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Biodiesel was produced from acidified soybean soapstocks by using lignin-derived carbonaceous catalyst
(LCC). LCC was a solid acidic catalyst prepared by direct sulfonation of residual lignin from Xanthoceras
sorbifolia Bunge hulls. The textural properties of the catalyst were characterized by 13C MAS NMR, X-
ray diffraction, FT-IR, elemental analysis and BET surface area measurement. When 7 wt.% of LCC was
used in the esterification, the maximum free fatty acids (FFAs) conversion (above 97%) could be achieved
at a molar ratio of methanol/oil of 1:9 and a reaction temperature of 70 �C for 5 h. A comparison of cat-
alytic activity between sulfuric acid and LCC revealed that LCC performed 3.5 times higher activity than
sulfuric acid with the equivalent active group (ASO3H). Additionally, LCC could be reused at least three
times with high FFAs conversion (>80%).

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Biodiesel has gained significant attention in recent years be-
cause of its renewability and environment-friendliness comparing
with fossil diesel. Exploitation of vegetable oils and animal fats as
energy sources plays an important role in our energy, economy and
environment system. Transesterification is by far the most com-
mon method to produce biodiesel, and the commercial process is
catalytically transesterified by homogeneous acid or base [1]. Re-
fined vegetable oils are glyceride-based materials that can be used
for biodiesel production. Instead, low-cost oils are fostered to be
used as feedstock for biodiesel production, such as inedible oils
or fats, unrefined vegetable oils and waste oils [2]. Non-edible soy-
bean soapstock is found to be a better raw material for the synthe-
sis of biodiesel, because it is relatively centralized [3]. However,
such oils usually contain some amounts of water and free fatty
acids (FFAs). The FFAs are not converted to esters but soap when
homogeneous base catalysts are used [4]. As for feed stocks with
high level of FFAs, immobilized lipase or acid was usually used to
catalyze simultaneous transesterification and esterification [3–6].
The high-cost for immobilized lipase, corrosion behavior for acid
and a long reaction time for both catalysts limit their commercial
industrial application [7,8].
ll rights reserved.
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The development and research of novel and efficient ways using
solid catalysts for the transesterification of inedible oil into biodie-
sel are the key industrial challenges. Solid acid catalysts have
gained considerable attention due to their advantages of non-
corrosion, non-toxicity, water tolerance, and easy separation for
recycling [4,9–13]. Novel solid acid catalysts derived from sulfona-
tion of carbonized D-glucose and sucrose was reported and studied
extensively [14–20]. These catalysts were typically prepared from
carbohydrates by carbonizing at 400 �C under N2 and then sulpo-
nating at 150 �C. The carbon in the catalysts was in amorphous
forms consisting of polycyclic aromatic carbon sheets [15]. All S
atoms in the catalysts were in SO3H groups, which were the active
sites [15,17]. However, the high density of hydrophilic functional
groups bound to the flexible carbon sheets, led to poor access for
the glyceride to the SO3H groups [20]. Generally, in porous materi-
als, most of the catalytic sites were inside the pore catalyst [21], a
hydrophobic carrier is needed for synthesizing an ideal solid acid
catalyst. Furthermore, it is commonly known that carbohydrates
can be carbonized with sulfuric acid under N2 [22,23]. Although
lignin is a non-carbohydrate biopolymer with cross-linked aro-
matic structure, it can be carbonized in a similar way. Herein, we
proposed a one-step method to synthesize solid catalyst by simul-
taneous carbonization and sulfonation of lignin materials with
concentrated sulfuric acid.

In this work, residual lignin from the hydrolysis of Xanthoceras
sorbifolia Bunge was collected, and used as starting material for
preparing lignin-derived carbonaceous catalyst by simultaneous
carbonization and sulfonation with concentrated sulfuric acid un-
der N2. The textural properties of the prepared catalyst were
fied soybean soapstock using a lignin-derived carbonaceous catalyst. Appl
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characterized and then compared with the reported catalyst. Fur-
thermore, the prepared catalyst was evaluated for biodiesel pro-
duction from acidified soybean soapstock containing 56 wt.%
FFAs. Effect factors of esterification and catalyst recycles were also
investigated.
2. Methods

2.1. Materials

Industrial oleic acid (purity 99%), dehydrated methanol (purity
99.5%) and H2SO4 (purity 98%) used in this study were obtained
from Kermel Corp., Tianjin, China. Soybean soapstock was pur-
chased from Huiliang Soybean Technology Corp., Dalian, China. X.
sorbifolia Bunge was collected from Huhehaote, China.

