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Abstract This study reports on biodiesel production via the
esterification of palm fatty acid distillate (PFAD) using
sulphonated multi-walled carbon nanotubes (s-MWCNTs) as
a catalyst. The process parameters studied included the
methanol-to-PFAD ratio (8–30), catalyst loading (1–3 wt%),
reaction temperature (80–200 °C) and reaction time (1–5 h). A
fatty acid methyl ester (FAME) yield of 93.5 % was obtained
at a methanol-to-PFAD ratio of 20, catalyst loading of 3 wt%,
reaction temperature of 170 °C and reaction time of 2 h. The s-
MWCNTs exhibited good catalytic activity, with a FAME
yield higher than 75 % even after five repeated runs.
Moreover, the regeneration of the spent s-MWCNTs (after
five runs) with sulphuric acid was able to restore the catalytic
activity to its original level. The catalyst stability and activity
were enhanced by acid regeneration to achieve a FAME yield
of 86.2 %, even at the fifth cycle of reaction after acid
regeneration. A pseudo-homogeneous kinetic model for the
esterification of PFAD with methanol using s-MWCNTs as a
catalyst was then developed based on the experimental results.
The pre-exponential factor, molar heat and activation energy
for the esterification were found to be 1.9×102 Lmol−1 min−1,
84.1 kJ mol−1 and 45.8 kJ mol−1, respectively.

Keywords Heterogeneous esterification . Palm fatty acid
distillate (PFAD) . Sulphonatedmulti-walled carbon nano-
tubes . Kinetic model . Acid regeneration

Introduction

The major challenges in biodiesel production have always
been related to the selection of raw materials and conversion
technologies. Currently, the most common approach to pro-
duce biodiesel is via sodium hydroxide- or sodium
methoxide-based transesterification using refined vegetable
oil as the feedstock. However, approximately 70% of the total
biodiesel production cost comes from refined oil [1, 2].
Therefore, non-edible feedstocks, such as municipal sewage
sludge [1], Jatropha [3, 4], castor [4], sea mango [5], waste
cooking oil [2, 6, 7] and palm fatty acid distillate (PFAD) [8],
appear to be a promising alternative feedstock for biodiesel
production. Among the non-edible feedstocks, PFAD has the
most potential because it is a low-value by-product generated
during the fatty acid stripping and deodorisation stages in the
refining of palm oil. Currently, Indonesia andMalaysia are the
world’s largest producers of palm oil, with crude palm oil
productions in 2009 of 20.9 and 17.5 million metric tons,
respectively. Most of the crude palm oil in Malaysia is refined
locally for food applications, generating nearly 700,000 met-
ric tons (MT) of PFAD annually. The selling price for PFAD in
early 2010 was approximately 700 USD/MT, which was
14.3 % lower than the price of crude palm oil [9].

Heterogeneous catalysis is preferred over other conversion
technologies such as homogeneous catalysis and supercritical
technology because of several advantages, such as the cata-
lysts being recyclable, minimal wastewater generation and
lower energy consumption compared to supercritical technol-
ogy [10–12]. Recently, research on the catalysts used in bio-
diesel production has been focused on carbon-based acid
catalysts, such as sugar catalysts (incompletely carbonized
D-glucose or incompletely carbonized biomass-based vermi-
celli) [13–16], sulphonated ordered mesoporous carbon [17],
vegetable oil asphalt-based carbon [18], sulphonated multi-
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walled carbon nanotubes (s-MWCNTs) [19], sulphonated
biochar and sulphonated activated carbon [20], because the
hydrophobic carbon sheet can prevent the hydration of hy-
droxyl groups [21]. In addition, s-MWCNTs have been dem-
onstrated to possess good thermal stability and a high BET
surface area, coupled with a large pore width and good
dispersibility in methanol.

The high solubility of PFAD in methanol [22] and the good
dispersibility of s-MWCNTs in methanol [23] make a perfect
combination of feedstock and catalyst for biodiesel production
because of the phase reduction in the reaction system, which
could reduce the mass transfer resistance encountered by the
common heterogeneous catalysts. However, the esterification
of PFAD with methanol using s-MWCNTs as a catalyst has
been minimally studied because, before this study, s-
MWCNTs had only been applied in pure or single compo-
nents, such as glyceryl tributyrate and oleic acid [10].
Therefore, in this work, the process parameters, such as reac-
tion temperature, methanol-to-PFAD ratio, catalyst loading
and reaction period, for the esterification of PFAD using s-
MWCNTs were studied. This was followed by the determina-
tion of the kinetic parameters, such as the reaction rate con-
stants, pre-exponential factor, molar heat and activation ener-
gy, for the esterification of PFAD using a derived kinetic
model. Moreover, the reusability and regeneration of the s-
MWCNTs were also investigated.

