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Abstract

The optimization of experimental parameters, such as catalyst type, catalyst concentration, molar ratio of alcohol to oil and reaction
temperature, on the transesterification for the production of rapeseed methyl ester has been studied. The Taguchi approach (Taguchi
method) was adopted as the experimental design methodology, which was adequate for understanding the effects of the control pa-
rameters and to optimize the experimental conditions from a limited number of experiments. The optimal experimental conditions
obtained from this study were potassium hydroxide as the catalyst, at a concentration of 1.5 wt %, and a reaction temperature of 60°C.
According to Taguchi method, the catalyst concentration played the most important role in the yield of rapeseed methyl ester. Finally,
theyield of rapeseed methyl ester was improved to 96.7% with the by optimal conditions of the control parameters which were obtained

by Taguchi method.
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1. Introduction

Biodiesel derived from vegetable oils and animal fats has re-
cently gained interest as a possible alternative to conventional
fossil diesel due to the rapid decrease in fossil fuel reserves and
the increase in crude oil prices. Biodiesel is a biodegradable, re-
newable and nontoxic fuel and its application as a diesel engine
fuel improves exhaust emissions, with great potential to de-
crease environmental pollution [1, 2].

The vegetable oils used as a source for the production of
biodiesel are mainly edible oils, such as soybean oil, rapeseed oil,
palm oil, sunflower oil and cotton seed [1-3]. Because of the high
prices of edible oils; however, non-edible oils, such as Jatropha
curcas [4] and Pongamia pinnata [5], are being used for biodiesel
production. The percentage of oil in the plant, and the yield of
oil per arable hectare, should be considered when choosing a
source for biodiesel production. For this reason, rapeseed and
palm kernel have significant potential as sources for biodiesel
production [2]. Rapeseed (e.g., braccica napus), for example,
can yield about 3 tons of crops per hectare and its seeds contain
about 42 wt % oil [6].

The main methods for the production of biodiesel are di-
rect use or blending of vegetable oil with solvents and physico-
chemical methods, such as micro-emulsification, pyrolysis and

transesterification [1]. However, biodiesel is commonly formed
from the triglycerides in vegetable oils via transesterification
with the use of a monohydric alcohol for the conversion pro-
cess in the presence of a basic or acidic catalyst. Glycerol is also
generated as a major by-product from biodiesel production. The
fuel-grade biodiesel produced from the transesterification pro-
cess of vegetable oils has quite similar main characteristics to
conventional fossil diesel [7].

The transesterification reaction is influenced by several ex-
perimental parameters, such as molar ratio of alcohol to oil, cat-
alysts type and concentration, as well as the reaction conditions.
In order to improve yields of biodiesel and the reaction rate, the
following experimental parameters have to be considered; the
molar ratio of alcohol to oil is one of the most important param-
eters capable of affecting the yield of biodiesel [8-10]. Excess al-
cohol is usually used to shift the equilibrium of the reaction in
the direction of the product and to achieve a higher yield from
the transesterification of vegetable oil [6]. If the molar ratio is
constant, a similar yield of biodiesel will be obtained, regardless
of vegetable oil used [11]. The molar ratio is correlated with the
type and concentration of catalyst [12]. The transesterification
with a basic catalyst is generally much faster than that with an
acidic catalyst, but the reaction catalyzed by an acid catalyst
results in a very high yield of biodiesel [12]. If the vegetable oil
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has a relatively high free fatty acid content and more water, the
use of an acid catalyst in the transesterification is suitable [1,
11]. The catalyst concentration is determined by the differences
in the molar ratio, catalyst type and oil characteristics consid-
ered in the reaction process [12]. The reaction temperature is
an important parameter affecting the reaction rate and yield in
biodiesel production. Transesterification is usually carried out
within the temperature range of 25 to 120°C, depending on the
type of catalyst and oil used [1, 11-13].

