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A novel single-step process with chlorosulfonic acid catalyst for ultrasonic biodiesel synthesis using feedstock with high
free fatty acid content is investigated.Jatropha curcas oil has been used as the model feedstock with methanol as alco-
hol. The distinct merit of chlorosulfonic acid is that it catalyzes both esterification and transesterification reactions.
Moreover, chlorosulfonic acid also counteracts inhibition caused by water formed during esterification, which is the
cause for very slow kinetics of acid catalyzed transesterification. In addition, sonication of the reaction mixture also
causes strong micromixing and emulsification that enhances the transesterification kinetics. Statistical optimization of
the process shows 93% yield for 8.5 wt % catalyst, 20:1 alcohol to oil molar ratio and temperature of 333 K. Peculiar
feature of this process is that high yield is seen at moderate temperature and molar ratio, which are much smaller than
that for conventional sulfuric acid catalyzed processes. The activation energy for the process (57 kJ/mol) is at least 33

lower than the energy for sulfuric acid catalyzed transesterification. The thermodynamic analysis reveals that the net
Gibbs energy change for the single-step process is almost same as that for sulfuric acid catalyzed process. VC 2014
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Introduction

Biodiesel which essentially is methyl/ethyl ester of fatty
acid has shown high potential for being a renewable and car-
bon neutral liquid transportation fuel.1 The feedstock for bio-
diesel production is vegetable oil. For third world countries
like India, which face shortage of edible oils, economic pro-
duction of biodiesel is feasible only with cheap feedstocks of
nonedible vegetable oils or animal fats or waste greases.2

However, major problem with these feedstocks for the trans-
esterification reaction is their high free fatty acid (FFA) con-
tent. Jatropha curcas oil has been identified as a potential
source of nonedible oil feedstock for biodiesel production in
India.3 Numerous articles have been published that report
synthesis of biodiesel from Jatropha curcas oil with diverse
catalysts and protocols. Extensive research has also been car-
ried out in genetic modifications of the plant to increase the
oil content of the seeds and higher yield of seed per plant.

Several state-of-the-art reviews4–7 have been published that
give detailed account of literature in this area. Crude Jatro-
pha oil available from farmers and villager has high FFA
content up to 10–20%. Due to this, the conventional base
catalyzed transesterification process cannot be carried out
with Jatropha curcas oil, as it leads to formation of soap.
Biodiesel synthesis from Jatropha curcas oil is, therefore,
carried out in two-step method, where initially, the FFAs are
converted to esters in presence of acid catalyst, and this is
followed by conversion of triglycerides (TG) to esters with
base catalyst. Numerous studies have adopted this methodol-
ogy with mechanical agitation of reaction mixture.8–14

Changeover from acid to base catalyst in the two-step esteri-
fication/transesterification leads to longer overall process
time. Use of acid catalyst in both steps requires very long
process time, due to very slow kinetics of acid catalyzed
transesterification. A solution for enhancement of the acid
catalyzed transesterification is ultrasound irradiation of the
reaction mixture. The ultrasound wave propagates through
the medium as a longitudinal wave that generates sinusoidal
variation in the bulk pressure of the system. The fluid ele-
ments of the medium undergo small amplitude and high fre-
quency oscillation that generates strong microconvection (or
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micromixing) in the system. Moreover, the bulk pressure
variation gives rise to phenomenon of cavitation, which is
nucleation, growth, and implosive transient collapse of gas
or vapor bubbles. The transient collapse of bubble is adia-
batic, and temperature and pressure inside the bubble reaches
extreme (�5000 K and �500 bar) during collapse. Transient
cavitation has both physical and chemical effects on the sys-
tem.15 The physical effect is generation of strong microcon-
vection by oscillatory motion of fluid elements in close
vicinity of bubble (termed as microturbulence) and high-
pressure amplitude shock waves. The chemical effect is in
terms of generation of radicals from dissociation of solvent
vapor trapped in the bubble at the moment of transient col-
lapse. In our previous article,16 we have discriminated
between physical and chemical effects of ultrasound and
cavitation on transesterification reaction system. It has been
revealed in this article that the principal effect of ultrasound
and cavitation on the transesterification system is of physical
nature. The strong microconvection generated by ultrasound
and cavitation results in formation of fine emulsion between
oil and methanol phases. This emulsification generates very
high interfacial area leading to faster reaction kinetics. Water
formed during the esterification process strongly inhibits the
catalytic activity of acid catalyst (especially H2SO4) for
transesterification.2,17 Therefore, intermediate purification of
the reaction mixture, after esterification, is necessary to
enhance kinetics of the ensuing transesterification reaction.
For large scale processes, this step can significantly increase
the fixed and operating cost, in addition to increasing the
overall batch process time.