Experimental

Materials and Methods

MWCNTs with diameters and lengths ranging from 40 to
60 nm and 1 to 2 μm, respectively, were purchased from
Shenzhen Nanotechnologies Port Co. PFAD was obtained
from a local edible oil manufacturing company. The PFAD
contains 98.5 wt% of major free fatty acid (FFA) for the
synthesis of fatty acid methyl ester (FAME): 48.0 wt%
palmitic acid, 36.3 wt% oleic acid, 8.7 wt% linoleic acid,
4.3 wt% stearic acid, 1.2 wt% myristic acid and 1.5 wt%
others (arachidic acid, α-linolenic acid, palmitoleic acid,
eicosenoic acid, lauric acid, margaric acid, heptadecenoic
acid, heneicosanoic acid and tricosylic acid). Sulphuric acid
(H2SO4), ammonium sulphate ((NH4)2SO4), methanol and n-
hexane were purchased from Fisher Scientific. Methyl
heptadecanoate was purchased from Sigma Aldrich. Nitric
acid (HNO3) with a purity of 69–70 % was purchased from
JT Baker.

Catalyst Preparation

The purification and sulphonation of MWCNTs was per-
formed as described in the literature [24]. Briefly, the pristine

MWCNTs were purified using HNO3 coupled with 1 h of
ultrasonication treatment prior to refluxing at 80 °C for 8 h.
After washing, the purifiedMWCNTswere dried in an oven at
120 °C for 12 h. s-MWCNTs were prepared by mixing with
10 wt% (NH4)2SO4, and then the mixture was sonicated for
10 min using a tip sonicator. Subsequently, the mixture was
heated to 235 °C for 30 min.

Esterification

The esterification to convert PFAD to biodiesel was per-
formed in a pressurised batch reactor equipped with a thermo-
couple and a magnetic stirrer. The reactor was made of stain-
less steel. Owing to the acidic nature of PFAD, the esterifica-
tion reaction was carried out in a Teflon cup placed inside the
stainless steel reactor. Prior to the addition of 10 g of PFAD, a
pre-determined amount of s-MWCNTs was stirred in metha-
nol for 10 min to avoid the adsorption of PFAD to the active
sites that would cause deactivation of the catalysts [25]. In this
study, the molar ratios of methanol to PFADwere 8, 10, 15, 20
and 30. The reaction temperatures were set at 80, 100, 150,
170 and 200 °C. Furthermore, the catalyst loadings used in
this study were 1.0, 1.5, 2.0, 2.5 and 3.0 wt% (based on the
weight of PFAD). The reactor was then pressurised to 10 bars
to prevent the evaporation of methanol. The reactants were
stirred at 230 rpm to maintain a uniform temperature and
suspension. The reaction mixture was then heated to the
desired temperature for the necessary duration (1–5 h). Upon
completion, the reaction mixture was cooled to room temper-
ature and filtered. The filtered s-MWCNTs were rinsed re-
peatedly with methanol. The excess methanol in the reaction
mixture was recovered using a rotary evaporator. After meth-
anol evaporation, two layers of liquids were formed. The
upper layer was yellow in colour containing crude biodiesel
while the bottom layer was water. The volume of the biodiesel
layer was measured and recorded.

Catalyst Reusability and Regeneration

The reusability of the s-MWCNTs was evaluated through five
consecutive runs performed under the determined reaction
conditions. The filtered s-MWCNTs were sonicated in meth-
anol for 20 min. Then, the s-MWCNTs were filtered and
washed repeatedly with methanol. The washed s-MWCNTs
were then dried at 120 °C for 12 h.

The regeneration of the s-MWCNTs was performed by
mixing the catalyst with concentrated H2SO4 followed by
refluxing at 100 °C for 5 h. The regenerated s-MWCNTs were
then cooled, filtered and washed with distilled water until the
pH of the filtrate was similar to the pH of distilled water.
Subsequently, the regenerated s-MWCNTs were dried at
120 °C for 12 h. The regenerated s-MWCNTs were then
subjected to another five runs of esterification.
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Analytical Methods

The composition and the yield of FAME or biodiesel were
analysed using a PerkinElmer Clarus 500 gas chromatograph
equipped with a flame ionisation detector (FID) and a NukolTM

capillary column. n-Hexane and helium were used as the solvent

and carrier gas, respectively. The oven temperature was set to
110 °C and then increased to 220 °C at a rate of 10 °C/min. The
temperatures of the detector and injector were set at 220 and
250 °C, respectively. Methyl heptadecanoate was used as an
internal standard. The yield of FAME in the samples was calcu-
lated using the following equation:

