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a b s t r a c t

Esterification has been extensively used as a pretreatment process in biodiesel production
to reduce the free fatty acid (FFA) content in the feedstock. This study investigates the
potential of sulphonated hypercrosslinked exchange resin (SHER), a newly synthesised
catalyst for the esterification reaction. The experimental works were divided into two
stages: (1) the synthesis and characterisation of the catalyst and (2) screening study on the
esterification of FFAs in used cooking oil (UCO) using different types of ion-exchange
resins. SHER was found to have excellent characteristics with high specific surface area
(~836 m2 g�1) and thermal decomposition temperature (398 �C). The SHER was then
subjected to the esterification reaction and outperformed other catalysts with 90% FFA
conversion followed by Diaion RCP145H, SK1BH and PK228LH. The excellent catalytic
performance of SHER is due to the high specific surface area that allows FFA molecules to
easily access their active sites.

© 2019 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

Nowadays, research into biodiesel as a sustainable
alternative fuel has been widely investigated around the
world. Biodiesel can be synthesised from vegetable oils or
animal fats. It is an attractive alternative fuel for fossil
diesel engine because of its renewability, biodegradability
and nontoxicity [1,2]. It also has the potential to reduce
pollutants originated from vehicle emissions and has been
proven to have good combustion properties [3,4]. Besides
that, biodiesel can be directly used in the existing fossil
diesel infrastructure.

Transesterification reaction is one of the well-known
methods that can be used to produce biodiesel [5]. It is a
reaction between vegetable oils or other fats and an alcohol
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with or without the presence of a catalyst. Traditionally,
refined vegetable oils such as soybean oil, sunflower oil and
palm oil are used as feedstocks to synthesise biodiesel.
However, the cost of feedstocks accounts for more than 75%
of the biodiesel production cost [6,7]. High production cost
has become a major challenge in scaling up the biodiesel
production and widespread use of biodiesel. Apart from
that, the usage of edible oils as the feedstock is not practical
because of the high competition with the food industry.
Thus, the utilisation of a cheaper feedstock [i.e. nonedible
used cooking oil (UCO)] which is readily available, cheaper
and environmentally friendly has been investigated widely
today. It is found to be an attractive and effective feedstock
to synthesise biodiesel and thus reduces the total produc-
tion cost [8,9].

However, the direct usage of nonedible oils leads to
several problems such as incomplete recovery of the cata-
lysts, low biodiesel yield and high purification cost. This is
due to the significant presence of free fatty acid (FFA), thus
ll rights reserved.
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making the synthesis process of biodiesel becomes
complicated [10]. High contents of FFAs and water in UCO
lead to saponification reaction [11]. The saponification re-
action is a result of interaction between FFAs and water
which inhibits the separation process of esters from glyc-
erol and reduces the biodiesel yield [12]. To address this, a
pretreatment stage, which is also known as esterification
process, is introduced by several researchers to reduce the
FFA content before the mixture is further subjected to
transesterification reaction to convert the remaining fatty
acids into biodiesel [13e15]. In the esterification reaction,
sulphuric acid was commonly used as a catalyst because of
its low cost, but the usage leads to several drawbacks such
as equipment corrosion, effluent disposal problems, slow
reaction rate, and difficulty in catalyst recovery due to the
similar homogeneity between the catalyst and products
[16]. These drawbacks have led to studies on heteroge-
neous solid acid catalysts such as zeolites [17], alumina [18]
and ion-exchange resins [19e22] in the esterification
reaction.

