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a b s t r a c t
In this study, a series of novel graphene oxide/chitosan (GO/CS) composite membranes was successfully
synthesized and fully characterized. The performance of GO/CS composite membrane was then evaluated
by integrating with the esteriﬁcation of acetic acid with ethanol or the pre-esteriﬁcation of palmitic acid
with methanol, both essential in biodiesel production. Typically, esteriﬁcation and pre-esteriﬁcation are
reversible reactions, which are limited by chemical equilibrium, resulting in a low product yield. In our
study, reaction and separation were conducted in two separated steps or in a single one by means of
a catalytic membrane. The preferential removal of water through the membrane in a PV-assisted process enhanced the conversion. The results show clearly that temperature, wt% of embedded GO within
a polymeric CS-based membrane, and initial ratio of alcohol/acid are important parameters to enhance
conversion because it acts on the kinetics of both pervaporation and esteriﬁcation/pre-esteriﬁcation.
The enhanced catalytic membrane of the PV-assisted pre-esteriﬁcation can only be observed when a
proper amount of Amberlyst-15 catalyst is used. Additionally, the results of PV-assisted esteriﬁcation/preesteriﬁcation show that the ratio of water removal (by membrane) and water production (by esteriﬁcation) rates play a signiﬁcant role in evaluating the catalytic membrane. Under speciﬁc conditions, the
conversions of PV-assisted esteriﬁcation and pre-esteriﬁcation by the catalytic membrane could be higher
than those without PV-assisted up to 8% and 20%, respectively. This process could offer a key technology
for biodiesel production in the future.
© 2017 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction
To date, pervaporation (PV) is the core and key point of current
membrane research. PV could effectively shift its equilibrium position toward higher conversion by selectively removing one or more
product species from the reaction mixture [1,2]. It has found practical applications for PV that could be classiﬁed under three categories: (a) dehydration with solvents, (b) separation of anhydrous
organic mixtures, and (c) removal of water from aqueous solutions
[3]. Among their applications, a hybrid PV-assisted esteriﬁcation
process that applied to the production of eco-friendly biodiesel is
an effective and a potential method for producing esters [4–6]. This
technique, in the corresponding experiment without membraneassistance, is possible to shift the equilibrium toward higher
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conversion by selectively removing the water produced. To have a
better potential for biodiesel production at reasonable costs, much
interest has been taken in using low-quality plant oil as the cost
advantageous feedstock. However, the low-quality plant oil has a
signiﬁcant amount of free fatty acids (FFA, 2–7 wt% in the feedstock) which might cause several serious concerns, such as a slowdown of the base-catalyzed transesteriﬁcation, loss of the produced biodiesel [7]. Therefore, the pre-esteriﬁcation is often considered before the transesteriﬁcation to reduce the amount of FFA
by esterifying FFA into their methyl esters preliminarily (target of
0.5 wt% FFA). In this work, it would be quite valuable to explore
the biodiesel production by both PV-assisted esteriﬁcation and
pre-esteriﬁcation.
In PV process, the non-toxic and biodegradable polysaccharide polymer, chitosan (CS), is extensively applied across a material membrane. Several advantages have been offered by CS-based
polymers such as naturally abundant, appreciable hydrophilic, high
chemical stability, excellent forming ability, and facile ﬁlming
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process [8,9]. However, polymer-based membranes, in general, still
face a lot of concerns, such as weak mechanical strengths and
easy swelling after the long-term operation, resulting in reducing the separation performance [10]. A promising strategy for
improving the physical properties of CS-based membranes is embedding inorganic nanoparticles within a polymeric phase, such
as silica [11], calcium aluminosilicate [12], titanium dioxide [13],
iron oxides [14–16], silver [17], and graphene oxide [18–21]. Among
inorganic ﬁllers, graphene oxide (GO) has attracted intensive attention. It contains various groups of oxygen functional, e.g., hydroxyl, epoxide, diol, ketone, and carboxyl, which chemically react
to the amine group of CS to form a bond between GO and biopolymer (CS) [20,21]. It is important that GO also exhibits remarkable
mechanical strength, relatively large surface area, and low costs
[22]. In this study, a novel modiﬁed graphene oxide/chitosan-based
(GO/CS) composite membrane is developed. We expect that GO/CS
membrane could give advantages of both organic–inorganic membranes, such as high chemical and thermal stability, outstanding
mechanical properties, and free of swelling.
In summary, to develop membranes with the desired physicochemical properties and long-term stability, a different amount of
GO within a polymeric CS-based membrane was successfully embedded and analyzed by FTA-32 goniometer, FE-SEM, TGA, FT-IR.
Amberlyst 15, among the best commercial heterogeneous acid catalysts with distinct advantages including inexpensive, high physicochemical stable, environmentally benign, nontoxic [23], and easily recyclable [24]. It is used to evaluate the eﬃciency of GO/CS
composite membranes in catalytic esteriﬁcation of acetic acid
(AcOH) with ethanol (EtOH) and pre-esteriﬁcation of palmitic acid
(PamOH) with methanol (MeOH) reactions. Additionally, the optimization of the experimental conditions, including temperature,
the amount of Amberlyst-15 catalyst and initial ratio of alcohol/acid, is also explored. To the best of our knowledge, such
a diverse study that evaluates different wt% of GO within a
polymeric CS-based membrane in PV-assisted esteriﬁcation and
pre-esteriﬁcation for biodiesel production has not been reported
before.