2.2. Preparation of lignin-derived carbonaceous catalyst

2.2.1. X. sorbifolia
Bunge was recently considered as oil plant in China, and is

planed to plant on a commercial scale. If oil from X. sorbifolia Bunge
was used to produce biodiesel, a large amount of nutshells would
be produced. Bioconversion of lignocellulosic materials to ethanol
has been recognized as one of the promising routes of producing
competitive substitutes to gasoline. Lignin residual remained after
hydrolysis of hulls of X. sorbifolia Bunge. Using the residual lignin
as starting materials for preparing solid acid is undoubtedly an
attractive method for comprehensive uses of biomass.

Hulls of X. sorbifolia Bunge were firstly grounded to powders
and pretreated to remove the soluble components according to
the method of Van Soest [24]. The obtained solid mixture, includ-
ing cellulose, hemicelluloses and lignin, was hydrolyzed by cellu-
lase after pretreatment in diluted sulfuric acid solution. After
filtration, the hydrolyzates were used for ethanol fermentation,
and the residue was dried and then carbonized and sulfonated by
concentrated sulfuric acid. A typical preparation process of sulph-
onated amorphous carbon from lignin was as follows: Ten grams of
the residue was put into a 250 ml three-necked round-bottomed
flask. The flask was immersed in a thermostat-controlled oil-bath
controlled at 150 �C. After aerated by nitrogen for 30 min, 5 ml of
concentrated H2SO4 (98%) solution was added to the flask to start
carbonization and sulfonation. After 60 min, the mixture was
cooled to room temperature, filtered and washed by deionized
water until the wash water to reach pH of 7.0. Finally, the obtained
LCC was dried at 150 �C for 2 h. In order to find out the structural
differences, carbonaceous solid acid was also prepared according
to the reported two-step method [22,23]. Lignin powders were
pyrolyzed at 400 �C for 1 h under nitrogen gas flow. The pyrolyzed
char was then washed several times with hot water to remove
residual chemicals, mineral matter and impurities, and oven-dried
overnight at 105 �C. Sulfonation was carried out at 150 �C for 2 h
with 10-g char immersed and stirred in 5-ml concentrated sulfuric
acid (98%). The sulfonated sample was rigorously washed with hot
distilled water to remove any physically adsorbed species until free
of sulfate ions. The resulting sample was dried in an oven at 105 �C
for 48 h and used as the catalyst.

2.3. Catalyst characterization

Spectrum of 13C MAS NMR was recorded on a Bruker MSL 400 M
spectrometer (BRUKER, CH). X-ray diffraction (XRD) was con-
ducted using Cu Ka (k = 0.154 nm) as radiation source in an auto-
matic X-ray diffractometer (RIGAKU DENKI, JPN). The sample was
scanned in the range of 2h of 5–80�at a scanning speed of 2�/
min. Scans were collected by an MDI XRD diffractometer control
Please cite this article in press as: Guo F et al. Synthesis of biodiesel from acidi
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and data acquisition system (MDI, US). Forier-Transform Infrared
(FT-IR) spectra (EQUINOX55, GER) were applied to characterize
the structure of the catalyst, with a scanning range from 900 to
1900 cm�1. Elemental composition of the prepared catalyst was
determined by elemental analysis (EA) using VARIO EL III appara-
tus (ELEMENTAR, GER). Furthermore, the acid density of SO3H
groups was examined by EA. The BET surface area of the prepared
catalyst was measured with AUTOSORB-1-MP (QUANTACHROME,
US).