In esterification reaction, a cation-exchange resin graf-
ted with a sulphonic group is frequently used as a catalyst
because of its acidic characteristic. Ion-exchange resin is
preferable because it is noncorrosive, insensitive to FFAs,
and able to catalyse the reaction under mild reaction con-
ditions [23e25]. Fu et al. [19] investigated the performance
of ion-exchange resins as a catalyst in the FFA esterification.
Owing to the high porosity and accessible acid sites of the
catalyst, 97.8% of FFA conversion was achieved during the
reaction. A study of the different matrix types of cation-
exchange resins was also conducted by Feng et al. [26].
Three types of resins were used in this study, namely, NKC-
9 (macroreticular), 001 � 7 (gelular) and D61 (macro-
reticular). In contrast, the highest FFA conversion was ob-
tained using NKC-9, and this resin also showed a good
conversion in the reusability study. However, the conven-
tional ion-exchange resin has low acidic sites, low porosity
which leads to the moderate surface area, low degradation
temperature (i.e. maximum 120 �C); is capable of losing
activity under harsh conditions and requires longer reac-
tion time [27,28]. Ion-exchange resin with a high specific
surface area and acidity is required to increase the active
sites of the catalyst which helps to increase the FFA con-
version and speeds up the reaction. Besides that, resinwith
high thermal stability is needed to catalyse the reaction at
higher temperature while maintaining the active site of the
catalyst. Functionalised hypercrosslinked polymer as a new
ion-exchange resin has beenwidely investigated today. The
attachment of the functional groups to polymers is the first
step towards the preparation of functional polymers for
specific uses. It has demonstrated a good performance as a
porous material because they have high specific surface
area and good thermal stability [29,30]. Besides that, the
functionalisation of the hypercrosslinked polymer can be
modified depending on the application. These advantages
make the versatile hypercrosslinked polymer a viable
alternative to be applied in the esterification reaction. The
preparation of functionalised hypercrosslinked polymer is
significant and challenging mainly in maintaining the right
technique to ensure the quality of the catalyst produced.
Hypercrosslinked polymer is a new generation of polymer
which is synthesised by extensive postcrosslinking of
polymer chains. The properties of this polymer are
enhanced because of the introduction of numerous meth-
ylene bridges between aromatic rings [31]. The products
obtained by this technique are conformationally rigid,
display high specific surface areas, able to sorb polar and
nonpolar solvents and are characterised by an exception-
ally rigid open-network structure of high permeability [32].
However, till date, there is no utilisation of this type of
hypercrosslinked polymer as a catalyst in the esterification
reaction of UCO.

Hence, the present work focuses on the production of a
hypercrosslinked particle to be used as a catalyst in the
esterification reaction. The first stage of the study focuses
on the synthesis and characterisation of the sulphonated
hypercrosslinked exchange resin (SHER), and the second
stage investigates the performance of few cation-exchange
resins including SHER in the FFA esterification. In the first
stage, three main steps are involved in the preparation of
SHER: (a) preparation of precursor, (b) preparation of
hypercrosslinked beads and (c) sulphonation of the
hypercrosslinked beads. The samples were subjected to
different characterisation methods such as the N2 phys-
isorption via the BrunauereEmmetteTeller (BET) method,
particle size distribution (PSD), X-ray fluorescence (XRF),
thermal gravimetric analysis (TGA), scanning electron mi-
croscopy (SEM), Fourier-transform infrared (FTIR), ion-
exchange capacity (IEC) and elemental analysis (C, H, N,
and S). The second stage investigated the potential of the
functionalised hypercrosslinked polymer as a catalyst in
FFA esterification using simulated UCO as the feedstock.

2. Methodology

2.1. Stage 1: synthesis of SHER

There are three main stages in the preparation of SHER:
the preparation of precursor/nonaqueous dispersion (NAD)
particles, the preparation of hypercrosslinked beads by
hypercrosslinking reaction and the sulphonation of hyper-
crosslinked particles. Few variables were varied at each
stage to obtain the best resin to be used in the esterification
reaction. In preparing the NAD particles, styrene (St) (99%)
acted as a monomer, vinylbenzyl chloride (VBC) (95%) as a
comonomer, poly (N-vinylpyrrolidone) (PVP)-55 (Mw ~
55,000) as a stabiliser, Triton X-305 (99%) as a costabiliser,
benzoyl peroxide (BPO) (95%) as an initiator and ethylene
glycol dimethacrylate (EGDMA) (98%) as a cross-linker.

First, the precursor particles were synthesised by the
NAD technique. St, VBC, ethanol, PVP-55, Triton X-305 and
BPO were mixed in a round-bottomed flask (i.e. polymeri-
sation vessel) fitted with a nitrogen (N2) inlet, condenser
and overhead stirrer. The mixing process was conducted at
room temperature, and once a homogeneous solution
formed, the solution was bubbled for 30 min with the N2

gas. The flask was then placed on a heating mantle at 70 �C,
and the solution was stirred at 120 rpm for 1 h. This step is
known as the polymerisation step. In a separate flask, a
solution containing EGDMAwas prepared and heated up to
70 �C under the flow of nitrogen. When the temperature
reached 70 �C, the hot solution was added dropwise into
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the polymerisation vessel. The solution was continuously
heated and stirred for the next 23 h. The resulted slurry
mixture was subsequently introduced to a centrifuge for
phase separation. The process took about 20 min (i.e. 10
min with ethanol and 10 min with methanol) at 3000 rpm,
resulting two layers of solid and liquid. The forming parti-
cles, known as NAD particles, were filtered and dried at
40 �C for 12 h. In this step, the concentration of St (50e90%),
VBC (10e50%) and EGDMA (0.5e1.5 wt%) was varied to
obtain the best shape of the precursor (NAD) particles.