2. Experimental
2.1. Preparation of graphene oxide/chitosan (GO/CS) composite
membrane
A series of graphene oxide/chitosan (GO/CS) composite membranes (1, 2, 3, and 4 wt% GO embedded CS) was prepared by using
a doctor-blade method. Firstly, chitosan powders (Sigma-Aldrich,
20 0–80 0 cps) were dissolved in deionized water with 2 wt% acetic
acid (J.T. Baker, >99.7%). To remove the impurities, the solution
was subsequently ﬁltered by the paper of a pore size of 6 μm.
Then, a given amount of GO (E WAY Technology Co., LTD, China)
was added into the as-prepared CS solution and stirred vigorously for 3 h. Next, a 1:33 dilution of cross-linking glutaraldehyde
(GA) solution was prepared by dissolving glutaraldehyde (SigmaAldrich, 50 wt% in H2 O) in deionized water with 1 wt% H2 SO4
(Sigma-Aldrich, 95–99%). As follows, the formed casting solution
was reacted with a certain amount of 2.5 wt% GA dilution solution for 30 min. Afterward, the casting solution was carefully
poured over the glass plate, then it was cast to form a membrane with a thickness of several micrometers. As follows, the
membrane was slowly dried at 50 °C for 8 h, then peeled from
the glass plate. Finally, the membrane is trimmed to ﬁt the size
of the PV module (39 mm circular diameter). For comparison, the
pristine CS composite membrane was also prepared by the similar
method.

2.2. Characterization of membranes
The contact angle between water and membrane surface is
widely used to understand the hydrophilic property of membrane.
Herein, the water contact angle was measured by the sessile drop
method using an FTA-32 goniometer (First Ten Angstroms, USA).
The fracture surface morphology on top and cross-section views
of membranes were observed by Field Emission Scanning Electron
Microscopy (FE-SEM). The composition and changes in thermal stability of the membranes were determined by the Thermogravimetric analyzer (TGA, Pyris 1 TGA, Perkin-Elmer, USA) at a heating
rate of 10 °C/min up to a ﬁnal temperature of 600 °C under the inert nitrogen ﬂow rate of 20 ml/min. Chemical functional groups of
membranes were analyzed using a Fourier transform infrared spectroscopy (FT-IR, Nexus 670 spectrometer, Thermo Nicolet, USA).
2.3. Experimental apparatus
The experiments of PV-assisted esteriﬁcation were performed in
the combination of a three-neck round-bottom ﬂask reactor and
a membrane module, as shown in Scheme 1. The ﬂask reactor
(130 ml) was equipped with a reﬂux condenser and thermocouple
in a temperature-controlled oil bath. The initial reaction mixture of
EtOH: AcOH (1:1, 2:1, and 3:1 in mol/mol) was heated to the desired reaction temperature (50–70 °C). The reaction was started by
adding a desired wt% of Amberlyst 15 solid catalyst (1.50–2.25 wt%)
to the ﬂask reactor. The vacuum was the drive-force used for permeation while the retentate was circulated by a peristaltic pump.
The membrane module (PV module) was made of 316 stainless
steel and the composite membrane with an effective membrane
area 706.9 mm2 (39 mm circular diameter). The PV temperature
was maintained at the same value of esteriﬁcation temperature by
an electric heating coil wound around the PV module.
For the PV-assisted pre-esteriﬁcation, the initial reaction mixture of MeOH: PamOH (20:1 in mol/mol) was heated to the desired reaction temperature (50–60 °C). The reaction was started by
adding a desired wt% of Amberlyst 15 solid catalyst (5–10 wt%) to
the ﬂask reactor. 4 wt% GO/CS composite membrane was used to
evaluate the performance. The PV temperature was maintained at
the same value of pre-esteriﬁcation temperature.
During the PV-assisted reactions, the product samples were
taken from the three-necked ﬂask and analyzed every 2 h. The
product and reactant compositions were determined by using a
Hewlett Packard gas chromatograph (HP 6890) equipped with an
HP-INNOWAX capillary column (0.32 mm in ID and 30 m in length)
and ﬂame ionization detector. It notes that the amount of acetic
acid, which was removed by a membrane, was negligible. The conversion and ﬂux were deﬁned as follows.