In this article, we have presented a novel approach for
single-step ultrasonic synthesis of biodiesel from high FFA
containing vegetable oil like Jatropha curcas using chloro-
sulfonic acid as catalyst. This catalyst brings about in situ
removal of water formed during esterification process, thus,
counteracting the inhibition. The esterification/transesterifica-
tion process with chlorosulfonic acid thus obviates the need
of intermediate purification of reaction mixture, giving high
yields of biodiesel (comparable to those using base catalyst)
in reasonable reaction periods. We have studied this process
using a statistical experimental design (Box–Behnken
method and fitted quadratic model with Analysis of Var-
iance) to determine the optimum reaction conditions. More-
over, we have also done Arrhenius and thermodynamic
analysis of the process to determine the kinetics and thermo-
dynamic parameter such as pseudo first-order kinetic con-
stant, activation energies, enthalpy, and entropy change. This
analysis has revealed interesting features of the chlorosul-
fonic acid catalyzed esterification/transesterification process.

Theoretical Contemplation

Before proceeding to the experimental section, we present
herewith the theoretical contemplations that formed basis of this
study. As noted in the preceding section, the major problem
with acid catalyzed esterification of FFAs in Jatropha curcas
oil is the inhibition of the catalyst caused by the water formed
in the esterification process. A discussion is given below regard-
ing the mechanism through which this inhibition occurs.

Inhibition of acid catalyst during transesterification

The mechanism of the inhibition of homogenous acid cat-
alyst in presence of water has been explained by Liu et al.18

and Ataya et al.19 During esterification process, the protona-

tion of the carbonyl oxygen is a fast quasiequilibrium step.
The subsequent nucleophilic attack of alcohol on the proto-
nated carboxylic acid, resulting in formation of tetrahedral
intermediate, is the rate determining step. Dissociation of
sulfuric acid in aqueous medium results in formation of
H3O1 (hydroxonium) ion and HSO4

2 (bisulfate) ions. As
H3O1 is strongly acidic species, the water content of the
medium does not change the H3O1 concentration, or the rate
limiting step. The inhibition effect of water on H2SO4 cata-
lyst could be an effect of two causes, viz. decrease in acid
strength and/or loss of catalyst accessibility. The protons H1

generated from dissociation of H2SO4 can form either H3O1

ion or CH3OH2
1 (methoxonium) ion. Bronsted acid theory

suggests CH3OH2
1 to be more acidic than H3O1.20 How-

ever, according to solvation chemistry of protons, it is the
solvation state of the protons that determines the strength of
strong acid like H2SO4 than the extent of dissociation.
Greater solvation of protons results in lowering of its chemi-
cal and catalytic activity. Comparing among CH3OH2

1 and
H3O1 ions, without taking into consideration solvation char-
acteristics, a lower acidity for CH3OH2

1 is expected due to
higher inductive effect of methyl group, which is in contra-
diction with the Br�nsted acid theory. The solvation state of
proton is determined by contribution of all solvating mole-
cules. Strong hydrogen bond networks formed by water mol-
ecule can delocalize the charge on the H3O1 ion, thus
stabilizing it. Comparing on this basis, the CH3OH2

1 ion
(where steric hindrance of ACH3 group comes into picture)
has less ability to form hydrogen bonds. Second, comparing
the solvation generated by H2O and CH3OH molecules, we
see that H2O is a better donor of electron pair than methanol.
Therefore, contribution to solvation of protons by water mol-
ecule is much higher than methanol. Greater enthalpy release
occurs during solvation of H3O1 and CH3OH1 in water than
in methanol. On this basis, Liu et al.18 and Pines and Flem-
ing 21 hypothesize water as proton sponge that accommo-
dates protons inside a self-assembled water network with
lower entropic state. Conversely, the solvation of proton by
methanol molecules is hindered due to their smaller orienta-
tional polarizability, and lesser symmetry of the CH3OH
molecule than H2O.

Ataya et al.19 have put the reduction in catalytic activity

of H2SO4 in a slightly different context on the basis of

hypothesis of Gileadi and Kirowa-Eisner,22 which states that

water molecule in presence of methanol acts as scavenger

for proton to form H3O1 cation. Therefore, in an emulsion

of reaction mixture comprising of CH3OH, H2O, H2SO4, and

any FFA, a core of H3O1 cations and their sulfate anions

can form micelles, with FFA molecule on the exterior. The

hydrophilic end of FFA (containing the AOH tail) would be

close to H3O1 core and the hydrocarbon end in the methanol

phase. This phenomenon will result in formation of micelles

of FFAAH3O1 with acid cores in the polar CH3OH phase.

However, these micelles are shielded from the bulk methanol

phase. Formation of FFAAH3O1 micelles in the TG phase

has also been proposed by Lotero et al.,2 who showed that

acidic species are distributed in both alcohol and oil (or TG)

phase. The micelle in the TG phase shields and reduces the

accessibility of the acid catalyst by the TG molecules.
In summary, solvation of protons with water, higher

energy is need for protonation of carbonyl oxygen in the
FFA or TG by H3O1 proton carrier. Protonation of FFA/TG
results in greater reduction in entropy that generates more
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geometric configuration for nucleophilic attack of methanol,
thus increasing the collision efficiency.

Counteraction of water inhibition during biodiesel
synthesis by chlorosulfonic acid

Biodiesel synthesis in presence of chlorosulfonic acid
occurs in three steps as given below.

