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Abstract A carbon-based solid acid catalyst was simply
prepared from petroleum coke by chemical activation and
subsequent sulfonation. The structure—function relation-
ships of the solid acid catalyst were investigated by regu-
lating activation temperature. The materials were
characterized by nitrogen adsorption, SEM, XRD, FT-IR
and element analysis. The catalytic performances of cata-
lysts were evaluated by the esterification of oleic acid with
methanol, which is a crucial reaction in the production of
biodiesel. The solid acid catalyst activated at 800 °C
exhibits the most excellent catalytic activity, which is
attributed to its large surface area (851 m*/g) and high acid
density (1.04 mmol/g). At the optimized conditions, high
conversion (89.5 %) was achieved and no distinct activity
drop was observed after five recycles. This work may offer
a facile strategy to fabricate solid acid catalysts in large
scale for green chemical processes.
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1 Introduction

Biodiesel, as an excellent alternative to fossil fuel, has
attracted great attention due to its unique properties such
as low emission, non-toxicity, sustainable and environ-
mental friendly [1, 2]. In the view of the economical
production, a wide range of low-cost feedstocks including
waste edible oil and animal fats have been employed to
produce biodiesel [3]. However, the high amounts of free
fatty acids (FFAs) in feedstocks form soap in the process
of alkali-catalyzed transesterification reactions, decreasing
the biodiesel yield and quality [4]. Therefore, a two-step
process has been proposed to reduce the acid value of the
feedstocks, which contains the acid-catalyzed pre-esterifi-
cation of FFAs and the further transesterification process
in the presence of base catalysts [5]. Furthermore, in order
to simplify the reaction process, the esterification and
transesterification can be performed simultaneously in a
one-step process by using liquid acid catalysts such as
H,SO,, HCI and H;PO, [6-8]. In consideration of the
drawbacks of liquid acid catalysts such as non-recyclable,
costly neutralization and equipment corrosion, it is urgent
to develop new acid catalysts which can eliminate the
drawbacks mentioned above and realize the green
synthesis.

Solid acid catalysts such as sulfonated metal oxide [9-
11], sulfonated resins [12, 13], zeolite [14—16] and sup-
ported heteropoly acid catalysts [17, 18] have been pro-
posed to replace the liquid acid catalysts. However, the
shortcomings such as lack of active sites, poor stability and
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high cost hinder their application. Recently, carbonhydrate-
derived materials have been developed as solid acid cata-
lyst. Hara and coworkers have proposed a series of carbon-
based solid acid catalysts via carbonization of polycyclic
aromatic hydrocarbon in sulfuric acid [19] or sulfonation of
incompletely carbonized organic molecules [20-22].
Interestingly, such catalysts performed good catalytic per-
formance in the esterification of acetic acid or fatty acid.
Carbon-based solid acid is believed an ideal candidate to
replace liquid acid catalyst due to its perfect hydrothermal
stability and high catalytic performance [23-28]. However,
the low surface area and poor porosity of current solid acid
catalysts hinder the transportation of large molecules and
reduce the catalytic activity. It is urgent to develop the
porosity and specific surface area of the catalysts to further
enhance the active sites accessibility [29]. In order to
improve the catalytic activity, a variety of carbon materials
such as graphene [30], carbon nanotube [31] and ordered
mesoporous carbon [32, 33] have been used as solid acid
catalyst supports on account of their superior physical
structures and unique features. However, the complicated
preparation processes restrict their application in biodiesel
industry. It is urgent to seek a convenient and low-cost
catalyst carrier. Porous carbon with simple preparation
process and excellent porosity has naturally become an
ideal carrier of the large-scale production of solid acid
catalyst.

Petroleum coke is a by-product of the coking process in
the petroleum industry and its yield increases year by year
with the crude oil becoming heavier. The rational uti-
lization of petroleum coke is an effective way to achieve
high value-added of heavy oil. Petroleum coke is mainly
composed of polycyclic aromatic hydrocarbons and pos-
sesses graphite layer structure. It is a promising precursor
for preparing low-cost nano carbon materials such as
carbon quantum dots and porous carbon due to its high
carbon content [34, 35]. On the other hand, petroleum
coke-based porous carbon produced by alkali activation
possesses large specific surface area and relatively con-
trollable pore size [36]. These advantages induce petro-
leum coke-based porous carbon become an ideal catalyst
support.