Conversion (% ) =
Total ﬂux (% ) =

1−

detected acid
initial acid



× 100%

Permeate weight
Membrane area × Time

Partial ﬂux of i = Total ﬂux × wt% of i

(1)

(2)

(3)

3. Results and discussion
3.1. Characterization of GO/CS composite membrane
The contact angles of all the different wt% of graphene oxide
in the membrane were measured to evaluate the hydrophilicity of
membranes. Fig. 1 clearly shows that 2 wt% of GO has the smallest contact angle (66.4°) among the membranes, suggesting that
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Scheme 1. The scheme diagram of pervaporation-assisted reaction using graphene oxide/chitosan composite membranes.

Table 1
Assignments of IR bands to vibrational modes of atomic groups.
Group

Vibrational mode

Assigned wavenumber (cm–1 )

–C–O–C– in glycosidic linkage

C–O stretching band
C–H scissoring bending
N/A
C–H symmetrical or asymmetrical stretching
N/A
N/A
–NH– bending
C=O scissoring bending

1085
1151
1257
1320
1380
1415
1560
1651

C–O
–CH2 – in pyranose ring
–CH3 in amide
O–H, C–H in the ring
Amide
Amide (amide I band)

Fig. 1. Contact angle at different wt% of graphene oxide in composite membranes:
(a) CS, (b) 1 wt% GO/CS, (c) 2 wt% GO/CS, (d) 3 wt% GO/CS, and (e) 4 wt% GO/CS.

it has the most hydrophilic property [25]. The contact angle difference is insigniﬁcant between the pristine CS and 1 wt% GO embedded CS (77.4° and 75.2°, respectively) while 2 wt% GO embedded CS shows the lowest contact angle. The value of contact angles
gradually rises up when increasing the embedding amounts to
3–4 wt% (in the range of 71.5°−76.7°). It notes that there are a lot
of hydrophilic functional groups in GO, such as epoxide, carbonyl,
and carboxyl groups [26–28]. Therefore, increasing the embedding
amounts would theoretically drop the contact angle. However, the

