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a b s t r a c t

A new process that coupled the reaction and separation in the production of biodiesel from feedstocks with Free

Fatty Acids (FFAs) was studied. A novel solid acid catalyst, sulfonated-multiwalled carbon nanotubes (s-MWCNTs),

was used in the synthesis of biodiesel from methanol and oleic acid in a 250 mL autoclave. s-MWCNTs with different

concentrations of –SO3H were produced from the treatment of MWCNTs with concentrated H2SO4 (96%) at 120–210 ◦C,

and were characterized by SEM/EDS and FTIR analysis. Recycling of the methanol phase was used to separate the

water produced from the reaction mixture, which increased the esterification conversion substantially and decreased

the acidity of the product. A conversion of oleic acid of 95.46 wt.% was obtained with a catalyst/oleic acid mass ratio

of 0.20%, methanol/oleic acid molar ratio of 5.8, temperature of 135 ◦C, and reaction time of 1.5 h. By removing water
from the reaction mixture and adding the recycling of the methanol steam, the conversion of oleic acid was increased

to 99.10 wt.% after 1 h.

© 2009 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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ing method is used, only refined crude oils have acid value less
1. Introduction

Biodiesel is a clean and renewable biomass energy that can
be used as an alternative to diesel because it is similar to
petroleum-based diesel. Biodiesel can be produced from either
the transesterification of triglycerides (vegetable oils or animal
fats) or the esterification of Free Fatty Acids (FFAs) with a short
chain alcohol such as methanol or ethanol in the presence of a
catalyst (Ma and Hanna, 1999; Behzadi and Farid, 2007). As the
alcohol, methanol is the least expensive and readily available
from syngas. Therefore, biodiesel is often referred to as fatty
acids methyl esters (FAME).

The major drawback in the commercialization of biodiesel
from vegetable-origin oil primarily lies in the high raw mate-
rial cost when compared with petroleum-based diesel fuel.
In recent years, China annually consumed approximately 22
million tons of refined edible oils, and 50% of the consumed
oils needed be imported to meet this consumption require-
ment. Therefore, it is unfeasible to produce biodiesel using

refined edible oils as feedstocks in China. The use of cheap raw
feedstocks such as waste cooking oils, soapstock (byproduct of
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vegetable oil refinery) and non-edible oils, which are available
cheaply, is a possible solution in improving the economical
feasibility of biodiesel in China (Felizardo et al., 2006; Zhang
et al., 2003). However, these feedstocks are challenging due to
the presence of considerable amounts of FFAs that interfere
with the transesterification process. The FFAs must first be
converted into their corresponding esters through esterifica-
tion.

There are several comprehensive studies of base-catalyzed
transesterification to produce FAME and a higher conversion
of vegetable oil has been reported using strong basic solutions
such as sodium hydroxide (NaOH) and potassium hydrox-
ide (KOH) (Vicente et al., 2004). However, a small amount of
moisture can initiate oil hydrolysis to form FFA and glycerol.
The FFA produced would react with the base catalyst to form
soaps, and these soaps can bring about the emulsification
of FAME and glycerol. This will make the separation of the
FAME–glycerol mixture more difficult when the water wash-
cepted 20 January 2009

than 1 could be used in a base-catalyzed process (Zhang et al.,
2003; Felizardo et al., 2006).
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Nomenclature

C concentration of KOH (mol/L)
m mass of tested sample (g)
M1 mass of initial oleic acid (g)
M2 mass of remained oleic acid (g)
V volume of KOH (mL)
X conversion of oleic acid (wt.%)
Y acid value (mgKOH/g)
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For the homogeneous acid-catalyzed system, H2SO4 has
een the most investigated catalyst. However, it requires spe-
ial neutralization and a costly separation processing. The
onsumption of sulfuric acid, the separation of sulfates (from
he neutralization processing) and the purification of the prod-
ct also give rise to substantial energy and material use.
herefore, the development of solid acid catalysts has gained
uch attention in order to improve the environmental safety

f chemical and energy production. Among the heterogeneous
cid catalysts studied to date for trans/esterification are zeo-
ites (Machado et al., 2000), MCM-41 (Joaquín et al., 2003),
ungstated zirconia (Furuta et al., 2004), silica-supported zir-
onium sulfate (Juan et al., 2007), Amberlyst-15 (Bozek and
mehling, 2006) and Nafion (Heidekum et al., 1999). Some
ommon problems with solid acid catalysts have been: low
cid site concentrations, microporosity, hydrophilic character
f catalyst surfaces, and active site leaching. And further, the
ajor obstacle in using the recyclable solid acid as the substi-

ute of H2SO4 lies in the lack of a solid acid that is as active,
table and inexpensive as sulfuric acid.