Esterification. As shown in Scheme 1A, reaction of a
FFA molecule with methanol in presence of chlorosulfonic
acid catalyst results in formation of an ester and a water
molecule.23

In situ Removal of Water by Chlorosulfonic Acid. The
water produced in the esterification process reacts with
chlorosulfonic acid molecule to produce H2SO4, as shown in
Scheme 1B.24 Dissociation of H2SO4 thus produced can gen-
erate additional protons that catalyze the esterification/trans-
esterification reaction. However, generation of H2SO4 is
accompanied by in situ removal of water molecule that sol-
vate the H3O1 ion and reduce its activity. Although H2O
formed during esterification breaks the chlorosulfonic acid,
resulting species of H2SO4 is strongly acidic that maintains
the overall catalyst activity more or less constant. The mech-
anism of H2SO4 catalyzed transesterification has been
explained in our earlier article15 is also provided is Support-
ing Information with this article.

Transesterification. Scheme 1C shows the mechanism
proposed for transesterification of TG in presence of chloro-
sulfonic acid catalyst. The initial transesterification is

induced by scission of SACl bond of the chlorosulfonic acid
creating electropositive center on sulfur, which is attacked
by the nonbonding electron of carbonyl oxygen. This gener-
ates an intermediate “A” with electrophillic center at the
carbonyl-carbon of TG, which is followed by nucleophilic
attack of methanol on carbonyl-carbon of TG. Rearrange-
ment of intermediates with abstraction of proton by TG moi-
ety produces diglyceride (DG) and catalyst bound ester. The
attack of Cl2 ion on this intermediate regenerates chlorosul-
fonic acid catalyst with release of one fatty acid methyl ester
(FAME) molecule. Consecutive reaction of DG and mono-
glyceride (MG) then further produces two more molecules of
FAME and regenerates the acid catalyst.

With this conjectures and contemplation devised our trans-
esterification experiments using statistical design.

Materials and Methods

Materials

Jatropha curcas oil (in crude form) was procured from
local farmers. This oil was used as received without any fur-
ther purification or refining. The acid value and saponifica-
tion value of the oil was determined as 21.57 and 201.2 mg
KOH/g, respectively, using standard methods.25 The average
molecular weight of oil was determined as 932 g/mol using
the equation M5

ð56:13331000Þ
ðSV 2AVÞ , where 56.1 is the molecular

weight of KOH, whereas number 3 denotes the number of
fatty acids per TG.26 Other chemicals used in experiments

Scheme 1. (A) Reaction of chlorosulfonic acid-induced esterification process.

(B) In situ removal of water formed during esterification by chlorosulfonic acid. (C) Chemical mechanism of chlorosulfonic acid

induced transesterification process.
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are methanol (Merck, India, AR grade 99%) and chlorosul-
fonic acid (Sigma Aldrich, India, AR grade 90%). These
chemicals were also used as received without any further
treatment.

Experimental setup

The schematic diagram of the experimental setup is given
in Figure 1. Transesterification reaction was carried out in
100-mL beakers made of borosilicate glass. To conduct reac-
tions at different temperatures, the beaker was submerged in
the reservoir of a refrigerated circular bath (Jeio Tech,
Model: Lab Companion RW 0525G) filled with water. The
temperature of the water in reservoir was maintained at dif-
ferent levels, viz. 303, 318, and 333 K. Internal circulation
of water was provided so as to maintain a constant tempera-
ture. The temperature of reaction mixture was monitored
with a digital thermometer, and was found to be same as
that of the water in the reservoir. A programmable
microprocessor-based ultrasonic processor (Sonics and Mate-
rials, Model: VCX 500) was used for sonication. This proc-
essor had operating frequency of 20 kHz with a sonicator
probe of 25-mm diameter. It was fabricated from high grade
titanium alloy (Ti-6Al-4V). The processor was facilitated
with automatic tuning and frequency control and automatic
amplitude compensation. The amplitude for all the experi-
ments was set to 25% corresponding to a power input of
125 W (theoretical maximum power). The actual acoustic
pressure amplitude was determined using calorimetric
measurement with methanol as the medium as 1.6 bar (corre-
sponding to net energy consumption of 1.1 W).27

Experimental Protocol

Base Case Experiment. Initially, as the base case of
experiments, esterification/transesterification was carried out
using mechanical stirring of reaction mixture (a photograph
of this setup has been provided in Supporting Information
Figure S1). This reaction was conducted at 338 K for 16 h
with 20:1 alcohol to oil molar ratio and catalyst concentra-
tion of 5 wt % oil with total reaction volume of 15 mL. The

progress of the reaction was monitored by withdrawing ali-
quots (500 mL) of reaction mixture every 4 h and analyzing
for conversion of TG and FFA with 1H NMR (Varian 400
MHz FT-NMR) spectrometry with CDCl3 as solvent and tet-
ramethylsilane as internal standard.28,29 This method gives
the gross conversion (X) of TG and FFA to their correspond-
ing ester. We have termed this conversion as percentage
yield of FAME (100 X) and all kinetic and thermodynamic
analysis has been made on this basis. The results of base
case experiments revealed percentage FAME yield of �90%
after 16 h given in Figure 2. The slow kinetics of acid cata-
lyzed biodiesel synthesis, as mentioned earlier, is evident
from this result.