experimental result shows that the contact angles would gradually increase when embedding amounts are extended to 3–4 wt%.
Increasing embedding amounts would affect the dispersion ability
of GO, resulting in observation of a gradual increase in contact angle.
The FE-SEM was conducted to explore the morphologies and interfacial interactions of different membranes. Fig. 2 (a–d) shows
the images of surfaces from the top view of layers. The surfaces
of membranes clearly display a smooth morphology. It reveals that
the membrane surface becomes partially rougher as the embedding amounts of GO are increased. The surface of membranes possesses homogeneity highly, suggesting that both of GO and CS are
miscible. However, it has some small dots extruded from the surface in 3 wt% GO/CS composite membrane, which might be attributed to the aggregation of GO particles. This result is consistent
with the notion that embedding amounts would affect the dispersion ability of GO, resulting in changing the contact angle. The
fractography of the surface from the cross-sectional view of the
membrane are shown in Fig. 2 (e–h), revealing that the layer thickness is in the range of 4–7 μm. Additionally, this result could provide a direct information regarding the physical cross-linking and
chain entangling of the chitosan. The cross-sections of the membranes show that the density of the inner structure of GO/CS layers increases apparently, in comparison with these of pristine CS
membrane. This result indicates the strong interaction between GO
and CS. The thickness of CS layer is 6.67 μm, while those of GO/CS
membrane is in the range of 3.67–6.38 μm. The observed result is
similar to a previous report in the literature [21].
FT-IR was conducted to reveal the interaction between GO and
CS by using different embedding amounts on GO and the possible changes in the structure during the reaction. In Fig. 3(A), the
dominant peaks are observed at 1085, 1151, 1257, 1320, 1380, 1415,
1560, 1651 cm–1 , which have already been described in previous
studies [29,30]. The bands at 1085 and 1151 cm–1 are attributed to
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Fig. 3. FT-IR spectra of the composite membranes: (A) different wt% of GO in membranes (a) CS, (b) 1 wt% GO/CS, (c) 2 wt% GO/CS, (d) 3 wt% GO/CS, and (e) 4 wt%
GO/CS; (B) the fresh and spent of membrane (a) 2 wt% GO/CS (spent), (b) 2 wt%
GO/CS (fresh), (c) 4 wt% GO/CS (spent) and (d) 4 wt% GO/CS (fresh).

Fig. 2. FE-SEM micrographs of surfaces from the top view and the cross-sections
view of composite membranes: (a, e) CS, (b, f) 1 wt% GO/CS, (c, g) 2 wt% GO/CS,
(d, h) 3 wt% GO/CS.

(–C–O–C–) group in glycosidic linkage. The band at 1257 cm–1 is
ascribed to the (C–O) group. The band at 1320 cm–1 corresponds
to a (–CH2 –) group in pyranose ring. The band at 1380 cm–1 is attributed to (–CH3 ) group in amide group. The peak at 1415 cm–1
corresponds to vibrations of (O–H) and (C–H) groups in the ring.
The peaks at 1560 and 1651 cm–1 are assigned to (–NH–) and
(C=O) groups, respectively, in an amide. It is worth noting that
embedding GO on CS composite membrane is almost identical to
the pristine CS membrane due to the low embedding amounts (1–
4 wt%). We did not emerge any characteristic bands of GO, such as
the peaks located at 1035 cm–1 , 1225 cm–1 , 1623 cm–1 , and 1739
cm–1 [31,32]. It is possible that the structure of membrane might
be changed during the reaction. Therefore, the fresh and spent
samples are compared and shown in Fig. 3(B). For 2 wt% GO/CS
membrane, changes at 1560 and 1151 cm–1 might be corresponded
to the deforming of (–NH–) and (–C–O–C–) groups, respectively,
during the reaction. Additionally, an increase of band located at

1651 and 1380 cm–1 corresponding to a region of the amide
group is also recorded. Similarly, the changes of bands are also
observed clearly for 4 wt% GO/CS membrane, suggesting that the
esteriﬁcation reaction might modify their structures. Table 1 summarizes the assignments of IR bands to vibrational modes of considered atomic groups in the present work.
The composition and changes in thermal stability of the different weight percent of GO membranes were fully tested by TGA.
Firstly, the samples were heated to 110 °C for 10 min to remove
the absorbed water totally. Then the TGA is recorded from 110 °C
to 600 °C at a heating rate of 10 °C/min. As shown in Fig. 4, the
trends of TGA are very similar with the main weight loss starting
at about 250 °C for all the samples. This major loss of mass might
correspond to glucopyranose ring of chitosan due to accounting
for more than 95% of chitosan composition in every sample [33].
GO/CS composite membranes are thermally more stable than CS, as
demonstrated in the previous study [34]. However, 4% GO/CS had
more weight loss than 1% and 2% GO/CS composite membranes.
This result could be inferred that even dispersion of GO particles
might effectively change the thermal stability. As previously stated,
the aggregation of GO particles might happen when over 3 wt% GO
was embedded on the CS.
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that of the water production. During the reaction, it is gradually
larger than that of production due to the effect of reactant consumption. Under investigated conditions, the coordination ratio (F)
of rates could reach to 1.0 after 5–6 h in reaction. In other words,
the PV-assisted esteriﬁcation is limited by the esteriﬁcation rate
after 5–6 h in reaction, not pervaporation rate.