For the hypercrosslinked bead preparation, 1.2 g of the
NAD particles was added to 40 mL of 1,2-dichloroethane
(DCE) (99%) solvent. Under the flow of N2, they were then
left for 1 h to let the NAD particle to swell. Ferric chloride
(FeCl3) which acts as a catalyst was added into the reaction
flask. The precursor particle was hypercrosslinked by this
FeCl3. The mixture was then heated immediately at 80 �C
for 18 h. The forming particles were recovered using the
centrifugation process operated at 3000 rpm for 10 min,
producing two separate layers. The solid particles were
recovered by the filtration method. The particles were
washed with methanol and aqueous nitric acid to remove
impurities. Then, the beads were extractedwith acetone for
12 h. The particles were then washed few times with
methanol before being dried at 40 �C overnight. In this step,
different loading of Lewis acid catalyst (FeCl3, 99%) (i.e.
0.5:1, 1:1 and 1.5:1) was tested to produce hyper-
crosslinked beads with a high specific surface area.

In the sulphonation procedure, the hypercrosslinked
beads were charged into a flask containing anhydrous DCE
(30 mL). Then, N2 was let to flow into the flask. The mixture
was left in the flask to wet the beads for 1 h. After that,
sulphuric acid was added and heated up to 60 �C with
continuous mechanical stirring. The particles were allowed
to cool in an ice-water bath after 18 h (reaction time) to
quench the reaction, followed by washing process until the
pH of the filtrate became neutral. The solution was subse-
quently filtered using a vacuum filtration system. The par-
ticles were dried overnight at 40 �C. In this step, the
sulphonation reagent was varied from 1 to 5 wt% to obtain
the best beads in terms of the specific surface area before
the esterification reaction. Themethod of synthesis of SHER
is summarised in a graphical form in the Supplementary
file.

2.2. Characterisation analysis

The specific surface area of the ion-exchange resins was
measured by N2 physisorption analysis using the Micro-
meritics ASAP 2000 porosimeter. To determine the per-
centage content of carbon (C), hydrogen (H), nitrogen (N)
and sulphur (S) in the resin, an analyser (Elementar, Ger-
many) was used. IEC was calculated by the titration
method. PSD was carried out using a Malvern Mastersizer
2000 to measure the distribution pattern of the catalysts.
The TGA was performed via a thermogravimetric analyser
(Q500) to determine the degradation temperature and
decomposition point of the catalyst. The surface
morphology of catalysts was analysed by SEM (CARL ZEISS).
Tomonitor the chlorine content in the precursor beads, XRF
analysis (S8 Tiger; Bruker) was performed. The detailed
description on the characterisation techniques is provided
in the Supplementary file.

2.3. Stage 2: esterification of FFAs in highly acidified oil using
ion-exchange resins as catalysts

a) Preparation of simulated used cooking oil

Virgin palm oil and oleic acid were mixed to prepare the
simulated used cooking oil (SUCO) with 6% of FFA content.
The solution was mixed in a conical flask and stirred until
the solution becomes homogeneous. The acid value of the
prepared SUCO was approximately 12 mg KOH g�1.

b) Preparation of the commercialised catalyst

Diaion catalysts (RCP145H, SK104H and PK208LH) were
provided by Mitsubishi Chemical Corporation. First, all the
wet resins were immersed overnight in methanol. Then,
the resins together with methanol were ultrasonicated for
about 9e10 times until the colour of methanol changed
from light brown to colourless. This method was carried
out to ensure all the contaminants were removed. The
conductivity value of the residual solution was recorded in
each washing cycle until it was approximately the same as
the conductivity of the solvent (methanol), which was
0.23 mS m�1. All the resins were finally placed in the oven
for 6 h at 100 �C to remove water and remaining methanol.

c) Esterification of FFAs in SUCO

The reactions were carried out in a 500-ml four-neck
round-bottomed flask. The reaction temperature was set
at 60 �C and controlled using a programmable temperature
controller. Methanol and SUCO were first added to the re-
action flask, and the solution was heated and stirred until
the desired reaction temperature was reached. Then, 1.5 wt
% of the catalyst was added to the reaction mixture, and
after the catalyst addition, the first sample was taken for
FFA analysis. This time was recorded as the initial reaction
time. The samples were taken periodically at specified time
intervals, and the reaction lasted for 8 h. The reaction
conditions of 1.5 wt% of catalyst loading, 60 �C, 12:1 of
methanol-to-SUCO feedmolar ratio and 150 rpmwere kept
constant for all catalysts.

d) Acid number and FFA content

The acid number of the sample was determined by the
ASTM D974 standard method. Initially, two grams of the
sample was taken and weighted. The sample was then
dissolved in a titration solvent. The titration solvent was
prepared by mixing 2-propanol, toluene and water. The
mixture was titrated using potassium hydroxide solution
and a-naphtholbenzein as an indicator. The acid number
was calculated using Eq. 1:

Nacid ¼56:1 �M
A� B
w

(1)



Table 1
Properties of precursor beads at different St/VBC concentrations measured
by XRF and N2 physisorption analysis.