An ideal solid acid catalyst for the preparation of biodiesel
rom a feedstock with considerable amounts of FFAs should
ave high stability and a high density of strong protonic acid
ites in the presence of water (which is produced from the
sterification of FFAs by methanol). Unfortunately, the inor-
anic oxide solid acids such as Al2O3, zeolites and niobic acid
ave a low density of strong protonic acid sites and readily

ose their activities in the presence of water. This is because
he acid catalysis over these inorganic oxide solid acids occurs
t acidic hydroxyl groups (–OH), which act as strong BrØnsted
cid sites, but the acid strength of these are reduced due to the
ydration of –OH when water is present (Nakajima and Hara,
007). Although strong acidic cation-exchangeable resins and
afion have large amounts of sulfonic acid group (–SO3H)
rØnsted acid sites, and have been studied extensively as
romising choices for the solid acids, they are expensive and
heir catalytic activities are still much lower than that of sul-
uric acid.

For the esterification, carbon-based solid acid catalysts
ave been reported as promising catalysts (Hara et al., 2004;
oda et al., 2005; Takagaki et al., 2006; Zong et al., 2007).
he catalyst can be either produced from the carboniza-

ion of sulfopolycyclic aromatic hydrocarbons (such as the
ulfonate derivative produced by reaction of anthracene
ith concentrated H2SO4) or the sulfonation of the car-
onized inorganic/organic compound. The former is simple
nd straightforward. Recently, carbon nanotubes have become
een as an attractive material because of many unique prop-
rties originating from the small size, cylindrical structure,

nd high aspect ratio of length to diameter. Single-walled car-
on nanotubes (SWCNTs) consist of a single graphite sheet
rapped around to form a cylindrical tube. Multiwalled carbon
8 7 ( 2 0 0 9 ) 164–170 165

nanotubes (MWCNTs) comprise an array of such nanotubes
that are concentrically nested like the rings of a tree trunk.
H2SO4 can be intercalated among the layers of the graphite to
serve as an acid catalyst. Recently, various kinds of nanotubes,
including agglomerated SWCNTs, few walled CNTs, MWCNTs,
and aligned MWCNTs has been mass produced at a relatively
low price (Wang et al., 2002; Zhang et al., 2008b,c; Wei et al.,
2008). The CNTs showed various new performances in cataly-
sis and find more and more application as new kinds of high
performance catalyst (Serp et al., 2003; Li et al., 2007, 2008; Pan
et al., 2007; Zhang et al., 2008a). Recently, SWCNTs have been
sulfonated and employed as solid acid in the preparation of
ethyl acetate (Yu et al., 2008).

The MWCNTs have a more lamellar structure and H2SO4

can be intercalated among the layers of the graphitic struc-
ture. It can be expected that MWCNTs could be used as an
effective precursor to synthesize a solid acid. The covalent
functionalization of MWCNTs with sulfonic groups should
provide stability, considerable solubility and strong surface
acidity. However, the use of such catalysts to produce biodiesel
has not yet been reported in current literatures.

Based on the considerations above, and that the soapstock
commonly contains 85–90 wt.% fatty acid, we used oleic acid
as a model substitute soapstock. A new process that used the
coupling of the reaction and separation was used. The recy-
cling of the methanol steam was used to directly separate
water from the reactant, which increased the esterification
conversion substantially and effectively decreased the acid
value of the product.

This study was aimed at the application of s-MWCNT
catalysts in the esterification of oleic acid with methanol.
The reaction conditions with respect to catalytic activities
have been individually optimized by changing the experi-
mental conditions of reaction temperature, reaction time,
catalyst/oleic acid mass ratio, and methanol/oleic acid molar
ratio. The new process with the coupling of the reaction
and separation was compared with the process that only
comprises the reaction, and shown to have better perfor-
mance.

