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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 pro- 

cess 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/pre- 

esterification show that the ratio of water removal (by membrane) and water production (by esterifi- 

cation) 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. 
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. Introduction 

To date, pervaporation (PV) is the core and key point of current

embrane research. PV could effectively shift its equilibrium posi-

ion toward higher conversion by selectively removing one or more

roduct species from the reaction mixture [1,2] . It has found prac-

ical applications for PV that could be classified under three cate-

ories: (a) dehydration with solvents, (b) separation of anhydrous

rganic mixtures, and (c) removal of water from aqueous solutions

3] . Among their applications, a hybrid PV-assisted esterification

rocess that applied to the production of eco-friendly biodiesel is

n effective and a potential method for producing esters [4–6] . This

echnique, in the corresponding experiment without membrane-

ssistance, is possible to shift the equilibrium toward higher
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onversion by selectively removing the water produced. To have a

etter potential for biodiesel production at reasonable costs, much

nterest has been taken in using low-quality plant oil as the cost

dvantageous feedstock. However, the low-quality plant oil has a

ignificant amount of free fatty acids (FFA, 2–7 wt% in the feed-

tock) which might cause several serious concerns, such as a slow-

own of the base-catalyzed transesterification, loss of the pro-

uced biodiesel [7] . Therefore, the pre-esterification is often con-

idered before the transesterification to reduce the amount of FFA

y esterifying FFA into their methyl esters preliminarily (target of

.5 wt% FFA). In this work, it would be quite valuable to explore

he biodiesel production by both PV-assisted esterification and

re-esterification. 

In PV process, the non-toxic and biodegradable polysaccha-

ide polymer, chitosan (CS), is extensively applied across a mate-

ial membrane. Several advantages have been offered by CS-based

olymers such as naturally abundant, appreciable hydrophilic, high

hemical stability, excellent forming ability, and facile filming
ights reserved. 
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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 reduc-

ing the separation performance [10] . A promising strategy for

improving the physical properties of CS-based membranes is em-

bedding 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 at-

tention. It contains various groups of oxygen functional, e.g ., hy-

droxyl, epoxide, diol, ketone, and carboxyl, which chemically react

to the amine group of CS to form a bond between GO and biopoly-

mer (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 mem-

branes, such as high chemical and thermal stability, outstanding

mechanical properties, and free of swelling. 

In summary, to develop membranes with the desired physico-

chemical properties and long-term stability, a different amount of

GO within a polymeric CS-based membrane was successfully em-

bedded and analyzed by FTA-32 goniometer, FE-SEM, TGA, FT-IR.

Amberlyst 15, among the best commercial heterogeneous acid cat-

alysts with distinct advantages including inexpensive, high physic-

ochemical stable, environmentally benign, nontoxic [23] , and eas-

ily 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 op-

timization of the experimental conditions, including temperature,

the amount of Amberlyst-15 catalyst and initial ratio of alco-

hol/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 mem-

branes (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 vigor-

ously for 3 h. Next, a 1:33 dilution of cross-linking glutaraldehyde

(GA) solution was prepared by dissolving glutaraldehyde (Sigma-

ldrich, 50 wt% in H 2 O) in deionized water with 1 wt% H 2 SO 4 

(Sigma-Aldrich, 95–99%). As follows, the formed casting solution

was reacted with a certain amount of 2.5 wt% GA dilution so-

lution for 30 min. Afterward, the casting solution was carefully

poured over the glass plate, then it was cast to form a mem-

brane 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. Characterization of membranes 

The contact angle between water and membrane surface is

idely used to understand the hydrophilic property of membrane.

erein, the water contact angle was measured by the sessile drop

ethod using an FTA-32 goniometer (First Ten Angstroms, USA).

he fracture surface morphology on top and cross-section views

f membranes were observed by Field Emission Scanning Electron

icroscopy (FE-SEM). The composition and changes in thermal sta-

ility of the membranes were determined by the Thermogravimet-

ic analyzer (TGA, Pyris 1 TGA, Perkin-Elmer, USA) at a heating

ate of 10 °C/min up to a final temperature of 600 °C under the in-

rt nitrogen flow rate of 20 ml/min. Chemical functional groups of

embranes were analyzed using a Fourier transform infrared spec-

roscopy (FT-IR, Nexus 670 spectrometer, Thermo Nicolet, USA). 