Statistical Experimental Design (Single-Step Esterifica-
tion-Transesterification). Further experiments were carried
out using sonication (or ultrasound irradiation) of the reac-
tion mixture (total reaction volume of 15 mL) so as to boost
its kinetics, as noted earlier. These experiments were devised
as per the statistical experimental design (Box–Behnken
method). The following experimental parameters (or inde-
pendent variables) have been chosen for optimization: cata-
lyst loading (C), temperature (T), and alcohol to oil molar
ratio (R). The experiments were conducted with a fixed soni-
cation time of 4 h, based on our initial experiments. The
actual and coded values of different experimental parameters
(i.e., levels of the independent variables) used in the Box–
Behnken design are shown in Table 1. The response vari-
able, that is, % FAME yield (or percentage conversion of
TG and FFA), was fitted with a full quadratic model (given
in Eq. 1) to correlate it to the experimental parameters or
independent variables

Figure 1. Schematic diagram of the experimental
setup: (1) ultrasound probe; (2) refrigerated
and heating bath circulator; (3) reaction mix-
ture; (4) water in the refrigerated bath; and
(5) ultrasonic processor.

Figure 2. Results of the control experiments with
mechanical stirring (reaction parameters:
alcohol to oil molar ratio 5 20:1, temper-
ature 5 338 K, catalyst concentration 5 5 wt
% oil, agitation speed 5 300 rpm).

Table 1. Experimental Range and Levels of Independent

Variables

Independent
Variables (or Factors)

Symbol
Coded

Levels of Factors Coded
Value (Actual Value)

Catalyst concentration
(wt % oil)

C 21 (1) 0 (5) 11 (9)

Temperature (K) T 21 (303) 0 (318) 11 (333)
Alcohol to oil molar

ratio (M)
M 21 (10:1) 0 (20:1) 11 (30:1)
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Notations are as follows: Y 5 response variable (i.e., %
FAME yield); b0 5 constant; bi, bii, and bij 5 regression
coefficients; xi and xj 5 coded independent variables. The
Box–Behnken statistical design of experiments, devised
using Minitab 15 software (trial version) comprises of 15
sets with (three factors and three levels) with different com-
binations of parameters. The experimental conditions in
these sets are given in Table 2, whereas exact composition
of reaction mixture in each set is given in Supporting Infor-
mation Table S1. The progress of the esterification-
transesterification reaction was monitored by withdrawing
500-mL aliquots of the reaction mixtures every 30 min. To
quench the reaction, the aliquots were immediately mixed
with 1 mL 0.05 N NaOH and centrifuged at 6000 rpm for
10 min to separate the acid catalyst and aqueous phase (com-
prising of glycerol and alcohol). The organic layer was then
analyzed by 1H NMR to determine the percentage yield of
FAME.

Conventional Two-Step Experiments. As noted in previ-
ous section, one of the contemplations underlying this study
was that chlorosulfonic acid causes in situ removal of water
formed during esterification process, thus eliminating the
water inhibition to acid catalyzed transesterification. To
ascertain this conjecture, we have also carried out biodiesel
synthesis with crude Jatropha curcas oil with conventional

two-step approach of separate esterification and transesterifi-
cation, with intermediate purification of the reaction mixture
to remove water formed during esterification. In these set of
experiments, the esterification experiments were carried out
for 1 h using H2SO4 catalyst (3 wt % oil) at 338 K and
15:1 molar ratio. These values were decided on the basis of
our earlier study.17 This process essentially converts almost
all FFA (>95%) into corresponding esters. This reaction
mixture was neutralized by addition of 0.05 M NaOH solu-
tion. The organic layer was separated and washed three
times with hot water to remove all traces of acid and alco-
hol. This layer was dried on activated silica to remove
traces of water. This layer is essentially FFA free Jatropha
oil containing TGs. The transesterification of this layer with
sonication was then carried out using chlorosulfonic acid
catalyst. The experimental parameters (viz. molar ratio and
catalyst concentration) used in this transesterification reac-
tion were essentially same as the optimized conditions
obtained from statistical experimental design, as described
in previous section. The reaction temperature, however, was
varied at three levels, viz. 303, 318, and 333 K for kinetic
and thermodynamic analysis with a fixed reaction time of 3
h. The comparison of yield and kinetics of these experi-
ments with the single step experiments (based on statistical
design described in previous section) give an estimate of the
beneficial effect of in situ removal of water by chlorosul-
fonic acid.