Polymer type Material
sample
code

Properties SSAa

(m2 g�1)
Chlorine
content (%)

Precursor P 01 90% St/10% VBC 2 10.16
Precursor P 02 80% St/20% VBC 4 12.83
Precursor P 03 70% St/30% VBC 5 14.56
Precursor P 04 60% St/40% VBC 7 16.67
Precursor P 05 50% St/50% VBC 10 18.72

St, styrene; VBC, vinylbenzyl chloride; XRF, X-ray fluorescence.
a Specific surface area.
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where A is the volume (ml) of potassium hydroxide used to
reach the neutral point, B is the volume (ml) corresponding
to the blank titration, M is a molarity of potassium hy-
droxide solution (M) and w is the sample mass (g). Mean-
while, the percent of FFA (% FFA) was determined using Eq.
2:

% FFA¼A� B
w

� M � 28:2 (2)

where A is the volume (ml) of the titration solution, B is the
volume (ml) of the blank, M is a molarity of the titration
solution (M) and w is the sample mass (g); 28.2 indicated
10% of the oleic acid molecular weight.

3. Results and discussions

3.1. Stage 1: synthesis of SHER

3.1.1. The synthesis of precursor beads (NAD particles)
In the present work, porous precursor beads were syn-

thesised by NAD polymerisation of VBC, St, PVP, Triton, BPO,
ethanol (EtOH) and EGDMA. In this stage, the effect of
monomer/comonomer concentration and the effect of
cross-linker concentration were evaluated. The reaction
scheme for the synthesis of precursor beads is presented in
Fig. 1 (i.e. NAD polymerisation).

a) Effect of monomer/comonomer on the physicochemical
properties of precursor beads

In the polymerisation reaction, a study on the effect of
monomer concentration is an important element as it
significantly effects the shape of the precursor beads and
pore structure of the porous beads. Theoretically, the
introduction of different concentrations of VBC in the
monomer mixtures will result in the different level of
chloromethyl groups. To investigate the effect of chlor-
omethyl groups on the particle morphology, surface area
and the chlorine content, a series of NAD precursor were
synthesised at different St/VBC ratios. The recoveries of the
precursor beads are considered good with more than 95%
yield, and as shown in Table 1, the percentage of chlorine
content obtained from the XRF analysis correlates well with
Fig. 1. Synthesis procedure for the sulphonated hypercrosslinked exchange resi
dimethacrylate; NAD, nonaqueous dispersion; EtOH, ethanol; BPO, benzoyl peroxid
the content of VBC in themonomer feed. Table 1 also shows
that when the content of VBC (chloromethyl group) in-
creases, the specific surface area of the precursor particles
is also increased. The findings are in agreement with the
findings from the study by Liu et al. [33] and Ahn et al. [34].

However, these particles are not monodispersed (Fig. 2).
All samples (P01eP05) are found to be polydispersed,
although the particles are in the micrometre size range.
Nonetheless, low VBC concentration shows a better image
of the precursor. A precursor with 20% of VBC (Fig. 2b)
shows better uniformity in terms of shapes (i.e. spherical)
than others. Besides that, there is no agglomeration of
beads observed. The reduction of VBC fraction led to the
low cross-linking degree and resulted in different pore
structure. Thus, precursor particles at monomer/como-
nomer concentration of 80% St/20% VBC are selected for
further experimental work.

b) Effect of cross-linker concentration on morphology and
BET surface area of precursor beads

In theory, the pore structure is largely influenced by the
content of the cross-linker. When the content of the cross-
linker is lower or higher than a certain limit value, it will
reduce the rigidity of the polymer beads and consequently
contributes to the difficulty in maintaining their pore
structure. In this study, EGDMA was used as a cross-linker
to link the polymer chain. The effect of the cross-linker
loading on the physical and chemical properties of the
precursor beads was investigated, with different amounts
of EGDMA (0.5, 0.7, 1.0, 1.3 and 1.5 wt%) introduced to the
n (SHER). St, styrene; VBC, vinylbenzyl chloride; EGDMA, ethylene glycol
e; PVP, poly (N-vinylpyrrolidone); DCE, 1,2-dichloroethane.