Yield %ð Þ ¼
ΣConcentrationof eachmethylesters;

g

cm3

� �
� Volumeof oil layer; cm3ð Þ

10gof PFAD
� 100%

The Fourier transform infrared spectroscopy (FT-IR) spec-
tra of the s-MWCNTs after each reaction run were recorded
using a Shimadzu IRPrestige-21 spectrometer over the fre-
quency range of 4000–400 cm−1. s-MWCNTs were mixed
with potassium bromide and then pelletised into a thin pellet.
The IR spectra were collected after 32 scans. The as-
synthesised s-MWCNTs and the regenerated s-MWCNTs
were also characterised using a transmission electron micro-
scope (TEM; Philips, model CM12). In addition, the density
and strength of the acid sites of s-MWCNTs were determined
by ammonia temperature-programmed desorption (NH3-
TPD) and pulse chemisorption, respectively, with 15 % NH3

in helium using a Micromeritics: Auto Chem II 2920
instrument.

Kinetic Model

In general, the kinetic model for heterogeneously catalysed
esterification can be well represented by a pseudo-
homogeneous model. Therefore, in this study, a pseudo-
homogeneous model was developed to illustrate the kinetics
of the esterification of PFAD with methanol using s-
MWCNTs as catalyst based on the following assumptions
[26–29]:

(1) The rate of the esterification reaction under the operating
conditions is kinetically controlled.

(2) The entire reaction system is considered to be an ideal
solution in which internal and external mass transfer
resistance does not exist.

(3) The rate of non-catalysed and self-catalysed esterifica-
tion is negligible relative to the reaction rate catalysed by
the s-MWCNTs.

The esterification of PFAD with methanol to produce
FAME as the main product and water as a by-product in the
presence of s-MWCNTs is illustrated as:

RCOOH
Fattyacids

þ CH3OH
Methanol

↔
k2

k1 RCOOCH3

FAME
þ H2O

Water
ð1Þ

Using an elementary second-order reversible reaction, the
rate of esterification above can be expressed as:

−
d RCOOH½ �

dt
¼ k1 RCOOH½ � CH3OH½ �−k2 RCOOCH3½ � H2O½ � ð2Þ

where [RCOOH] is the molar concentration of PFAD,
[CH3OH] is the molar concentration of methanol,
[RCOOCH3] is the molar concentration of FAME,
[H2O] is the molar concentration of water, and k1 and
k2 are the forward and backward reaction rate constants,
respectively.

The concentrations of the reactants and products that
correspond to the PFAD conversion are expressed as
follows:

RCOOH½ � ¼ RCOOH½ �0−x RCOOH½ �0 ¼ RCOOH½ �0 1−xð Þ ð3Þ

CH3OH½ � ¼ CH3OH½ �0−x RCOOH½ �0 ð4Þ

RCOOCH3½ � ¼ x RCOOH½ �0 ð5Þ

H2O½ � ¼ x RCOOH½ �0 ð6Þ

where [RCOOH]0 is the initial concentration of PFAD and
x is the conversion of PFAD.

Substituting Eqs. 3, 4, 5 and 6 into Eq. 2 and let CH3OH½ �
0

RCOOH½ �0¼θ and ke ¼ k1
k2

⇒
dx

dt
¼ k1 RCOOH½ �0 1−

1

ke

� �
x2− 1−θð Þxþ θ

� �
ð7Þ

where θ is the molar ratio of methanol to PFAD and ke is the
equilibrium rate constant.

At the equilibrium state, dxdt ¼ 0 and x=xe (xe is the PFAD
conversion at equilibrium), Eq. 7 can be rearranged into Eq. 8.
Thus, ke can be determined experimentally on the basis of the
conversion of PFAD at equilibrium.

⇒ke ¼ x2e
θ−xeð Þ 1−xeð Þ ð8Þ
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Once ke is determined, Eq. 7 is integrated to obtain a linear
equation to determine k1 numerically.