Determination of Transesterification Kinetics. Synthesis
of biodiesel in single step reactions with chlorosulfonic acid
catalyst occurs in four consecutive and reversible reactions
steps. The first step is the reaction of FFA with methanol to
give one molecule of FAME and water. The chlorosulfonic
acid reacts with water molecule to yield H2SO4 which itself
can catalyze both esterification and transesterification steps.
The ensuing transesterification step begins with the reaction
of TG and methanol to produce diglycerides (DG) and one
molecule of FAME; this is followed by reaction of DG with
methanol yields monoglycerides (MG) and another molecule
of FAME. In final step, MG reacts with methanol to yields
third molecule of FAME and one mole of glycerol. Thus,
four molecules of FAME (one from esterification of an FFA
molecule and three from transesterification of a TG mole-
cule) and one molecule each of glycerol is formed after
completion of the reaction. In our analysis, we have deter-
mined the kinetic constant of the overall reaction, without
accounting for the intermediate steps.

Table 2. Box–Behnken Experimental Design Matrix

Sl. No. Catalyst (wt % Oil) Molar Ratio Temperature (K) % FAME Yield Fitted % FAME Yield

1 1 (21) 10 (21) 318 (0) 15.09 6 0.67 12.01
2 5 (0) 10 (21) 333 (11) 69.91 6 1.67 65.04
3 9 (11) 20 (0) 303 (21) 59.99 6 1.29 52.05
4 1 (21) 20 (0) 333 (11) 24.68 6 0.75 32.61
5 5 (0) 30 (11) 303 (21) 32.70 6 0.68 37.56
6 5 (0) 20 (0) 318 (0) 80.12 6 3.5 76.66
7 5 (0) 30 (11) 333 (11) 53.56 6 0.51 54.48
8 1 (21) 30 (11) 318 (0) 27.67 6 0.49 18.80
9 1 (21) 20 (0) 303 (21) 15.20 6 1.11 19.20
10 9 (11) 30 (11) 318 (0) 53.65 6 1.14 56.72
11 9 (11) 10 (21) 318 (0) 56.87 v 0.87 65.73
12 5 (0) 20 (0) 318 (0) 76.56 6 1.46 76.66
13a 9 (11) 20 (0) 333 (11) 95.4 6 1.03 91.4

14 5 (0) 10 (21) 303 (21) 30.13 6 1.19 29.2
15 5 (0) 20 (0) 318 (0) 73.31 6 3.5 76.66

aThe bold values indicate experimental set with the highest FAME yield.

Table 3. Statistical Analysis of Experimental Results—

Estimated Regression Coefficients for % FAME Yield

Term Coefficients SE Coeff t-Stat p-Value

Constant (b) 76.66 5.2 14.73 0.
Temperature (T) 13.19 3.18 4.14 0.
Molar ratio (M) 20.55 3.18 20.17 0.869
Catalyst (C) 22.9 3.18 7.19 0.001
Temperature 3

Temperature (T2)
29.79 4.69 22.09 0.091

Molar ratio 3

Molar ratio (M2)
220.29 4.69 24.33 0.008

Catalyst 3 Catalyst (C2) 218.05 4.69 23.85 0.012
Temperature 3

Molar ratio (TM)
24.73 4.5 21.05 0.342

Temperature 3

Catalyst (TC)
6.48 4.5 1.44 0.21

Molar ratio 3
Catalyst (MC)

23.95 4.5 20.88 0.421
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As the FFA content of the Jatropha curcas oil is rather
low, it is the kinetics of transesterification step that governs
the overall process time and yield of biodiesel. Based on our
previous studies, we have assumed the transesterification
reaction to follow pseudo first-order kinetics and the equa-
tion fitted to the conversion data is

ln 12Xð Þ52kt (2)

where X 5 conversion of TG at any time t. Plot of 2ln
(1 2 X) vs. t gives the kinetic constant k as the slope.

Determination of Activation Energy (Arrhenius Plot). A
relationship between the specific reaction rate constant (k),
absolute temperature (T), and the energy of activation (Ea) is
given by the Arrhenius equation as: k5A3exp 2Ea=RTð Þ
where A is the frequency factor and R is universal gas con-
stant (J/mol/K).

To determine the activation energy of the single-step pro-
cess (involving both esterification and transesterification),
experiments were conducted at three different temperatures
viz. 303, 318, and 333 K. The catalyst concentration and
molar ratio in these experiments were same as the global
optimum values obtained from statistical experimental
design. To deduce the change in activation energy from con-
ventional double-step process to single-step process, experi-
ment were conducted in two-step procedure at same three
temperatures as that of the single-step process. The plot of ln
(k) vs. 1/T gives slope equal to (2Ea/R) from which activa-
tion energy can be determined.

