
Optimization of Biodiesel Production from Castor Oil
Using Response Surface Methodology

Gwi-Taek Jeong & Don-Hee Park

Received: 20 May 2008 /Accepted: 2 December 2008 /
Published online: 17 December 2008
# Humana Press 2008

Abstract The short supply of edible vegetable oils is the limiting factor in the progression
of biodiesel technology; thus, in this study, we applied response surface methodology in
order to optimize the reaction factors for biodiesel synthesis from inedible castor oil.
Specifically, we evaluated the effects of multiple parameters and their reciprocal
interactions using a five-level three-factor design. In a total of 20 individual experiments,
we optimized the reaction temperature, oil-to-methanol molar ratio, and quantity of catalyst.
Our model equation predicted that the following conditions would generate the maximum
quantity of castor biodiesel (92 wt.%): a 40-min reaction at 35.5 °C, with an oil-to-
methanol molar ratio of 1:8.24, and a catalyst concentration of 1.45% of KOH by weight of
castor oil. Subsequent empirical analyses of the biodiesel generated under the predicted
conditions showed that the model equation accurately predicted castor biodiesel yields
within the tested ranges. The biodiesel produced from castor oil satisfied the relevant
quality standards without regard to viscosity and cold filter plugging point.
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Introduction

Over the past three decades, many researchers have focused on the development of novel
renewable and sustainable petroleum substitutes, including biodiesel. Currently, the short
supply of edible oils from which biofuels can be manufactured, in addition to the attendant
higher feedstock costs, limits the expansion of the commercial biodiesel market [1–4].
Multiple studies have involved the direct application of fatty acid esters from a variety
of vegetable oils, animal fats, and waste oils as biodiesel fuels and chemical substitutes
[1, 3–6]. These biodiesel products have several advantages over petroleum products, in that
they are biodegradable, nontoxic, eco-friendly, and useful in CO2 recycling over short
periods [7, 8].

This work describes the transesterification of castor oil using methanol and potassium
hydroxide. Castor oil (Ricinus communis L.), which comes from a member of the
Euphorbiaceae family which grows in temperate climates all over the world [9, 10], is an
odorless, viscous, pale-yellow, nonvolatile, and nondrying oil. This oil has a triglyceride
content of 80–90% ricinoleic acid (12-hydroxy-cis-octadec-9-enoic acid), 3–6% linoleic
acid, 2–4% oleic acid, and 1–5% saturated fatty acids, such as palmitic acid and stearic
acid. In the fatty acids of castor oil, ricinoleic acid and its derivatives evidence
indigestibility, high hygroscopicity, high solubility in alcohol, and high viscosity as
compared to edible vegetable oils. In addition, its C-12 hydroxyl group imparts several
unique chemical and physical properties, including high viscosity [9, 11, 12]. Its viscosity
is more than 100 times that of the no. 2 diesel fuel. Other edible oils have viscosities
ranging from ten to 20 times higher than that of the no. 2 diesel fuel [12]. Owing to its
unique structure, ricinoleic acid is currently utilized as a raw material for paints, coatings,
inks, lubricants, plastics, cosmetics, and a broad range of other products [10]. Many studies
have been conducted regarding the production of biodiesel from castor oil [11–15]. Silva
et al. [12] previously reported that the reaction temperature did not affect the reaction,
because the castor oil is soluble in ethanol at room temperature. By way of contrast, other
studies [3, 7, 13, 16, 17] have reported that the reaction temperature exerted a significant
influence on the biodiesel synthesis rate when vegetable oils and fats were used as
feedstock.

