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Abstract

Response surface methodology (RSM) based on central composite rotatable design (CCRD) was used to optimize the three important
reaction variables—methanol quantity (M), acid concentration (C) and reaction time (7) for reduction of free fatty acid (FFA) content of
the oil to around 1% as compared to methanol quantity (M’) and reaction time (77) and for carrying out transesterification of the
pretreated oil. Using RSM, quadratic polynomial equations were obtained for predicting acid value and transesterification. Verification
experiments confirmed the validity of both the predicted models. The optimum combination for reducing the FFA of Jatropha curcas oil
from 14% to less than 1% was found to be 1.43% v/v H,SO, acid catalyst, 0.28 v/v methanol-to-oil ratio and 88-min reaction time at a
reaction temperature of 60°C as compared to 0.16v/v methanol-to-pretreated oil ratio and 24 min of reaction time at a reaction
temperature of 60 °C for producing biodiesel. This process gave an average yield of biodiesel more than 99%. The fuel properties of
jatropha biodiesel so obtained were found to be comparable to those of diesel and confirming to the American and European standards.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Biodiesel, an alternate diesel fuel has attracted consider-
able attention during the past decade as a renewable,
biodegradable, and non-toxic fuel [1-3]. A very few studies
have been reported on non-edible oils like used frying oil,
grease, tallow and lard [4-6]. There are a number of other
non-edible tree-based oil seeds available in India with an
estimated annual production of more than 20 Mt. These oil
seeds have great potential of being transesterified for
making biodiesel [3,7]. Jatropha (Jatropha curcas) is one of
such non-edible oils, which has an estimated annual
production potential of 200 thousand metric tonnes in
India and it can be grown in waste land [8]. Jatropha oil
contains about 14% free fatty acid (FFA), which is far
beyond the limit of 1% FFA level that can be converted
into biodiesel by transesterification using an alkaline
catalyst. Hence, an integrated optimized procedure for
converting jatropha oil, which contains high FFA% into
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biodiesel, is very much required. Few researchers have
worked with feedstocks having higher FFA% levels using
alternative processes, which include a pretreatment step to
reduce the FFAs of these feedstocks to less than 1%
followed by transesterification reaction with an alkaline
catalyst [5,6,9]. This procedure yielded more than 95%
biodiesel.

This paper discusses the outcomes of experiments carried
out to optimize the process parameters in pretreatment
(esterification) and transesterification reactions for reduc-
tion of FFA of jatropha oil below 1% and obtaining
maximum yield of biodiesel, respectively.

2. Materials and methods

Jatropha oil was obtained from Scientific and Technol-
ogy Entrepreneurs’ Park (STEP), IIT Kharagpur, West
Bengal, India. All chemicals used in the experiments such
as methanol (99.5%) and sulfuric acid (99% pure) were of
analytical reagent (AR) grade. The KOH in pellet form was
used as a base catalyst for transesterification reaction.
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Experiments were conducted in a laboratory-scale setup
developed at IIT Kharagpur [9,10].

2.1. Pretreatment—first step in biodiesel production

Crude unrefined jatropha oil was dark greenish yellow in
color. The fatty acid profile of jatropha oil is given in Table 1.
Its FFA content was determined by standard titrimetry
method [10]. This oil had an initial acid value of 28 +1mg
KOH g™' corresponding to a FFA level of 14+0.5%, which
is far above the 1% limit for satisfactory transesterification
reaction using alkaline catalyst. Therefore, FFAs were first
converted to esters in a pretreatment process with methanol
using an acid catalyst (H,SO,). The acid value of the product
separated at the bottom was determined. The product having
acid value less than 24+0.25mg KOH g_1 was used for the
transesterification reaction.

2.2. Transesterification—second step in biodiesel production

The transesterification reaction was carried out with
0.20 v/v methanol-to-oil ratio (i.e., 5:1 molar ratio) using
0.55% w/v KOH as an alkaline catalyst. The amount of
KOH (5.5g17" of pretreated jatropha oil) was reached
based on the amount needed to neutralize the unreacted
acids (i.e., 2mg KOH g™ ') in the second stage product plus
0.35% for virgin oil. The reaction was carried out at 60 °C
for half an hour and the products were allowed to settle
overnight before removing the glycerol layer from the
bottom in a separating funnel to get the ester layer on the
top, called biodiesel.