Result and Discussion

Statistical analysis

Single step transesterification experiments: as noted
earlier, these experiments were based on Box–Behnken
statistical design. The results of the 15 sets of experi-
ments in this design are given in Table 2. The quadratic
regression model fitted to these results using Eq. 1 is
given below

Y576:66113:17 T20:55 M122:90 C29:97 T2220:29 M2

218:05 C224:73 T3M23:95 M36:48 T3C (3)

where, T, M, and C indicate temperature, molar ratio, and
catalyst concentration, respectively. The significance of coef-
ficients corresponding to each parameter is estimated by the
t-test and p-value given in the Table 3. Table 4 shows the
ANOVA for the quadratic model. The values of FAME yield
predicted by this model are in excellent agreement with the
experimental values. The overall R2 value of the regression
is 0.95, which reveals excellent fit of the model to the exper-
imental data and point that 95.5% of the effect on the yield
for chlorosulfonic acid catalyst was explained by the varia-
tion in process variables. The fitted quadratic equation is in
terms of the coded values of the parameters and not in abso-
lute values. A p-value of <0.05 of any coefficient (either lin-
ear or quadratic interaction) designates it as significant or
insignificant. On this basis, molar ratio is relatively insignifi-
cant than the other two parameters, viz. temperature and cat-
alyst concentration. Moreover, the interaction effects
between process parameters were found to be insignificant.
The response surface plots depicting variation in FAME
yield as a function of any two process parameters (as inde-
pendent variable parameters), with the value of third process
parameter (fixed parameter) held at its center point in the
Box–Behnken design are given in Supporting Information
Figure S3. These plots are representatives of the interactive
effect of the two process parameter on the yield. It could be
seen from surface plots that the yield shows a maxima for a
particular combination of two process parameters that are
treated as variables for the plot. Table 5 gives the exact val-
ues of the process parameter in each of the three surface
plots (either from combination of temperature-molar ratio,
molar ratio-catalyst concentration, and catalyst concentration
and temperature) for which maxima in yield is obtained.

Inspection of the Table 5, which gives the optimum combi-
nation of process parameters for the highest yield in the three
surface plots, reveals that the optimum value of molar ratio
(whether considered as fixed or variable parameter) for the

Table 4. Statistical Analysis of Experimental Results—Analysis of Variance (ANOVA) for Transesterification

of Jatropha Oil using Ultrasound

Source DF Sq SS Adj SS Adj MS F p-Value

Regression 9 8629.32 8629.32 958.81 11.8 0.007
Linear 3 5593. 5593. 1864.33 22.95 0.002
Square 3 2716.32 2716.32 905.44 11.15 0.012
Interaction 3 319.99 319.99 106.66 1.31 0.368
Residual error 5 406.15 406.15 81.23 – –
Lack-of-Fit 3 382.95 382.95 127.65 11. 0.084
Pure error 2 23.2 23.2 11.6 – –
Total 14 9035.47 – –

R2 5 0.955; R2 (adj) 5 0.874.

Table 5. Statistical Analysis of Experimental Results—Analysis of Surface Plots (Values of Variable Parameters for Maximum

Yield for Center Point Value of Third Parameter)

Fixed Parameter (Center Point Value) Variable Parameter FAME Yield (%)

Catalyst concentration 5 5 wt % oil Temperature 5 328.4 K Molar ratio 5 19.1 81.3
Temperature 5 318 K Molar ratio 5 19.3 Catalyst concentration 5

7.6 wt % oil
84

Molar ratio 5 20:1 Temperature 5 332.1 K Catalyst concentration 5

8.2 wt % oil
92

GLOBAL OPTIMUM: Catalyst 5 8.35354, Molar ratio 5 17.89, Temp 5 333 K, and Yield 5 93%.
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highest yield remains the same. The highest yield of 92% is
obtained when both transesterification temperature and catalyst
concentration is high. The temperature (332.1 K) for the high-
est yield is close to the boiling point of methanol. The yield
drops marginally if either temperature or the catalyst concen-
tration is lowered. An interesting observation is that the molar
ratio required for high yield with chlorosulfonic acid catalyst
(20:1) is more than double that of the molar ratio required for
sulfuric acid catalyst in a two-step process. The probable
causes for large requirement of alcohol are as follows:

The transesterification process in case of chlorosulfonic
acid begins with activation of carbon–oxygen bond of the
carbonyl carbon of TG by acid rather than direct protonation
for the case of H2SO4 as reported by Lotero et al.2 (for con-
venience of the reader mechanism has been given as Sup-
porting Information Figure S2). The intermediate “A”
formed after the activation of carbon–oxygen bond by chlor-
osulfonic acid is a very large molecule. As a result the meth-

anol molecule trying to access the electrophillic center is
likely to face significant steric hindrance. Therefore, large
quantities of alcohol are required to over populate the hin-
dered site and to drive the reversible transesterification reac-
tion toward forward direction.

All the water formed during the esterification of FFA may
not be removed from the reaction medium by chlorosulfonic
acid immediately. Thus, traces of water present in the reac-
tion mixture at any point of time can drive the reversible
reaction of acid catalyzed aqueous hydrolysis. To counteract
this large amount of alcohol is required to drive forward the
esterification reaction.

The global maximum of the FAME yield (93%) in reaction
time of 4 h as per the quadratic regression model is obtained
for conditions: catalyst concentration �8.35, molar ratio
�18:1, and temperature �333 K. These conditions are much
moderate as compared to those reported in literature for acid
catalyzed transesterification reactions (e.g., temperature >373

Figure 3. Kinetic analysis of single-step transesterifica-
tion process under optimum conditions.