Fig. 4. TGA curve of different wt% of GO in composite membranes.

3.2. Pervaporation-assisted esteriﬁcation in biodiesel production
3.2.1. The effect of reaction and pervaporation temperature
In this study, the reaction and pervaporation temperature are
set below 75 °C, which is lower than that of the boiling point of
ethanol (78 °C), to prevent the drastic evaporation and quick formation of vapor bubbles, resulting in reducing the catalyst ability.
The esteriﬁcation with or without PV-assisted under different temperature is thoroughly investigated and shown in Fig. 5. Obviously,
the equilibrium conversion of PV-assisted esteriﬁcation could be
achieved higher than that of without using the PV module after 6–
8 h in reaction. On the other hand, the result clearly reveals that
the conversions (in the case without using the PV module) are
increased when the temperature is elevated from 50 to 70 °C (as
seen in Fig. 5(a)) at a ﬁxed contact time under otherwise identical conditions. This results in a good agreement with our expectation that the esteriﬁcation is an endothermic reaction. However,
it is noted that the equilibrium conversions might be nearly equal
(about 82% conversion) at the temperatures studied after 24 h. The
enhancement of PV-assisted esteriﬁcation is evident. An increase
in temperature not only promotes the esteriﬁcation but also accelerates the pervaporation. In other words, using PV-assisted at a
high temperature is much more eﬃcient than that at a low temperature. When the PV-assisted experiment is conducted at an elevated temperature, it will accelerate the permeation ﬂux, resulting
in increasing the rate of water removal (as seen in Fig. 5(c and d)).
It notes that a decrease in water content in the reaction mixture
will effectively enhance the esteriﬁcation [35]. On the other hand,
a molecular chain would be ﬂexible at a high temperature. Therefore, the molecular is considerably much easy to pass through the
membranes, resulting in raising a total ﬂux. As our observation, the
inﬂuences of temperature on esteriﬁcation and pervaporation are
not conﬂicted and on the same outlook.
In this study, we consider a coordination ratio (F) of rates that
stands for the interaction between the water removal (by a membrane) and water production (by esteriﬁcation). F is dimensionless
that is found as a key factor to evaluate the performance of the PVassisted esteriﬁcation process. When the rate of water removal is
larger than the water production rate (F > 1), the catalytic conversion has a potential to achieve 100%, but it is limited by the rate
of water production (esteriﬁcation). The comparison of the variations of F with time at different temperature (50 °C or 70 °C, respectively) is shown in Fig. 5(b). The ratio F increases with a rise
in temperature. Initially, the rate of water removal is lower than

3.2.2. The effect of initial ratio of ethanol/acetic acid
The variations in the initial mole ratio of ethanol to acetic acid
(EtOH/AcOH) have been carefully studied and carried out at a temperature of 70 °C, 3 wt% GO/CS composite membrane and 2.25 wt%
of Amberlyst 15 catalyst. These results obtained are presented in
Fig. 6. It clearly shows that the equilibrium conversion increases
with the increasing of initial EtOH to AcOH (mol/mol). The equilibrium conversion of EtOH increased from about 64.4% at a feed
mole ratio (alcohol to acid) of 1:1 to 84.6% at a feed mole ratio
(alcohol to acid) of 3:1. It is to be noted that esteriﬁcation of AcOH
with EtOH is an equilibrium-limited chemical reaction. An excess
of EtOH could lead to increased conversion due to the change of
initial concentrations, which moves up the position of equilibrium.
On the other hand, PV-assisted esteriﬁcation still promotes the catalytic conversion under the different mole ratio of ethanol/acetic
acid. Among the investigated conditions, the equilibrium conversion of EtOH could reach to 89.0% at a feed mole ratio (alcohol to
acid) of 2:1.

