming
years. VFAs are valuable biochemicals that can replace petroleum-based chemicals for the production of pharmaceuticals,
plastics, and other products of the modern economy (Makinde and Sonaiya, 2010; Roy et al., 2013). Each year, about 150
billion metric tons of lignocellulosic biomass is generated, mostly as a by-product from agriculture and forestry activities
(Balat and Ayar, 2005). Therefore, VFAs production from lignocellulosic biomass in engineered rumen reactors can obviate
the current dependence on crude oil and other fossil resources for raw chemicals. A major technical challenge in the design
and development of engineered rumen reactors is the extraction of VFAs from the rumen fermented broth (i.e. commonly
known as rumen fluid) like the process inside the ruminant animals’ intestine. In this context, we propose forward osmosis
(FO) to mimic the ruminant intestine for extracting VFAs from rumen fluid in engineered rumen reactors. The aim is to
promote the realisation of VFAs production from lignocellulosic biomass.

FO has emerged as a versatile technology platform for treatment of various impaired waters that are deemed
challenging to other treatment processes. Unlike the pressure-driven membrane processes (e.g. nanofiltration and reverse
osmosis), FO does not require an externally applied hydraulic pressure but harnesses the intrinsic osmotic gradient
between two solutions to facilitate the transport of water and/or solute across the membrane (Khan et al., 2019). Driven
by the osmotic gradient, the FO process embodies several superior attributes such as low membrane fouling, fouling
reversibility, and simple operation. Given these notable attributes, the FO process has been demonstrated for a wide range
of applications including wastewater treatment (Fujioka et al., 2018; Nguyen et al., 2020b; Zheng et al., 2019), phosphorus
recovery from wastewater and digested sludge (Ansari et al., 2016; Nguyen et al., 2016; Vu et al., 2019), water recovery
from drilling mud (Chen et al., 2015; Hickenbottom et al., 2013), and food processing (An et al., 2019; Kim et al., 2019).
Most of these FO applications involve the dewatering of the less concentrated feed solution by the high concentrated
draw solution with a focus on increasing the water flux and reducing the reverse solute flux.

In this study, the FO process was harnessed to promote the extraction of acetic acid from rumen fluid prior to its
enrichment and utilisation. In other FO applications, water is extracted from the feed to the draw solution under the
osmotic gradient caused by the difference in the feed and draw solution concentrations. Despite the high selectivity
of the FO membrane, water flux always coincides with the reverse transport of solute from the draw solution to the
feed. Unlike water, which permeates through the membrane from a low concentrated solution to a high concentrated
solution, the solutes permeate through the membrane in the opposite direction i.e. from a high concentrated solution
to a low concentrated solution following the natural concentration gradient. This solute transport or the reverse solute
flux has been dealt as a major impediment in the development of FO technology and many attempts have been made to
mitigate it (Hancock and Cath, 2009; Suh and Lee, 2013; Zhao and Zou, 2011). This study, however, aimed at using the
transport of solute through the FO membrane as a means to promote the extraction of acetic acid from rumen fluid while
maintaining minimum or no water flux. The negligible hydraulic pressure and the minimum water flux applied might
render the FO process resistant to the high fouling propensity of the rumen fluid that might be a serious challenge to
other pressure-driven membrane processes.

Given the abovementioned purpose, this study systematically examined the influence of membrane type, membrane
orientation, pH of the stripping solution, and the rumen matrix on the acetic acid extraction by the FO process. The
broader idea was to develop an engineered rumen reactor to produce VFAs from lignocellulosic biomass and then extract
the produced VFAs from fermented solution by FO.