Herein, we explored the feasibility of developing low
cost solid acid catalysts based on porous carbon derived
from petroleum coke and explored their catalytic perfor-
mance in the esterification of oleic acid. Petroleum coke
derived porous carbons with different structures were
produced just by regulating the activation temperature. The
physical and chemical characteristics of porous carbons
and solid acid catalysts were systematically characterized
and the effects of the sulfonation process on the catalyst
supports were clarified.
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2 Experimental
2.1 Prepartion of solid acid catalyst

Potassium hydroxide (KOH), oleic acid (>99 % purity),
methanol (99.8 % purity, moisture content <0.05 %), and
nitric acid (HNO;) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Methyl heptadecanoate (GC
standard) was purchased from Adirich. Sulfuric acid
(98 wt% H,SO,) was purchased from Laiyang Fine
Chemical Corp. The petroleum coke with 0.32 wt% of ash,
0.48 wt% of moisture and 15.36 wt% of volatile from
Sinopec Qilu Branch was used as raw material.

The preparation of carbon-based solid acid catalyst
involved two steps. The first step was the synthesis of
petroleum coke based porous carbon. The original petro-
leum coke powder was physically mixed with KOH (99 %)
at a mass ratio of 1:3, then carbonized at 500 °C in nitrogen
for 1 h, and activated at different temperatures, i.e. 600,
700, 800 and 900 °C in nitrogen for 2 h. Finally, the
samples were washed with HNO; aqueous solution and
distilled water until the pH value of the filtrate became
neutral and dried at 60 °C for 8 h. The samples synthesized
at different activation temperatures were denoted as PC-
600, PC-700, PC-800 and PC-900, respectively. The sec-
ond step was the sulfonation of porous carbon with con-
centrated H,SO,4. 1 g porous carbon was added into
100 mL concentrated H,SO,4 at 120 °C under magnetic
stirring. After 10 h, the resultant material was diluted with
hot distilled water, filtered, washed thoroughly until the pH
value of the filtrate became neutral and dried at 60 °C for
8 h. The as-made solid acid catalyst were denoted as PC-
600-SOsH, PC-700-SOzH, PC-800-SO;H and PC-900-
SO;H.

2.2 Samples characterization

The yield of porous carbon was calculated according to the
following formula Yield (%) = (mp./m,) x 100 %, where
m,,. and m, are the weights of the porous carbon and the
original petroleum coke, respectively. The powder X-ray
diffraction (XRD) patterns of the catalysts were charac-
terized with a PANalytica X’Pert PRO X-ray diffrac-
tometer using Cu K, radiation. Fourier transform infrared
(FT-IR) were measured with a NEXUS FT-IR spectrometer
in the range of 400—4000 cm ™. The surface area and pore
size distribution of the porous carbons and solid acid cat-
alysts were measured with a Micromeritics ASAP 2020 M
instrument. All samples were degassed at 200 °C prior to
nitrogen adsorption. Pore size and pore volume were cal-
culated according to the Barrett-Joyner—Halenda (BJH)
formula. C, H, S analyses of the petroleum coke and solid
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acid catalysts were carried out by combustion in a Ele-
mentar Vario EL III elemental analyzer equipped with a
TCD detector. The metal components of the petroleum
coke and solid acid catalysts were measured by a Analytik
Jena contraa 700 atomic-absorption spectrometer. The total
acid density of the catalysts were determined by acid—base
titration. 50 mg catalyst was added to NaOH solution
(25 mL, 0.01 M). After being stirred for 24 h, the solid was
separated from the solution by filtration. Then 5 mL filtrate
was taken out for titration with HCl aqueous solution
(0.1 M). The total acid density of the catalyst was esti-
mated by calculating the amount of consumed NaOH.