However, the optimal conditions of various parameters in
most experimental practices for the production of biodiesel
have so far been individually determined by trial and error.
Therefore, much times and efforts would be needed to investi-
gate the effects of all combinations of parameters included in
experimental research.

The objective of this study was to optimize the control pa-
rameters, such as catalyst type, catalyst concentration, molar
ratio of alcohol to oil and reaction temperature, on the trans-
esterification to produce rapeseed methyl ester. Using an ex-
perimental design technique by adopting the Taguchi approach
(Taguchi method), with a set of orthogonal arrays, the optimal
combination of experiment parameters was systematically esti-
mated from the results of nine experimental runs, which had the
equivalent effects of 81 experimental runs.

2. Materials and Methods
2.1. Materials

The rapeseed was provided by Daejeon, Korea, and dried in
drying oven at 80°C for 24 hours. The rapeseed oil was extracted
from raw seeds, using a small screw press and filtered, before the
transesterification without any treatment. All reagents for the
transesterification reaction were purchased from Sigma (USA)
and of analytical grade or higher. The standard for the fatty acid
methyl esters (FAMEs), which was a Grain FAME mix (10 mg mL"!
of the FAME reference standard mix in methylene chloride), was
purchased from Supelco (USA). Water, which was distilled and
deionized using an ultra-pure system (resistivity = 18.3 MQ cm),
was used in all experiments.

2.2. Fatty Acid Composition of Rapeseed Oil and Analysis

In order to determine the fatty acid composition of the rape-
seed oil, it was transesterified with 0.5 M sodium hydroxide-
methanol and 14% boron trifluoride-methanol. After transester-
ification, the fatty acid composition of the rapeseed methyl ester
was determined using gas chromatography (Fison 8000 series;
Italy), equipped with a flame ionization detector and a HP-In-
nowax capillary column (30 m x 0.25 mm x 0.25 pm). The injec-
tor and detector temperatures were 240 and 280°C, respectively.
The injector was used in the split mode, with a 50:1 split ratio.
The oven temperature was programmed to ramp from 140 to
260°C with 4°C min!, and then was held at 260°C for 10 minutes.
Nitrogen was used as the carrier gas, at a flow of 0.5 mL min.

For calculating the molecular weight of rapeseed oil, the
average fatty acid molecular weight was calculated from its
composition ratio and molecular weight. The rapeseed oil was
assumed to be a triglyceride with three fatty acid chains of iden-
tical molecular weight. The molecular weight of the triglyceride
was determined using the number of constituent atoms and its
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structure bonded to the oxygen atom of glycerol.
2.3. Production of Rapeseed Methyl Ester

The methyl ester was prepared by mixing methanol with
rapeseed oil using several catalysts. The reactions were per-
formed in a 500 mL three-necked batch reactor, equipped
with a water-cooled reflux condenser, a mechanical mixer and
a stopper to remove samples. This reactor was immersed in a
constant-temperature water bath, which was capable of main-
taining the reaction temperature to within +1°C. The solid cata-
lyst was dissolved in methanol, and the rapeseed oil added with
stirring. A continuous mixer for converting input power into
mechanical energy was used to mix the reactants. The impeller
of mixer, which was based on a rotor-stator design, was kept at a
constant 300 rpm. This was especially useful for mixing the cat-
alyst-methanol solution and rapeseed oil. The reflux condenser
was installed on the top of the reactor to capture and return any
vaporized methanol.

After transesterification, the reaction mixture was transferred
to a separating funnel equipped with a drainage valve at the bot-
tom. The reaction mixture was allowed to settle for 24 hours to
separate the methyl ester and glycerol. After settling, the glyc-
erol layer was removed. The separated methyl ester was treated
with a few drops of phosphoric acid (0.1 wt %) to deactivate the
catalyst residues. Excess methanol was then distilled off under
reduced pressure, with the methyl ester washed three times
with warm distilled water (about 40°C) to remove the soap and
residual methanol. Anhydrous magnesium sulfate was used to
remove any residual water from the methyl ester, and subse-
quently removed by filtration.