2.4. Reaction procedure

Composition and characteristics of soybean soapstock, such as
soap content, acid value, moisture, content of phospholipids and
glyceride, were determined according to the National Standards
of PR China: GB 5533-85, GB/T 14489.3-93, GB/T 14489.1-93, GB/
5537-85 and GB/T 14488.1-93, respectively. The acid oil was pre-
pared according to modification of the published methods [25]:
In a typical procedure, the soybean soapstock (500 g) was mixed
with 50 ml of saturated NaCl solution and 200 ml of petroleum
ether (bp 40–60 �C, reagent grade) and maintained at room tem-
perature for 12 h. After centrifugation, the phospholipid contained
in the upper phase was removed by acetone. The soap phase was
acidified using 50% sulfuric acid in a 250 ml three-necked round-
bottom flask. The acidification was carried out at 60 �C for 2 h.
The brown crude oil was further treated with active clay to absorb
the residues, and settled in separation funnel and washed to pH 4–
5. Then it was centrifuged at 5000 r/min for 15 min to remove the
solid impurities and dried using vacuum distillation. The concen-
tration of FFAs in the obtained oil was 56.2%.

Esterification was conducted in a 250 ml three-necked round-
bottomed flask, equipped with reflux condenser, thermostat and
mechanical stirrer. After the acid oil (26.3 g; 0.097 mol) was mixed
with freshly prepared solid acid catalyst and maintained at the re-
quired temperature, a relevant amount of methanol was added to
start the esterification. Experiment was carried out at 50–80 �C for
5 h. The molar ratio of methanol to oil ranged from 3:1 to 9:1 while
the amount of LCC varied from 1.0 wt.% to 7.0 wt.% of the acid oil.
The samples were regularly collected for analysis every 60 min.

During recycling, the solid catalysts were recovered by centrifu-
gation at 3000 r/min for 5 min after one batch of experiment. The
recovered catalyst was washed with n-butanol, dried to remove
the absorbed water, and then used for the next reaction under
the optimal reaction conditions. The excess methanol was recov-
ered by vacuum distillation and also used for the next batch of
esterification reaction.

2.5. Products analysis

At the end of esterification, the samples were centrifuged at
3000 r/min for 5 min, and separated to three layers. They were
the top (oil) phase, the middle (aqueous) phase and the bottom
phase (solid catalyst), respectively. Compositions of methyl esters
were analyzed by using gas chromatography–mass spectrometry
(GC–MS) (HP 6890/5976 MS, US). The conversion of FFAs into
methyl esters was determined by titration using a modification
of GB/T 14489.3-93. The percentage of conversion was calculated
as follows [26]:

FFAs conversion ðwt:%Þ ¼ ½ðAV0 � AVNÞ=AV0� � 100% ð1Þ

where AV0 is the initial acid value of acid oil; AVN is the instant acid
value at N (N = 1, 2, 3, 4, or 5) h.

The average molecular weight of FFAs was calculated as
follows:
fied soybean soapstock using a lignin-derived carbonaceous catalyst. Appl
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MFFAs ¼ ðMmethyl palmitate � 11:79%Þ þ ðMmethyl linoleate � 59:85%Þ
þ ðMmethyl oleate � 21:73%Þ þ ðMmethyl linolenate � 0:11%Þ
þ ðMmethyl stearate � 3:67%Þ

M is the molecular weight of FFAs. The percentages of FAMEs de-
rived from the acid oil obtained from soybean soapstock were mea-
sured by GC–MS. The average molecular weight of FFAs by this
equation is 270.3 g/mol.
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Fig. 2. XRD pattern of sulphonated carbonaceous catalyst ((a) carbonaceous
catalyst prepared by direct sulfonation and (b) carbonaceous catalyst prepared by
carbonization and sulfonation).
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Fig. 3. FT-IR spectrum of the LCC ((a) carbonaceous catalyst prepared by direct
sulfonation and (b) carbonaceous catalyst prepared by carbonization and
sulfonation).
3. Results and discussion