3.2.3. The effect of amount of Amberlyst-15 catalyst
The esteriﬁcation reaction was evaluated under the following
conditions: T = 70 °C, EtOH/AcOH = 2:1, using 3 wt% GO/CS composite membrane. This experiment was conducted to understand the
effect of the Amberlyst 15 catalyst (the proposed range of 1.50–
2.25 wt%) loading to the reaction. As shown in Fig. 7, the higher
amount of catalyst is employed, the better initial conversion could
be achieved. As an amount of catalyst increases, it will provide
more a total number of active sites available for the esteriﬁcation. For 2.25 wt% Amberlyst 15 catalyst, the equilibrium conversion (about 85%) was reached within 6 h, whereas it took about
10 h to achieve that conversion for 1.50% catalyst loading. However,
the reaction did not receive a signiﬁcant improvement when raising the catalyst amount from 1.50 to 2.25 wt%. Although the initial
reaction rate was faster at a higher amount of catalyst, all the experiments achieved a similar equilibrium conversion after 10 h of
reaction.

3.2.4. Effect of GO embedding amounts on GO/CS composite
membrane
Fig. 8 clearly reveals that it is impossible to observe a high
initial conversion by using pervaporation-assisted esteriﬁcation.
After 5 h in reaction, the performance of 2–3 wt% GO/CS composite
membranes could reach similar conversion that achieved by notusing the PV-assisted esteriﬁcation. Even for 1 wt% GO/CS composite membrane, their performance is still lesser than that of none
PV-assisted after 15 h in reaction. It is not a surprising result for
PV-assisted esteriﬁcation since the initial water removal rate is
much lower than the water production rate. Therefore, it is initially
limited by water removal rate, not the esteriﬁcation rate. However, the removal rate is gradually increased while the production
rate is moderately decreased during the reaction due to the fact
of reactant consumption. In summary, for 2–3 wt% GO/CS composite membranes, PV-assisted esteriﬁcation is limited by the esteriﬁcation at the beginning of the reaction, and we could observe a
high conversion performance after 5 h in reaction. For 1 wt% GO/CS
composite membrane, the enhancement by PV-assisted would
appear if the reaction time was prolonged.
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Fig. 5. The esteriﬁcation of acetic acid with ethanol at different reaction temperature: (a) Conversion versus time, (b) comparison of the variations of F (water removal/water
production), (c) permeation ﬂux at 50 °C and (d) permeation ﬂux at 70 °C. Operation conditions: T = 50–70 °C; initial ratio of EtOH:AcOH = 2:1; 2.25 wt% of Amberlyst-15
catalyst; 3 wt% GO/CS composite membrane. Lines are presented for guiding and are not based on a kinetic model.

3.3. Pervaporation-assisted pre-esteriﬁcation in biodiesel production
3.3.1. The effect of PV-assisted, temperature of reaction and
pervaporation
In the pre-esteriﬁcation, methanol (MeOH) is used as the excess reagent in the reaction. The reaction and pervaporation temperature are set below 64.7 °C (the boiling point of methanol) to
prevent the drastic evaporation. In this study, the pre-esteriﬁcation
with or without PV-assisted under 50 °C and 60 °C, respectively, is
carefully investigated and shown in Fig. 9(a). Similar to the esteriﬁcation of AcOH with EtOH process, the conversion of the preesteriﬁcation of palmitic acid (PamOH) with MeOH is increased by
the rise in temperature. A higher reaction temperature is more favored since pre-esteriﬁcation is the endothermic reaction.
It is not possible to observe an improvement in the PV-assisted
pre-esteriﬁcation at a temperature of 60 °C, in comparison with
non PV-assisted pre-esteriﬁcation. The rate is limited by the pervaporation. In this case, the rate of water removal is much lower
than that of the water production since a high temperature will
signiﬁcantly favor the rate of pre-esteriﬁcation. The conversion for
PV-assisted pre-esteriﬁcation could be achieved a greater than that
for none PV-assisted if the reaction time was prolonged.
To observe the limitation phenomenon by the pre-esteriﬁcation,
the temperature is designed at 50 °C. At the beginning of the
reaction, the rate of the pre-esteriﬁcation is still higher than

that of pervaporation. However, a lower temperature would not
signiﬁcantly favor the rate of pre-esteriﬁcation, in comparison
with the reaction that is conducted at 60 °C. Therefore, as expected, we could observe an improvement on the PV-assisted preesteriﬁcation after 2 h in reaction.