Z

0

x

1

1−
1

ke

� �
x2− 1þ θð Þxþ θ

dx ¼
Z

0

t

k1 RCOOH½ �0dt ð9Þ

From the integral formula table, Eq. 9 can be transformed
into:

⇒ln
−1−θþ βð Þxþ 2θ
−1−θ−βð Þxþ 2θ

� �
¼ βk1 RCOOH½ �0t ð10Þ

where 1− 1
ke

� �
¼ α and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ θð Þp

2−4αθ ¼ β ,

Rearrangement of Eq. 10 can provide an explicit expres-
sion for x (Eq. 11) to determine the variation in the conversion
of PFAD with time.

x ¼ 2θ eβk1 RCOOH½ �0t−1
	 


−1−θþ βð Þ þ 1þ θþ βð Þeβk1 RCOOH½ �0t
ð11Þ

The influence of temperature on the reaction rate was
examined using the Arrhenius equation,

k1 ¼ A1e
−E1=RT ð12Þ

ke ¼ Aee
−Ee=RT ð13Þ

where A1 and Ae are the pre-exponential or frequency
factors for the forward reaction rate constant and the equilib-
rium constant, respectively. Furthermore, E1 and Ee represent
the activation energy of the forward and equilibrium reactions,
respectively. R is the gas constant, and T is the reaction
temperature in units of Kelvin.

Results and Discussion

Effect of the Methanol-to-PFAD Ratio

Figure 1 shows the effect of different methanol-to-PFAD
ratios on the FAME yield at a reaction temperature of
170 °C and a catalyst loading of 2 wt%. The FAME yield
increased gradually as the methanol-to-PFAD ratio increased
from 8 to 20. However, the highest methanol-to-PFAD ratio of
30 caused an adverse effect on the FAME yield, in which the
FAME yield not only decreased significantly but also
underperformed compared to the lowest methanol-to-PFAD
ratio of 8. According to Le Chatelier’s principle, an excess
amount of methanol is required to drive the reversible reaction
forward toward the formation of FAME [30]. In addition, it is
believed that the reaction mechanism of esterification using
sulphonated catalysts begins with the attachment of fatty acids

to the active sites of the catalysts through chemisorption. This
step is followed by the protonation of the chemisorbed mole-
cules at the carbonyl group to form carbocations. FAME is
produced when the carbocations are attacked by methanol
molecules. Therefore, in the condition of excess methanol,
the collisions between the carbocations and methanol mole-
cules are increased, thus enhancing the conversion. However,
if the methanol-to-PFAD ratio is too extreme, fatty acids are
prohibited from forming carbocations because the catalyst
active sites are flooded with methanol instead of fatty acids
[19, 18, 10], thereby causing deactivation of the catalyst.
Moreover, the FAME yield decreases in an environment of
excess methanol due to the slower reaction caused by dilution
of the reaction system [31]. Therefore, the most suitable
methanol-to-PFAD ratio in this study was 20 because high
FAME yield was obtained in this ratio.

Effect of Catalyst Loading

The effect of s-MWCNTs loading on the FAME yield is
illustrated in Fig. 2. The reaction was carried out at a reaction
temperature of 170 °C and a methanol-to-oil ratio of 20. The
FAME yield was found to be positively affected by the cata-
lyst loading, in which the yield increased when the amount of
catalysts used for the reaction increased. This relationship was
related to the increase in the total number of active sites
available for esterification with an increase in the catalyst
concentration [2, 10]. If the catalyst loading was below
2 wt%, the equilibrium of the reaction was achieved after
3 h of reaction time. However, as the catalyst loading in-
creased to 3 wt%, only 2 h of reaction time was required to
bring the reaction to the equilibrium state. Furthermore, an
increase of only 0.5 wt% (2.5 to 3 wt%) in the catalyst loading
caused a substantial increase in the FAME yield, increasing
from 83.0 to 93.5 % in only 2 h of reaction time. Therefore,
this result further strengthens the fact that the rate of esterifi-
cation reaction was enhanced by the use of the catalyst. Note
that the FAME yield produced using 3 wt% s-MWCNTs in 2 h
of reaction time was very close to the ester content (96.5 %)
stated in the European Standard (EN 14214) for biodiesel.
Therefore, the selected catalyst loading for the subsequent
study was 3 wt%.

Effect of Reaction Temperature

Figure 3 illustrates the effect of the reaction temperature on the
FAME yield at a catalyst loading of 3 wt% and a methanol-to-
oil ratio of 20. At low reaction temperatures (80 and 100 °C),
the maximum FAME yield was merely 25.0 %, even at 5 h of
reaction time. However, when the reaction temperature in-
creased from 100 to 150 °C, a threefold increase in the
FAME yield was observed. Subsequently, an average incre-
ment of 8 % was observed when the reaction temperature was
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further increased to 170 °C. With the further increase of the
reaction temperature to 200 °C, the FAME yield was barely
changed (less than 4 % on average). Similar to
transesterification, esterification is also an endothermic pro-
cess, in which the enthalpy of the process is positive.
Therefore, by increasing the temperature, the equilibrium of
the reaction was shifted to the forward direction, which
favoured the conversion of PFAD into FAME. In addition,
as the reaction temperature increased, the methanol and PFAD
molecules gained more kinetic energy, causing the collision
frequency between the reactant molecules to increase, thereby
eventually enhancing the mass transfer rate of the reaction
system. Reaction temperature of 170 °C was selected in the
subsequent study because no significant increase in FAME

yield was observed when the reaction temperature was in-
creased to 200 °C.