3.1. Characterization of the catalyst

The 13C MAS NMR spectrum for the catalyst was given in Fig. 1.
The resonance peaks at 129 and 148 ppm were attributed to aro-
matic carbon atoms with and without ASO3H groups, respectively.
The directly prepared catalyst contains amorphous carbon consist-
ing of polycyclic aromatic carbon sheets, which are similar to those
of carbon-based solid acids [15]. The XRD diffraction peaks of LCC
(Fig. 2a) showed a broad diffraction peak (2h = 20–25�), which
were attributed to amorphous carbon composed of aromatic car-
bon sheets oriented in a considerably random fashion [7]. This
indicates that the catalyst prepared by direct sulfonation of the
hydrolyzed residue of hulls has an amorphous structure. Further-
more, the results were similar to those of amorphous carbon pre-
pared by carbonization and sulfonation except for a weak
diffraction peak at about 45� (Fig. 2b). Therefore, the lignin and cel-
lulose were simultaneously carbonized and sulfonated by sulfuric
acid. As a result, amorphous structure can be obtained by direct
sulfonation of lignocellulosic biomass. This will simplify the prep-
aration process and greatly reduce the cost of carbonaceous solid
acid catalyst.

The FT-IR spectra of carbonaceous catalysts prepared by differ-
ent methods were shown in Fig. 3. A peak at 810 cm�1 is attributed
to CAOAS stretching vibration. The strong band at 1040 cm�1 and
1160 cm�1 are attributed to the S@O symmetric and asymmetric
stretching vibrations, respectively. This indicated that the SO3H
groups are linked to amorphous structure in the form of
CAOASO3H. The above two kind of catalysts showed similar
absorption peaks at the labeled three wave-numbers, indicating
they have the same functional groups. The ASO3H groups are the
active sites of the LCC [16]. Furthermore, the absorption of C@O
stretching vibration was found at 1720 cm�1. Absorption band
occurring at 1610 cm�1 is attributed to the spectra of substituted
benzenes, indicating the formation of polycyclic aromatic carbons.
The acid density of ASO3H groups could be calculated according to
148
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C-3

sr=12 kHz
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Fig. 1. 13C MAS NMR spectra for the lignin-derived carbonaceous solid acid catalyst
prepared from hull of Xanthoceras sorbifolia Bunge.
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the S content in the catalyst [17]. Fig. 3 shows that carbonaceous
catalysts prepared by different methods have similar functional
groups. In this study, the content of S was 3.89 wt.% of the catalyst.
The composition, surface area and acid density of LCC were given
in Table 1. Compared with other solid acid catalysts prepared by
sulfonation following carbonization of various carbohydrates, the
LCC had similar textural properties, but accommodated fewer
ASO3H groups, because the catalyst has higher oxygen content.
The possible reason was that lignin was not completely carbonized.
3.2. Catalytic mechanism of lignin-derived carbonaceous catalyst in
esterification

According to the structural characterization, carbonaceous cat-
alysts have hydrophilic and hydrophobic groups, such as hydroxyl
group and polycyclic aromatic carbon. Therefore, methanol and
oleic acid are easily absorbed on the surface of solid acids to con-
tact reactants and active sites. This is one of the reasons why such
carbonaceous catalyst performed higher activity than some other
solid acids [15,16]. Furthermore, the reaction kinetic was studied
experimentally at optimum conditions. The kinetic results are gi-
ven in Fig. 4, which reveal a linear relation between the reaction
time and�ln (1�x) (x, FFAs conversion). The regression coefficients
of the straight line show good fits to first-order kinetics.
fied soybean soapstock using a lignin-derived carbonaceous catalyst. Appl
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Table 1
Comparison of textural properties of solid acid catalysts prepared by different methods and starting materials.

Catalyst Composition Surface area (m2/g) Acid density (mmol/g) Refs.

