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Abstract The kinetics of simultaneous transesterification and esterification with a carbon-based solid acid catalyst
was studied. Two solid acid catalysts were prepared by the sulfonation of carbonized vegetable oil asphalt and pe-
troleum asphalt. These catalysts were characterized on the basis of elemental analysis, acidity site concentration, the
Brunauer-Emmett-Teller (BET) surface area and pore size. The kinetic parameters with the two catalysts were de-
termined, and the reaction system can be described as a pseudo homogeneous catalyzed reaction. All the forward
and reverse reactions follow second order kinetics. The calculated concentration values from the kinetic equations

are in good agreement with experimental values.
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1 INTRODUCTION

Due to the concerns for the pending shortage of
fossil fuels and environment, liquid fuels of agricul-
tural origin are being increasingly considered as alter-
natives to gasoline. In this respect, biodiesel (fatty
acid methyl ester, FAME) is becoming popular around
the world because it is an excellent substitute for die-
sel. Biodiesel can be prepared from the transesterifica-
tion of triglycerides (the main component of vegetable
oils or animal fats) or the esterification of free fatty
acid (FFA) with methanol [1-4].

A wide variety of vegetable oils, e.g., soybean oil
and rapeseed oil, can be used as the raw material for
production of biodiesel. However, in China, there is a
consumption need of approximately 22 million tonnes
of edible oils annually (50% has to be imported), so
vegetable oils are not favored as a feedstock. Only
waste oils, such as used frying oil, trap grease and
soap stock (byproduct of vegetable oil refineries),
which are available cheaply, should be considered as
feedstock for biodiesel [5-8]. However, waste oils are
rich in FFAs. The base-catalyzed method is not suit-
able for these waste oils because soap is produced
from the reaction of an FFA with a base catalyst. The
formation of soap not only consumes the catalyst, but
also causes the emulsification of FAME and glycerol
(byproduct of biodiesel), which would make the sepa-
ration of FAME-glycerol mixtures difficult. A homo-
geneous acid (H,SO,) shows a better performance
with FFAs than the base catalysts, and it can simulta-
neously catalyze esterification and transesterification
[9]. However, it suffers from several drawbacks, such
as equipment corrosion and the waste from the neu-
tralization of H,SO4. The use of a heterogeneous acid
catalyst may solve many problems associated with
homogeneous acid catalysts.
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In recent years, the sulfonation of incompletely
carbonized polymers (such as naphthalene) and carbon
material (such as carbon nanotube) to synthesize carbon-
based solid acid catalysts has received more attention.
The carbon-based solid acid catalyst is reported as
promising catalyst for the production of biodiesel
[10-14]. However, the studies were focused on the in-
fluence of the variables in the synthesis of biodiesel
from triglyceride transesterification or FFA esterifica-
tion. There are a few attempts to develop kinetic mod-
els for the transesterification or esterification reaction
[15-19], but the kinetic model for simultaneous trans-
esterification and esterification catalyzed by a hetero-
geneous acid catalyst has not been reported. In order to
design a suitable reactor, it is necessary to know the
kinetics of ester production. Our group has reported the
kinetics of the transesterification of cottonseed oil with
methanol with a homogeneous base catalyst (KOH), in
which the forward and reverse reactions follow second
order kinetics. The calculated concentrations of feeds at
different compositions are in good agreement with ex-
perimental data [20]. Based on the above study, we as-
sume here that the forward and reverse reactions of the
simultaneous transesterification and esterification also
follow pseudo-second order kinetics with a heteroge-
neous acid catalyst, and develop a kinetic model.

In this work, we use two carbon-based solid acid
catalysts, namely, catalysts from the sulfonation of an
incompletely carbonized vegetable oil asphalt
V-C-600-S-210 and petroleum asphalt P-C-750-S-210
[in the code V(P)-C-M-S-N, V is the vegetable oil
asphalt, P is the petroleum asphalt, C is the carboniza-
tion, M is the carbonization temperature, S is the sul-
fonation, and N is the sulfonation temperature]. The
kinetics with these two catalysts is studied when
model waste oil is used to prepare biodiesel. The rate
constants of the forward and reverse reactions and the
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activation energies and pre-exponential factors are
obtained. It is expected that the study provides the
theoretical basis and basic data for the research and
design of an industrial reactor.