In previous studies, many factors affect the biodiesel production process with short-chain
alcohols and an alkali catalyst, including the free fatty acid and water content of the
feedstocks, the quantity of alcohol, the amount and type of catalyst, the reaction
temperature, the mixing strength, and reaction time [3, 8, 16–18]. In this study, the speed
of mixing and reaction time were maintained at a constant 300 rpm and 40 min.
Adequately, addressing and optimizing so many reaction factors requires an enormous
number of experiments, and this is laborious, time consuming, and cost prohibitive.
Response surface methodology (RSM) is a useful statistical technique for the evaluation or
optimization of complex processes, as it reduces the number of experiments required to
acquire sufficient data for a statistically reasonable result. Other groups have applied RSM
in an effort to optimize process factors for biodiesel production, using rapeseed oil, soybean
oil, cottonseed oil, castor oil, and lard [12, 17, 19–21]. In order to address this issue, we
conducted a study to assess the potential of castor oil, an inedible vegetable oil, as a
biodiesel feedstock, and we optimized the associated process factors via response surface
methodology with a five-level three factor design.
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Materials and Methods

Materials

The starting material, refined and bleached castor oil (Ricinus oil; acid value 18.3 mg KOH/g),
was acquired from Duksan Pure Chemical Co., Ltd. (Ansan, South Korea). The fatty acid
composition of the castor oil was 4.90% oleic acid, 0.74% palmitic acid, 4.21% stearic
acid, 0.67% linoleic acid, 1.0% linolenic acid, 88.26% ricinoleic acid, and 0.22% others.
Fatty acid methyl ester reference standards for gas chromatography analysis, including
palmitic, stearic, linolenic, linoleic, oleic, ricinoleic, and heptadecanoic methyl esters,
all > 99% pure, were purchased from Sigma Chemical Co. Ltd. (St. Louis, MO, USA).
Methanol, potassium hydroxide, and all other chemicals used in this study were of
analytical grade.

Reaction Procedures

Initially, the 100-mL reaction bottle was charged with 30 g of castor oil and heated to
the set temperature with mixing at approximately 300 rpm using a magnetic stirrer. As
indicated in the individual experiments, variable quantities of catalyst were dissolved in
varying amounts of methanol. After the reaction bottle containing the reactant achieved
the set temperature, methanolic catalyst was added. The reaction was permitted to
proceed for 40 min for complete reaction, beginning at the point at which the catalyst
and methanol were added. The specific experimental factors are described in detail in
Table 1.

Experimental Design

In order to optimize the reaction factors, a five-level three-factor central composite rotatable
design (CCRD) was utilized in this study. In order to gain information regarding the interior
of the experimental region and to evaluate the curvature, this study was conducted in a total
of 20 experiments in accordance with a 23 complete factorial design plus six central points
and six axial points (star points). The distance of the star points from the center point is
provided by α=(2n)1/4, in which n is the number of independent factors, for three factors
α=1.68 [16, 17]. The experimental factors selected for optimization and their respective

Table 1 Factors and their levels for response surface design.

Variable Symbol Coded factor levels

−1.68 (−α) −1 0 1 1.68 (+α)

Reaction temperature(°C) X1 24.8 35 50 65 75.2
Oil/methanol molar ratio (−) X2 2.45 4.5 7.5 10.5 12.55
Catalyst amount (% (w/w)) X3 0.16 0.5 1.0 1.5 1.84
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ranges were as follows: reaction temperature (24.8–75.2 °C), oil-to-methanol molar ratio
(1:2.45–1:12.55), and quantity of KOH catalyst (0.16–1.84 wt.%). The variable ranges
adopted, as provided in Table 1, were selected to cover the intervals commonly utilized in
the literature [16, 17]. Table 1 describes the coded and uncoded independent factors (Xi),
the test ranges for the parameters, and the overall experimental design.

Statistical Analysis

The experimental design was analyzed with RSM, and the quadratic response surface
model was fitted to the equation provided below in Eq. 1, which was designed by Design-
Expert 6 software (Stat-Ease, Inc., Minneapolis, MN, USA). The fit of the model was
evaluated using the coefficients of determination and analysis of variance (ANOVA) [17].