2.3. Fuel properties

The fuel properties namely, density at 15°C, kinematic
viscosity at 40 °C, flash point, pour point, water content, ash
content, carbon residue, acid value and calorific value of
jatropha oil, jatropha biodiesel and conventional diesel were
determined as per the prescribed methods and compared with
the latest American and European standards [11,12].

2.4. Experimental design

The experimental plan was made using central composite
rotatable design (CCRD) to provide data to model the

effects of the independent variables, i.e., methanol-to-oil
ratio, acid concentration and reaction time on the
pretreatment step as compared to methanol-to-pretreated
oil ratio and reaction time on the transesterification step of
the jatropha biodiesel production process.

2.4.1. Pretreatment process

A five-level-three-factor CCRD was employed in this
optimization study, requiring 34 experiments [9,13,14].
Methanol-to-oil ratio (M), catalyst concentration (C) and
reaction time (7)) were the independent variables selected to
be optimized for the reduction of acid value (AV) of crude
jatropha oil. The coded and uncoded levels of the
independent variables are given in Table 2a. Two replica-
tions were carried out for all design points (factorial and
central) except the center point (0,0, 0) and the experiments
were carried out in randomized order.

2.4.2. Transesterification process

A five-level-two-factor CCRD was employed in this
optimization study, requiring 21 experiments [13,14].
Methanol-to-pretreated oil ratio (M’) and reaction time
(T") were the independent variables selected to be
optimized for the transesterification of pretreated jatropha
oil. The coded and uncoded (actual) levels of the
independent variables are given in Table 2b. Two replica-
tions were carried out for all design points (factorial and
axial) except the center points (0,0) and the experiments
were carried out in randomized order.

2.4.3. Statistical analysis

The experimental data obtained by following the above
procedures were analyzed by the response surface regres-
sion procedure using the following second-order polyno-
mial equation:

3 3 3

y=Pp+ Z Bixi + Z.Biix? + Z Z Bixix;, (1
i=1 i=1 i<j=1

where y is the response (acid value or percentage con-

version); x; and x; are the uncoded independent variables

and fo, B, Pi and f; are intercept, linear, quadratic

and interaction constant coefficients, respectively. Design

Table 2a
Independent variable and levels used for CCRD in pretreatment process

Table 1 Variables Symbols Levels®
Fatty acid composition of jatropha oil

1.682 -1 0 +1  +1.682
Fatty acid Systemic name Formula  Structure® wt% (o) ()
Palmitic Hexadecanoic CicH3,0, 16:0 11.3 Methanol-to-oil ratio M 0.20 0.24 0.30 0.36 0.4
Stearic Octadecanoic CigH360, 18:0 17.0 v/v)
Arachidic  Eicosanoic Cr0H400,  20:0 4.7 H,SO, concentration C 1.3 1.36 145 1.54 1.6
Oleic cis-9-Octadecenoic CgH340, 18:1 12.8 (% v/v)
Linoleic cis-9,cis-12-Octadecadienoic  CigH3,0, 18:2 47.3 Reaction time (min) T 30 42.2 60 77.8 90

Source: Adebowale and Adedire [15].
#Carbons in the chain: double bonds.

#Transformation of variable levels from coded (X) to uncoded could be
obtained as: M =0.30+0.06X, C =1.45+0.09X and T = 60+ 17.8X.
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Expert software package was used for regression analysis
and analysis of variance (ANOVA). Several optimization
points for each independent variable for both the processes
at which an acid value of less than 2 or percentage

Table 2b
Independent variable and levels used for CCRD in transesterification
process

Variables Symbols Levels®
1.414 -1 0 +1 +1.414
(o) ()
Methanol-to-oil ratio M’ 0.15 0.16 0.20 0.24 0.25
v/v)
Reaction time (min) T 20 23 30 37 40

“Transformation of variable levels from coded (X) to uncoded could be
obtained as: M = 0.20+0.04X and 7= 30+ 7.0X.

Table 3
CCRD arrangement and responses for pretreatment process

conversion as 100 were obtained. Confirmatory experi-
ments were carried out to validate the equations, using
combinations of independent variables, which were not
part of the original experimental design but were within the
experimental region.