Total SO3H

Carbon (H2SO4) CH0.45O0.39S0.01 2 1.4 0.7 Takagaki et al. [15]
Sugar catalyst CH1.14�0.39S0.03 – 4.13 1.5 Zong et al. [17]
Starch-derived catalyst CH0.85O0.23S0.032 7.2 1.97 1.83 Lou et al. [18]
Sulfonated vegetable oil pitch – 7.5 2.04 2.21 Shu et al. [19]
In this study CH0.78O0.50S0.027N0.033 4.7 1.71 0.86 In this study
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Fig. 4. Esterification of oleic acid with methanol. Reaction fitting to first-order kinetics.
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The active sites of ASO3H groups play the role of Brønsted acid
as proton donor in the reaction. The esterification is assumed to
finish in the following route presented in Fig. 5: Step (1): A positive
carbon ion and a �SO�3 were produced by the action of ASO3H on
carbonyl of oleic acid when the FFAs were absorbed on the surface
of solid acid; Step (2): A tetrahedral intermediate (I) was generated
under the nucleophilic attack of methanol on the positive carbon
ion; Step (3): The proton of methanol hydroxyl was rearranged
and transferred to the carbonyl oxygen of FFAs; Step (4): The
tetrahedral intermediate (II) was dehydrated; and Step (5): The
proton of tetrahedral intermediate (II) was transferred to �SO�3 .
Methyl esters were formed and active sites of ASO3H were
restored.
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Fig. 5. The reaction mechanism for esterification catalyzed by LCC.
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3.3. Esterification of acidified soybean soapstocks

The compositions of FAMEs derived from the acid oil obtained
from soybean soapstock were measured by GC–MS, including
methyl palmitate (11.79 wt.%), methyl linoleate (59.85 wt.%),
methyl oleate (21.73 wt.%), methyl linolenate (0.11 wt.%) and
methyl stearate (3.67 wt.%). Methyl linoleate and methyl oleate to-
gether made up a major portion of the total fatty acid methyl esters
(FAMEs) fraction. In this study, transesterification of pure soybean
oil were also performed at 70 �C for 5 h, only <1% of triglycerides
was transesterified into FAMEs. Herein the transesterification of
triglycerides present in the oil (�44-wt.%) is not taking into
account.

The acid-catalyzed reaction is about 3 orders of magnitude
slower than that of base-catalyzed one [16]. Furthermore, the mass
transfer of solid acid catalysts is poor, and more LCC is needed to
gain a high FFAs conversion. The esterification performed with a
catalyst content of 1.0–7.0 wt.% at 70 �C for 5 h. In Fig. 6a, the FFAs
conversion increased as the catalyst content was increased. The
initial reaction rate was high, but the rate reduced significantly
when the reaction time was over 1 h. There was no substantial in-
crease in the FFAs conversion when the catalyst content was higher
than 5.0 wt.%. The FFAs conversion was 97.2% with 7.0 wt.% cata-
lyst (to acid oils) at 70 �C for 5 h.

The solid acid-catalyzed esterification of fatty acids with meth-
anol exhibits similar kinetic behavior to the homogeneous acid-
catalyzed reaction [7]. The molar ratio of methanol to acid oil is
one of the most important variables affecting the FFAs conversion.
Because esterification is an equilibrium reaction, the amount of
methanol is usually excessive to force the reaction towards the for-
mation of FAMEs. There is a big gap between the behavior at 6 and
7.5 of methanol/substrate molar ratio (Fig. 6b). This may be par-
tially due to the vaporization of methanol when the methanol/oil
molar ratio was less than 7.5, only little methanol was existed in
liquid phase in a flask equipped with reflux condenser. A high FFAs
conversion of 93.4% was obtained at the molar ratio of 9:1 and
12:1. For molar ratios less than 9:1, the reaction was incomplete.
fied soybean soapstock using a lignin-derived carbonaceous catalyst. Appl
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Because high molar ratio of methanol to the oil would increase the
energy consumption of separation process, molar ratio of 9:1
seems to be the most appropriate. This catalyst displayed similar
high efficiency with the solid acid catalysts derived from various
carbohydrates in esterification [17]. At the end of the reaction,
the excess methanol could be recovered by distillation and recy-
cled in latter reaction.

Esterification can occur at different temperatures, depending on
the oil used. The effect of reaction temperature on esterification
was investigated at different temperatures (50, 60, 70, and 80 �C,
respectively) for 5 h. Temperature clearly influenced the reaction
rate. In the first 1 h, the formation of FAMEs was similar at all tem-
peratures (Fig. 6c). After 2 h, the FFAs conversion showed different
trends. The FFAs conversions at 50 �C and 60 �C for 5 h were all
lower than those at 70 and 80 �C for 2 h. The phenomenon was dif-
ferent from base-catalyzed transesterification, where high temper-
ature enhances both transeterification and saponification reactions
[27]. The esterification rate was 96.0% at 70 �C for 5 h.