2 KINETIC MODEL

2.1 Reaction mechanism

The reaction scheme for the methanolysis of
model waste oil is presented in Fig. 1. For the trans-
esterification reaction, the reaction stoichiometry re-
quires 3 mol of methanol (M) and 1 mol of triglyc-
eride (TG) to give 3 mol of FAME (ME) and 1 mol of
glycerol (GL). This reaction actually comprises three
consecutive reversible reactions, where 1 mol of ME
is produced in each step and monoglycerides (MG)
and diglycerides (DG) are intermediate products. For
the esterification reaction, the reaction stoichiometry
requires 1 mol of methanol (M) and 1 mol of RCOOH

(FFA) to give 1 mol of FAME (ME) and 1 mol of H,O.

ki, ks, ks and k; are the forward rate constants and ks,
ks, ks and kg are the reverse rate constants. The model
waste oil feed and methanol are immiscible, so the
reaction system consists of two layers in the initial
stage. Once the reaction is started, since the reaction is
carried out at high pressure with stirring, the miscibil-
ity of the oil feed and methanol is greatly improved.
Thus, although the mass transfer controls the kinetics
at the beginning, the effect can be neglected after the
reaction starts, due to a large amount of FAME pro-
duced. FAME acts as a co-solvent because it is soluble
in the oil and methanol. Therefore, the system can be
treated as pseudo-homogeneous, where the chemical
reaction controls the kinetics.

R,COOCH, HOCH,
k I
R,COOCH + CH,0H —— R,COOCH + R,COOCH,
k,
R,COOCH, R,COOCH,
TG M DG ME
HOCH, HOCH,
| k I
R,COOCH + CH,OH —— HOCH + R,COOCH,
| ky I
R,COOCH, R,COOCH,
DG M MG ME
HOCH, HOCH,
| ks I
HOCH + CH,OH — HOCH + R,COOCH,
| k |
R,COOCH, HOCH,
MG M GL ME
ks
RCOOH + CH,OH —— RCOOCH, + H,0
ky
FFA M 8 ME

Figure 1 The reaction scheme of simultaneous transesteri-
fication and esterification

2.2 Mathematical analysis

In the proposed kinetic model, we make follow-
ing assumptions. (1) The chemical reactions control
the reaction rate and the catalyst particle size remains
constant in the reaction. (2) Cottonseed oil is a mix-
ture of triglycerides, mainly triglycerides of palmitic
acid, oleic acid and linoleic acid, and all of the differ-
ent isomers have the same reaction rate and reaction
mechanism. (3) The catalyst concentration is constant,
and the forward and reverse reaction rates follow the
law of mass action. (4) The reaction rates of the
non-catalyzed reactions are negligible compared to the
catalyzed ones. (5) Both the forward and reverse reac-
tions follow pseudo-second order kinetics in the liquid
phase. From the five assumptions and the reaction
scheme, the differential equations governing each
component are as follows.

% = —k [TG][M] + k,[DG][ME]
% =k [TG][M]- k,[DG][ME] -
k,[DG][M]+ k,[MG][ME]
dMG] _ (DG IM] - k,[MG]ME] -
K [MG][M] + k [GL][ME]
d[l(\ﬁE] =k [TG][M] - k,[DG][ME] +

ks [DGI[M] - k,[MG][ME] +
ks[IMG][M]-k,[GL][ME]+
k; [FFAJ[M] - ky[H,O][ME]

dM]  d[ME]
dt  dt
AL pvia vk (GLIME]
_d[TG] d[DG] dMG]
o dt dt dt
AL [FPATIMI+ K IHLOME] (1

d[H,0] _ d[FFA]

dt dt
The initial concentrations of DG, MG, GL, ME and
H,O are zero. Hence, the mole balance conditions are

[M]+[ME] =[M],
[TG]+[DG]+[MG]+[GL]=[TG], 2
[FFA]+[H,0]=[FFA],
The kinetic parameters are determined by a
nonlinear regression program, which iteratively ad-
justed these parameters until a predefined criterion is

satisfied. The criterion is the minimization of the ob-
jective function
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where Y;j(t) is the concentration of component i at time
t, N is the total number of the experimental concentra-
tions of component i, and S is the average relative error.
An iteration of the optimization search is per-
formed as follows. First, the reaction system Eq. (1) is
integrated with time with a fourth-order Runge-Kutta
algorithm. Second, the rate constants at each tempera-
ture are obtained. Third, the pre-exponential factors
and activation energies are obtained by plotting the
logarithm of the rate constants versus the reciprocal of
absolute temperature using the Arrhenius equation

Ink; =Inkj, — E;/(RT) (4)

where k; is the reaction constant, Kjp is the frequency
or pre-exponential factor, E; is the activation energy of
the reaction, R is the gas constant, and T is the abso-
lute temperature.