2. Materials and methods

2.1. The FO system and the feed and stripping solutions

The lab-scale FO system used in this study consisted of a membrane module, two gear pumps, two flow metres, and two
beakers for feed and stripping solutions (Fig. 1). The membrane module had a flat-sheet FO membrane coupon sandwiched
between two identical and symmetrical acrylic semi-cells having a flow channel with length, width, and depth of 7.6, 2.6,
and 0.3 cm, respectively. The effective area of the membrane was 19.76 cm2. Two gear pumps (Cole-Parmer, 75211-15)
were used to circulate the feed and stripping solution, while two acrylic flow metres (Cole-Parmer, 32461-42) were placed
before the inlets of the FO membrane module to measure the feed and stripping solution flow rates. The feed beaker was
placed on a digital balance (Adam Equipment, PGL 8001) connected to a computer to allow for the record of change in the
solution beaker mass after every 60 min. The pH of the feed and the stripping solution was measured every hour using
two pH metres (Hach, HQ40d).

Two types of non-commercial FO membranes including thin film composite (TFC) polyamide and cellulose triacetate
(CTA) were used in this study. The TFC polyamide membrane is a proprietary FO membrane from Hydration Technology
Innovation (Albany, OR), while the CTA membrane is from Fluid Technology Solutions Inc., USA. The TFC polyamide
membrane is fabricated via interfacial polymerisation having a thin polyamide active layer with a porous polysulfone
support layer. The CTA membrane is prepared from cellulose triacetate along with an embedded support layer using
the phase inversion method. The pore sizes of the CTA and TFC membrane are in the range of 0.29–0.30 nm. These
two membranes were selected for their contrasting properties in terms of fouling resistance, water permeability, and
particularly reverse solute flux. Recent results suggest that the CTA FO membrane is less susceptible to fouling but exhibits

lower water permeability and higher reverse solute flux than the TFC polyamide one (Fam et al., 2013; Ong et al., 2012;
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Fig. 1. Schematic diagram of the lab-scale FO system.

Wang et al., 2016). Therefore, it was necessary to elucidate the effect of these two membranes with different reverse
solute flux on the FO extraction of acetic acid from rumen fluid.

A synthetic solution and real rumen fluid were used as feed solutions in this study. The synthetic acetic acid 50 mM
solution was prepared by dissolving lab-grade acetic acid (>99% purity from Sigma-Aldrich) in deionised (DI) water. This
low acetic acid concentration was deliberately selected to minimise the water flux while ensuring sufficient transport rate
of acetic acid through the FO membrane. DI water was used as the stripping solution to capture acetic acid transferred
through the FO membrane from the feed. Rumen fluid from a twelve years old fistulated cow was also used to replicate
the real rumen matrix. Coarse matter in the rumen fluid was removed by straining it through a two-layered cheesecloth
followed by a two-layered mesh filter (Nguyen et al., 2019). The obtained rumen fluid was kept at 4 ◦ C in the dark before
he extraction experiment. The rumen fluid contains acetic acid as one of the main VFAs but we could not analyse the
umen fluid to find its acetic acid concentration. Therefore, synthetic acetic acid was added to the rumen fluid to obtain
concentration of at least 50 mM.

.2. Analytical methods

The concentration of acetate ions in the stripping solution was analysed using an Ion Chromatography system (Thermo
cientific, Dionex Integrion RFIC) with an anionic column (Dionex IonPacTM AS15). NaOH 38 mM solution was used as
he eluent. The stripping solution samples (i.e. 1 mL each) were collected every hour during the FO acetic acid extraction
xperiments. A calibration curve was obtained using a series of standard acetic acid solution concentrations of 0.5, 2.0, 5.0,
.5, and 10.0 mM with the linear regression coefficient R2 of 0.994. Each sample took 30 min to develop a chromatogram.
he peak curve for acetate ions appeared between 7 and 8 min in each chromatogram. It is necessary to note that with
he NaOH 38 mM eluent, all acetic acid in the stripping solution is conversed to acetate ions.