2.3 Catalytic testing

The catalytic performance of obtained solid acid catalysts
was carried out in the esterification of oleic acid and
methanol in a flask equipped with a reflux condenser, an oil
bath and a magnetic stirrer. Typically, 0.1 g solid acid
catalyst was added to 2.8 g oleic acid and 4 mL methanol
at 80 °C. After given reaction times, the catalysts were
separated from the solution by centrifugation, and the
product was separated with a rotary evaporator and diluted
with n-hexane. The yield of methyl oleate was analyzed by
gas chromatography (PerkinElmer Clarus 580 series)
equipped with a flame ionization detector (FID) and a HP-5
capillary column, and methyl heptadecanoate was used as
the internal standard. The conversion of oleic acid was
calculated as Con (%) = mgyoy x 100 %/m, where Con
(%) is the conversion of oleic acid, mo) is the amount of
methyl oleate, and m is the amount of initial oleic acid. The
cycle performance of the catalyst was investigated by
repeating five cycles of the esterification of oleic acid at the
same reaction conditions. The used catalyst was separated
from reaction system by centrifugation and washed
repeatedly with ethanol and distilled water after each
experiment. The washed catalyst was vacuum dried at
65 °C.

3 Results and discussion

3.1 Effect of preparation conditions on the structure
of petroleum coke derived catalyst

The chemical components of the petroleum coke were
analyzed by element analyses, and the weight percents of
C, H, N and S are 89.45, 4.32, 1.58 and 0.32 %, respec-
tively. Atomic-absorption spectroscopy provides metal
contents (0.12 % of Fe>* and 0.08 % of Mn>*). The ele-
ment contents of the petroleum coke derived porous carbon
are given in Table 1. It is worth noting that S and N con-
tents of the porous carbon are negligible, which is

attributed to the release of N and S in the form of NO, and
SOy during the KOH activation process of petroleum coke
[45]. Furthermore, the heavy metals in solid acid catalysts
can be completely removed by concentrated sulfuric acid,
guaranteeing the eco-friendly concept in the catalytic
applications.

The surface functional groups of porous carbons derived
from petroleum coke and the corresponding solid acid
catalysts were characterized by FT-IR spectra. As shown in
Fig. 1, the petroleum coke derived porous carbons contain
both aromatic and aliphatic hydrocarbons. The vibration
bands at 2890 and 850 cm™' are ascribed to the C-H in
aliphatic hydrocarbons and aromatic hydrocarbons,
respectively. The broad and intense bands at 1520 cm™" is
assigned to the aromatic like C=C stretching mode in
graphite-like polyaromatic materials. In addition, the
characteristic peaks of C-H stretching mode of PC-900
weaken gradually, indicating the dehydrogenation of pet-
roleum coke over a certain range of temperature [37]. As
illustrated in Table 1, the variation of carbon content of
porous carbon also can be revealed by the element analysis.
The FT-IR spectra of the solid acid catalysts are shown in
Fig. 1b. The vibration bands at 1010 and 1040 cm™" are
attributed to S=O symmetric stretching and asymmetric
stretching, which confirm the successful attachment of
—SO3H onto the carbon matrix [38]. The peak at 1710 cm ™!
is assigned to C=0 stretching vibration. Also, the peak at
3400 cm™" is due to the —OH stretching mode of —COOH,
and phenolic —OH groups are significantly enhanced, which
represent the introduction of -OH and —COOH by sul-
fonation. Furthermore, after sulfonation of carbon precur-
sors, the peaks of C-H stretching mode in aromatic
(850 cm™ ') and aliphatic (2890 cm ™) hydrocarbons dis-
appear, as well as the peaks at 1520 cm ™' due to the C=C
stretching mode become weaker, indicate that the sulfonated
steps not only introduce —SOsH onto the carbon framework,
but also change the structure of the raw carbon materials.
The results are in agreement with previous study that an
aromatic and unsaturated C=C at the edge or defect sites of
carbon sheets can be attacked to form a hydroxyl group, and
continue to be broken up to form carboxylic acid group
under strong oxidizing conditions [39].