3.3.2. The effect of PV-assisted pre-esteriﬁcation and amount of
Amberlyst-15 catalyst
Fig. 9(b) indicates that there is no chance to observe an improvement in conversion by PV-assisted pre-esteriﬁcation when
using a high amount of Amberlyst-15 catalyst (10 wt%). The reason is that the water production is too much and over the capacity of pervaporation since a catalyst amount is signiﬁcant. In
other words, PV-assisted pre-esteriﬁcation is limited by water removal rate (pervaporation step). By lowering to 5 wt% Amberlyst15 catalyst, a decrease in catalytic conversion is observed. This
phenomenon is assigned to the loss of active sites available for
the reaction since the catalyst amount decreases. Additionally, a
clear improvement trend on initial conversion is also noted between with and without PV-assisted. Under given conditions, PVassisted pre-esteriﬁcation is limited by the pre-esteriﬁcation reaction. It expects that their conversion would be similar if the time
was prolonged.
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Fig. 6. Conversion versus time, esteriﬁcation of acetic acid with ethanol at a different initial ratio of EtOH:AcOH = 1:1, 2:1, and 3:1 (mol/mol). Operation conditions:
T = 70 °C; 3 wt% GO/CS composite membrane; 2.25 wt% of Amberlyst 15 catalyst.
Lines are presented for guiding and are not based on a kinetic model.
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Fig. 8. Conversion versus time, non PV-assisted esteriﬁcation and PV-assisted esteriﬁcation of acetic acid with ethanol using 1–3 wt% GO/CS composite membranes. The
operation conditions: T = 70 °C; initial ratio of EtOH:AcOH = 2:1; 1.50 wt% of Amberlyst 15 catalyst. Lines are presented for guiding and are not based on a kinetic
model.

Fig. 7. Conversion versus time, esteriﬁcation of acetic acid with ethanol at different amount of Amberlyst 15 catalyst (1.50 wt% and 2.25 wt%). Operation conditions:
T = 70 °C, initial ratio of EtOH:AcOH = 2:1; 3 wt% GO/CS composite membrane. Lines
are presented for guiding and are not based on a kinetic model.

4. Conclusions
In this study, a series of graphene oxide/chitosan (GO/CS) composite membrane was prepared and characterized by FTA-32 goniometer, FE-SEM, TGA, FT-IR. The performance of membrane was
evaluated by integrating with the esteriﬁcation of acetic acid with
ethanol or the pre-esteriﬁcation of palmitic acid with methanol,
both essential in biodiesel production. The results clearly show
that temperature, wt% of embedded GO within a polymeric CSbased membrane and initial ratio of alcohol/acid are important
parameters to enhance conversion because it acts on both the
kinetics of pervaporation and esteriﬁcation/pre-esteriﬁcation. Importantly, the enhanced catalytic membrane of the PV-assisted
pre-esteriﬁcation can only be observed when a proper amount
of Amberlyst-15 catalyst is used. The catalytic membrane in PVassisted esteriﬁcation is promoted by 8% under the operating conditions at 70 °C, 2.25 wt% Amberlyst-15 catalyst and ethanol: acetic
acid of 2:1. Regarding pre-esteriﬁcation, the catalytic conversion
in PV-assisted could be enhanced by 20% under the conditions at

Fig. 9. Conversion versus time, non PV-assisted and PV-assisted pre-esteriﬁcation
of palmitic acid with methanol at different: (a) T = 50–60 °C using 10 wt% of
Amberlyst-15 catalyst, (b) 5–10 wt% of Amberlyst-15 catalyst at T = 60 °C. The operation conditions: Initial ratio of MeOH: PamOH = 20:1; 4 wt% GO/CS composite
membrane. Lines are presented for guiding and are not based on a kinetic model.
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50 °C, methanol: palmitic acid of 20:1, and 10 wt% Amberlyst-15
catalyst. Our study demonstrated that the ratio of water removal
(by membrane) and water production (by esteriﬁcation) rates plays
a signiﬁcant role in evaluating the catalytic membrane. This process could provide a key technology for biodiesel production in the
future.
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