(A) Time history of FAME yield at different reaction

temperature. (B) Fitting of pseudo first-order kinetic

model fitted to the conversion data for determination of

kinetic constants. Best fit equations:Best fit equations:

For 303 K, y 5 0.00472 x, R2 5 0.92; For 318 K,

y 5 0.00976 x, R2 5 0.94; For 333 K, y 5 0.0133 x,

R2 5 0.954.

Figure 4. Kinetic analysis of the two-step transesterifi-
cation process.

(A) Time history of FAME yield at different reaction

temperatures. (B) Fitting of pseudo first-order kinetic

model to the conversion data. Best fit equations: For 303

K, y 5 0.00485 x 1 0.22, R2 5 0.99; For 318 K,

y 5 0.00787 x 1 0.22, R2 5 0.99; For 333 K, y 5 0.0137

x 1 0.22, R2 5 0.945.

Table 6. Kinetic and Thermodynamic Analysis of Transesterification Process—Arrhenius analysis

Temperature (K)

Single Step Process Double Step Process

Pseudo First-Order Kinetic
Constant (min21)

Activation Energy
(kJ/mol)

Pseudo First-Order Kinetic
Constant (min21)

Activation
Energy (kJ/mol)

333 0.0133 57.33 0.0137 31.29
318 0.0096 0.0078
303 0.0047 0.0048
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K and reaction time of 20 h as reported by Freedman et al.30).
Same argument holds for molar ratio of 20:1 for optimum
yield. This value is also much lower than the molar ratios
exceeding 50 reported in literature for acid catalyzed transes-
terification.31 Table 2 gives comparative analysis of FAME
yield results in different experimental set that helps us to
deduce the relative influence of each of the process parame-
ters under study.

Comparison of results of experimental Sets 4 and 9
reveals the influence of temperature. With a low catalyst
concentration of 1 wt % and molar ratio of 20:1, the FAME
yield show as 75% increase as the temperature is doubled
from 303 to 333 K.

Comparison of results of Sets 1and 11 reveals that increas-
ing catalyst concentration from 1 to 9 wt % can take yield to
significantly high value of �66% for an alcohol molar ratio
of 10:1.

Comparison of results of Sets 2 and 7 reveals the insignifi-
cant influence of the molar ratio. Even with 33 increase in
molar ratio (from 10:1 in Set 2 to 30:1 in Set 7) at catalyst
concentration of 5 wt % and temperature of 333 K, the FAME
yield in these sets shows a trivial difference of �20% (i.e.,
53.56% yield in Set 7 and 69.91% yield in Set 2). Similar
trend is also seen from the result of experimental Set 1 and 8.

The above results clearly identify catalyst concentration
and temperature as the most significant variable of the pro-
cess affecting FAME yield. The highest yield is therefore
seen for catalyst concentration of 9 wt %, temperature of
333 K, and moderate molar ratio of 20:1. Lower FAME

yield at very large molar ratio of 30:1 could be a conse-
quence of rather dilute acid concentration is aqueous phase.

Intrinsic Kinetics vs. Mass Transfer. Comparison of bio-
diesel yield with ultrasound under optimized conditions of
molar ratio, temperature, and catalyst concentration with the
base case experiment (under mechanical agitation) reveals
that fine emulsification generated by microconvection
induced by ultrasound and cavitation reduces the mass trans-
fer limitations, thus boosting the gross kinetics of the reac-
tion. As regards to physical mechanism of the ultrasonic
process, we have shown in our earlier articles17,32–34 that
convection generated by ultrasound/cavitation in methanol
phase is mainly responsible for formation of emulsion. Given
this result, in the Box–Behnken experimental design, the net
interfacial area between oil/methanol phases is likely to be
in the reactions in which the highest for molar ratio of 30:1
is used. However, as discussed earlier, the FAME yield in
Box–Behnken experiments reduces at very high molar ratio
of 30:1. These results clearly reveal the relative roles of
mass transfer and intrinsic kinetics on the reaction system.
Subsequent to formation of fine emulsion with ultrasonica-
tion, the reaction system is controlled by intrinsic kinetics,
which in turn depends on catalyst concentration (that deter-
mines the activation energy) and the temperature. It should
also be pointed out that probability of interaction between
acid and TG molecule reduces at higher molar ratios that
reduce the concentration of acid (this effect is most marked
at the highest molar ratio of 30). This factor also contributes

Figure 5. Arrhenius plot for determination activation
energy of transesterification process.

(A) Single-step process, Best fit: y 5 26895.1 x 1 16.57,

R2 5 0.89; (B) Double-step process with intermediate

water removal after esterification, Best fit: y 5 23764.2

x 1 7.0357, R2 5 0.99.

Figure 6. Eyring plots to determine change in enthalpy
(DH) and change in entropy (DS) during trans-
esterification process.

(A) Single-step process, Best fit: y 5 24023 x 1 1.8621,

R2 5 0.99; (B) Double-step process (with intermediate

removal of water after esterification), Best fit:

y 5 23168.8 x 2 0.603, R2 5 0.99.
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to lowering of the gross kinetics of the process leading to
smaller yields.