Figure 2 is XRD patterns of petroleum coke derived
porous carbons and solid acid catalysts. All of the XRD
patterns have two diffraction peaks at around 26 = 20° and
45°, corresponding to the graphitic (002) and (101) planes,
respectively. These diffraction patterns are typical amor-
phous carbon consisting of polycyclic aromatic carbon
sheets oriented in a random fashion [40]. With the acti-
vation temperature increase, the diffraction peaks
(20 = 15-35°) assigned to amorphous carbon decrease and
diffraction peaks (20 = 45°) assigned to graphite-like
carbon structure become weaker, suggesting the
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Table 1 Chemical properties of the porous carbon and the corresponding catalysts

Sample Element content (wt%) -SO3H density (mmol/g)* Total acid density (mmol HJr/g)b
C H (6] S

PC-600 85.81 0.68 13.51 - - -

PC-600-SOsH 83.87 0.70 13.90 1.53 0.48 0.69

PC-700 85.18 2.89 11.93 - - -

PC-700-SOsH 83.02 2.90 12.10 1.98 0.62 0.80

PC-800 84.98 4.56 10.46 - - -

PC-800-SOsH 81.62 4.60 10.52 3.26 1.04 1.21

PC-900 83.55 4.16 12.29 - - -

PC-900-SOsH 80.29 4.37 13.14 2.20 0.69 0.90

* Measured by elemental analysis

° Measured by acid-base titration

Fig. 1 FT-IR spectra of b

a petroleum coke derived
porous carbons and b carbon-
based solid acid catalysts
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Fig. 2 X-ray diffraction
patterns of a petroleum coke
derived porous carbons and
b carbon-based solid acid
catalysts
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destruction of graphite layer structure at high activation
temperature. The dy, as shown in Table 2 were calculated
by using the Scherer equations. The lattice spacing dyg;
increases from 0.337 nm for PC-600 to 0.341 nm for PC-
700, 0.382 nm for PC-800 and 0.395 nm for PC-900,
which indicate the increasing distance of the graphite layer.
All XRD patterns reveal that petroleum coke activated at
higher temperature yields porous carbon with more
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disorder orientation. These features make H,SO, contact
with carbon sheets easier, which is consistent with the
increasing sulfur content in Table 1 [41]. It is noted that
PC-900 seems to be an exception due to its low specific
surface area, which hinders H,SO, contact with the defects
of the porous carbon. The amorphous carbon structure was
preserved after sulfonation, while the (002) peak
strengthened, which assigned to H,SO, destroy the
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Table 2 Textural properties of 2, \a b 3/00C Ayd . e f

porous carbons and catalysts Sample Sger (M7/g) D (nm) V (cm™/g) dooz (A) Yield (%) Con (%)

and the catalytic performance of PC-600 864 3.12 0.05 337 65 _

the catalysts
PC-600-SOsH 886 2.87 0.04 3.96 - 73.9
PC-700 1063 3.15 0.11 3.41 59 -
PC-700-SOsH 1103 2.32 0.06 3.85 - 70.4
PC-800 750 5.45 0.31 3.82 51 -
PC-800-SOsH 851 3.52 0.14 3.93 - 89.5
PC-900-3 577 593 0.44 3.95 42 -
PC-900-SOsH 660 3.85 0.22 4.13 - 82.0

Reaction conditions: 2.8 g oleic acid, 4 mL methanol, 0.1 g catalyst, and 80 °C for 8 h

 Specific surface area estimated by the BET method

b
4 d-spacing of 002 diffraction
¢ Yield of the porous carbon

f Conversion of oleic acid

stacking of carbon sheets, and this phenomenon is in
accordance with the increasing lattice spacing of the sul-
fanated porous carbon compared to the carbon supports as
shown in Table 2 [42, 43].