Fig. 2. SEM images (magnification, 5kX) of the precursor beads with different monomer/comonomer concentrations: (a) P01 e 90% St/10% VBC; (b) P02 e 80% St/
20% VBC; (c) P03 e 70% St/30% VBC; (d) P04 e 60% St/40% VBC; (e) P05 e 50% St, 50% VBC. SEM, scanning electron microscopy; VBC, vinylbenzyl chloride.
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precursor solution. The concentration of the monomer/
comonomer was kept constant at 80% St/20% VBC. From the
results, the increase of cross-linker loading simultaneously
increases the specific surface area of the precursor particles
(Table 2). This implies that the specific surface area of the
beads is directly proportional to the cross-link density.
According to Song and Winnik [35], when the cross-linker
content increases, the number of pore increases, which
simultaneously increases the specific surface area of the
catalyst. At low cross-linker concentration, high mesopore
and macropore formation takes place, resulting in low
surface area. This is because, when the amount of cross-
linker is low, the size of the micropores decreases and the
micropores tend to be slightly fused. Besides that, high
amount of the cross-linker will stabilise the precursor by
making the pore structure stronger.

However, too low and too high amounts of EGDMA
disturb the spherical structure of the precursor, as depicted
in Fig. 3. When the amount of EGDMA is less than 0.7 wt%
and more than 1.0 wt%, some of the precursor beads are
unable to form good spherical shapes. Therefore, 1.0 wt% of
EGDMA is selected as the optimum amount of the cross-
linker needed as this amount is sufficient enough to hold
Table 2
Properties of precursor beads at different EGDMA concentration.

Polymer type Material sample code Properties SSA (m2/g)

Precursor P 06 0.5 wt % EGDMA 2.5
Precursor P 07 0.7 wt % EGDMA 3
Precursor P 08 1.0 wt % EGDMA 4
Precursor P 09 1.3 wt % EGDMA 6
Precursor P 10 1.5 wt % EGDMA 9

EGDMA, ethylene glycol dimethacrylate; SSA, specific surface area.
the chain of the polymer structure while maintaining the
pore structure and spherical shape of the beads.

3.1.2. Effect of Lewis acid catalyst on FeCl3 on the
physicochemical properties of hypercrosslinked beads

A Lewis acid catalyst (FeCl3) is introduced into the
polymeric reaction to increase the surface area of the pre-
cursor beads by forming methylene bridges between aro-
matic groups and Lewis acid catalyst. The reaction between
Lewis acid and aromatic groups creates pores within the
resin. These bridges were built during the hyper-
crosslinking step via FriedeleCrafts reaction, and it led to
the formation of highly porous polymer particles. Fig. 1
represents the reaction scheme for the synthesis of the
hypercrosslinked beads (i.e. hypercrosslinked reaction).

To determine the effect of Lewis acid catalyst on the
physical and chemical properties of the cross-linked pre-
cursor, ferric chloride and dichloroethane in different ratios
(FeCl3 to CH2Cl) (i.e. 0.5:1, 1:1 and 1.5:1) were introduced to
the cross-linked precursor solution. In this stage, the
amount of the monomer, comonomer and cross-linker was
kept constant, i.e., 80% St, 20% VBC and 1 wt% EGDMA,
respectively. The beads were evaluated based on the
physicochemical properties, i.e. XRF, surface morphology
and porosity. Based on the XRF analysis (Table 3), the
reduction in the percentage of chlorine content confirms
the occurrence of the high level of cross-linking structure.
This reaction involved the formation of multiple bridging
between aromatic groups, as presented in Fig. 1. About
70e89% of Cl reduction is achieved by the precursor par-
ticles (Table 1). The finding is consistent with the finding
from the study by Wang et al. [36]. The exploitation of the
pendent chloromethyl groups via Lewis acid (FeCl3) reac-
tion yielded a good recovery of modified hypercrosslinked



Fig. 3. SEM images (magnification, 5kX) of the precursor particles with different cross-linker concentrations: (a) P06 e 0.5 wt% EGDMA; (b) P07 e 0.7 wt%
EGDMA; (c) P08 e 1 wt% EGDMA; (d) P09 e 1.3 wt% EGDMA; (e) P10 e 1.5 wt% EGDMA. EGDMA, ethylene glycol dimethacrylate; SEM, scanning electron
microscopy.

Table 3
Properties of polymer beads.

Polymer type Material
sample code

Properties SSA
(m2/g)

Chlorine
content (%)

Hypercrosslinked
polymer

MP 01 0.5:1
(FeCl3:CH2Cl)

456 5.67

Hypercrosslinked
polymer

MP 02 1: 1
(FeCl3:CH2Cl)

698 2.12

Hypercrosslinked
polymer

MP 03 1.5:1
(FeCl3:CH2Cl)

710 1.97

SSA, specific surface area.
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particles. Based on the BET analysis, each sample shows a
big increment in the specific surface area which clearly
indicates the generation of highly porous particles. When
the FriedeleCrafts reaction was introduced, the porosity of
the beads increased. This is due to the formation of a large
number of pores. Theoretically, a high molar ratio of FeCl3
to CH2Cl will increase the formation of methylene bridges.
The increase of methylene bridges in the structure will
contribute to high bead porosity, leading to the high spe-
cific surface area.