2. Experimental

2.1. Catalyst preparation

A fluidized bed reactor was used to synthesis the MWCNTs
(Wang et al., 2002; Wei et al., 2008). The inside diameter
and height of this reactor were 0.250 m and 1 m, respec-
tively. Fe/Mo/Al2O3 was used as the catalyst and fed into the
reactor before reaction. Propylene was used as the carbon
source. This entered from the bottom vessel of the reactor,
and then passed through the gas distributor, the fluidized bed
unit, and finally flowed out into the atmosphere. The flow
of propylene was 5–10 m3/h diluted with a 1–3.5 m3/h mix-
ture of nitrogen and hydrogen at atmospheric pressure and
ambient temperature. The reaction temperature was main-
tained at 500–700 ◦C, and synthesis times were between 30 and
60 min. Reaction occurred within the catalyst particles which
are the sites of growing MWCNTs. Both the catalyst and the
MWCNTs were smoothly fluidized in the reactor via proper
self-agglomeration.
The s-MWCNTs were prepared as follows: 1 g MWCNT
was dipped in 50 mL concentrated H2SO4 (96%) solution at
120–210 ◦C under reflux and agitation for 10 h. After the treat-
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ment, the suspension was diluted by deionized water and
dried at 115 ◦C for 2 h to give s-MWCNTs.

2.2. Catalyst characterization

The samples were characterized by a scanning electron micro-
scope (SEM) equipped with energy dispersive spectroscopy
(EDS). The structure and chemical compositions of the sam-
ples (O, C and S) were obtained using a HRSEM JSM 7401F SEM
and EDS analyzer, respectively. The characterization of the sul-
fonic acid group –SO3H in the s-MWCNTs was recorded with
a FTIR-spectrometer (Nicolet Magna 550 II FTIR). The parti-
cle size distribution of the s-MWCNT catalyst was determined
using the ZetaPALS analyzer.

2.3. Material and reaction procedure

In an industrial production, waste vegetable oils such as corn,
cottonseed, rapeseed and soybean acidified oils (derived from
soapstocks by acidification) would be used as feedstocks. In
this research, oleic acid (Analytical Reagent, 99%) was used
as the model substitute soapstock to react with methanol
(Analytical Reagent, 99.5%) to investigate the influence of
the reaction parameters. The reaction was carried out in a
250 mL autoclave equipped with a magnetic stirrer that can re-
circulate the vapors inside the liquid at 240 rpm. An electronic
temperature controller was used to maintain the reaction
temperature by introducing a thermoelement into the liquid
and reflux condenser. The reaction was carried out in a two
phase system, and the working pressure in the autoclave is
0.4–0.8 MPa.

In the first phase, the oleic acid and fresh catalyst were
added into the reactor first. When the required temperature
was reached, methanol was heated to 50 ◦C and then added
into the reactor by a pump, and the reaction was started by
stirring.

After reaction for a certain time, in order to exceed the
reaction equilibrium to improve the conversion of oleic acid,
the methanol phase in the reactor was taken out to remove
the water from the reactant, during which the mixture of
methanol and water was distillated to recycle the methanol.
The second phase comprised the mixture of the product
(oleic acid methyl ester) and unconverted oleic acid from

the above reaction. This was heated to the same temper-
ature as the first phase and then added into the recycled
methanol by a pump, and the reaction was re-started with
stirring.

Fig. 1 – SEM microphotograph (a) before and (b
ng 8 7 ( 2 0 0 9 ) 164–170

2.4. Product analysis

Sampling analysis was manually carried out at different times
during the run. After reaching the reaction time, the reaction
mixture was cooled and separated by filtration. The filtrate
was allowed to separate into two layers that are the differ-
ent phases. The oil phase consisted of methyl esters and oleic
acid, while the aqueous phase mainly contained water and
methanol.

High performance liquid chromatography (HPLC, Shi-
madzu LC-10A) equipped with an ultraviolet photometric
detector was used for analyzing the withdrawn samples. A
pherisorb ODS 2 column (250 mm × 4.6 mm with 80 Å pore size
and 5 �m particle size) was used for the separation. The mobile
phase was a mixture of acetone and acetonitrile in the volu-
metric ratio of 50:50. The flow rate of the mobile phase was
1 mL/min, and the column temperature was 40 ◦C. The compo-
nents measured by the HPLC included methyl esters and oleic
acids. Standard samples were used to establish the calibra-
tion charts. The calibration charts were used to calculate the
weight percentage of the individual components from inte-
grated peak areas. The oleic acid conversion is defined as Eq.
(1):

X = M1 − M2

M1
(1)

where, X is the conversion of oleic acid (wt.%), M1 is the mass
of initial oleic acid (g), and M2 is the mass of remained oleic
acid (g).