3. Results and discussion
3.1. Pretreatment

Experimental as well as predicted values obtained for
acid value responses at the design points are shown in
Table 3. All the three variables are shown in both coded
and uncoded (actual) form. Multiple regression coefficients
as indicated in Table 4 were obtained by employing a least-
square technique to predict quadratic polynomial model
for the acid value. The table shows that linear and
quadratic terms of M, linear and quadratic term of C,

Treatment Random Point type Level of variables [(coded) actual] Acid value (mg KOHg™")
(responses)
Methanol-to-oil H,SO, concentration Reaction time Experimental Predicted
ratio (v/v) M (%, v/v) C (min) T
1 2 Fact (=1)0.24 (=1) 1.36 (1) 42.16 5.55 5.61
2 19 Fact (—=1)0.24 (=1) 1.36 (—1) 42.16 5.60 5.61
3 34 Fact (+1)0.36 (-1) 1.36 (—1) 42.16 2.12 2.51
4 12 Fact (+1)0.36 (=1) 1.36 (—1) 42.16 2.14 2.51
5 1 Fact (—=1)0.24 (—=1) 1.54 (—1) 42.16 5.01 4.17
6 5 Fact (—=1)0.24 (=1) 1.54 (1) 42.16 4.96 4.17
7 14 Fact (+1)0.36 (=1) 1.54 (1) 42.16 3.67 2.89
8 18 Fact (+1)0.36 (=1) 1.54 (—1) 42.16 3.53 2.89
9 10 Fact (—=1)0.24 (-1) 1.36 (+1)77.84 4.06 4.64
10 26 Fact (=1)0.24 (=1) 1.36 (+1)77.84 4.12 4.64
11 22 Fact (+1)0.36 (-1) 1.36 (+1)77.84 2.00 2.66
12 16 Fact (+1)0.36 (=1 1.36 (+1)77.84 2.00 2.66
13 6 Fact (—=1)0.24 (—1) 1.54 (+1)77.84 2.86 2.27
14 13 Fact (-1)0.24 (-1) 1.54 (+1)77.84 2.76 2.27
15 15 Fact (+1)0.36 (—=1) 1.54 (+1)77.84 2.21 2.11
16 29 Fact (+1)0.36 (—1) 1.54 (+1)77.84 2.40 2.11
17 31 Axial (—a) 0.20 (0) 1.45 (0) 60.00 4.32 4.70
18 20 Axial (—a) 0.20 (0) 1.45 (0) 60.00 4.34 4.70
19 7 Axial (—a) 0.40 (0) 1.45 (0) 60.00 2.13 1.96
20 30 Axial (—o) 0.40 (0) 1.45 (0) 60.00 2.10 1.96
21 21 Axial (0) 0.30 (—o) 1.30 (0) 60.00 6.01 5.02
22 28 Axial (0) 0.30 (—o) 1.30 (0) 60.00 6.13 5.02
23 17 Axial (0) 0.30 (+a) 1.60 (0) 60.00 2.10 3.34
24 24 Axial (0) 0.30 (+a) 1.60 (0) 60.00 2.04 3.34
25 23 Axial (0) 0.30 (0) 1.45 (—a) 30.00 2.40 3.06
26 9 Axial (0) 0.30 (0) 1.45 (—o) 30.00 2.55 3.06
27 3 Axial (0) 0.30 (0) 1.45 (+a) 90.00 2.00 1.59
28 8 Axial (0) 0.30 (0) 1.45 (+a) 90.00 1.90 1.59
29 4 Center (0) 0.30 (0) 1.45 (0) 60.00 2.01 1.97
30 27 Center (0) 0.30 (0) 1.45 (0) 60.00 2.00 1.97
31 33 Center (0) 0.30 (0) 1.45 (0) 60.00 2.08 1.97
32 25 Center (0) 0.30 (0) 1.45 (0) 60.00 2.00 1.97
33 11 Center (0) 0.30 (0) 1.45 (0) 60.00 1.75 1.97
34 32 Center (0) 0.30 (0) 1.45 (0) 60.00 2.05 1.97

Average absolute relative deviation percentage in response = 3.12.
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Table 4
Regression coefficients of predicted quadratic polynomial model for
pretreatment

Terms Regression coefficients® SE
Intercept
Bo +265.688** 0.28
Linear
B —236.000** 0.13
i —307.965™* 0.13
B3 +0.060™* 0.13
Quadratic
B +136.485%* 0.15
Bas +98.390™* 0.15
B3z +3.943E—-004 0.15
Interaction
B +85.908* 0.17
B3 +0.264 0.17
Bas —0.146 0.17
AR? = 0.82, F-value = 11.88, P-value = 0.0001.