Y ¼ bk0 þ
X3

i¼1

bkixi þ
X3

i¼1

bkiix
2
i þ

X2

i¼1

X3

j¼iþ1

bkijxixj ð1Þ

in which Y is the response factor (fatty acid ester content), xi is the ith independent factor, β0
is the intercept, βi is the first-order model coefficient, βii is the quadratic coefficient for the
factor i, and βij is the linear model coefficient for the interaction between factors i and j.

Analytical Methods

Sample preparation: Approximately 1 mL of sample mixture was collected in a 10-mL test
tube and mixed immediately with the indicated quantity of 1 N hydrochloric acid, in order
to neutralize the residue catalyst and stop the reaction. Nonreacted methanol and glycerin
were evaporated from the samples, which were subsequently diluted with a hexane-
containing internal standard (methyl heptadecanonate) for gas chromatography analysis
[3, 17].

Quantitative Analysis of Fatty Acid Methyl Ester Content

Fatty acid ester content in each sample was measured with KS H ISO 5508 (animal and
vegetable fats and oils analysis by gas chromatography of methyl esters of fatty acids)
[3, 16, 22]. The analyses were conducted on a gas chromatograph (Donam Instruments Inc.,
Gyeonngi-do, South Korea) using a fused silica capillary column (HP-INNOWAX, Agilent
Technologies, Novi, MI, USA) and a flame-ionization detector with an injector temperature
of 250 °C, an oven temperature of 210 °C, and a detector temperature of 250 °C.

Viscosity

The viscosities of the castor oil and the resultant biodiesel were measured with a viscometer
(DV-II+Pro, Brookfield Engineering Laboratories, Inc., Middleboro, MA, USA) at 40 °C
[17].

Cold Filter Plugging Point

The cold filter plugging points (CFPP) of the castor oil and the resultant biodiesel were
measured with an automatic CFPP tester (Tanaka AFP-102, Cannon Instrument Company,
Kawasaki, Japan) [17].
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Results and Discussion

Optimization of Reaction Conditions by RSM

In an effort to optimize the reaction factors for castor oil biodiesel production, we selected a
CCRD with a five-level three-factor design that addressed reaction temperature, oil-to-
methanol molar ratio, and the quantity of catalyst. Table 2 describes these experimental
parameters and their results, on the basis of the CCRD experimental design. We conducted
the 20 designed experiments and analyzed the results with multiple regressions using
Design-Expert 6 software. Regression analysis yielded three linear coefficients (X1, X2, X3),
three quadratic coefficients (X 2

1 , X
2
2 , X

2
3 ), and three cross-product coefficients (X1X2, X1X3,

X2X3) for the full model (Table 3). Table 3 also describes the ANOVA for the response
surface quadratic model. We evaluated the coefficients of the response surface model as
described in Eq. 1. The p values of the linear coefficients without X1 showed that these
coefficients were more significant than their quadratic and cross-product terms, but we
considered all of the factor coefficients when designing the model in an effort to minimize
error. The low lack of fit, as indicated by the ANOVA of the reaction factors, indicated that
the model would accurately predict the relationships between the reaction factors within the
selected ranges. The coefficient of determination of the model is 0.74, which demonstrates
that the model adequately represented the actual relationships among these experimental
factors.

Table 2 Central composite rotatable second-order design, experimental data for five-level-three-factor
response surface analysis.