.3. Experimental protocol

.3.1. Characterisation of FO membranes
Membrane transport characteristics including the pure water permeability coefficient (A), salt permeability coefficient

(B), and structure parameters were determined using the standard protocol described in the previous studies (Cath et al.,
2013; Luo et al., 2018). A and B values were determined by a cross-flow RO system using DI water and a NaCl 34 mM
espectively as the feed (Luo et al., 2016). The RO system was stabilised for at least one hour at the transmembrane
ressure (∆P) of 10 bar and a cross-flow velocity (CFV) of 25 cm/s before the water flux (i.e. JRO for the process with DI

water feed and JNaCl with the NaCl solution feed) was recorded. To determine the B value, feed and permeate samples
were collected to determine the observed NaCl rejection (Rob). The A and B values were determined as (Luo et al., 2016):

A =
JRO
∆P

(1)

B = JNaCl

(
1 − Rob

Rob

)
exp

(
−

JNaCl
kf

)
(2)
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Table 1
Key transport parameters of the CTA and TFC polyamide FO membranes.
Parameters CTA TFC

Pure water permeability — A value (L/m2hbar) 0.84 2.10
NaCl permeability — B value (m/s) 8.96 × 10−8 1.96 × 10−8

Structural parameter — S value (mm) 0.58 0.30

where kf was the mass transfer coefficient of the cross-flow RO membrane cell. kf was calculated using the salt
concentration at the membrane surface with the thin-film theory for concentration polarisation:

kf =
JNaCl

ln
[

∆P
πb−πp

(
1 −

JNaCl
JRO

)] (3)

In Eq. (3), πb and πp were the feed and permeate osmotic pressures and can be determined by their corresponding salt
concentrations according to the van’t Hoff equation.

The membrane structural parameter (S) determines the degree of internal concentration polarisation (ICP). The S value
is defined as below (Luo et al., 2016):

S =
lτ
ε

(4)

where l is thickness of the supporting layer, τ is tortuosity of the supporting layer, and ε is porosity of the supporting
ayer.

Here, the S value was experimentally determined using the cross-flow FO system mentioned above with NaCl 0.5 M as
he draw solution and clean water as the feed solution. The membrane active layer was in contact with the feed solution.
he FO system was stabilised for one hour before recording the water flux (JFO) to determine the S value using (Cath et al.,
013; Luo et al., 2016):

S =
Ds

JFO
ln

(
B + AπD,b

B + JFO + AπF ,m

)
(5)

In Eq. (5), Ds is the bulk solution diffusivity of the draw solute, πD,b is the bulk osmotic pressure of the draw solution,
and πF ,m is the osmotic pressure at the membrane surface on the feed side.

2.3.2. FO extraction of the acetic acid from the synthetic solution and rumen fluid
All experiments were carried out using a lab-scale FO system for at least 8 h at room temperature (25 ± 1 ◦C). The

volumes of feed solution and stripping solution were 2.0 L. The CFV of both the feed and stripping solution was constant
at 10.6 cm/s with a co-current configuration. An aliquot sample (1 mL) was taken from stripping solution every hour for
acetate ions concentration analysis.

Two ranges of stripping solution pH were applied in this study to assess the impact of stripping solution pH on the
acetic acid transport across the FO membrane. One was the pH range of DI water (5.5–6.5) and the other was pH of
9.0–10.0 achieved by adding 0.2 mL of NaOH 0.1 M solution to the stripping solution after every 8–10 min.

3. Results and discussions

3.1. Membrane characterisation

The membrane characterisation results allow for the comparison between the CTA and TFC polyamide membranes
with respect to mass transfer across the membrane. Consistent with the literature, the CTA membrane exhibited a lower
water permeability (A) but significantly higher salt permeability (B) and structural parameter (S) than the TFC polyamide
membrane under the same testing conditions (Table 1). It is noteworthy that while the water permeability of the CTA
membrane was only one fourth of that of the TFC polyamide membrane, its salt permeability was 4.5-fold higher than
the salt permeability achieved by the TFC polyamide membrane. The markedly high salt permeability/water permeability
ratio of the CTA membrane might favour the extraction of acetic acid with minimised water flux from the rumen fluid
during the FO process compared to the TFC polyamide one.