*Significant at 0.05 level.
**Significant at 0.01 level.

linear term of 7 and interaction term M C were found to be
significant model terms in reducing the acid value. The
regression model was found to be highly significant with a
coefficient of determination 0.82. Using the coefficients
determined, the predicted model in terms of uncoded
(actual) factors for acid value is

Acid value = 265.688 — 236.000M — 307.965C
+ 0.0607 + 85.908 M C + 0.264MT

—0.146CT + 136.485M° + 98.39C?
+3.943E — 00477, ()

Effect of M, C and T on acid value reduction is shown in
Fig. la—c. The optimized critical values were found to be
0.28v/v M, 1.43%v/v C and 88min 7, locating the
stationary point in the experimental region. Verification
experiments showed reasonably close value of 2.0+0.15mg
KOH g ' to the predicted value for the stationary point
(2.0mg KOH g~ ") and thus confirmed the adequacy of the
predicted model.

3.1.1. Effect of parameters

Contours (Fig. 1a—) were drawn at constant value of §8-
min reaction time (7), 1.43% v/v catalyst concentration (C)
and 0.28 v/v methanol-to-oil ratio (M), respectively. The
responses corresponding to the contour plots of second-
order predicted model indicated that, for low methanol-to-
oil ratio, acid value reduces with increasing catalyst
concentration (Fig. la) and reaction time (Fig. 1b),
reaction time being less effective as the contours are almost
parallel to y-axis. Maximum conversion of FFA were
therefore, obtained for large catalyst concentration fol-
lowed by methanol-to-oil ratio due to the fact that these
parameters were most significant with negative effect.

)

1.60

1.52

1.45

1.38

C: Catalyst Concentration (% V/V)

- T 1
0.20 0.25 0.30 0.35 0.40
M: Methanol-to-oil Ratio (v/v)

90.00

75.00

60.00

T: Reaction Time (Min)

45.00

0.20 0.25 0.30 0.35 0.40
M: Methanol-to-oil Ratio (v/v)

75.00

60.00

T: Reaction Time (Min)

45.00

30.00

i ]. ; i 5
1.30 1.38 1.45 1.52 1.60

C: Catalyst concentration (%v/v)

Fig. 1. Contour plots of acid value (mg KOHg™') predicted from the
quadratic model.

However, at higher methanol-to-oil ratio, there seemed to
be less effect of increase in reaction time (Fig. 1b) but there
was increase in acid value with increase in catalyst
concentration (Fig. la). This could be due to greater
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Table 5
CCRD arrangement and responses for transesterification process

Treatment Random Point type Level of variables [(coded) actual] Percentage conversion (responses)
Methanol-to-oil Reaction time (min) Experimental Predicted
ratio (v/v) M T

1 1 Fact (-1)0.16 (—1) 22.93 100.0 100.0
2 7 Fact (-1)0.16 (=1) 22.93 100.0 100.0
3 11 Fact (+1)0.24 (—=1) 22.93 95.0 95.4
4 5 Fact (+1)0.24 (—=1) 22.93 95.0 95.4
5 10 Fact (=1)0.16 (+1) 37.07 100.0 99.2
6 20 Fact (=1)0.16 (+1) 37.07 100.0 99.2
7 12 Fact (+1)0.24 (+1) 37.07 99.0 98.4
8 16 Fact (+1)0.24 (+1)37.07 99.0 98.4
9 18 Axial (—a) 0.15 (0) 30.00 98.0 98.4
10 19 Axial (=) 0.15 (0) 30.00 98.0 98.4
11 13 Axial (+a)0.25 (0) 30.00 95.0 94.5
12 2 Axial (+2) 0.25 (0) 30.00 94.0 94.5
13 3 Axial (0) 0.20 (—o) 20.00 100.0 99.5
14 4 Axial (0) 0.20 (—a) 20.00 100.0 99.5
15 8 Axial (0) 0.20 (+ o) 40.00 100.0 100.0
16 15 Axial (0) 0.20 (+a) 40.00 100.0 100.0
17 6 Center (0) 0.20 (0) 30.00 99.0 99.0
18 9 Center (0) 0.20 (0) 30.00 100.0 99.0
19 17 Center (0) 0.20 (0) 30.00 98.0 99.0
20 14 Center (0) 0.20 (0) 30.00 99.0 99.0
21 21 Center (0) 0.20 (0) 30.00 99.0 99.0
Table 6

Regression coefficients of predicted quadratic polynomial model for
transesterification

Terms Regression coefficients® SE
Intercept

Bo 99.00** 0.31
Linear term

b1 —1.37** 0.17

i3 0.50* 0.17
Quadratic term

B —1.28"* 0.22

B 0.59** 0.22
Interaction term

Bia 1.00* 0.25

AR? = 0.9, F-value = 29.39, P-value = 0.0001.
*Significant at 0.05 level.
**Significant at 0.01 level.

positive coefficients of methanol—catalyst (MC) interaction
than methanol-time (MT) interaction.