3 EXPERIMENTAL

3.1 Preparation of catalyst

The carbon-based solid acid catalyst precursors
were obtained by carbonizing vegetable oil asphalt
and petroleum asphalt. The vegetable oil asphalt from
a biodiesel plant (Linyi Qingda New Energy Co., Ltd,
China) was pretreated to remove water and residual
esters. The pretreatment process was carried out as
follows. Residual esters were converted to methyl es-
ter, and then the methyl ester and water were removed
by reduced pressure distillation. Batches of 10 g of
extracted vegetable oil asphalt or petroleum asphalt
were 0x1dlzed for 1 h at 280 °C in a stream of air (300
ml-min- ) They were heated to 500-700 °C at a rate of

2 °C-min ' under an argon atmosphere (100 ml-min").

The sulfonation of the carbon precursors was per-
formed as follows. 5 g carbonized vegetable oil asphalt
(or petroleum asphalt) and 100 ml concentrated H,SO4
(96%) solution were put into a 250 ml flask controlled
at 210 °C in an oil bath. It was kept under reflux and
agitation for 10 h. After the treatment, the suspension
was washed with hot deionized water (>353 K) to re-
move any physically adsorbed species until sulfate ions
were no longer detected in the ﬁltratlon water [sulfate
ions were detected with 6 mol-L~ Ba(NO3)2 solution].
After the filtration, the samples were dried at 120 °C
under vacuum for 4 h to obtain the sulfonated vegeta-
ble oil asphalt or petroleum asphalt catalyst.

3.2 Characterization of catalyst

The elements present in the samples (O, C and S)
from energy dispersive spectroscopy (EDS) charac-
terization are given in Table 1. The Brunauer-Emmett-
Teller (BET) surface area and pore size were meas-
ured by the multipoint N, adsorption-desorption

Table 1 Elements present in the carbon-based
solid acid catalysts

Elements/% (by mass)

Catalyst
C (0) S
V-C-600-S-210 83.08 9.85 7.07
P-C-750-S-210 87.71 8.70 3.59

Table 2 BET, pore size and acid site density of the
carbon-based solid acid catalysts

Acid site den-

Catalyst BET/m*g™"'  Pore size/nm sity/mmol g
V-C-600-S-210 7.48 43.9 2.21
P-C-750-S-210 <10 22 1.12

method at liquid nitrogen temperature (—196 °C). The
pore size distribution of the catalyst was calculated by
the method of Barrett-Joyner-Hallenda (BJH) pore
size analysis. In order to estimate the acid site density,
the sulfur content in the vegetable oil asphalt catalyst
and petroleum asphalt catalyst was used. The BET,
pore size and acid site density of different carbon-based
solid acid catalysts are given in Table 2

3.3 Catalytic reaction procedure

In industrial production, waste vegetable oils
used as feedstock include rapeseed, cottonseed and
soybean acidified oils (derived from soap stocks by
acidification). In this work, the mixed oil was used as
the model feed. It was made by adding 50% (by mass)
oleic acid (a common type of FFA in oils) to refined
cottonseed oil. The required molar ratio of methanol
to mixed oil was calculated by treating 3 mol of FFA
as 1 mol of triglyceride. The reaction was carried out
in a 250 ml autoclave equipped with a magnetic stirrer.
The mixed oil and a known amount of catalyst were
charged into the reactor. When the required tempera-
ture was reached, methanol was added into the reactor
by a pump. The reaction was started with stirring (at
240 r'min ). The simultaneous transesterification and
esterification were stopped after 6 h.

3.4 Analysis of product

Samples for analysis were taken at different time.
A high performance liquid chromatograph (HPLC,
Shimadzu LC-10A) equipped with an ultraviolet
photometric detector was used for analyzing the sam-
ples. A spherisorb ODS 2 column (250 mmx4.6 mm, 8
nm pore size and 5 um particle size) was used for the
separation. The mobile phase was a mixture of ace-
tone and acetonitrile in the volumetric ratio of 50 : 50.
The flow rate of the mobile phase was 1.0 ml-min".
The column temperature was 40 °C. The components
measured by HPLC included oleic acid, methyl esters,
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triglyceride, diglyceride and monoglyceride. Standard
samples were used to establish the calibration charts,
which were used to calculate the weight percentage of
the individual components by the integration of the
peak areas using the external standard method.