Kinetic and Thermodynamic Analysis. The kinetics of
the single step biodiesel synthesis was studied at three tem-
peratures for global optimum conditions of molar ratio and
catalyst concentrations. The time history of the FAME yield
and the pseudo first-order kinetic model fitted to the data is
shown in Figure 3. To compare kinetic behavior of the sin-
gle step and double-step process experiment have been con-
ducted with two-step procedure also. The temperature of
experiment of the second step (i.e., transesterification) was
kept at same values, that is, 303, 318, and 333 K. The cata-
lyst concentration and molar ratio were same as the global
optimum of single-step process with fixed reaction time of 3
h. The time history of the conversion of the TG in the trans-
esterification process and the pseudo first-order kinetic model
fit to the kinetic data are shown in Figure 4. Table 6 lists the
pseudo first-order kinetic constants for both single- and
double-step experiments at three temperatures, whereas Fig-
ure 5 shows the corresponding Arrhenius plots. It could be
seen that the kinetic constants for both single- and double-
step processes at different temperatures do not show signifi-
cant variation. The activation energy for single step biodiesel
synthesis is 57.3 kJ/mol, and interestingly it shows a reduc-
tion of �40% to 31.3 kJ/mol for the double-step process.
We attribute this reduction of activation energy to almost
complete absence of water in the reaction mixture in the
transesterification in double-step process. Contrary to this,
despite in situ water removal by chlorosulfonic acid, some
traces of water may be left out in the reaction mixture in the
single-step process, which contribute to catalyst inhibition
and rise in the activation energy.

Comparing the values of activation energy for chlorosul-
fonic acid catalyzed biodiesel synthesis with the activation
energy observed with that of H2SO4 catalyzed biodiesel syn-
thesis gives a very interesting result. In our own experiments
with H2SO4 catalyzed esterification/transesterification of
crude Jatropha curcas oil, we have observed an activation
energy of 169.4 kJ/mol.17 Freedman et al. have also reported
relatively higher activation energies (>80 kJ/mol) for acid
catalyzed transesterification reactions.30 However, with
chlorosulfonic acid catalyst, the activation energies are 33

lower than the H2SO4 catalyzed biodiesel synthesis.
Although at this juncture, we are unable to provide a justifi-
cation for result, this effect is likely to be consequence of
basic difference in the mechanism of transesterification reac-
tion with H2SO4 and chlorosulfonic acid catalyst.

Thermodynamic Analysis. Using the result of kinetic
analysis, we have also determined the thermodynamic char-
acteristic of the single-step and double-step process of bio-
diesel synthesis with chlorosulfonic acid catalyst. For this
purpose, we have used the Eyring equation

ln
k

T
52

DH

R

1

T
1ln

kb

h
1

DS

R
(4)

where k is the rate constant at temperature T, and DH and
DS are the changes in enthalpy and entropy of the reaction
system, respectively. kb, h, and R are Boltzmann, Planck,
and universal gas constant, respectively. DH and DS for the
process can be determined from the slope and y-intercept of
the Eyring plot (ln k/T vs. 1/T). The Eyring plots for the sin-
gle- and double-step process are shown in Figure 6. Table 7
lists the value of DH, DS, and DG (Gibbs energy change) for
the process, determined using equation DG 5 DH 2 TDS. A
slight increase of DH is seen for single-step process as com-
pared to the double step, which in turn is compensated by a
lower activation energy for double-step process. Again, a
possible cause of this trend is absence of water in the reac-
tion mixture for the double-step process. The result of these
inverse variations is that the overall Gibbs energy change for
both single-step and double-step protocol is practically same.

Conclusions

In this article, we have reported a novel single-step pro-
cess for ultrasonic biodiesel synthesis from high FFA feed-
stocks like Jatropha curcas oil using chlorosulfonic acid
catalyst. The principal merit of chlorosulfonic acid is that it
catalyzes both esterification and transesterification reactions,
and also counteracts the inhibition caused by water formed
during esterification. Due to this peculiar feature, the con-
ventional two-step process of esterification-transesterification
can be combined. The overall reaction time as well as pro-
cess infrastructure required for new single-step process is
obviously much smaller than the conventional double-step
process. Statistical optimization of the process shows 93%
yield in just 4 h at moderate conditions of 8.5 wt % catalyst,
20:1 alcohol to oil molar ratio, and temperature of 333 K.
The activation energy for the process is at least 33 lower
than the activation energy reported for H2SO4 catalyst. How-
ever, the thermodynamic analysis reveals that the net Gibbs
energy change for the single-step process is almost same as
that for the conventional double-step process. Consequently,
it is expected that the chlorosulfonic acid-based biodiesel
manufacture process will have significantly lesser capital
investment as well as production cost than the conventional
biodiesel processes. In summary, the chlorosulfonic acid-
based process for biodiesel has shown encouraging results
and high potential, which deserve more in-depth
investigation.
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