3.2. Acetic acid extraction from the synthetic solution

In the FO process with the synthetic solution feed, the impacts of membrane fouling and complex feed compositions
on the transport of acetic acid through the membrane could be excluded, allowing for the accurate evaluation of the
influences of FO membrane properties and process operating conditions on the acetic acid extraction. The experimental
results shown in Fig. 2 confirmed the advantage of the CTA membrane over the TFC polyamide membrane with respect to
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Fig. 2. Effect of membrane and pH on acetic acid permeation. Experimental conditions were as follows: acetic acid 50 mM solution feed, membrane
active layer facing feed solution, feed and stripping solution CFV = 10.6 cm/s. The error bars represent standard deviation of data obtained from
two independent experiments.

the extraction of acetic acid. Under the same operating conditions (e.g. membrane orientation and stripping solution pH),
the acid acetic extraction rate of the FO process with the CTA membrane was higher than the TFC polyamide membrane,
demonstrated by its higher acetate ions concentration in the stripping solution at the same operating time (Fig. 2). The
higher acetic acid extraction rate of the CTA compared with the TFC polyamide membrane was consistent with its higher
salt permeability reported in Section 3.1. Indeed, previous studies have demonstrated that the CTA membrane exhibits
lower salt rejection and higher reverse salt flux than the TFC polyamide membrane (Luo et al., 2018; Madsen et al., 2015).

It is noteworthy that the membrane pore sizes might not be the prominent factor affecting the transport of acetic acid
through the FO membranes. The CTA and TFC membranes used in this study have pore sizes in the range of 0.29–0.30 nm
while the calculated molecular diameter of acetic acid molecule is approximately 0.45 nm. The diffusion of acetic acid
through the FO membrane might be controlled by the Donnan effect, not the size exclusion. Indeed, a recent study has
found that the electrostatic interaction between the solute molecules and the membrane rather than the size of solute
molecules affects the transport of solutes through the membrane (Zheng et al., 2019).

Moreover, the transport of acetic acid through the membranes during the FO process of the synthetic solution feed was
primarily driven by the acid concentration difference between the feed and the stripping solution. This is demonstrated
by the discrepancy in the acetic acid transport rate through the membranes when the stripping solution pH was elevated
from 5.5–6.5 to 9.0–10.0. At the elevated stripping solution pH, more acetic acid was extracted from the synthetic solution
through the FO membranes, leading to higher acetate ion concentration measured in the stripping solution (Fig. 2). It is
necessary to note in both feed and stripping solutions acetic acid dissociated into negatively charged acetate ion and
proton: CH3COOH ↔ CH3COO− + H+ (pKa = 4.76). This equilibrium strongly depended on the pH of the solutions. The
synthetic solution feed was highly acidic (i.e. pH = 3); thus, acetic acid existed mainly as neutral molecules in the feed. On
the other hand, 80% and almost 100% of all permeated acetic acid molecules from feed to the stripping solution existed
in the form of acetate ions at pH of 5.5–6.5 and 9.0–10.0, respectively. The higher acetic acid concentration difference
across the FO membranes at the stripping solution pH of 9.0–10.0 rendered more acetic acid transferred through the
membranes, leading to higher measured acetate ion concentration in the stripping solution compared with that at the
stripping solution pH of 5.5–6.5 (Fig. 2).

The linear relationship between the measured acetate ion concentration of the stripping solution and the operating
time shown in Fig. 2 might be attributed to the excessively high acetic acid concentration of the synthetic solution feed
(50 mM) compared with that of the stripping solution (i.e. <1 mM after 8 h of extraction). If the FO process with the
synthetic solution feed was extended, more acetic acid from the feed would transfer to the stripping solution, hence
reducing the driving force for the acetic acid extraction from the feed. The acetate ion concentration curves shown in Fig. 2
would flatten when the driving force dwindled with extended operating time. Theoretically, acetate ion concentration
in the stripping solution can increase to 25 mM when the system is at equilibrium with extended operating time.
Nevertheless, as demonstrated in Fig. 2, after 8 h of the FO operation, the CTA can achieve 27% and 19% of the maximum
extraction potential at pH of 9.0–10.0 and of 5.5–6.5, respectively. Over the same experimental period, the TFC polyamide
membrane can only achieve 14% and 8% of the maximum extraction potential at the respective pH of 9.0–10.0 and of
5.5–6.5.
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Fig. 3. Effect of membrane orientation on acetic acid permeation when (a) membrane was TFC polyamide and stripping solution pH was 5.5–6.5,
nd (b) membrane was CTA and stripping solution pH was 9.0–10.0. Experimental conditions were as follows: synthetic acetic acid 50 mM solution
eed, feed and stripping CFV = 10.6 cm/s.