The SEM micrographs of hypercrosslinked beads are
shown in Fig. 4. It is observed that the overall particle
integrity is well retained, although the surface roughness is
quite obvious. Fig. 4(b) of 1:1 ratio of FeCl3 to CH2Cl shows
the best morphology in terms of uniformity of the spherical
shape. From this image, the roughness of the surface, which
represents the porosity of the surface, can be clearly seen.
Higher molar ratio, i.e. 1.5:1 FeCl3:CH2Cl, results in
agglomeration on the beads and changed the spherical
shape of the resins. This is due to the excess amount of the
Lewis acid catalyst used in the reaction, leaving the
unreacted FeCl3 on the surface of the beads. Thus,1:1 molar
ratio is chosen to be used in the sulphonation stage.

3.1.3. Effect of the sulphonation reagent on the properties of
SHER

In this study, the sulphonation reagent, sulphuric acid
(H2SO4), was introduced to the hypercrosslinked beads-
solvent mixture at five different volumes, i.e. 1, 2, 3, 4 and
5 wt%. The amount of the monomer, comonomer, cross-
linker and FeCl3 used was kept constant at 80% St, 20%
VBC, 1 wt% EGDMA and 1:1 molar ratio of FeCl3:CH2Cl. The
synthesis procedure for the sulphonation of hyper-
crosslinked polymer beads is presented in Fig. 1. Table 4
summarises the results of the specific surface area and
IEC of the SHER. From the result, it is found that the IEC
increases with increasing H2SO4 concentration. This is due
to the increment of SO3H bonding on the particles. Based on
the BET analysis, the specific surface area of the SHER in-
creases when H2SO4 concentration increases from 1 to 4 wt
%. However, the specific surface area decreases when 5 wt%
of H2SO4 is added to themixture. This is due to the blockage
of the hypercrosslinked beads, resulting from the formation
of the sulphur bridge, and this condition leads to a decrease
in the specific surface area. Therefore, 4 wt% of H2SO4
(SHER 04) is taken as the best condition for the sulphona-
tion of the hypercrosslinked polymer. The resins produced
in this condition were used in the reaction process (i.e.
esterification reaction).
3.2. Catalyst characterisations

All the catalysts were characterised by N2 physisorption
analysis, elemental analysis, IEC, TGA, FTIR spectroscopy



Fig. 4. SEM images (magnification, 5kX) of the polymer beads prepared by FriedeleCrafts reaction with different ratio of FeCl3:CH2Cl: (a) MP 01 e 0.5:1 ratio; (b)
MP 02 e 1:1 ratio; (c) MP 0.3 e 1.5:1 ratio. SEM, scanning electron microscopy.

Table 4
Properties of sulphonated hypercrosslinked exchange resin (SHER).

Material Sample Code Properties SSA (m2 g�1) IEC (mmol g�1)

SHER 01 1 wt% of H2SO4 698 3.7
SHER 02 2 wt% of H2SO4 720 4.0
SHER 03 3 wt% of H2SO4 765 4.5
SHER 04 4 wt% of H2SO4 836 5.1
SHER 05 5 wt% of H2SO4 654 5.4

IEC, ion-exchange capacity; SSA, specific surface area.
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and SEM analysis. Discussion on the FTIR analysis is pro-
vided in the Supplemental file.

Fig. 5 shows the TGA thermograms of SHER, RCP145H,
PK228LH and SK1BH catalysts. SHER shows the highest
decomposition point, followed by SK1BH, PK228LH and
RCP145H. Three weight loss stages are observed in the TGA
profile of SHER. The first one is located below 100 �C. This
weight loss is attributed to the removal of the adsorbed
water on the surface of the resin. SHER shows a very low
decrement peak at this stage because of the inability of
SHER to absorb more moisture compared with the other
catalysts. This criterionwas also proven by the FTIR analysis
in the Supplemental file, where the result shows that the
intensity of OH bond is very low. The second stage occurred
between 398 and 450 �C, which is probably due to the
decomposition of sulphonic groups of SHER [37e40]. The
Fig. 5. Thermogravimetric curves of SHER, RCP145H, PK228LH and SK1BH
catalyst. SHER, sulphonated hypercrosslinked exchange resin.
weight loss from 500 �C to 780 �C shows the destruction of
the polymer. From the analysis, it is shown that SHER has a
very good temperature resistance which is up to 398 �C. For
the commercial catalysts (i.e. RCP145H, PK228LH and
SK1BH), all the catalysts show the sulphonic decomposition
point at approximately 250e300 �C.