Std Run Temperature
(°C) X1

Oil-to-methanol
molar ratio (−) X2

Catalyst amount
(% (w/w)) X3

Fatty acid esters
content (%)

3 1 −1 1 −1 82.5
11 2 0 −1.68 0 51.1
16 3 0 0 0 85.4
12 4 0 1.68 0 84.9
14 5 0 0 1.68 84.4
13 6 0 0 −1.68 38.0
8 7 1 1 1 85.8
9 8 −1.68 0 0 86.2
18 9 0 0 0 85.3
4 10 1 1 −1 84.9
5 11 −1 −1 1 87.2
15 12 0 0 0 86.1
10 13 1.68 0 0 85.6
1 14 −1 −1 −1 73.1
7 15 −1 1 1 89.5
20 16 0 0 0 84.5
19 17 0 0 0 85.4
6 18 1 −1 1 79.9
17 19 0 0 0 85.3
2 20 1 −1 −1 71.8
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The final estimative response model equation (based on the final empirical values), by
which we analyzed castor biodiesel synthesis, was as follows:

Y ¼ 23:827� 1:125 X1þ8:647 X2þ84:527 X3þ0:011 X 2
1�0:422 X 2

2�24:862 X 2
3

þ 0:020 X1X2�0:200 X1X3�1:191 X2X3

ð2Þ

in which Y is the response factor, fatty acid ester content (wt.%). X1, X2, and X3 are the
values of the three independent factors, reaction temperature (°C), the oil-to-methanol
molar ratio (−), and the quantity of catalyst (wt.%). The model coefficients and probability
values (coded values) are provided in Table 4. The model adequately represented the actual
relationships among these experimental factors.

Figure 1 presents the effects of reaction temperature, oil-to-methanol molar ratio, and
their reciprocal interactions on castor biodiesel production using 1.0 wt.% KOH as a
catalyst and a reaction time of 40 min. Increases in reaction temperature did not
significantly affect the fatty acid ester content at any of the tested oil-to-methanol molar
ratios. This result showed that the reaction temperature did not significantly influence the

Table 4 Regression coefficients and significance of response surface quadratic model.

Factor Coefficient estimatea df Standard error 95% CI low 95% CI high VIF

Intercept 84.978 1 3.762 76.596 93.360
X1 −0.805 1 2.496 −6.367 4.756 1.000
X2 6.409 1 2.496 0.847 11.970 1.000
X3 7.924 1 2.496 2.363 13.485 1.000
X 2
1 2.519 1 2.430 −2.895 7.933 1.018

X 2
2 −3.802 1 2.430 −9.216 1.612 1.018

X 2
3 −6.216 1 2.430 −11.629 −0.802 1.018

X1 X2 0.915 1 3.261 −6.351 8.181 1.000
X1 X3 −1.503 1 3.261 −8.770 5.763 1.000
X2 X3 −1.786 1 3.261 −9.053 5.480 1.000

a Coefficient estimate values in terms of coded factors

Table 3 ANOVA for response surface quadratic model analysis of variance table.

Source Sum of squares df Mean square F value Prob > F

Model 2,354.0 9 261.6 3.074 0.0475
X1 8.9 1 8.9 0.104 0.7536
X2 560.9 1 560.9 6.593 0.0280
X3 857.5 1 857.5 10.079 0.0099
X 2
1 91.4 1 91.4 1.075 0.3243

X 2
2 208.3 1 208.3 2.448 0.1487

X 2
3 556.8 1 556.8 6.544 0.0285

X1 X2 6.7 1 6.7 0.079 0.7848
X1 X3 18.1 1 18.1 0.212 0.6547
X2 X3 25.5 1 25.5 0.300 0.5959
Residual 850.8 10 85.1
Lack of fit 849.5 5 169.9 634.0161 <0.0001
Pure error 1.3 5 0.3
Cor. Total 3,204.8 19
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process of castor oil transesterification. In a similar case, Silva et al. [12] reported that the
reaction temperature did not affect the castor oil alcoholysis reaction, because castor oil is
soluble in ethanol at room temperature. By way of contrast, other studies [3, 7, 16, 17] have
demonstrated that the reaction temperature exerted a significant degree of influence on the
rate of biodiesel synthesis using vegetable oils and fats as feedstock. The difference
between our results and theirs may stem from some of the unique characteristics of castor
oil, most notably its high solubility in alcohol and its high viscosity. Castor oil has a
viscosity of approximately 238 cp at 40 °C. This value is more than seven to ten times that
of conventional vegetable oils and fats [3, 14, 17]. In order to explain the effects of reaction
temperature and alcohol solubility of castor oil on viscosity change, the changes in the
viscosity of castor oil were assessed with changes in reaction temperature and the added
amount of methanol. Figure 2 shows the effects of reaction temperature on the viscosity
changes of castor oil. In the case of 100% castor oil, the viscosity of castor oil was reduced
sharply by increases in the reaction temperature. Nevertheless, its viscosity at 70 °C is
higher than that of commercial oils and fats at room temperature. This high viscosity is
interrupt to complete mixing of castor oil, whereas in the case of a mixture of methanol/oil
at a ratio of 30% (v/v), the viscosity changes of methanol/oil mixture evidenced a low slope