The acidity of the product is quantified by the measurement
of its acid value (mgKOH/g) according to ISO 1242:1999. The
acid value is defined as Eq. (2):

Y = C × V × 56.1
m

(2)

where, Y is the acid value, V is the consumed volume of KOH
(mL), C is the concentration of KOH (mol/L), and the m is the
mass of tested sample (g).

3. Results and discussion
3.1. Characterization of the catalyst

The SEM microphotographs that depicted the structures of
untreated and H2SO4-treated MWCNTs are shown in Fig. 1.The

) after H2SO4-treated MWCNTs at 210 ◦C.



food and bioproducts processing 8 7 ( 2 0 0 9 ) 164–170 167

F
2

E

s
w
N
C
a
L
M
u
t
i
5
t
i

t
a
S
a
e
t
h

F

F
2

ig. 2 – The EDS spectrogram of H2SO4-treated MWCNTs at
10 ◦C.

DS spectrogram of H2SO4-treated MWCNTs is shown in Fig. 2.
The SEM photograph revealed that the morphology and

tructure of the MWCNTs did not change after sulfonation
ith concentrated H2SO4 at 210 ◦C. This indicated the MWC-
Ts have a stable structure, which can be ascribed to that the
NTs were entangled with each other to form a multistage
gglomerated-structure (Wang et al., 2003; Wei et al., 2008;
iu et al., 2008a,b). It is a stable structure that will ensure the
WCNTs have good stability both in the sulfonation and when
sed as a catalyst in the esterification. EDS results showed that
he content of sulfur and oxygen were 7.2 and 9.9% (mass ratio)
n the s-MWCNTs. The content of sulfur in the s-SWCNTs was
.3 wt.% (Peng et al., 2005). Hence, it can be concluded that
he more lamellar structure provided more space for H2SO4

ntercalation.
FTIR spectroscopy was employed to investigate the func-

ional groups in the s-MWCNTs. As shown in Fig. 3, two bands
ppeared at 1040 and 1179 cm−1, which can be assigned to the
O2 asymmetric and symmetric stretching modes (Wilson et
l., 2002). This is evidence that the H2SO4 treatment at 210 ◦C
nabled the intensive covalent sulfonation of the MWCNTs. All
hese data indicated the solid acid catalyst s-MWCNTs would

ave high catalytic activity.

The particle size distribution of s-MWCNTs is shown in
ig. 4. It is evident from the results that about 75% (w/w) of the

ig. 3 – FTIR spectroscopy of H2SO4-treated MWCNTs at
10 ◦C.
Fig. 4 – The particle size distribution of s-MWCNTs catalyst.

catalyst particles are within the size range 259–556 �m, and
the remainder is within the range 14–223 �m. The average par-
ticle size of this catalyst is 314 �m. The particles with different
sizes were separated from using standard-sized sieves (600 �m
down to 180 �m), and the effect of particle size on the conver-
sion of oleic acid was studied from 180–600 �m. For a specified
catalyst loading, it was observed that there was no effect of the
variation in the particle size from 180–600 �m. This endorses
that intraparticle diffusional resistances of the reactant in the
s-MWCNTs are not important. Hence, all further experiments
were conducted directly with the s-MWCNTs (without any size
screening).

The preliminary experiments were also conducted varying
the stirring speed, to quantify the influence of external resis-
tances to heat and mass transfer. These experiments showed
that there was very little effect of speed of agitation in the
range 180–300 rpm on the overall rate of the reaction. Hence,
all further experiments were conducted at a stirrer speed of
240 rpm, ensuring that there were no external mass transfer
resistances.

3.2. Catalytic activity for the esterification of oleic acid

3.2.1. s-MWCNTs from different sulfonation temperature
The effect of the sulfonation level on the conversion of oleic
acid was studied. Catalysts produced from different sulfona-
tion temperatures of 120, 150, 180 and 210 ◦C were used for the
esterification reaction. For a typical run, the reaction temper-
ature was controlled at 135 ◦C and the reaction time was 1.5
or 2 h, molar ratio of methanol to oleic acid 6.4:1, and cata-
lyst/oleic acid 0.19 wt.%. The results are shown in Fig. 5.