Fig. 6 represents the surface morphology of SHER, Dia-
ion RCP145H, Diaion PK228LH and Diaion SK1BH. A porous
structure of SHER can be seen in Fig. 6(a) resulted from the
cross-linking activity during the synthesis process, which
shows a rough surface of SHER with the presence of tiny
holes. Fig. 6(b) and (c) show the morphologies of Diaion
RCP145H and Diaion PK228LH, taken at 5kX magnification.
Both catalysts show a quite similar surface morphology as
SHER. According to the manufacturer (Mitsubishi Chemical
Corporation), the catalysts are classified as highly porous
and porous ones, respectively. In contrast, a smoother
surface can be seen for the gelular resin (Fig. 6(d)) taken at
2kX magnification. The presence of pores within the cata-
lyst structure was less significant than in the other three
resins.

Specific surface area, average pore diameter and total
pore volume for SHER, Diaion RCP145H and Diaion
PK228LH are summarised in Table 5. The properties of
SK1BH could not be analysed because of the low surface
area (i.e. < 0.1 m2 g�1). SHER has the highest surface area
which is 836 m2 g�1, followed by RCP145H (28.2 m2 g�1)
and PK228LH (0.5 m2 g�1). SHER also shows the highest
average pore diameter. Meanwhile, RCP145H shows the
highest total pore volume, whereas PK228LH has the
lowest surface area and average pore diameter. From the
average pore diameter point of view, SHER can be classified
as mesoporous, and RCP145H and PK228LH, as
microporous.

The elemental analysis results for the resins are pre-
sented in Table 5. As confirmed by the manufacturer, all
resins supplied by Mitsubishi Chemicals Corporation
should only consist of carbon, hydrogen, sulphur and oxy-
gen. The same goes for the self-synthesised resin, i.e. SHER,
as none of the nitrogen bonding was formed during the
polymerisation reaction. Table 5 shows the percentage of
elements present in each resin. The considerable percent-
age of nitrogen present in the analysis data might be due to
the contamination occurred during the analysis through
the combustion process. Results from Table 5 show that



Fig. 6. SEM images of the ion-exchange catalyst resins: (a) SHER; (b) RCP145H; (c) PK228LH; (d) SK1BH. SEM, scanning electron microscopy; SHER, sulphonated
hypercrosslinked exchange resin.

Table 5
Physical and chemical properties of SHER, Diaion RCP145H, Diaion PK228LH and Diaion SK1BH.

Catalyst properties Materials

SHER RCP145H PK228LH SK1BH

Physical appearance Opaque spherical beads
Functional group *Sulphonic acids
Polymer structure Highly porous polystyrene cross-

linked EGDMA
*Highly porous polystyrene
cross-linked DVB

*Porous polystyrene cross-
linked DVB

*Gelular polystyrene cross-
linked DVB

Cross-linking level Highly cross-linked *Highly cross-linked *Medium cross-linked *Low cross-linked
Decomposition

temperature (�C)
398 260 280 300

True density (g cm�1) 1.13 1.27 1.34 1.51
N2 physisorption analysis
BET surface area
(m2/g)

836 256 178 <0.1

Total pore volume
(cm3/g)

1.25 0.6 0.3 <0.1

Average pore
diameter (nm)

21.2 18.8 16.6 <0.1

Elemental analysis
Carbon content (%) 72.9 35.43 44.72 43.82
Hydrogen content
(%)

6.23 6.44 7.90 6.59

Nitrogen content (%) 0.01 0.84 1.38 3.04
Sulphur content (%) 10.30 8.21 11.90 13.26

Particle size (mm) 3e450 400e1000 440e900 390e895
Ion-exchange capacity

(mmol/g)
5.1 4.6 4.8 5.0

The information provided by Mitsubishi Chemical Corporation was denoted by (*) symbol; BET, BrunauereEmmetteTeller; EGDMA, ethylene glycol
dimethacrylate; SHER, sulphonated hypercrosslinked exchange resin; DVB, divinylbenzene.
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SHER has the highest percentage of carbon (72.9%). This is
probably resulted from the reaction activity during the
synthesis process of SHER. Diaion PK228LH has the highest
amount of hydrogen (7.9%), and Diaion SK1BH has the
highest loading of sulphur element (13.26%). On the other
hand, Diaion RCP145H has the least amount of carbon
(35.43%) and sulphur (8.21%).
3.3. Stage 2: esterification of FFAs in SUCO using ion-
exchange resins as a catalyst