3.5 Mathematical treatment

The calculation of the rate constants needs the
solution of differential equation system Eq. (1). We
treat this equation system as the one where the solu-
tion changes abruptly in a small part of the whole in-
tegration interval, while it changes very little in the
rest of the interval. The optimization is based on the
simulation of the differential equation system starting
with different values for the rate constants. The meth-
odology consists of the following steps.

(1) Selection of the rate constant ranges. This is
based on the rate constant values found in the bibliog-
raphy for similar reactions and also based on our pre-
vious experiments. (2) Simulation. Differential equa-
tion system Eq. (1) is solved for all the possible com-
binations of the rate constants. In each range, the values
for the rate constants are varied to four decimal points.
(3) Comparison of the calculated concentrations and
experimental values and calculation of the average rela-
tive error S. (4) Selection of the solution with the best
combination of reaction constants. It is the one with the
smallest average relative error S. (5) Graphical verifi-
cation of the kinetic model and experimental results.

4 RESULTS AND DISCUSSION

4.1 Effect of particle size and stirring speed

The particle size distribution of carbon-based
solid acid catalyst was within the range of 10-163 um.
The particles with different sizes were separated using
standard sieves (160 to 60 um), and the effect of parti-
cle size on the conversion of oleic acid was studied.
For a specified catalyst loading, no effect was ob-
served for the variation in the particle size from
60-160 pum, so that the intra-particle diffusion resis-
tance of the reactant in the carbon-based solid acid
catalyst was insignificant. Hence, all further experi-
ments were conducted directly with the carbon-based

solid acid catalyst without any size screening.

Preliminary experiments were also conducted
with different stirring speeds to evaluate the external
resistances to heat and mass transfer. These experi-
ments showed that the effect of agitation speed on the
overall rate of reaction was little in the range of
180-300 r'min”". Hence, all further experiments were
conducted at a stirring speed of 240 r'min”' to elimi-
nate the external mass transfer resistance.

4.2 Calculation of the kinetics parameters

Both FFA and triglyceride initially require the ac-
tivation of their respective carboxylic/carbonyl func-
tions by protonation (under acid-catalyzed conditions)
to start the reaction. The large alkyl chains in a bulky
triglyceride molecule can interfere with the activation
of its carbonyl group. Hence, the triglyceride is more
difficult to activate than the FFA. In order to promote
methanol nucleophilic attack on the triglyceride, a
comparatively high reaction temperature was needed
to activate its carbonyl group. Thus, the experiments
using the asphalt based carbon catalyst (V-C-600-S-210
and P-C-750-S-210) were conducted at 180, 200 and
220 °C. Other experimental conditions were: mixed
oil feed (50% cottonseed oil and 50% oleic acid), cata-
lyst (V-C-600-S-210)/mixed oil mass ratio 0.5% and
molar ratio of methanol/mixed oil 21, and the stirring
speed of 240 r'min .

A computerized kinetics program, described pre-
viously, was used to determine whether the proposed
kinetic equations were reasonable. The program re-
quired a specific kinetic scheme for each reaction
studied. The reactions studied are shown in Fig. 1.
Additional inputs were the concentration of each
component versus time. The program used the data to
produce plots of concentration versus time, which are
shown in Figs. 2 and 3. A separate plot is produced for
each temperature. Based on the kinetic scheme being
tested, the program will draw a line through the points.
A close fit of the line to the points indicates an ade-
quate kinetic scheme, from which a reaction order can
be obtained. On the other hand, a poor fit of the line to
the points indicates an incorrect scheme.

The calculated results for the reaction rate con-
stants are summarized in Table 3. k; is much smaller

Table 3 Rate constant (k;) and average relative error (S) of V-C-600-S-210 and P-C-750-S-210

1

Temperature Rate constant/mol ™" -min”

/°C K, K ks K ks ks ks ks §

180" 0.0111 0.0915 0.0022 0.0003 0.0099 0.0059 0.0091 0.0138 0.2435
200% 0.0269 0.2605 0.0038 0.0011 0.0171 0.0283 0.0161 0.0152 0.2178
220% 0.0565 0.6015 0.0058 0.0044 0.0260 0.0991 0.0254 0.0164 0.1927
180 0.0070 0.0467 0.0019 0.0003 0.0051 0.0018 0.0056 0.0029 0.2884
2007 0.0113 0.1332 0.0051 0.0008 0.0310 0.0243 0.0109 0.0043 0.2738
2207 0.0166 0.3080 0.0116 0.0018 0.1313 0.2121 0.0186 0.0059 0.2671