Fig. 5 shows that the sulfonation level of s-MWCNTs has a
positive effect on the conversion of oleic acid. From this figure,

it can be seen that the s-MWCNTs (prepared from the MWC-
NTs after H2SO4 treatment at 210 ◦C) had the best catalytic
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Fig. 5 – Influence of the sulfonation level of the s-MWCNTs
on the conversion of oleic acid. The reaction temperature
was controlled at 135 ◦C and the reaction time was 1.5 and

Fig. 6 – Influence of the reaction temperature on the
2 h, molar ratio of methanol to oleic acid 6.4:1, and
catalyst/oleic acid 0.19 wt.%.

activity. With an increase in the reaction time from 1.5 to 2 h,
the conversion of oleic acid changed from 83.49 to 90.68, 90.12
to 91.83, 92.68 to 93.55, 95.45 to 95.12 wt.% when using the s-
MWCNTs (prepared from the MWCNTs after H2SO4 treatment
at 120, 150, 180 and 210 ◦C, respectively) as catalyst, respec-
tively. It also can be concluded that the reaction equilibrium
had been reached after 1.5 h when using the s-MWCNTs (sul-
fonated at 210 ◦C) as catalyst. Thus, 1.5 h was chosen as a
suitable reaction time for the production of FAME. The proba-
ble reason why the s-MWCNTs (sulfonated at 210 ◦C) had the
best catalytic activity is that H2SO4 will be better intercalated
into the MWCNTs at the higher sulfonation temperature. From
the experiments, it can be concluded that s-MWCNTs are well
adapted for the preparation of biodiesel from cheap feedstocks
with high contents of FFAs.

3.2.2. Effect of reaction temperature
In order to study the influence of the reaction temperature on
the conversion of oleic acid, experiments using the s-MWCNTs
(sulfonated at 210 ◦C) catalyst were conducted at 120, 130, 135,
140 and 145 ◦C. The results are shown in Fig. 6.

From Fig. 6 it can be seen that the conversion of oleic
acid increased with an increase in temperature. The highest
conversion of oleic acid was 96 wt.% when the reaction tem-
perature was 145 ◦C and the reaction time was 1 h. When the
reaction time was increased to 1.5 h, the conversion of oleic
acid also increased except when the reaction temperature was
145 ◦C when it decreased to 95%. This implied the reaction
equilibrium had been reached after 1 h when the reaction tem-
perature was 145 ◦C. Due to that methanol is less soluble in
oleic acid, and that it is important to ensure that the reaction
takes place in the oleic acid phase, a high temperature and

pressure would be needed, but this will increase the biodiesel
production cost. Due to that the increase in the reaction tem-
perature from 120 to 135 ◦C caused a marked increase in the
conversion of oleic acid. The catalyst/oleic acid mass ratio
was 0.20%, the methanol/oleic acid molar ratio was 5.8.

conversion of oleic acid from 93.15 to 95.46 wt.% at 1.5 h, and
that the further increase in the reaction temperature from
135 to 145 ◦C caused an insignificant decrease of conversion
of oleic acid from 95.46 to 95.43 wt.% at 1.5 h, the optimum
temperature for this reaction was 135 ◦C.

3.2.3. Effect of catalyst loading
The amount of catalyst also will affect the conversion of this
process. The s-MWCNTs (sulfonated at 210 ◦C) was used as the
catalyst and the effect of the catalyst loading (0.14, 0.16, 0.20
and 0.24 wt.%) on the conversion of oleic acid was studied. The
results are shown in Fig. 7.

From Fig. 7, it can be seen that the conversion of oleic acid
increased with increase in catalyst loading. The highest con-
version of oleic acid was 95.95 wt.% when the catalyst loading
was 0.24 wt.% and the reaction time was 1.5 h. Due to that the
increase in the catalyst loading from 0.14 to 0.20 wt.% caused
a marked increase in the conversion of oleic acid from 93.58
to 95.44 wt.% at 1.5 h, and the further increase in the catalyst
loading from 0.20 to 0.24 wt.% gave an insignificant increase of
conversion of oleic acid from 95.44 to 95.95 wt.% at 1.5 h, the
optimum catalyst loading for this reaction was 0.20 wt.%.