.3. Experimental apparatus 

The experiments of PV-assisted esterification were performed in

he combination of a three-neck round-bottom flask reactor and

 membrane module, as shown in Scheme 1 . The flask reactor

130 ml) was equipped with a reflux condenser and thermocouple

n a temperature-controlled oil bath. The initial reaction mixture of

tOH: AcOH (1:1, 2:1, and 3:1 in mol/mol) was heated to the de-

ired reaction temperature (50–70 °C). The reaction was started by

dding a desired wt% of Amberlyst 15 solid catalyst (1.50–2.25 wt%)

o the flask reactor. The vacuum was the drive-force used for per-

eation while the retentate was circulated by a peristaltic pump.

he membrane module (PV module) was made of 316 stainless

teel and the composite membrane with an effective membrane

rea 706.9 mm 

2 (39 mm circular diameter). The PV temperature

as maintained at the same value of esterification temperature by

n electric heating coil wound around the PV module. 

For the PV-assisted pre-esterification, the initial reaction mix-

ure of MeOH: PamOH (20:1 in mol/mol) was heated to the de-

ired reaction temperature (50–60 °C). The reaction was started by

dding a desired wt% of Amberlyst 15 solid catalyst (5–10 wt%) to

he flask reactor. 4 wt% GO/CS composite membrane was used to

valuate the performance. The PV temperature was maintained at

he same value of pre-esterification temperature. 

During the PV-assisted reactions, the product samples were

aken from the three-necked flask and analyzed every 2 h. The

roduct and reactant compositions were determined by using a

ewlett Packard gas chromatograph (HP 6890) equipped with an

P-INNOWAX capillary column (0.32 mm in ID and 30 m in length)

nd flame ionization detector. It notes that the amount of acetic

cid, which was removed by a membrane, was negligible. The con-

ersion and flux were defined as follows. 

onversion ( % ) = 

(
1 − detected acid 

initial acid 

)
× 100% (1)

otal flux ( % ) = 

Permeate weight 

Membrane area × Time 
(2)

artial flux of i = Total flux × wt% of i (3)

. Results and discussion 

.1. Characterization of GO/CS composite membrane 

The contact angles of all the different wt% of graphene oxide

n the membrane were measured to evaluate the hydrophilicity of

embranes. Fig. 1 clearly shows that 2 wt% of GO has the small-

st 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 1085 

C–H scissoring bending 1151 

C–O N/A 1257 

–CH 2 – in pyranose ring C–H symmetrical or asymmetrical stretching 1320 

–CH 3 in amide N/A 1380 

O–H, C–H in the ring N/A 1415 

Amide –NH– bending 1560 

Amide (amide I band) C = O scissoring bending 1651 

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. 

i  

f  

b  

d  

g  

3  

o  

a  

a  

e  

a  

I  

o  

g

 

t  

t  

o  

t  

d  

s  

m  

f  

t  

w  

s  

f  

m  

n  

v  

c  

b  

e  

m  

a  

m  

s

 

C  

b  

d  

1  

s  
t has the most hydrophilic property [25] . The contact angle dif-

erence is insignificant between the pristine CS and 1 wt% GO em-

edded CS (77.4 ° and 75.2 °, respectively) while 2 wt% GO embed-

ed CS shows the lowest contact angle. The value of contact angles

radually rises up when increasing the embedding amounts to

–4 wt% (in the range of 71.5 °−76.7 °). It notes that there are a lot

f hydrophilic functional groups in GO, such as epoxide, carbonyl,

nd carboxyl groups [26–28] . Therefore, increasing the embedding

mounts would theoretically drop the contact angle. However, the
xperimental result shows that the contact angles would gradu-

lly increase when embedding amounts are extended to 3–4 wt%.

ncreasing embedding amounts would affect the dispersion ability

f GO, resulting in observation of a gradual increase in contact an-

le. 