Effect of Reaction Time

As shown in Figs. 1, 2 and 3, the FAME yield was found to
increase with longer reaction times until equilibrium was
achieved. Note that the reaction time always reflects the rate
of a reaction. However, it is believed that the time required for
a reaction to achieve complete conversion or equilibrium state
was correlated to other reaction parameters, such as alcohol
ratio, catalyst loading and reaction temperature. In this study,
the reaction time was influenced by the catalyst loading and
reaction temperature. The reaction time to reach the

Fig. 1 Effect of the methanol-to-
PFAD ratio on the FAME yield at
a reaction temperature of 170 °C
and a catalyst loading of 2 wt%

Fig. 2 Effect of the catalyst
loading on the FAME yield at a
reaction temperature of 170 °C
and a methanol-to-oil ratio of 20
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equilibrium state was reduced to 2 h at higher catalyst load-
ings, as shown in Fig. 2. In addition, the reaction time was also
reduced at a higher reaction temperature. From Fig. 3, at low
reaction temperatures (80 and 100 °C), equilibriumwas hardly
observed, even with a high concentration of catalyst used to
catalyse the reaction. However, at temperatures of 150 °C and
above, the equilibrium of the reaction was reached at 2 h of
reaction time. Through process study, a high FAME yield of
93.5 % can be obtained under the following conditions: reac-
tion temperature of 170 °C, catalyst loading of 3 wt%,
methanol-to-PFAD ratio of 20 and reaction time of 2 h.

Kinetic Parameters Estimation

Reaction Rate Constants

The equilibrium rate constant ke can be determined from the
final PFAD conversion using Eq. 8. Then, by using the

calculated ke, the values of α and β can be obtained. As
defined in Eq. 10, the reaction rate constant k1 must be
determined by the experimental conversion of PFAD obtained
for different reaction times. Figures 4, 5 and 6 show the

correlation between ln −1−θþβð Þxþ2θ
−1−θ−βð Þxþ2θ

h i
and β[RCOOH]0t, under

all the experimental conditions presented in Figs. 1, 2 and 3.
The straight lines with high R2 (more than 0.93) observed in
Figs. 4, 5 and 6 demonstrated the validity of the proposed
kinetic model. Hence, the values of k1 were obtained as the
slope of each straight line in the figures.

The calculated values of k1 for different methanol-to-PFAD
ratios, catalyst loadings and reaction temperatures are
summarised in Table 1. The values of k1 were observed to
increase as the catalyst loading and reaction temperature in-
creased. The k1 of the methanol-to-PFAD ratio increased when
the ratio increased from 8 to 20 which indicated that the rate of
the esterification can also be increased by using a higher
content of methanol. However, the k1 for a methanol-to-

Fig. 3 Effect of the reaction
temperature on the FAME yield at
a catalyst loading of 3 wt% and a
methanol-to-oil ratio of 20

Fig. 4 Correlation between ln
−1−θþβð Þxþ2θ
−1−θ−βð Þxþ2θ

h i
and β[RCOOH]0t

at different levels of themethanol-
to-PFAD ratio
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PFAD ratio of 30 were much lower than those of the other
ratios because deactivation of the catalyst occurred at extreme-
ly high methanol content.

The current study further verified the fact that esterification
is an endothermic reaction because, compared to other param-
eters, such as methanol-to-PFAD ratio and catalyst loading,
the k1 increased significantly with an increase in the reaction
temperature. This result was in agreement with those reported
in the literature [32–34, 28, 29].

Activation Energy, Pre-exponential Factor and Enthalpy
of Reaction

As shown above, k1 was significantly affected by the reaction
temperature. Therefore, the dependence of ke and k1 on the
reaction temperature can be illustrated by the Arrhenius equa-
tions. Equations 12 and 13 were linearised, and the Arrhenius-
van’t Hoff plot was used by plotting ln k as a function of the

reciprocal temperature (in units of Kelvin) to determine the
pre-exponential factor, activation energy and enthalpy of the
esterification. The Arrhenius-van’t Hoff plot is shown in
Fig. 7; the pre-exponential factor was obtained from the
intercept of the straight line, while the activation energy (for
forward and backward) and the enthalpy of esterification were
obtained from the slope of the straight line. The pre-
exponential factors of the forward and equilibrium reactions
were 1.9×102 and 2.7×109 L mol−1 min−1, respectively. The
activation energy for forward reaction was 45.8 kJ mol−1. The
high value of the activation energy implied that the
esterification reaction was a temperature-dependent reac-
tion. This high value of activation energy also indicated
that the esterification was kinetically controlled instead
of diffusion controlled [28, 29], which further verified
the assumption of the absence of external and internal
mass transfer resistance in the pseudo-homogeneous ki-
netic model. The endothermic nature of the esterification