3.2.4. Effect of molar ratio of methanol/oleic acid
Since the esterification is a reversible reaction, in the reaction
mixture, the amount of methanol must be in excess to force
the reaction towards the formation of the FAME. The effect of
the molar ratio of methanol to oleic acid on the conversion
of FAME was examined by varying the amount of methanol
with a fixed amount of oleic acid of 60 g in the reactions at
135 ◦C. The initial amounts of methanol were set at 45, 50, 55,
60 and 65 mL respectively, corresponding to the molar ratios
of methanol/oleic acid at 5.2, 5.8, 6.4, 7.0 and 7.6. The results

are shown in Fig. 8.

From Fig. 8 it can be seen that the highest conver-
sion of oleic acid was 96.10 wt.% when the molar ratio of
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Fig. 7 – Influence of the catalyst loading on the conversion
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Fig. 9 – Comparison of the two processes using the
conversion of oleic acid. The methanol/oleic acid molar
ratio was 5.8, the reaction temperature was 130 ◦C, the
f oleic acid. The reaction temperature was 135 C, the
ethanol/oleic acid molar ratio was 6.4.

ethanol/oleic acid was 7.6. However, the more in excess the
ethanol amount, the more methanol would be needed to be

emoved from the product, which would increase the cost of
he biodiesel production. Due to that the increase in the molar
atio from 5.2 to 6.4 gave an increase of conversion of oleic acid

rom 94.36 to 95.90 wt.%, but a further increase in the molar
atio of methanol to 7.6 showed a very limited effect on the
onversion of oleic acid, a molar ratio of methanol/oleic acid

ig. 8 – Influence of the molar ratio of methanol/oleic acid
n the conversion of oleic acid. The reaction temperature
as 135 ◦C, the catalyst/oleic acid mass ratio was 0.20%, the

eaction time was 1.5 h.
catalyst/oleic acid mass ratio was 0.20%, and the reaction
time was 4.5 h.

6.4 is appropriate for this reaction.
It also must be pointed out, the occur of esterification was

started from the oleic acid chemisorbed on the active sites,
and then protonated the carbonyl group to give an carboca-
tion ion, which can undergo the attack by the methanol to
form esters. When the amount of methanol is high to some
extent, the approach of methanol molecules to the carboca-
tion will be enhanced and increased the conversion. However,
when the amount of methanol is much high, it will lead
to the flooding of active sites by methanol molecule rather
than oleic acid. Therefore, increase of molar ratio will hinder
the completion of oleic acid being protonated at the active
sites.

3.2.5. Comparison of two reaction process
From the results in Figs. 5 and 6, it is obvious that the con-
version of oleic acid was limited by the reaction equilibrium.
Hence, the influence of emptying the methanol phase to
remove the water product from the reaction mixture, thus,
to shift the reaction equilibrium to improve the conversion of
oleic acid was studied.

In order to examine if the new process with the coupling
of the reaction and separation has a better performance than
the process that only has the reaction, the conversions of oleic
acid in these two processes were compared. The comparison
was carried out using the s-MWCNTs (sulfonated at 210 ◦C)
as catalyst, and the reaction temperature was 130 ◦C, the cat-
alyst/oleic acid mass ratio was 0.20%, the reaction time was
1.5 h and the methanol/oleic acid molar ratio was 5.8. The pro-

cess that only has the reaction was continued for 4.5 h. The
new process with the coupling of the reaction and separation
was stopped after 1.5 h, and the methanol phase was emptied
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out to remove the water produced from the reaction mixture.
Then, after the pressure had decreased back to atmospheric
pressure, the recycled methanol was added into the reactor
by a pump and the reaction was continued for another 3 h.
The comparison was made after the latter 3 h. The results are
shown in Fig. 9.

From Fig. 9 it can be seen that the new process with the cou-
pling of the reaction and separation can greatly increase the
conversion of oleic acid. For the process that only has the reac-
tion, the conversion of oleic acid of 95.46 wt.% was obtained for
4.5 h. For the new process that coupled with the reaction and
separation, the conversion of 98.28 wt.% was obtained after
re-started the reaction for 3 h. When the reaction tempera-
ture was increased to 135 ◦C and the other conditions were
not changed, the conversion of oleic acid of 95.46 wt.% was
obtained after 1.5 h (only reaction). After re-started the reac-
tion for 1 h, the conversion of oleic acid can reach 99.10 wt.%
(coupling of the reaction and separation). The acid value of the
product is 1.8 when the conversion of oleic acid approached
to 99.10 wt.%. Hence, it can be concluded that the chemical
equilibrium can be overcame from the continuous removal
of the water from the reaction mixture, and to reach a high
conversion.