The FE-SEM was conducted to explore the morphologies and in-

erfacial interactions of different membranes. Fig. 2 (a–d) shows

he images of surfaces from the top view of layers. The surfaces

f membranes clearly display a smooth morphology. It reveals that

he membrane surface becomes partially rougher as the embed-

ing amounts of GO are increased. The surface of membranes pos-

esses homogeneity highly, suggesting that both of GO and CS are

iscible. However, it has some small dots extruded from the sur-

ace in 3 wt% GO/CS composite membrane, which might be at-

ributed to the aggregation of GO particles. This result is consistent

ith the notion that embedding amounts would affect the disper-

ion ability of GO, resulting in changing the contact angle. The

ractography of the surface from the cross-sectional view of the

embrane are shown in Fig. 2 (e–h), revealing that the layer thick-

ess is in the range of 4–7 μm. Additionally, this result could pro-

ide a direct information regarding the physical cross-linking and

hain entangling of the chitosan. The cross-sections of the mem-

ranes show that the density of the inner structure of GO/CS lay-

rs increases apparently, in comparison with these of pristine CS

embrane. This result indicates the strong interaction between GO

nd CS. The thickness of CS layer is 6.67 μm, while those of GO/CS

embrane is in the range of 3.67–6.38 μm. The observed result is

imilar to a previous report in the literature [21] . 

FT-IR was conducted to reveal the interaction between GO and

S by using different embedding amounts on GO and the possi-

le changes in the structure during the reaction. In Fig. 3 (A), the

ominant peaks are observed at 1085, 1151, 1257, 1320, 1380, 1415,

560, 1651 cm 

–1 , which have already been described in previous

tudies [29,30] . The bands at 1085 and 1151 cm 

–1 are attributed to
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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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. FT-IR spectra of the composite membranes: (A) different wt% of GO in mem- 

branes (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). 
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(–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 (–CH 2 –) group in pyranose ring. The band at 1380 cm 

–1 is at-

tributed to (–CH 3 ) 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
651 and 1380 cm 

–1 corresponding to a region of the amide

roup is also recorded. Similarly, the changes of bands are also

bserved clearly for 4 wt% GO/CS membrane, suggesting that the

sterification reaction might modify their structures. Table 1 sum-

arizes the assignments of IR bands to vibrational modes of con-

idered atomic groups in the present work. 

The composition and changes in thermal stability of the differ-

nt weight percent of GO membranes were fully tested by TGA.

irstly, the samples were heated to 110 °C for 10 min to remove

he absorbed water totally. Then the TGA is recorded from 110 °C
o 600 °C at a heating rate of 10 °C/min. As shown in Fig. 4 , the

rends of TGA are very similar with the main weight loss starting

t about 250 °C for all the samples. This major loss of mass might

orrespond to glucopyranose ring of chitosan due to accounting

or more than 95% of chitosan composition in every sample [33] .

O/CS composite membranes are thermally more stable than CS, as

emonstrated in the previous study [34] . However, 4% GO/CS had

ore weight loss than 1% and 2% GO/CS composite membranes.

his result could be inferred that even dispersion of GO particles

ight effectively change the thermal stability. As previously stated,

he aggregation of GO particles might happen when over 3 wt% GO

as embedded on the CS. 
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Fig. 4. TGA curve of different wt% of GO in composite membranes. 
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.2. Pervaporation-assisted esterification in biodiesel production 

.2.1. The effect of reaction and pervaporation temperature 

In this study, the reaction and pervaporation temperature are

et below 75 °C, which is lower than that of the boiling point of

thanol (78 °C), to prevent the drastic evaporation and quick for-

ation of vapor bubbles, resulting in reducing the catalyst ability.