2.4. Design of Experiment for the Optimization of Trans-
esterification of Rapeseed Oil

The design of experiment used a statistical technique to in-
vestigate the effects of various parameters included in experi-
mental study and to determine their optimal combination. The
design of the experiment via the Taguchi method uses a set of or-
thogonal arrays for performing of the fewest experiments. That
is, the Taguchi method involves the determination of a large
number of experimental situations, described as orthogonal ar-
rays, to reduce errors and enhance the efficiency and reproduc-
ibility of the experiments. Orthogonal arrays are a set of tables of
numbers, which can be used to efficiently accomplish optimal
experimental designs by considering a number of experimental
situations [14].

An experimental design methodology adopting the Taguchi
approach was employed in this study, with the orthogonal array

Table 1. Design experiments, with four parameters at three-level, for
the production of rapeseed methyl esters

Levels
Parameters
1 2 3
A Molar ratio (oil/methanol) 1:6 1:9 1:12
B Catalyst type NaOH KOH NaOCH;,
C Catalyst concentration (wt %) 0.5 1.0 1.5
D Reaction temperature (°C) 30 45 60
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design used to screen the effects of four parameters, including
the molar ratio of alcohol to oil, catalyst type, catalyst concen-
tration and reaction temperature, on the production of rapeseed
methyl esters. The main operational parameters and levels were
based on those from previously reported studies [11, 15-17]. The

Table 2. Orthogonal array used to design experiments with four pa-
rameters at three-levels, L-9 (3%

Parameters and their levels

Experiment 114y ratio
no.

Catalyst Reaction
oncentration temperature
(wt %) (°C)

Catalyst
type

(oil/metha-
nol)

—_
—_

© N WN -
WWWN NN -
WN - WN = WN
DN = W W W =
— W DN DN =W W

four selected parameters, at three-levels, i.e. L-9 (3%), experimen-
tally studied are shown in Table 1. The diversity of factors was
studied by crossing the orthogonal array of the control param-
eters, as shown in Table 2. L-9 refers to a Latin square and the ex-
periment replication number. The numbers in Table 2 indicate
the levels of the parameters.

In this study, QUALITEK-4, which is software for the Auto-
matic Design and Analysis of Taguchi Experiments, was used to
analyze the results and optimize the experiment conditions for
setting the control variables.

3. Results and Discussion
3.1. Fatty Acid Composition of Rapeseed Oil

Vegetables oils, including rapeseed oil, are generally com-
posed of several saturated and unsaturated fatty acids. The fatty

Table 3. Fatty acids composition (wt %) of rapeseed oil

Fatty acid Formula and Mo}ecular Fatt.y.acid com-

structure weight (g) position (wt %)
Palmitic C,6H3,0, (C16:0) 256.4 2.3
Stearic C,3H340, (C18:0) 284.5 1.1
Oleic Cy;3H;,0, (C18:1) 282.5 14.8
Linoleic C,sH;,0, (C18:2) 280.5 12.5
Linolenic C,sH;,0, (C18:3) 278.4 9.2
Arachidic C,,H,4,0, (C20:0) 312.5 7.2
Eicosenoic C,,H3,0, (C20:1) 310.5 0.7
Erucic C,,H,,0, (C22:1) 338.6 45.1
Others 7.1
Mean molecular weight of fatty acids =309.4

Mean molecular weight of rapeseed oil = 966.2
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acids composition of rapeseed oil was analyzed according to
previously described procedures, which are shown in Table 3. A
total of eight different fatty acids were found in the rapeseed oil.
The most dominant fatty acid was erucic acid (C22, one carbon
bond), at 45.1 wt %, and also had major contents of unsaturated
fatty acids, such as oleic acid (14.8 wt %) and linoleic acid (12.5
wt %) (C18, one and two double carbon bonds). Saturated fatty
acids, such as palmitic (C16, saturated) and stearic (C18, satu-
rated), were found in small amounts in this oil.