From this comparison, it can be concluded that the process
with the coupling of the reaction and separation is promising
for the preparation of biodiesel from cheap feedstocks with
high contents of FFAs.

4. Conclusion

The present study showed that the solid acid catalyst, s-
MWCNTs, has a high catalytic activity for biodiesel production
from cheap raw feedstocks with high concentrations of FFAs.
It offers a possible way to produce biodiesel that use a recover-
able solid acid catalyst, which would be more environmentally
friendly than a liquid acid catalyst. A new process with the
coupling of the reaction and separation has the potential for
the production of biodiesel on an industrial scale.

References

Behzadi, S. and Farid, M.M., 2007, Review: examining the use of
different feedstock for the production of biodiesel. Asia-Pac J
Chem Eng, 2: 480–486.

Bozek, W.E. and Gmehling, J., 2006, Transesterification of methyl
acetate and n-butanol catalyzed by Amberlyst 15. Ind Eng
Chem Res, 45: 6648–6654.

Felizardo, P., Correia, M.J.N., Raposo, I., Mendes, J.F., Berkemeier,
R. and Bordado, J.M., 2006, Production of biodiesel from waste
frying oils. Waste Manage, 26: 487–494.

Furuta, S., Matsuhashi, H. and Arata, K., 2004, Biodiesel fuel
production with solid superacid catalysis in fixed bed reactor
under atmospheric pressure. Catal Commun, 5: 721–723.

Hara, M., Yoshida, T., Takagaki, A., Takata, T., Kondo, J.N.,
Hayashi, S. and Domen, K., 2004, A carbon material as a
strong protonic acid. Angew Chem Int Ed, 43: 2955–2958.

Heidekum, A., Harmer, M.A. and Hoelderich, W.F., 1999, Addition
of carboxylic acids to cyclic olefins catalyzed by strong acidic
ion-exchange resins. J Catal, 181: 217–222.

Joaquín, P.P., Isabel, D., Federico, M. and Enrique, S., 2003,
Selective synthesis of fatty monoglycerides by using
functionalised mesoporous catalysts. Appl Catal A: Gen, 254:
173–188.

Juan, J.C., Zhang, J.C. and Yarmo, M.A., 2007, Structure and

reactivity of silica-supported zirconium sulfate for
esterification of fatty acid under solvent-free condition. Appl
Catal A: Gen, 332: 209–215.
ng 8 7 ( 2 0 0 9 ) 164–170

Li, X.Y., Ma, D., Chen, L.M. and Bao, X.H., 2007, Fabrication of
molybdenum carbide catalysts over multi-walled carbon
nanotubes by carbothermal hydrogen reduction. Catal Lett,
116: 63–69.

Li, X.Y., Ma, D. and Bao, X.H., 2008, Synthesis of molybdenum
carbide catalysts over different carbon supports. Chin J Catal,
29: 884–888.

Liu, X., Su, D.S. and Schlogl, R., 2008, Oxidative dehydrogenation
of 1-butene to butadiene over carbon nanotube catalysts.
Carbon, 46: 547–549.

Liu, Y., Qian, W.Z., Zhang, Q., Cao, A.Y., Li, Z.F., Zhou, W.P., Ma, Y.
and Wei, F., 2008, Hierarchical agglomerates of carbon
nanotubes as high-pressure cushions. Nano Lett, 8: 1323–1327.

Ma, F. and Hanna, M.A., 1999, Biodiesel production: a review.
Bioresource Technol, 70: 1–15.

Machado, M.D., Perez, P.J., Sastre, E., Cardoso, D. and de, G.A.M.,
2000, Selective synthesis of glycerol monolaurate with zeolitic
molecular sieves. Appl Catal A: Gen, 203: 321–328.

Nakajima, K. and Hara, M., 2007, Environmentally benign
production of chemicals and energy using a carbon-based
strong solid acid. J Am Ceram Soc, 90: 3725–3734.