Fig. 5 Correlation between ln
−1−θþβð Þxþ2θ
−1−θ−βð Þxþ2θ

h i
and β[RCOOH]0t

at different levels of the catalyst
loading

Fig. 6 Correlation between ln
−1−θþβð Þxþ2θ
−1−θ−βð Þxþ2θ

h i
and β[RCOOH]0t

at different levels of the reaction
temperature
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of PFAD with methanol was confirmed due to the
positive value of the reaction enthalpy (84.1 kJ mol−1).

However, the activation energy for the backward reaction
was found to have a negative value (−38.3 kJ mol−1) that was
much smaller than the activation energy of the forward reac-
tion. The negative or low activation energy indicated that the
reaction rate decreased when the reaction temperature in-
creased, which also meant that the reaction was mass transfer
controlled [35, 28, 36]. Therefore, for the reversible endother-
mic reaction, such as esterification, the increase in the reaction

temperature not only increased the reaction rate of the forward
reaction but also suppressed the backward reaction.

Table 2 presents the comparison of the activation energy
exhibited by s-MWCNTs and various biodiesel production
catalysts [37, 26, 38, 39, 27, 28, 40–43, 29, 44]. Note that
the activation energy obtained in this study was actually lower
than the activation energy exhibited by most of the catalysts,
especially the popular KOH. A lower activation energy indi-
cated that a heterogeneous process is not necessarily more
energy intensive than the homogeneous process in biodiesel
production. As defined in Eq. 12, the esterification reaction
rate is inversely proportional to the activation energy, in which
the lower the activation energy is, the higher is the reaction
rate. The reaction can be effectively enhanced by the reduction
of the activation energy. Therefore, the s-MWCNTs appear to
be an attractive and promising alternative for the catalyst in
biodiesel production because of the lower activation energy
required for the reaction.

Goodness-of-Fit of the Experimental Data to the Developed
Kinetic Model

After all the kinetic parameters were determined, the model
was used to simulate the predicted PFAD conversion at the
reaction conditions used in the actual experiments.
Equation 11 was used to compute the simulated PFAD con-
version. Figure 8 shows the correlation between the simulated
and experimental PFAD conversions. A line of unit slope with
almost perfect fit with many points corresponding to zero
error between the experimental and predicted values was
observed. The simulated values matched the experimental
values very well, with R2 value very close to unity of
0.9853. This agreement indicated that the developed kinetic
model was reliable in representing this particular esterification
reaction system and can thus be used to predict the PFAD

Table 1 The kinetic parameters for the esterification of PFAD with
methanol using s-MWCNTs as a catalyst for different levels of
methanol-to-PFAD ratio, catalyst loading and reaction temperature

Reaction parameters Forward reaction rate, k1 (L mol−1 min−1) R2

Methanol/PFAD ratio

8 4.97×10−4 0.9502

10 5.08×10−4 0.9722

15 5.77×10−4 0.9882

20 6.17×10−4 0.9329

30 2.45×10−4 0.9565

Catalyst loading (wt%)

1.0 4.72×10−4 0.9675

1.5 5.66×10−4 0.9765

2.0 6.17×10−4 0.9329

2.5 6.51×10−4 0.9574

3.0 9.81×10−4 0.9920

Reaction temperature (°C)

80 3.05×10−5 0.9851

100 6.00×10−5 0.9965

150 7.00×10−4 0.9363

170 9.80×10−4 0.9905

200 1.03×10−3 0.9317

Fig. 7 Arrhenius-van’t Hoff plot
for the forward, backward and
equilibrium reactions in the
temperature range of 353–473 K
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conversion of the reaction under other operating parameters as
well.