@ V-C-600-S-210; @ P-C-750-S-210.
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Figure 2  Kinetic modeling curves and experimental
points for concentrations of components

[Reaction conditions: mixed oil feed (50% cottonseed oil and
50% oleic acid), 21 mole ratio of methanol to mixed oil, 0.5%
mass ratio of the catalyst (V-C-600-S-210) to mixed oil, reac-
tion temperature (a: 180 °C; b: 200 °C; c: 220 °C) and 240
r'min”']
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than ky, and k3 is much larger than k4 (at all the reac-
tion temperatures studied), which will result in low
concentration of DG in the entire reaction process. It
should be noted that ks is much smaller than k¢ at
higher reaction temperature, which will lead high
concentration of MG but it is not beneficial to the
formation of ME. k5 is larger than kg, so it is beneficial
to the formation of ME from the esterification.

The activation energy and pre-exponential factor
of each consecutive reaction was obtained by plotting
the 10%arithm of the calculated rate constant (Ink) ver-
sus T . The calculated results of the activation energy
and pre-exponential factor are summarized in Table 4.
The activation energy (E;) of the esterification is much
lower than that of the transesterification, so the esteri-
fication is easier to occur when both reactions are car-
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Figure 3 Kinetic modeling curves and experimental points
for concentrations of components

[Reaction conditions: mixed oil feed (50% cottonseed oil and
50% oleic acid), 21 mole ratio of methanol to mixed oil, 0.5%
mass ratio of the catalyst (P-C-750-S-210) to mixed oil, reac-
tion temperature (a: 180 °C; b: 200 °C; c: 220 °C) and 240
r'min']

ried out at a low reaction temperature. Furthermore,
the formation of FAME from the tranesterification
will be reduced since so much FAME is formed from
the esterification. The reaction rate constants and dif-
ferential equation system Eq. (1) are combined to cal-
culate the concentration of each component at differ-
ent reaction time, and the conversions of reactants are
calculated. The proposed model is assessed by com-
paring the calculated values for each composition with
experimental values. The comparison results are shown
in Figs. 2 and 3, demonstrating that the proposed ki-
netic model describes the experimental results well.
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Table 4  Activation energy (E;) and pre-exponential factor
(kip) of V-C-600-S-210 and P-C-750-S-210

) V-C-600-S-210 P-C-750-S-210
I Ei/J-mol™ kio Ei/J-mol ™ Kio

1 7108.13 87.43 13408.63 0.81

2 15529.15  2.91x10° 15505.23 1.51x10°
3 14883.00 0.46 7986.31 39.74
4 14741.69 692.68 22007.40 5.71

5 26740.71 2.03 795586  2.98x10°
6 3923432 3.29x10°  23229.55  4.42x10°
7 9881.57 2.59 8452.00 4.15

8 5846.53 0.04 1421.73 0.14

In this work, we report the kinetic parameters for
the carbon-based solid acid-catalyzed simultaneous
transesterification and esterification reaction of waste
oil with methanol. Two carbon-based solid acid cata-
lysts prepared by the sulfonation of carbonized vege-
table oil asphalt and petroleum asphalt were used in
this study. A four-consecutive reversible-reaction
model was developed to reflect the reaction mecha-
nism and simplify the reaction model. Based on the
proposed kinetic model, the reaction was described as
a pseudo homogeneous reaction and the kinetic pa-
rameters with these two catalysts were determined.
The experiments demonstrate that all the forward and
reverse reactions follow second order kinetics. The
proposed kinetic model describes the experimental
results well.

The rate constants follow the Arrhenius equation.
The concentration of MG is high in the entire reaction
process, which is not beneficial to the formation of
ME. The activation energy of the esterification is
much lower than that of the tranesterification. Taking
into account the above reaction characteristics, the
coupling of reaction and separation can be applied to
improve the conversion of waste oil. This study may
provide some useful information for the research and
design of an industrial reactor to produce biodiesel
from waste oils with higher energy efficiency.

NOMENCLATURE
Ei activation energy, J-mol ™
Ki reaction constant, mol™'‘min”'
Kio pre-exponential factor
N total number of experimental concentrations of component i
R gas constant
S average relative error
T absolute temperature, K

yiH)

concentration of component i at t, mol-L™!
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