Fig. 1 Response surface plots
representing the effects of reac-
tion temperature, catalyst
amounts, and their reciprocal
interaction on castor biodiesel
synthesis. Other factors are
constant at a level of zero
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decrease. Nevertheless, these values were higher than those of conventional oils and fats. In
this experiment, the mixed form of methanol/oil exhibited a similar condition as a real
reactant of castor oil transesterification. Figure 3 provides the effects of the methanol/oil
ratio of the mixture on the viscosity change of castor oil at 40 °C. The viscosities of the
mixture of castor oil and methanol were reduced sharply by increases in the methanol/oil
ratio. Generally, conventional oils and fats do not mix well with alcohol. Thus, in order to
enhance reaction yield, the chance of reaction with oil and alcohol can be increased by
increasing the temperature and the amount of alcohol [3, 17, 18]. However, in the case of
castor oil, this problem was resolved via the addition of methanol to the castor oil, as these
two materials more readily form a uniform mix. As shown in Figs. 2 and 3, the viscosity of
castor oil was largely affected by the reaction temperature. Also, the viscosity of the
mixtures of castor oil and methanol was largely influenced by the quantity of added
methanol. However, the viscosity of the mixture of castor oil and methanol was affected
slightly by reaction temperature. A reduction in the viscosity of the mixtures of castor oil
and methanol can readily enhance the mixing of the reactant, which can subsequently
increase the reaction rate. In conclusion, castor oil’s high solubility in alcohol may be the
reason that reaction temperature did not significantly affect the reaction.

Figure 4 shows the effects of different reaction temperatures and quantities of added
catalyst on castor oil biodiesel synthesis, when a constant oil-to-methanol molar ratio of 7.5:1
was maintained. Increases in the reaction temperature did not significantly influence fatty acid
ester content under conditions in which any amount of catalyst had been added. By way of
contrast, increasing the designated quantity of catalyst, within the range of 0.5 to 1.5 wt.%,
resulted in an increase in fatty acid ester content when reaction temperature was held constant.
We obtained the maximal fatty acid ester content using approximately 1.3 wt.% KOH.

Figure 5 shows the effects of different oil-to-methanol molar ratios and quantities of
catalyst on castor biodiesel production at 50 °C. Within the designated range of catalyst
concentrations, the oil-to-methanol molar ratio profoundly influenced biodiesel synthesis.
In addition, at any of the designated oil-to-methanol molar ratios, an increase in the quantity
of added catalyst enhanced the fatty acid ester content in a linear trend. Our results showed
that these two factors, the oil-to-methanol molar ratio and the quantity of added catalyst, are
the principal parameters influencing biodiesel production from castor oil. On the basis of
the data shown in Figs. 1, 4, and 5, we delineated the optimal conditions for maximal fatty
acid ester acquisition: a high oil-to-methanol molar ratio in the presence of 1.2 to 1.5 wt.%
catalyst.