The effect of membrane orientation was evaluated for both the membranes at the selected stripping solution pH values
Fig. 3). The TFC polyamide membrane orientation had negligible effect on the acetic acid permeation to the stripping given
he inbuilt feature of this membrane to hinder solutes transport across the membrane (Zhao et al., 2011). The acetate ion
oncentrations in the stripping solution during the FO process of the synthetic solution feed using the TFC polyamide
embrane were similar when the membrane orientation was reversed (Fig. 3(a)). On the other hand, for the FO process
sing the CTA membrane, the stripping solution acetate ion concentration increased by 14% when the membrane active
ayer was facing the feed solution (6.7 mM) compared with that obtained when the membrane active layer was facing the
tripping solution (5.8 mM) (Fig. 3 (b)). This slight increase could be attributed to the less ICP effect when the membrane
ctive layer facing the feed solution than facing the stripping solution (i.e. the feed acetic acid concentration was much
igher than that of the stripping solution). It is worth reminding that the CTA membrane had a higher S value than the TFC
olyamide membrane (Table 1); therefore, the negative effect of ICP on the acetic acid extraction during the FO process
ith the CTA membrane was more severe than that with the TFC polyamide membrane. Thus, the effect of membrane
rientation on the acetic acid extraction rate was more noticeable for the CTA compared to the TFC polyamide membrane
Fig. 3).
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Fig. 4. Acetic acid permeation from a rumen fluid at two different pH values. Experimental conditions were as follows: rumen fluid with acetic
acid 50 mM as the feed, CTA membrane, membrane active layer facing feed solution, feed and stripping CFV = 10.6 cm/s. The error bars represent
standard deviation of data obtained from two independent experiments.

3.3. Acetic acid extraction from rumen fluid

The FO process using the CTA membrane with the active layer facing the feed solution was used to evaluate the
acetic acid extraction potential from the real rumen fluid at two stripping solution pH values (Fig. 4). The acetate ion
concentration in the stripping solution increased gradually at both of the stripping solution pH values. A maximum of
3.65 mM acetate ion concentration in the stripping solution was observed after 8 h of the experiment which is equivalent
to ∼15% of the maximum attainable concentration (25 mM). In comparison, after 8 h, acetic acid extraction from the
synthetic solution was 27% of the maximum attainable concentration.

The lower acetic acid extraction potential of the FO process with the real rumen fluid compared to the synthetic
solution could be attributed to the complex nature of the rumen fluid that could lead to membrane fouling. The real rumen
fluid contained various constituents including phospholipids, inorganic ions, amino acids, dicarboxylic acids, volatile and
non-volatile fatty acids, glycerides, carbohydrate, and cholesterol esters (Artegoitia et al., 2017). These constituents hinder
the flow of acetic acid from rumen fluid to the stripping solution. They also act as a source of possible transportation of
other small solutes across the membrane, thus creating competition for acetic acid molecules and significantly reducing
the effective osmotic pressure across the membrane.

Unlike the FO process with the synthetic solution feed, in case of real rumen fluid feed, the stripping solution pH
exerted indiscernible influence on the acetic acid transport across the membrane. The acetate ions concentration increased
from 3.40 mM to only 3.65 mM when the stripping solution pH was elevated from 5.5–6.5 to 9.0–10.0. It can be due
to the high pH (∼5.6) of the rumen fluid feed. At this pH value, approximately 80% of the acetic acid molecules were
in the form of acetate ions and only the remaining 20% acetic acid molecules were available for transport across the
membrane. Therefore, even when the stripping solution pH was increased from 5.5–6.5 to 9.0–10.0, the increase in acetate
ion concentration in the stripping solution was unnoticeable due to the limited availability of acetic acid molecules in the
feed solution. This is consistent with the lower acetic acid extraction potential of the FO process with the real rumen fluid
compared to the synthetic solution feed as discussed above.