he esterification with or without PV-assisted under different tem-

erature is thoroughly investigated and shown in Fig. 5 . Obviously,

he equilibrium conversion of PV-assisted esterification could be

chieved higher than that of without using the PV module after 6–

 h in reaction. On the other hand, the result clearly reveals that

he conversions (in the case without using the PV module) are

ncreased when the temperature is elevated from 50 to 70 °C (as

een in Fig. 5 (a)) at a fixed contact time under otherwise identi-

al conditions. This results in a good agreement with our expec-

ation that the esterification is an endothermic reaction. However,

t is noted that the equilibrium conversions might be nearly equal

about 82% conversion) at the temperatures studied after 24 h. The

nhancement of PV-assisted esterification is evident. An increase

n temperature not only promotes the esterification but also ac-

elerates the pervaporation. In other words, using PV-assisted at a

igh temperature is much more efficient than that at a low tem-

erature. When the PV-assisted experiment is conducted at an ele-

ated temperature, it will accelerate the permeation flux, resulting

n increasing the rate of water removal (as seen in Fig. 5 (c and d)).

t notes that a decrease in water content in the reaction mixture

ill effectively enhance the esterification [35] . On the other hand,

 molecular chain would be flexible at a high temperature. There-

ore, the molecular is considerably much easy to pass through the

embranes, resulting in raising a total flux. As our observation, the

nfluences of temperature on esterification and pervaporation are

ot conflicted and on the same outlook. 

In this study, we consider a coordination ratio ( F ) of rates that

tands for the interaction between the water removal (by a mem-

rane) and water production (by esterification). F is dimensionless

hat is found as a key factor to evaluate the performance of the PV-

ssisted esterification process. When the rate of water removal is

arger than the water production rate ( F > 1), the catalytic conver-

ion has a potential to achieve 100%, but it is limited by the rate

f water production (esterification). The comparison of the varia-

ions of F with time at different temperature (50 °C or 70 °C, re-

pectively) is shown in Fig. 5 (b). The ratio F increases with a rise

n temperature. Initially, the rate of water removal is lower than
hat of the water production. During the reaction, it is gradually

arger than that of production due to the effect of reactant con-

umption. Under investigated conditions, the coordination ratio ( F )

f rates could reach to 1.0 after 5–6 h in reaction. In other words,

he PV-assisted esterification is limited by the esterification rate

fter 5–6 h in reaction, not pervaporation rate. 

.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 tem-

erature of 70 °C, 3 wt% GO/CS composite membrane and 2.25 wt%

f Amberlyst 15 catalyst. These results obtained are presented in

ig. 6 . It clearly shows that the equilibrium conversion increases

ith the increasing of initial EtOH to AcOH (mol/mol). The equi-

ibrium conversion of EtOH increased from about 64.4% at a feed

ole 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

ith EtOH is an equilibrium-limited chemical reaction. An excess

f EtOH could lead to increased conversion due to the change of

nitial concentrations, which moves up the position of equilibrium.

n the other hand, PV-assisted esterification still promotes the cat-

lytic conversion under the different mole ratio of ethanol/acetic

cid. Among the investigated conditions, the equilibrium conver-

ion of EtOH could reach to 89.0% at a feed mole ratio (alcohol to

cid) of 2:1. 

.2.3. The effect of amount of Amberlyst-15 catalyst 

The esterification reaction was evaluated under the following

onditions: T = 70 °C, EtOH/AcOH = 2:1, using 3 wt% GO/CS compos-

te membrane. This experiment was conducted to understand the

ffect of the Amberlyst 15 catalyst (the proposed range of 1.50–

.25 wt%) loading to the reaction. As shown in Fig. 7 , the higher

mount of catalyst is employed, the better initial conversion could

e achieved. As an amount of catalyst increases, it will provide

ore a total number of active sites available for the esterifica-

ion. For 2.25 wt% Amberlyst 15 catalyst, the equilibrium conver-

ion (about 85%) was reached within 6 h, whereas it took about

0 h to achieve that conversion for 1.50% catalyst loading. However,

he reaction did not receive a significant improvement when rais-

ng the catalyst amount from 1.50 to 2.25 wt%. Although the initial

eaction rate was faster at a higher amount of catalyst, all the ex-

eriments achieved a similar equilibrium conversion after 10 h of

eaction. 