Rapeseed oil is made up of a mixture of triglycerides, which
have chains of three fatty acids that contain about 16 to 22 car-
bon atoms, but with different degrees of saturation, as shown in
Table 3. The molecular weight of a triglyceride would approxi-
mate to the value for rapeseed oil. The molecular weights of fatty
acids were calculated by multiplying the numbers and molecu-
lar weights of carbon, hydrogen and oxygen atoms in the mo-
lecular. Multiplying the molecular weights of fatty acids by the
ratio of the fatty acids composition to the total fatty acids, the
value for rapeseed oil was obtained from the sum of the values
of the individual fatty acids. The mean molecular weight of fatty
acids was calculated to be 309.4 g, as a shown in Table 3. This was
based on the assumption that the three fatty acids had the same
molecular weights and a structure combined to the glycerol OH.
Consequently, the calculated mean molecular weight (weights
of one mole) of rapeseed oil (triglyceride) was 966.2, including
the molecular weight of CH-C-CH (38 g). It seems likely that this
value was higher than the values of other vegetable oils, due to
the high composition ratio of erucic acid (45.1%), which has a
higher molecular weight than that of other fatty acids.

3.2. Determination of Optimal Experimental Condition
by the Design of Experiment

The yields of rapeseed methyl ester, as biodiesel, prepared
under nine sets of experimental conditions are shown in Table
4. All experiments were performed with three repetitions, under
the same experimental conditions (e.g., molar ratio of alcohol to
oil, catalyst type, catalyst concentration and reaction tempera-
ture). From these results, experiment no. 3, which had a mean
yield of rapeseed methyl ester of 86.9%, appeared to have the

Table 4. Yields of rapeseed methyl ester and S/N ratios for the nine
sets of experiments

Experi- Yield of fatty acid methyl ester (%)

S/N ratio
ment no. Sample1l Sample2 Sample3  Mean
1 52.1 76.7 84.4 71.1 36.453
2 72.5 91.4 90.3 84.7 38.410
3 74.5 94.6 91.5 86.9 38.629
4 71.0 87.2 85.5 81.2 38.081
5 69.0 90.2 91.5 83.6 38.216
6 51.5 83.8 78.2 71.2 36.427
7 69.7 88.2 85.4 81.1 38.036
8 63.5 81.9 80.5 75.3 37.356
9 65.1 79.8 84.4 76.5 37.500

Mean S/N ratio = 37.679

S/N: signal-to-noise.
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set experiment conditions with optimal parameters. Experiment
no. 1 showed the lowest yield of rapeseed methyl ester, at 71.1%.
However, it is likely that this would not be preferred way of se-
lecting the optimal conditions using the Taguchi method for the
design of an experiment.

In Taguchi method, the signal-to-noise (S/N) ratio is used to
measure the quality characteristics deviating from the desired
value. The S/N ratios are different in terms of their character-
istics, of which there are generally three types, i.e. smaller-the-
better, larger-the-better and nominal-the-better [14].

According to the analysis for the case of ‘larger-the-better),
the mean squared deviations (MSD) of each experiment were
evaluated using the following equation:

2
MSD = 12[1] 6}

nosr\ i

where n is the number of repetitions of each experiment and y,
theyield of rapeseed methyl ester. Then, the S/N ratio was evalu-
ated using the following equation:

% ratio = —101og(MSD) 2)

The S/N ratios for the nine sets of experiments are also
shown in Table 4. The mean yield of rapeseed methyl ester and
the S/N ratio were 79.1% and 37.679, respectively. Experiment
no. 3 gave the highest mean yield of rapeseed methyl ester and
had the largest S/N ratio. The relationship between the yield of
rapeseed methyl ester and the S/N ratio was also similarly ob-
served in other experiments.