The catalytic activity of solid acid catalysts depends on
the surface texture and porosity of the catalyst support
[44]. The structure characteristics of the porous carbon
obtained at different preparation conditions are shown in
Table 2. At different activation temperatures, petroleum
coke was successfully activated to make porous carbon
with high surface area and large pore volume, which are
both important to the ideal catalyst support. The N,
adsorption—desorption isotherms and pore size distribution
curves of the porous carbon in Fig. 3 indicate that the
porous carbon activated at 600 °C belongs to Type I iso-
therm, which represents the microporous character. The
isotherm still keep as type I, while the quantity of nitrogen
adsorption increases, which indicates that more proportion
of micropores was generated when the activation tem-
perature went up to 700 °C. The nitrogen adsorption—
desorption isotherms of PC-800 exhibits an obvious Hy

Average pore diameter estimated by BJH formula

Pore volume estimated by BJH formula

type hysteresis loop, signifying the presence of mesopores,
which caused the decreasing specific surface area. The
porous carbon produced at 900 °C possesses the lowest
specific surface area due to the worst destruction of carbon
matrix at high temperature. At the same time, the deep
activation at high temperature further enlarge the pore size
of the porous carbon (5.94 nm), which is in accordance
with our previous work [45]. Figure 4 gives the schematic
of carbon-based solid acid catalysts. The preparation of
petroleum coke derived porous carbon contains car-
bonization and further activation processes. In the initial
phase, the active agent reacts with oxygen-containing
functional groups on the surface of petroleum coke. With
the temperature increases, the active agent begins to react
with the methyl and methylene groups of petroleum coke,
and lots of micropores (0-2 nm) develop in this process.
The size of the pores formed formerly can be enlarged
when the temperature further increases. This phenomenon
can be attributed to the formation of K+, which can react
with petroleum coke intensively. The reduction of the
yield of porous carbon versus enhanced activation

Fig. 3 N, adsorption—
desorption isotherms (a) and
pore size distribution (b) of

300 |-

=2

24 -
1.8 -
1.2

petroleum coke derived porous
carbons

Volume adsorbed cm’g") ©
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0.9 |
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Fig. 4 Preparation schematic of
carbon-based solid acid
catalysts

4KOH + -CH, — K,CO, + K,0 + 3H,
K,0+C —2K+CO
K,CO; + C — 2K +3CO

temperature (see Table 2) also reveals that further acti-
vation take place.

Figure 5a, b show the N, adsorption—desorption iso-
therms of solid acid catalysts. It can be observed that the
sulfonation process has a great impact on the pore structure
of porous carbon. The BET surface area of the porous
carbon increases in different extent after modification with
sulfonic acid due to the dehydrogenation reaction on the
defects of the carbon sheets during the sulfonation process,
which can produce a large number of micropores. Foo et al.
[42] speculated that the functional groups presented on the
surface of porous carbon could be converted to porous
domains during the sulfonation with H,SO,4, which results
in a slightly increase surface area of solid acid catalysts.
It also can be identified as a sign of the introduction of
—SO3H to the carbon matrix due to the —-SO5H can occupy a
part of channel space. The catalysts show obvious variation
in architectural features compared to the initial porous
carbons. This phenomenon is attributed to the formation of
large pore volume and pore size, as well as thin wall of the
hole in the process of activation, so as to the poor stability
of the structure of the porous carbon under severe sul-
fonation conditions. Even though the outstanding change in
physical architecture, the catalysts possess large pore size
and high density of —SO3H, which is favorable to the cat-
alytic performance.

Figure 6 shows the SEM images of PC-800 and PC-800-
SO;H. The inset in Fig. 6a is the SEM image of starting

Carbonization

Activation

H,SO,
E——)
Sulfonation s
@ Carbon @ Oxygen
) Hydrogen () Sulfur

petroleum coke. The petroleum coke shows smooth sur-
face, while the porous carbon exhibits porous structure.
Besides micro-sized pores, PC-800 possesses a lot of meso-
pores and macro-pores, which are helpful to the following
sulfonation process. This morphology characteristics
accelerate the sufonation of the exposed defect sites, thus
form larger pores as illustrated in Fig. 6b, indicating
promising structure characteristics as catalyst for the bio-
mass conversion.