Reusability and Leaching Analysis

Themost significant advantage for using heterogeneous catalysts
over homogeneous catalysts is the ability of the heterogeneous
catalysts to be recovered, reused and regenerated. Therefore, the

s-MWCNTs were subjected to five consecutive runs to evaluate
the reusability of the catalysts under the reaction conditions:
reaction temperature of 170 °C, methanol-to-PFAD ratio of 20,
catalyst loading of 3 wt% and reaction time of 2 h. After each
run, the reaction mixtures were carefully separated, and then the
s-MWCNTs were recovered and washed with methanol before
being subjected to a new reaction run with fresh reactants. The
FAME yield achieved by the s-MWCNTs in five consecutive

Table 2 Comparison of the activation energy of biodiesel production using different catalysts

Oil source Reaction
temperature
(°C)

Catalysts Catalyst
loading
(wt% of oil)

Alcohol
source

Alcohol-to-oil
molar ratio

Activation
energy
(kJ mol−1)

Reference

PFAD 170 s-MWCNTs 3.0 Methanol 20.0 45.80 This study

Palm oil 50–65 KOH 1.0–1.2 Methanol 6.0 147.70 [37]

Oleic acid 50–100 Acid sulphonic resin,
Relite CFS

3.5–8.8 Methanol 8.3–10.7 58.58 [26]

Free fatty acids in
vegetable oils

90–120 Purolite CT275 2.0 Methanol 6.6 (methanol/free
fatty acid)

70.34 [38]

Brassica carinata oil 25–65 KOH 1.5 Methanol 6.0 209.21 [39]

Sunflower oil 60 H2SO4 5.0 (based on
oleic acid)

Methanol 60.0 (methanol/
oleic acid ratio)

50.75 [27]

Fatty acid by enzymatic
hydrolysis of soybean oil

60–80 Cation-exchange resin,
Dowex Monosphere 88

26.8 Methanol 1.0–20.0 59.44 [28]

Palm oil 130–160 Methanesulphonic acid 0.05 Methanol 10.0 15.84 [40]

130–160 H2SO4 0.05 Methanol 10.0 27.31

Jatropha oil 50–70 KNO3/Al2O3 6.0 Methanol 12.0 112.79 [41]

Soybean oil 65 SrO 2.0 Methanol 12.0 40.17 [42]

65 Ca(OCH2CH3)2 2.0 Methanol 12.0 54.39

65 CaO 2.0 Methanol 12.0 81.17

65 Ca(OCH3)2 2.0 Methanol 12.0 73.64

Waste cooking oil 65 Amberlyst-15 4.0 Methanol 15:1 77.17 [43]

Fatty acid by enzymatic
hydrolysis of soybean oil

30–70 HCl 0.1–1.0 M Methanol 1.0–20.0 44.86 [29]

Ceiba Pentandra oil 65 KOH 1.0 Methanol 6.0 105.42 [44]

Fig. 8 Correlation between the
simulated and the experimental
FAME yield
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runs is shown in Fig. 9. Although the catalytic activity of s-
MWCNTs declined with repeated use, they were still able to
maintain the FAME yield at 75 % after five catalytic runs. As
reported in the literature, for alkaline earth metal oxide catalysts,
such as CaO, BrO and SrO, the FAME yields dropped signifi-
cantly to the level below 30 % at the third use; even under an
ultrasonic-assisted reaction, the FAME yields achieved at the
third use were still below 70 % [45]. In addition, for sulphated
zirconia, tungstated zirconia or even some popular commercial
biodiesel catalysts, such as Amberlyst-15, Nafion NR50 and
ETS 10, the triacetin conversion was reported to be lower than
30 % at the fifth use of the catalysts [46]. Therefore, the s-
MWCNTs exhibited better catalytic performance and higher
reusability than the conventional biodiesel catalysts. The de-
crease in the catalytic activity of the s-MWCNTs may be due
to two reasons: the blockage of acid sites by the deposition of
organic matter on the catalyst surface and the leaching

of the sulphonic groups into the reaction medium [47,
48, 22].

The hypothesis of the deactivation of s-MWCNTs due to
acid site blockage by hydrocarbon species was rejected based
on the FT-IR analysis. Figure 10 shows the IR spectra in the
range of 400–4000 cm−1 for the reused s-MWCNTs from the
first to the fifth run. The absence of strong signals at 1600–
1800 cm−1 indicated that carbonaceousmaterials, such as fatty
acids and FAME, were not present on the surface of the s-
MWCNTs. This lack of blockage by hydrocarbon species
further indicated that the simple methanol washing used in
this study can effectively remove the fatty acids or FAME that
adsorbed onto the catalyst surface.