The mean S/N ratio, which was calculated from the effect of
the parameters and the interactions at assigned levels, was the

40

average of all the S/N ratios of a set of control parameters at a
given level. For example, in the case of parameter A and level
1, the mean S/N ratio (37.831) was calculated using the values
(36.453, 38.410 and 38.629) from experiment Nos. 1 to 3. In the
case of parameter A and level 2, the mean S/N ratio (37.574) was
calculated using the values (38.081, 38.216 and 36.427) from ex-
periment nos. 4 to 6, and so on. The mean S/N ratio, the differ-
ence in two levels, and the distribution for the four influential
parameters are summarized in Table 5. The contribution of an
experimental parameter was calculated from the maximum dif-
ference in the values between the mean S/N ratios at each level.
The order of influence of the parameters in terms of the yield of
rapeseed methyl ester was: C (catalyst concentration) > D (reac-
tion temperature) > B (catalyst type) > A (molar ratio).

The effects of individual parameters at different levels on the
yield of rapeseed methyl ester are shown in Fig. 1. A larger mean
S/N ratio indicates a greater effect of the control parameter at
that level on the yield of rapeseed methyl ester; the catalyst
concentration was the most influential parameter on the yield
of rapeseed methyl ester. The greatest increase in the S/N ratio
on the yield of rapeseed methyl ester was achieved from 0.5 to
1.0 wt % for the sample level; further increases were not signifi-
cant above the 1.5 wt % sample level. Changing the oil/metha-
nol molar ratio has a less relevant effect. The numerical value of
the maximum point in each graph indicates the optimum range
of the experimental conditions. Therefore, the optimum condi-
tions for the greatest yield of rapeseed methyl ester were A}, B,
C, and D,. In other words, based on the S/N ratio, the optimal
parameters were A (oil/methanol molar ratio) at level 1 (1:6), B
(catalyst type) at level 2 (NaOH), C (catalyst concentration) at
level 3 (1.5 wt %) and D (reaction temperature) at level 3 (60°C).

In order to more systematically perform an analysis of the
relative importance of each parameter, an analysis of variance

39
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S/N ratio

36
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1:6 1:9 1:12 NaOH KOH

Molar ratio(oil/methanol) Catalyst type

CH,ONa

Catalyst concentration(% wt.)

0.5 1.0 1.5 30 45 60

Reaction temperature("C)

Fig. 1. The effects of each parameter at different levels on the yield of rapeseed methyl ester.

Table 5. Mean S/N ratio at a given level, the difference between two levels, and the distribution of the four influential parameters

Level Difference
Parameters Contribution (%)
1 2 3 Ly, Ly, L.
Molar ratio (oil/methanol) 37.831 37.574 37.631 -0.257 -0.200 0.057 2.1
Catalyst type 37.523 37.994 37.519 0.471 - 0.0004 -0.48 17.4
Catalyst concentration 36.745 37.997 38.293 1.252 1.548 0.296 57.2
Reaction temperature 37.390 37.624 38.022 0.234 0.632 0.398 23.3

S/N: signal-to-noise.
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(ANOVA) was used to optimize the results obtained using Tagu-
chi method. This provided information on the relative influence
of parameters and their interactions with respect to the various
results. According to the ANOVA results, the most influential
parameter on the production of rapeseed methyl ester was the
catalyst concentration. The percentage contribution of each in-
dividual parameter was determined by the ratio of the pure sum
to the total sum of the squares. The catalyst concentration had
a percentage contribution of 77.582, which was larger than any
other parameter, which was in agreement with the largest slope
for the catalyst concentration in the graph of the S/N ratio (Fig.
1).