The acid densities of solid acid catalysts were deter-
mined by acid-base titration and elemental analysis
(Table 1). FT-IR spectra indicate that the solid acid cata-
lysts contain —SO3zH groups, which are strong acid sites,
and two kinds of weak acid sites, i.e. -OH and —-COOH,
although only strong acid sites determine the catalytic
performance in the esterification of oleic acid with
methanol [46]. Generally, the acid-base titration method
can calculate the total acid density, however, cannot dis-
tinguish weak and strong acid sites. Due to the negligible
amount of elemental S in porous carbon, the —SOsH den-
sity has been roughly estimated through the total S content
of the sulfonated porous carbon based on the assumption
that all S are in the form of —SO;H [38, 47]. It has been
demonstrated that the introduction of —SOsH to the surface
of the carbon supports is associated with the reaction
between H,SO4 and —OH groups [33, 42, 48, 49], and the
porous carbon activated by KOH possess large number of
oxygen-containing groups, which is favorable to the

Fig. 5 N, adsorption—

e a 300
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pore size distribution (b) of :an 280
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2 240
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Fig. 6 SEM images of

a petroleum coke derived
porous carbon PC-800 (inset is
the corresponding petroleum
coke) and b carbon-based solid
acid catalyst PC-800-SO;H

modification of —SO3zH. On the other hand, the density of
—SO3H is also related to the pore structure and skeleton of
the porous carbon [37]. The porous carbon produced at
high temperature can form a lot of defect sites and carbon
sheet edges, which can provide ideal position for the
introduction of strong acid groups —SO;H [50]. The low
specific surface area of PC-900 will decrease the locations
of sulfonation taking place, which lead to the drop in
—SO;H intensity. So the introduction of —SO3H is largely
controlled by the surface chemical property and physical
structure of the catalyst supports.

3.2 Catalytic performance of solid acid catalyst

The catalytic activities of the solid acid catalysts were
evaluated by the esterification of oleic acid and methanol,
which is one of the key reaction in the production of bio-
diesel. The mechanism for esterification has been reported
previously [51]. Traditionally, the carbocation generated
from the interaction of carbonyl oxygen of oleic acid with
the acidic site of the catalyst can be attacked by methanol.

100

S 80 ) ; : ]
< . : :
&
g 60F :
L
's -
s
g 40 + — PC-600-SO.H
Z « — PC-700-SO.H
z + — PC-800-SOH
S 20
O + — PC-900-SO.H

0 s 1 . 1 L 1 ' | L 1 L 1

0 1 2 3 4 5 6

Reaction time (h)

Fig. 7 Esterification of oleic acid with methanol over petroleum
coke-based solid acid catalysts. Reaction conditions: 2.8 g oleic acid,
4 mL methanol, 0.1 g solid catalyst, and 80 °C

And this nucleophilic attack can produce tetrahedral
intermediate, which will eliminate H,O to form methyl
oleate. The active site can return back to the original form.
Figure 7 shows the catalytic performances of the carbon-
based solid acid catalysts. Obviously, all catalysts reach the
maximum conversion after 6 h. PC-800-SOs;H shows the
best catalytic performance with the oleic acid conversion
higher than 89.5 %, which is comparable with other car-
bon-based solid acid catalysts reported in the literatures
(see Table 3) [38, 41, 52, 53]. The superior catalytic per-
formance of solid acid catalysts can be attributed to the
synergistic effect of abundant strong acid and large pore
size. Compared to PC-600-SOsH, PC-700-SOs;H abnor-
mally shows poorer catalytic performance in spite of its
larger surface area and more strong acid density, which is
due to a lot of narrow and long pores formed at 700 °C.
This narrow pores hinder the access of long-chain car-
boxylic oleic acid into the active sites. PC-900-SO;H with
good active site accessibility also exhibits low catalytic
activity compared to PC-800-3-SOzH, indicating that high
density of active sites also play an important role in the
catalytic reaction. In conclusion, large pore structure and
high strong acid density are vital factors in the conversion
of biomass, especially to the long-chain molecule. Due to
the analogous mechanism between esterification and trans-
esterification, the authors believe that this low-cost and
easily prepared solid acid catalyst also has potential
application in the trans-esterification process as reported by
C. Poonjarernsilp et al. [51]. In our group, the carbon-based
catalysts driving biomass conversion are being investigated
[54, 55].