The leaching of sulphonic groups into the reaction medium
was determined according to the ASTM D5453 testing meth-
od. Prior to testing, the reaction product mixture was not
subjected to any washing or purification treatment. The test

Fig. 9 Reusability of the s-
MWCNTs and the regenerated s-
MWCNTs in the esterification of
PFAD under reaction conditions:
methanol-to-PFAD ratio of 20,
catalyst loading of 3 wt%,
reaction temperature of 170 °C
and reaction time of 2 h

Fig. 10 FT-IR spectra of spent s-
MWCNTs for different repeated
reaction runs: a first use, b second
use, c third use, d fourth use, and e
fifth use
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result indicated that the sulphur content in FAMEwas 0.01 %.
Therefore, the declining catalytic activity of the s-MWCNTs
was due to the leaching of sulphonic groups into the reaction
medium. Although the TPD analysis shown in Fig. 11 dem-
onstrated that the acid strength of the as-synthesised s-
MWCNTs occurred at 250 °C, leaching of the active sites into
the reaction medium at a reaction temperature of 170 °C was
still possible. However, the leaching of the sulphonic groups
suffered by the s-MWCNTs was not at a severe level because
the sulphur content in the reaction product complied with the
ASTM D6751 standard, in which the maximum limit of
sulphur content is 0.05 %.

Regeneration of s-MWCNTs

Regeneration of the spent catalyst was required because the
catalytic activity of the s-MWCNTs declined after repeated
use. Reflux in concentrated acid (H2SO4) was used to regen-
erate the spent s-MWCNTs. After acid regeneration, the re-
generated s-MWCNTs were subjected to another five consec-
utive esterification runs under the same reaction conditions,
and the FAME yields achieved are shown in Fig. 9. The results
indicated that the activity of the regenerated s-MWCNTs was
restored to its original level. Moreover, the regenerated s-
MWCNTs exhibited better and higher catalytic performance
than the un-regenerated s-MWCNTs because the high FAME
yields of 86.2 % can be obtained after five repeated uses. The
improved catalytic performance of the regenerated s-
MWCNTs was due to the increase in the acid site density after
acid regeneration. In comparison to the as-synthesised s-
MWCNTs with an acid side density of 0.03 mmol g−1 (deter-
mined by pulse chemisorption), the acid density of the regen-
erated s-MWCNTs increased significantly to 0.28 mmol g−1.
In addition, the strength and thermal stability of the acid sites
of the regenerated s-MWCNTs were improved after acid

regeneration. As shown in Fig. 11, the ammonia desorption
peak of the regenerated s-MWCNTs was extended to 400 °C,
which was a much higher temperature compared to the as-

Weak acid sites Strong acid sitesFig. 11 NH3-TPD profiles for the
as-synthesised and regenerated s-
MWCNTs

(a)

(b)

Fig. 12 TEM images of the as-synthesised and regenerated s-MWCNTs:
a as-synthesised s-MWCNTs (scale bar of 500 nm) and b regenerated
s-MWCNTs (scale bar of 500 nm)
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synthesised s-MWCNTs, in which the ammonia desorption
peak was observed at 250 °C.

Figure 12 shows the TEM images of the as-synthesised
s-MWCNTs and the regenerated s-MWCNTs. The TEM
observations revealed that the as-synthesised s-MWCNTs
possessed a longer open-ended tube length (Fig. 12a) com-
pared to that of the regenerated s-MWCNTs (Fig. 12b).
After acid regeneration, the s-MWCNTs were cut into
shorter tubes, as highlighted in Fig. 12b. Therefore, the
surface area available for the esterification reaction was
enhanced.

Conclusion

The present study demonstrated the high potential and promise
of the use of s-MWCNTs as a catalyst for biodiesel production
from a typical low-grade industrial by-product PFAD. A high
FAME yield of 93.5 % was obtained under the following condi-
tions: reaction temperature of 170 °C,methanol-to-PFAD ratio of
20, catalyst loading of 3 wt% and reaction time of 2 h. The
kinetics of the esterification of PFAD with methanol was well
represented by a pseudo-homogeneous model because of the
good agreement between the simulated and experimental
FAME yields. The lower activation energy observed in this study
indicated that the esterification catalysed by s-MWCNTs can
proceed at a faster reaction rate than that of the common hetero-
geneous catalysts used in biodiesel production. In addition, the s-
MWCNTs used in this study exhibited high reusability: the
catalyst can maintain a FAME yield of more than 75 % after
five repeated reaction runs. The reduction in catalytic activity of
the s-MWCNTswas due to the leaching of sulphonic groups into
the reaction medium. However, the leaching effect was not
severe because the sulphur content of the FAME obtained still
complied with the international standard. Acid regeneration was
found to increase the catalytic activity and the strength of acid
sites because the acid site density was increased and the thermal
stability of acid sites was extended up to 400 °C. A FAME yield
of 86.2 % was produced by the regenerated s-MWCNTs at the
fifth repeated run.
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