3.3. Result of the Proposed Optimized Experimental
Condition and Validation Studies

The optimum conditions to achieve effective performance
for the production of rapeseed methyl ester and the contri-
butions of each parameter to the S/N ratio under the optimal
conditions are shown in Table 6. The catalyst concentration was

Table 6. Optimum conditions for settling the control parameters
and their contributions

Parameters Level Leyel' Contribution
description
B Catalyst type 2 KOH 0.315
C  Catalyst concentration 3 1.5wt % 0.614
D Reaction temperature 3 60°C 0.343
Total contribution from all 1.272
parameters Current grand 37.679
average of performance 38.951

Expected result under opti-
mum conditions

Table 7. Compositions and FAMEs contents produced under the
optimal conditions

Composition (%)

FAME
Sample 1 Sample 2

Lauric acid methyl ester (C12:0) 0.01 0.00
Mpyristic acid methyl ester (C14:0) 0.04 0.04
Pentadecanoic acid methyl ester (C15:0) 0.01 0.01
Palmitic acid methyl ester (C16:0) 2.14 2.15
Palmitoleic acid methyl ester (C16:1) 0.17 0.17
Linoleic acid methyl ester (C18:2) 12.70 12.77
Linolenic acid methyl ester (C18:3) 8.85 8.87
cis-11-Eicosenoic acid methyl ester (C20:1) 10.78 10.76
Erucic acid methyl ester (C22:1) 48.05 47.96
Lignoceragte (C24:0) 1.33 1.34
Total 100.00 100.00
FAME contents (%) 97.4 96.0

FAME: fatty acid methyl ester.

found to be the most important parameter in influencing the
production of rapeseed methyl ester and the parameter contri-
bution under the optimized conditions was found to be 0.614.
The catalyst type had the least impact of all the parameters stud-
ied, with a parameter contribution of 0.315.

The parameter contribution is defined as the degree of modi-
fication obtainable by setting the parameter to the desired level,
which is determined by the difference between the S/N ratio of
the optimal level for each parameter, shown in Table 5, and the
mean S/N ratio, shown in Table 4. In the case of parameter B
(catalyst type) at level 2 (potassium hydroxide) in Table 6, for ex-
ample, the parameter contribution was determined by subtract-
ing the grand average S/N ratio (37.679) from the average S/N
ratio of parameter B at level 2 (37.994), which gave 0.315.

The maximum performance expected for the production of
rapeseed methyl ester under optimum conditions was evaluated
from the result expected for the S/N ratio under the optimum
conditions. The expected theoretical yield of rapeseed methyl
ester can be calculated using Egs. (1) and (3).

2
MSD:(L] or y,, =(MSD)"* 3)
Ve

The MSD calculated from the expected S/N ratio under the
optimum conditions (38.951, as shown in Table 6) was 0.000127,
and the expected yield of rapeseed methyl ester (y,,) was theo-
retically calculated to be 88.6%.

In order to confirm the optimal conditions derived from this
study, the production of rapeseed methyl ester was duplicated
under the same conditions. From the results shown in Table 7,
the average yield of rapeseed methyl ester was 96.7%. This result
was found to be high compared to the result obtained from ex-
periment no. 3 (86.9%), which gave the highest yield of rapeseed
methyl ester, and to the theoretically expected value (88.6%)
mentioned above. This result showed significant enhancement
of the process performance with the optimized parameters for
the production of rapeseed methyl ester.

4, Conclusions

The Taguchi method, which uses a set of orthogonal arrays
for performing the fewest experiments, was employed to design
experimental trials, with an ANOVA performed to more system-
atically analyze the relative importance of each experimental
parameter on the production of rapeseed methyl ester.

The catalyst concentration, catalyst type and reaction tem-
perature were found to be significant parameters affecting the
production of rapeseed methyl ester. The contribution of the
catalyst concentration on the production process was larger
than that of any other parameter. The yield of rapeseed methyl
ester obtained with the optimal experimental parameters was
greater than that obtained from experiment no. 3, which gave
the highest yield from the experimental trials, and the theoreti-
cally expected value.

The experiments conducted under the optimized conditions
showed a meaningful enhanced process performance. The Ta-
guchi method provided a systematic and efficient mathematical
approach to evaluate and optimize the process for the produc-
tion of rapeseed methyl ester, using only a few well-defined ex-
perimental sets for the optimization of the design parameters.
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