We determined the optimal values for these factors by resolving the regression equation
(Eq. 2) using Design-Expert 6 software. The optimal conditions were selected from within
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the designated range of reaction temperatures (35–65 °C), oil-to-methanol molar ratios
(1:4.5–1:10.5), and quantities of KOH (0.5–1.5 wt.%). The optimal conditions for biodiesel
synthesis from castor oil, as estimated by the model equation, were as follows: X1=35.5 °C,
X2=1:8.24, and X3=1.45 wt.% (Fig. 6). Theoretically, these conditions should yield a fatty
acid ester content of Y=92 wt.%. In order to verify the accuracy of the model, we conducted
three independent replicates for castor oil biodiesel synthesis under these optimal reaction
conditions. The average conversion yield was 93.2±0.8%, thus demonstrating that
statistical methods such as RSM, coupled to an appropriate experimental design, can
effectively estimate the optimal conditions for the process of biodiesel transesterification.
Our results are very promising, as Silva et al. [12] reported that the castor oil needs a large
quantity of excess ethanol for alkaline ethanolysis in order to achieve good conversion,
which can be obtained with ethanol: a castor oil molar ratio above 20:1. This value is more

Fig. 5 Response surface plots
representing the effects of catalyst
amount, oil-to-methanol molar
ratio, and their reciprocal interac-
tions on castor biodiesel synthe-
sis. Other factors are constant at
zero level

Fig. 4 Response surface plots
representing the effects of reac-
tion temperature, oil-to-methanol
molar ratio, and their reciprocal
interaction on castor biodiesel
synthesis. Other factors are
constant at zero level
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than two times that of our methanol: castor oil molar ratio of 8.24:1. This result provides
useful information that will facilitate the development and improvement of processes using
castor oil and alkali transesterification systems.

Characteristics of Castor Biodiesel

We evaluated the characteristics of the biodiesel we synthesized from castor oil, methanol,
and KOH by measuring its viscosity and CFPP. The methyl ester composition reflected the
original fatty acid composition of the castor oil. The original castor oil and its biodiesel
evidenced respective acid values of 18.1 and 3.1 mg KOH/g and respective viscosities of
238.6 and 20.3 cp at 40 °C. Importantly, the process reduced the viscosity by approximately
11.8-fold, yielding a biodiesel with a higher viscosity than that of other vegetable oil and
fat-derived biodiesels [2, 4, 17]. Additionally, the CFPP of the castor biodiesel was 8 °C,
which does not satisfy biodiesel quality standards (EN 14214; Table 5).

Conclusions

In this study, we conducted experiments using RSM to identify the optimal reaction factors
for a biodiesel synthesis process that utilized castor oil as a feedstock. Among the three
factors, reaction temperature affected the reaction slightly, owing primarily to certain
characteristics of castor oil, most notably alcohol solubility and high viscosity. Our

Table 5 Properties of castor oil and its biodiesel.

Properties Castor oil Biodiesel Analysis method

Acid value (mg KOH/g) 18.3 3.1 KS M ISO 6618
Viscosity (cp, 40 °C) 238.6 20.3 Viscometer
Cold filter plugging point (°C) N.T. 8 Automatic CFPP tester

N.T. not tested by high viscosity

Fig. 6 Response surface plot
representing the effect of reaction
temperature and catalyst amount
of the optimal castor biodiesel
synthesis conditions at the
stationary point (oil-to-methanol
molar ratio of 1:7.5 and reaction
time of 40 min)
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statistical experiments yielded the following optimal reaction factor values: reaction
temperature, 35.5 °C; oil-to-methanol molar ratio, 1:8.24; and 1.45 wt.% catalyst (KOH),
with a reaction time of 40 min. Under these predicted optimum conditions, we obtained
castor oil biodiesel with a fatty acid ester content of approximately 92 wt.%. Not only did
the experimental values closely match the values estimated by the model equation but also
the characteristics of the biodiesel produced from castor oil adequately satisfied the relevant
standards for biodiesel quality, with the exception of the cold filter plugging point and
viscosity.
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