At low catalyst concentrations, there was slight decrease
in acid value with increase in reaction time, since the time
effect was little positive (Fig. 1c). For higher catalyst
concentrations, the decrease of acid value with increase
in time became smaller (as a result of the negative
interaction term CT). It was also observed that increasing
reaction time beyond 90 min does not have much effect on
reducing the acid value (Fig. 1b and c). This might be due
to the effect of water produced during the esterification of
FFAs, which prevented the reaction in forward direction.

T": Reaction Time (min)

10.00 13.75

17.50
M' : Methanol-to-oil Ratio (v/v)

21.25 25.00

Fig. 2. Contour plots of percent conversion predicted from the quadratic
model.

3.2. Transesterification

Experimental as well as predicted values of percentage
conversion, obtained as response at the design points are
shown in Table 5. Multiple regression coefficients are
indicated in Table 6. The table shows that linear and
quadratic terms of M, linear and quadratic term of 77 and
interaction term M'T are significant model terms. The
regression model was found to be highly significant with a
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Table 7
Fuel properties of jatropha oil, jatropha biodiesel and diesel

Property Unit Jatropha oil Jatropha biodiesel Diesel Biodiesel standards

ASTM D 6751-02 DIN EN 14214
Density at 15°C kgm™> 940 880 850 — 860-900
Viscosity at 15°C mm’s™! 24.5 4.80 2.60 1.9-6.0 3.5-5.0
Flash point °C 225 135 68 >130 >120
Pour point °C 4 2 -20 — —
Water content % 1.4 0.025 0.02 <0.03 <0.05
Ash content % 0.8 0.012 0.01 <0.02 <0.02
Carbon residue % 1.0 0.20 0.17 — <0.30
Acid value mg KOHg™! 28.0 0.40 — <0.80 <0.50
Calorific value MJkg™! 38.65 39.23 42 — —

coefficient of determination as 0.90. Using the coefficients
determined the predicted model for percentage conversion
is

% Conversion = 98.309 4+ 2.513M' — 1.442T’
+0.040M'T" — 0.103M"* + 0.0127"%. (3)

Effect of M’ and T on % conversion is shown in Fig. 2.
The optimized critical values were found to be 0.16 v/v M’
and 24 min 7.

3.2.1. Effect of parameters

Contours (Fig. 2) were drawn with methanol-to-oil ratio
on Xx-axis and reaction time on y-axis. The responses
corresponding to the contour plots indicated that there are
two optimum ranges of methanol-to-pretreated oil ratio
(M), one in the lower half of the contour plots and the
other in the upper half, where conversion was close to
100%. However, the upper ranges are larger than the lower
ranges. These higher values in the upper range are simply
discarded because of more reaction time and higher
methanol consumption.

Regarding the lower half of the contour plot, at low
methanol-to-oil ratio, there was a moderate decrease in the
percentage conversion with increase in reaction time due to
the fact that time effect was negative (Eq. (3)). For higher
methanol-to-pretreated oil ratio, there was a moderate
increase in the percentage conversion with increase in
reaction time. This could be due to positive effect of
methanol-to-pretreated oil ratio, quadratic term of time
and methanol-time interaction term (Eq. (3)).

4. Fuel properties of jatropha biodiesel

Following the above-mentioned optimized process, yield
of biodiesel above 99% was obtained from jatropha oil.
The fuel properties of this biodiesel are summarized in
Table 7. Jatropha biodiesel had comparable fuel properties
with those of diesel and conforming to the latest standards
for biodiesel.

5. Conclusions

The high FFA (14%) level of crude jatropha oil could be
reduced to less than 1% by its pretreatment with methanol
(0.28 v/v) using H,SO, as catalyst (1.43% v/v) in 88-min
reaction time at 60 °C temperature. After pretreatment, the
product was used for the final alkali-catalyzed (3.5+ acid
value, w/v KOH) transesterification reaction with metha-
nol (0.16v/v) to produce biodiesel in 24 min of reaction
time. Quadratic polynomial models were obtained to
predict acid value and % conversion. This process gave a
yield of jatropha biodiesel above 99% having properties
satisfying the standards for biodiesel.
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