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Abstract

In this study, African crude palm olein (CPO) was used to synthesize biodiesel. The objective was
to determine the optimal reaction conditions for the methanolysis of olein. The used CPO had a
5.72% concentration of free fatty acids (FFA); thus, the production of biodiesel was carried out
in two stages: 1) esterification using sulfuric acid and 2) transesterification using sodium me-
thoxide. In order to optimize the yield of biodiesel during the transesterification process, a cen-
tral rotatable design and the response surface methodology were used. The studied variables
were: catalyst loading, reaction time and reaction temperature. The analysis of variance showed
that the variables with significant effect were the catalyst loading, reaction temperature and
reaction time; as well as the catalyst loading*reaction temperature and catalyst loading*reac-

tion time. Results indicate that the optimal reaction conditions during transesterification are:
0.65% catalyst loading (wWt/Wtaceite), reaction time of 135 min and a reaction temperature of 56°C.
The optimal reaction conditions during esterification are: 2.5% weight of catalyst, reaction time
of 150 min and a reaction temperature of 64.5°C. Under these conditions, a 90% yield of biodie-
sel was obtained.
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1. Introduction

Biodiesel is a biofuel obtained from the transesterification of vegetable oil or animal fat with a low molecular
weight alcohol under the presence of a catalyst. The most used ones are sodium or potassium hydroxide due to
their low cost and high efficiency [1]. Biodiesel may be used in pure form or mixed with petrodiesel, as a total
or partial substitute of diesel oil in internal combustion engines [2]. This offers various advantages over petro-
diesel, i.e. it is biodegradable, it is obtained from renewable materials, it has a cleaner combustion due to its low
contaminant emissions, it is non-toxic, and it provides a good lubrication of engine parts, among others. From
the social point of view, biodiesel may produce socioeconomic benefits, i.e. added value to raw material, gener-
ation of rural jobs and employments for the manufacturing and distribution of biodiesel [3].

In order to improve the economic feasibility of biodiesel production, low cost feedstock such as animal fats,
waste cooking oil, raw oil such as crude palm olein (CPO) and Jatrophacurcas oil, are promising to replace re-
fined vegetables oils [4]. One of the most potential plant species for the production of oil in the world is the
African oil palm (Elaeis guineensis Jacq). Its cultivation has widely spread due to its adaptation and high yields
up to 5.5 tha™* of oil [5]. Production of the oil palm as bioenergetic has increased significantly because of its
low cost. Other advantages of African oil palm plantations is their great capacity for CO, capture (up to 4.8
t-ha ! per year); therefore, resulting in an environmental benefit. It has also been proven that byproducts of oil
palm can be used for the generation of electricity [6].

One important chemical property to be quantified in crude oil palm (CPO) is the free fatty acid (FFAS) con-
tents, as this property may aid in determining the type of process to be followed for obtaining biodiesel. The ba-
sic catalysis is not recommended in the case of oils with a high free fatty acid concentration (>0.5%), due to the
formation of soap, leading to a decrease in the yield of biodiesel and a considerable increase in the production
costs. That is why it is necessary to apply a pre-treatment (esterification) with an acidic catalyst in order to re-
duce the FFAs concentration to less than 0.5% [7]. Several researches propose a two-step acid-alkaline catalyzed
process [8].

The African palm cultivation in Mexico is carried out in the states of Chiapas, Veracruz, Tabasco and Cam-
peche, with 54,434 ha planted in 2010; but there is potential to grow up to 2.5 million ha, and 400,000 of them
in the state of Tabasco. The oil palm represented a potential to make biodiesel in México [9]. The goal of this
study was to determine the optimal reaction conditions for themethanolysis of crude palm olein at the laboratory
scale.

2. Materials and Methods

All reagents used during the development of this research were reagent grade compounds (methanol, sodium
hydroxide analytical grade and sulfuric acid) acquired from Fermont. The FAME Standard Supelco, USA was
used to perform thecalibration curve. A commercial grade CPO from Agroindustrias de Palenque S.A. de C.V.
was used, with a concentration of 5.72 wt% of FFAs. Therefore, a pre-treatment was needed in order to reduce
below 0.5% the concentration of FFA.

Experimental Design

The synthesis of biodiesel from palmoil transesterification using oil palm was developed and optimized using
the Central Composite Design (CCD) and Response Surface Methodology (RSM). CCD helps in investigating
linear, quadratic, and cross-product effects of the three reaction condition variables on the biodiesel yield. The
three independent variables studied were catalyst loading, reaction temperature and reaction time, temperature
Table 1 lists the range and levels of the three independent variables studied. Selection of the levels was carried
out on the basis of results obtained in a preliminary study, considering limits for the experiment set-up and
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Table 1. Factors and levels employed for the response surface design.

Levels
Variable Coding —1.68 (—a) -1 0 1 +1.68 (+a)
Catalyst loading (wt%) X1 0.26 0.4 0.6 0.8 0.96
Reaction temperature ("C) Xz 46.6 50 55 60 63.4
Reaction time (min) X3 46 60 80 100 114

working conditions for each chemical species. The complete design matrix of the experiments employed and
their results are given in Table 2. All variables at the zero level constitute the center points and the combination
of each of the variables at either it is lowest (—1.68) level or highest (+1.68) level with the order variables at zero
level constitute the axial points. Twenty tests were performed with a threefold repetition, eight factorials (2%, six
axial and six central (Table 2) [10] [11]. The experiment sequence was randomized to minimize the effects of
the uncontrolled factors. The depend variable (Y) which corresponds to the yield of methyl esters and which is
calculated with Equation (1) [11].