Pan, X.L., Fan, Z.L., Chen, W., Ding, Y.J., Luo, H.Y. and Bao, X.H.,
2007, Enhanced ethanol production inside carbon-nanotube
reactors containing catalytic particles. Nat Mater, 6: 507–511.

Peng, F., Zhang, L., Wang, H.J., Lv, P. and Yu, H., 2005, Sulfonated
carbon nanotubes as a strong protonic acid catalyst. Carbon,
43: 2397–2429.

Serp, P., Corrias, M. and Kalck, P., 2003, Carbon nanotubes and
nanofibers in catalysis. Appl Catal A: Gen, 253: 337–358.

Takagaki, A., Toda, M., Okamura, M., Kondo, J.N., Hayashi, S.,
Domen, K. and Hara, M., 2006, Esterification of higher fatty
acids by a novel strong solid acid. Catal Today, 116: 157–167.

Toda, M., Takagaki, A., Okamura, M., Kondo, J.N., Hayashi, S.,
Domen, K. and Hara, M., 2005, Green chemistry—biodiesel
made with sugar catalyst. Nature, 438: 178–1178.

Vicente, G., Martinez, M. and Aracil, J., 2004, Integrated biodiesel
production: a comparison of different homogeneous catalysts
systems. Bioresource Technol, 92: 297–305.

Wang, Y., Wei, F., Luo, G.H. and Gu, G.S., 2002, The large-scale
production of carbon nanotubes in a nano-agglomerate
fluidized-bed reactor. Chem Phys Lett, 364: 568–572.

Wang, Y., Wu, J. and Wei, F., 2003, A treatment method to give
separated multi-walled carbon nanotubes with high purity,
high crystallization and a large aspect ratio. Carbon, 41:
2939–2948.

Wei, F., Zhang, Q., Qian, W.Z., Yu, H., Wang, Y., Luo, G.H., Xu, G.H.
and Wang, D.Z., 2008, The mass production of carbon
nanotubes using a nano-agglomerate fluidized bed reactor: a
multiscale space-time analysis. Powder Technol, 183: 10–20.

Wilson, K., Lee, A.F., Macquarrie, D.J. and Clark, J.H., 2002,
Structure and reactivity of sol–gel sulphonic acid silicas. Appl
Catal A: Gen, 228: 127–133.

Yu, H., Jin, Y.G., Li, Z.L., Peng, F. and Wang, H.J., 2008, Synthesis
and characterization of sulfonated single-walled carbon
nanotubes and their performance as solid acid catalyst. J Solid
State Chem, 181: 432–438.

Zhang, Y., Dube, M.A., McLean, D.D. and Kates, M., 2003, Biodiesel
production from waste cooking oil (1): process design and
technological assessment. Bioresource Technol, 89: 1–16.

Zhang, J., Liu, X., Blume, R., Zhang, A.H., Schlogl, R. and Su, D.S.,
2008a, Surface-modified carbon nanotubes catalyze oxidative
dehydrogenation of n-butane. Science, 322: 73–77.

Zhang, Q., Yu, H., Liu, Y., Qian, W.Z., Wang, Y., Luo, G.H. and Wei,
F., 2008b, Few walled carbon nanotube production in
large-scale by nano-agglomerate fluidized-bed process. Nano,
3: 45–50.

Zhang, Q., Huang, J.Q., Zhao, M.Q., Qian, W.Z., Wang, Y. and Wei,
F., 2008c, Radial growth of vertically aligned carbon nanotube
arrays from ethylene on ceramic spheres. Carbon, 46:
1152–1158.
Zong, M.H., Duan, Z.Q., Lou, W.Y., Smith, T.J. and Wu, H., 2007,
Preparation of a sugar catalyst and its use for highly efficient
production of biodiesel. Green Chem, 9: 434–437.


	Preparation of biodiesel using s-MWCNT catalysts and the coupling of reaction and separation
	Introduction
	Experimental
	Catalyst preparation
	Catalyst characterization
	Material and reaction procedure
	Product analysis

	Results and discussion
	Characterization of the catalyst
	Catalytic activity for the esterification of oleic acid
	s-MWCNTs from different sulfonation temperature
	Effect of reaction temperature
	Effect of catalyst loading
	Effect of molar ratio of methanol/oleic acid
	Comparison of two reaction process


	Conclusion
	References