In this section, the performance of SHER was compared
with that of the commercial ion-exchange resins Diaion
RCP145H, Diaion PK228LH and Diaion SK1BH. These four
resins were selected because of their differences in struc-
ture and porosity. SHER and RCP145H are categorised as
highly porous resins, PK228LH is categorised as a less
porous resin and SK1BH is classified as a gelular resin. To
identify the best catalysts for the esterification reaction, the
same reaction conditions of 1.5 wt% of catalyst loading,
60 �C, 12:1 of methanol-to-SUCO feed molar ratio and
150 rpm were applied to each resin and used throughout
the reaction. After 8 h, 90% of the FFA content was suc-
cessfully converted to fatty acid methyl ester (FAME) using
the SHER catalyst, and the FFA conversions for Diaion
RCP145H, Diaion SK1BH andDiaion PK228LH are 85, 68 and
57%, respectively. The results are presented in Fig. 7.

This phenomenon can be explained by the physical
and chemical properties of the resins obtained from the
analysis of N2 physisorption, PSD, acid capacity mea-
surement and elemental composition. The high FFA con-
version of SHER was possibly contributed by the large
specific surface area and average pore diameter which
created higher accessible active sites for the reaction.
Fig. 7. Effect of diverse types of ion-exchange resins on FFA conversion
(reaction conditions: 1.5 wt% of catalyst loading, 60 �C, 12:1 molar ratio of
methanol to SUCO and 150 rpm of stirring speed). FFA, free fatty acid; SHER,
sulphonated hypercrosslinked exchange resin; SUCO, simulated used cook-
ing oil.
Furthermore, based on the PSD analysis (Table 5), SHER
showed the smallest particle size compared with the
other resins. Small particle size leads to a large external
surface area, resulting in a fast reaction rate and simul-
taneously increased the FFA conversion. In addition, the
sulphur content of SHER is relatively high, and this con-
dition favours the esterification reaction. High sulphur
content creates more active sites within the catalyst pores
which contribute to high FFA conversion in a short reac-
tion time (i.e. less than 120 min is needed to reach reac-
tion equilibrium). Diaion RCP145H resin also gave high
FFA conversion as compared with the other two Diaion
resins (Diaion SK1BH and Diaion PK228LH). Even though
it has the lowest sulphur content, the large total pore
volume helps FFA to easily access the active sites of the
catalyst because the active sites (i.e. sulphonic acid
groups) are located close to the outer surface of the
catalyst. The cross-linking degree also contributes to
excellent conversion of FFAs. As shown in Fig. 7, highly
cross-linked resins (SHER and Diaion RCP145H) give
higher FFA conversion than low cross-linked resins (Dia-
ion PK228LH and Diaion SK1BH). This is because highly
cross-linked resins have a tougher matrix structure which
helps to create a high resistance towards chemical and
physical breakdown than low cross-linked resins. Mean-
while, SK1BH (gel-type resin) showed higher conversion
than Diaion PK228LH (macroreticular resin). This might
be due to the high acid capacity value of Diaion SK1BH
(5.0 mmol g�1) as compared with Diaion PK228LH
(4.8 mmol g�1), as shown in Table 5. Besides that, Diaion
SK1BH possesses higher amount of sulphonic groups in
their resin matrix than Diaion PK228LH (Table 5). These
data also probably indicate that the number of the cata-
lytic sites potentially accessible to oil was higher for the
gelular resin Diaion SK1BH than for porous resin Diaion
PK228LH.

4. Conclusion

In this work, the FFA esterification of acidified oil using
self-synthesised and commercial ion-exchange resins as
catalysts has been successfully carried out. In the first stage,
SHER in the form of micrometre sized with spherical shape
was successfully synthesised with the best conditions of
80%/20% monomer/comonomer concentration, 1.0 wt%
cross-linker, 1:1 of FeCl3:CH2Cl molar ratio and 4 wt% sul-
phonation reagents. The specific surface area of
836.12 m2 g�1 and decomposition point at 398 �C were
successfully achieved at these conditions. High formation
of methylene bridges during the hypercrosslinked reaction
led to high specific surface area and thermal decomposition
of SHER. The performance of self-synthesised SHER was
compared with those of three commercial resins, namely,
the Diaion RCP145H, Diaion PK228LH and Diaion SK1BH. In
this stage, SHER gives the highest reduction of FFAs with
more than 90% conversion at the condition of 1.5 wt%
catalyst loading, 60 �C reaction temperature, 12:1
methanol-to-SUCO molar ratio and 150 rpm stirring speed.
Owing to its high porosity, high specific surface area and
accessible acid sites, the synthesised SHER exhibited better
performance than Diaion RCP145H, PK228LH and SK1BH.
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