3.3 Reusability of solid acid catalyst

The reusability of catalysts is a vital property in practical
application. As shown in Fig. 8, the catalytic activity of
PC-800-SO3H gradually decreases, but the decrease of the
conversion is not obvious. The conversion of oleic acid is
more than 85 % after five cycles, which demonstrated that
—SOsH modified porous carbon was a stable carbon-based
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Table 3 Comparison of the

Tve 2 _ "

esterification of oleic acid with Catalyst Sger (M7/g) D (nm) SO;zH density (mmol/g) Con (%)

methanol catalyzed by PC-800-  pc_g00-s0,H 851 352 1.04 89.5

SO;zH and other catalysts N

reported in the literatures SC-AI-900 1118 8.16 1.86 77.7 [38]
Ca-648, 0.5-Sul-423,15" - - 1.06 90.5 [41]
OMC-H,0,-SO;H¢ 475 3.50 1.86 86.0 [52]
OMC-150-SO;H* 741 4.20 1.70 73.6 [53]

% Reaction conditions
® Reaction conditions
¢ Reaction conditions

d . ..
Reaction conditions

: 1 g oleic acid, 8 mL methanol, 20 mg catalyst, and 65 °C for 1.25 h
: 2.8 g oleic acid, 4 mL methanol, 80 °C, 0.14 g catalyst and 5 h

: 14 g oleic acid, 40 mL methanol, 80 °C, 0.1 g catalyst and 5 h

: 1.4 g oleic acid, 2 mL methanol, 80 °C, 0.05 g catalyst and 10 h

100

supernatant
liquid

20 —> methyl oleate

(Z)

catalyst

Conversion of oleic acid (%)

1 2

Reaction cycle

Fig. 8 Recyclability of PC-800-SOsH for the esterification of oleic
acid. Reaction conditions: 2.8 g oleic acid, 4 mL methanol, 0.1 g
solid catalyst, and 80 °C for 6 h. Inset Photograph of the centrifu-
galized product

solid acid catalyst. To clarify the deactivation of the cata-
lyst, the strong acid density of the reused catalyst after five
cycles were determined by sulfur element analysis, the
strong acid density of PC-800-SOs;H was reduced from
1.04 mmol H*/g to 0.8 mmol H'/g. The leaching of
polycyclic aromatic hydrocarbons containing —SO;H is
responsible to the reduction of strong acid sites and the
deactivation of the catalyst in addition to the —SO3H groups
fall into the reaction system. Furthermore, in order to test
whether —SO3H leach out into methyl oleat, the centrifu-
galized methyl oleat (see inset in Fig. 8) was washed with
water to extract —SOzH possibly leached from the catalyst.
BacCl, precipitation test demonstrated that no —SO3H exists
in the washed water. The leached out —SOsH could exist in
the supernatant liquid due to the hydrophilicity of —SO3H,
which ensure no sulfur in final methyl oleat. Although the
obvious reduction happens on strong acid sites, the
remaining active sites also guarantee an excellent conver-
sion of oleic acid.

@ Springer

4 Conclusions

In summary, a carbon-based solid acid catalyst was pre-
pared from petroleum coke by KOH activation and sub-
sequent sulfonation. The catalyst exhibits remarkable
catalytic performance in the esterification of oleic acid with
methanol due to the multifuntionalized groups (-SO3H,
—COOH, -OH), large surface area and high strong acid
density. At the optimized conditions, 89.5 % conversion of
the oleic acid to methyl oleate was achieved by the porous
carbon activated at 800 °C. More importantly, PC-800-
SO3H can be easily separated from reaction system via
filtration after catalytic reaction and recycled without
obvious loss of deactivation. Consequently, the catalyst
shows great prospect of industrial application due to its
superior catalytic performance, simple preparation process
and low-cost raw material. The petroleum coke-based solid
acid catalysts will provide a green strategy for the pro-
duction of biodiesel.
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