.2.4. Effect of GO embedding amounts on GO/CS composite 

embrane 

Fig. 8 clearly reveals that it is impossible to observe a high

nitial conversion by using pervaporation-assisted esterification. 

fter 5 h in reaction, the performance of 2–3 wt% GO/CS composite

embranes could reach similar conversion that achieved by not-

sing the PV-assisted esterification. Even for 1 wt% GO/CS compos-

te membrane, their performance is still lesser than that of none

V-assisted after 15 h in reaction. It is not a surprising result for

V-assisted esterification since the initial water removal rate is

uch lower than the water production rate. Therefore, it is initially

imited by water removal rate, not the esterification rate. How-

ver, the removal rate is gradually increased while the production

ate is moderately decreased during the reaction due to the fact

f reactant consumption. In summary, for 2–3 wt% GO/CS compos-

te membranes, PV-assisted esterification is limited by the esteri-

cation at the beginning of the reaction, and we could observe a

igh conversion performance after 5 h in reaction. For 1 wt% GO/CS

omposite membrane, the enhancement by PV-assisted would

ppear 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. 
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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 ex-

cess reagent in the reaction. The reaction and pervaporation tem-

perature 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 ester-

ification of AcOH with EtOH process, the conversion of the pre-

esterification of palmitic acid (PamOH) with MeOH is increased by

the rise in temperature. A higher reaction temperature is more fa-

vored 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 per-

vaporation. 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
hat of pervaporation. However, a lower temperature would not

ignificantly favor the rate of pre-esterification, in comparison

ith the reaction that is conducted at 60 °C. Therefore, as ex-

ected, we could observe an improvement on the PV-assisted pre-

sterification after 2 h in reaction. 

.3.2. The effect of PV-assisted pre-esterification and amount of 

mberlyst-15 catalyst 

Fig. 9 (b) indicates that there is no chance to observe an im-

rovement in conversion by PV-assisted pre-esterification when

sing a high amount of Amberlyst-15 catalyst (10 wt%). The rea-

on is that the water production is too much and over the ca-

acity of pervaporation since a catalyst amount is significant. In

ther words, PV-assisted pre-esterification is limited by water re-

oval rate (pervaporation step). By lowering to 5 wt% Amberlyst-

5 catalyst, a decrease in catalytic conversion is observed. This

henomenon is assigned to the loss of active sites available for

he reaction since the catalyst amount decreases. Additionally, a

lear improvement trend on initial conversion is also noted be-

ween with and without PV-assisted. Under given conditions, PV-

ssisted pre-esterification is limited by the pre-esterification reac-

ion. It expects that their conversion would be similar if the time

as prolonged. 
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Fig. 6. Conversion versus time, esterification of acetic acid with ethanol at a differ- 

ent 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. 

Fig. 7. Conversion versus time, esterification of acetic acid with ethanol at differ- 

ent 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. 
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Fig. 8. Conversion versus time, non PV-assisted esterification and PV-assisted esteri- 

fication 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 Am- 

berlyst 15 catalyst. Lines are presented for guiding and are not based on a kinetic 

model. 

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 op- 

eration 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. 
. Conclusions 

In this study, a series of graphene oxide/chitosan (GO/CS) com-

osite membrane was prepared and characterized by FTA-32 go-

iometer, FE-SEM, TGA, FT-IR. The performance of membrane was

valuated by integrating with the esterification of acetic acid with

thanol or the pre-esterification of palmitic acid with methanol,

oth essential in biodiesel production. The results clearly show

hat temperature, wt% of embedded GO within a polymeric CS-

ased membrane and initial ratio of alcohol/acid are important

arameters to enhance conversion because it acts on both the

inetics of pervaporation and esterification/pre-esterification. Im-

ortantly, the enhanced catalytic membrane of the PV-assisted

re-esterification can only be observed when a proper amount

f Amberlyst-15 catalyst is used. The catalytic membrane in PV-

ssisted esterification is promoted by 8% under the operating con-

itions at 70 °C, 2.25 wt% Amberlyst-15 catalyst and ethanol: acetic

cid of 2:1. Regarding pre-esterification, the catalytic conversion

n PV-assisted could be enhanced by 20% under the conditions at
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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 pro-

cess could provide a key technology for biodiesel production in the

future. 
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