After the esterification reaction, the acid value of products was
less than 2.2 mg KOH/g. The remained triglycerides can be transe-
sterified into FAMEs by directly adding a solid base to the products.
In our previous work, calcined sodium silicate could tolerate
2.5 wt.% FFAs contained in soybean oil [28,29]. The biodiesel yield
was maintained at 98% when the FFAs content was 2.5 wt.%. There-
fore, LCC is an efficient solid acid catalyst for production of biodie-
sel from waste oil with high-acid value by a two-step process.
3.4. Comparison of catalytic activity in esterification

To compare the catalytic activity in esterification of low-quality
acidified oil, LCC and sulfuric acid were used as acid catalysts. The
amount of LCC was 5.0 wt.% of acidified oil. The loading of ASO3H
on the solid acid was 0.86 mmol/g. The content of ASO3H in acid-
ified oil matches 0.42 wt.% of H2SO4. The amount of sulfuric acid
125
LCC

100

sulfuricacid (0.42 wt %)

sulfuric acid (1.5 wt %)

75

50

25

0

A
ci

d 
va

lu
e 

(m
g 

K
O

H
/g

)

0 1 2 3 4 5

Reaction time (h)

Fig. 7. Comparison of catalytic activity between LCC and sulfuric acid in
esterification.
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used in esterification was usually ranged from 1.0 wt.% to
3.0 wt.%. In control experiments, the sulfuric acid concentration
was chosen at 1.5 wt.% and 0.42 wt.%. Other reaction conditions
were methanol/oil ratio of 9.0:1, reaction temperature of 70 �C
and stirring speed of 200 r/min. In Fig. 7, the catalytic activity in
esterification catalyzed by LCC was significantly higher than that
of 0.42 wt.% of H2SO4, but was similar to that of 1.5 wt.% of
H2SO4. These results indicate that the lignin-derived carbonaceous
catalyst is suitable to catalyze low-quality oils to produce biodie-
sel. According to the equivalent active group (ASO3H), the solid-
acid LCC performed 3.5 times higher activity than sulfuric acid in
esterification. This may be contributed to the fact that the solid-
acid catalyst provides much contact between reactants and active
sites as described in Section 3.2.
3.5. Recycling of catalyst

The reaction conditions of catalyst recycling were solid catalyst
of 5.0 wt.%, molar ratio of methanol/acidified oil of 9:1, reaction tem-
perature 70 �C, reaction time of 5 h and stirring speed of 200 r/min. It
can be observed that FFAs conversion decreased as recycling times
increased (Fig. 8). The FFAs conversion of the forth batch was re-
duced to 67.8%. At the end of recycling, the solid catalyst was recov-
ered, and its content of S was analyzed by EA. The S content of
recovered catalyst was 3.56%. Compared with freshly prepared cat-
alyst, it was reduced by about 8.5%. However, the qualities of cata-
lysts have also shown a similar decline trend, indicating a drop in
FFAs conversion was mainly caused by the loss of catalyst amount.
4. Conclusions

LCC was prepared from lignocellulosic residue through direct
sulfonation. Compared with carbohydrate-derived solid acid
fied soybean soapstock using a lignin-derived carbonaceous catalyst. Appl
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catalysts prepared by sulfonation after carbonization, it had similar
textural properties. The solid acid catalyst displayed high catalytic
activity in catalyzing esterification of acidified soybean soapstock
with methanol. The maximum free fatty acids (FFAs) conversion
(97.2%) was achieved under the following optimal esterification
conditions: LCC content of 7.0 wt.%, reaction temperature of 70 �C
and molar ratio of methanol to acidified oil of 9:1. This preparation
method was not only reduce the cost and simplify the process, but
also made full use of biomass waste. In the preparation of FAMEs
from acidified soybean soapstock, LCC obtained similar catalytic
activity to that of 1.5 wt.% of H2SO4. There was little decline in
ASO3H content in the catalyst during the recycling.
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