3.4. Water transfer between the feed and stripping solutions

Water flux from the stripping to the feed solution was measured by monitoring the changing weight of the feed
solution. Negligible water flux was observed when either the synthetic solution or the real rumen fluid was used as the
feed (Fig. 5). The type of membranes, membrane orientation, and the stripping solution pH showed indiscernible effect on
water flux. For the synthetic solution, water flux was highest (i.e. 1) at the beginning of the experiment, then gradually
decreased towards zero with the operating time. These results were expected due to the low transmembrane osmotic
pressure gradient generated by a small difference in acetic acid concentrations between the feed and stripping solution
(<50 mM).

When rumen fluid was used as the feed solution, the water flux from the stripping solution to the feed solution was
more noticeable at around 3 L/m2h. The higher water flux observed with the rumen fluid feed could be attributed to
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Fig. 5. Changes in water flux as a function of extraction time when (a) the synthetic acetic acid 50 mM solution and (b) rumen fluid with acetic
acid 50 mM was used as the feed.

the increased transmembrane osmotic pressure gradient because of the high concentration of the rumen fluid. Besides
acetic acid (>50 mM), the real rumen fluid contained other solutes and hence offered a higher osmotic pressure than the
synthetic acetic acid 50 mM solution. As a result, the driving force for water transport from the stripping solution to the
rumen fluid feed was higher than that to the synthetic solution feed.

3.5. The pH of feed and stripping solution

Changes in pH of the feed and stripping solutions were recorded after every hour of each experiment. pH values of
the synthetic solution and rumen fluid remained constant during all FO experiments (Fig. 6). Both feed solutions acted as
the bulk solution for acetic acid and therefore the continuous outflow of acetic acid molecules into the stripping solution
did not alter the acidic environment of the feed solutions. The initial and final pH values (∼5.7) for rumen fluid was
much higher than those for the synthetic solution (∼3.0). The higher pH value of rumen fluid could be explained by the
presence of organic solutes and inorganic ions resulting in a high buffering capacity.

Unlike the feed solution pH, a notable decrease of the stripping solution pH was observed at the beginning of all
extraction experiments (Fig. 7). The observed pH decrease was attributed to the influx of acetic acid from the feed solution.
The pH drop was more significant in the first hour and became gradual in the remaining seven hours of the experiments.

4. Conclusions

This study provides preliminary but new insight into the potential of acetic acid extraction from the rumen fluid by
FO. The membrane characterisations showed better separation performance by the TFC polyamide membrane in terms
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Fig. 6. Changes in feed solution pH as a function of extraction time when (a) the acetic acid 50 mM solution and (b) rumen fluid with acetic acid
50 mM was used as the feed.

of pure water permeability, solute rejection, and structural parameter compared to the CTA membrane. However, the
CTA membrane allowed more acetic acid transport through the membrane than the TFC polyamide one under the same
experimental conditions. Moreover, the acetic acid transport through the membrane increased as the stripping solution
pH was elevated from 5.5–6.5 to pH 9.0–10.0 for both membranes. The effect of membrane orientation on acetic acid
transport was insignificant for both TFC polyamide and CTA membranes. The highest acetic acid permeation to stripping
solution was achieved with the CTA membrane having the active layer facing the feed solution and at the stripping solution
pH of 9.0–10.0. The optimised condition was used to evaluate the extraction of acetic acid from the real rumen fluid.
Considerably lower acetic acid extraction rate was observed compared to the synthetic solution. Thus, further work is
required to improve the extraction rate in a realistic condition involving the complex rumen fluid matrix.
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