Y = [(mass of methyl ester produced (g))/(mass of oil used (g))]xlOO (1)

3. Experimental Procedure
3.1. Esterification

The CPO esterification was performed in a three-neck flask connected to a thermometer, a reflux condenser. The
three-neck batch reactor was put in a temperature controlled jacket over a magnetic stirrer/hot plate (controlled
Barnstead-Electrothermal BI, USA), which could provide good temperature control within 1°C Figure 1. In this
work in total 4 kg (CPO) was used for the acid-catalyzed pre-esterification. In the methodological development;
first 500 g of CPO carefully transferred into the reaction flask and preheated to 60°C. For acid-catalyzed esteri-
fication trials, sulfuric acid (H,SO,4) was used as catalyst. The sulfuric acid and methanol solution were freshly
prepared in a 500 mL Erlenmeyer flask admixing methanol 20% w/w and sulfuric acid 2.5% w/w based on the
weight of CPO. The mixture sulfuric acid and methanol were added to the CPO into reaction flask. The reaction
mixture was heated up to the boiling point of methanol (64.5°C) and the esterification reaction was taken for 150
min at atmospheric pressure. With the aim of promoting mass transfer among the reagents was mixing with mag-
netic stirring. At the completion of the 150 min of reaction, the mixture was poured in a separator funnel, the mix-
ture components form two immiscible phases. The upper phase containing methanol and water; the bottom phase
contained the esterified palm olein (EPO). The EPO was decanted by gravity, packaged into amber colored bot-
tles and maintained in refrigeration at 4°C until its use in the transesterification stage. The analysis showed that
the EPO had a 0.45% concentration of FFA, which allows using basic catalysis for the transesterification stage.

3.2. Transesterification

For this stage, 150 g of EPO were weighed in 250 mL Erlenmeyer flask and it was preheated at the test temper-
ature. In another similar flask catalyst (sodium methoxide) was prepared by reaction of anhydrous methanol with
NaOH; the mixture was stirred until the hydroxide total dilution. EPO was transferred to the reactor and then to
catalyst, the mixture was heated to the temperature for each treatment (Table 2). After the reaction, the mixture
was poured in a separating funnel and washed with deionized water; at this stage two immiscible phases were
formed. The aqueous phase contained glycerol, methanol, soap and catalyst residues which were decanted by
gravity. The upper phase contained biodiesel was filtered through Whatman # 40 filter paper to remove residual
soap and catalyst. The resulting biodiesel was weighed to calculate the yield. The biodiesel was refined through a
glass column packed with 60 g of Amberlite BD10. Aliquots were taken for subsequent chromatographic analysis.

3.3. Statistical Analysis

The statistical data was analyzed with the response surface methodology by means of the (STATISTICA V 7
software). A second order polynomial was used to predict the yield of biodiesel synthesized from the transesteri-

)
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Figure 1. Schematic diagram of reactor.

1-Thermometer

2-Flux condenser
3-Connect to drop funnel
4-Three-neck flask
5-Magnetic stirrer bar

Table 2. Second order central composite rotatable design.

Run X4 X2 X3 Yexp. Yimodel
1 0.4 50 60 68.96 68.44
2 0.8 50 60 74.52 74.65
3 0.4 60 60 71.39 71.63
4 0.8 60 60 73.98 74.91
5 0.4 50 100 74.13 74.11
6 0.8 50 100 82.57 83.17
7 0.4 60 100 77.18 77.88
8 0.8 60 100 82.57 84.01
9 0.26 55 80 57.38 58.23
10 0.96 55 80 64.91 65.97
11 0.6 46.6 80 78.82 80.45
12 0.6 63.4 80 83.57 83.45
13 0.6 55 46 76.41 77.95
14 0.6 55 114 90.15 90.501
15 0.6 55 80 88.57 88.71
16 0.6 55 80 87.13 88.71
17 0.6 55 80 89.02 88.71
18 0.6 55 80 86.94 88.71
19 0.6 55 80 88.78 88.71

20 0.6 55 80 87.97 88.71
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fied palm olein EPO, Equation (2) [12].

k k k k
Y=L+ BX A2 BiX YD BiXX +e (2)

i=1 i=1 i>jj=1
where y is the response variable (yield of biodiesel, in weight percent); X; and X; are independent variables; So, fi,
Pii, Bij are the model parameters; e is the experimental error. The prediction capacity of the second order model
was assessed through an analysis of variance. The effect of each factor and its interactions were determined with
the value of the statistical p for values of (p < 0.05). Further, the p values were used to determine the signific-
ance of each coefficient and its respective interactions.

3.4. Analytical Procedure

The amount of methyl esters in the product of biodiesel CPO was analyzed on an Agilentgas chromatograph
model 6890 coupled to a mass detector model 2973N, Agilent, equipped with a chromatographic column HP
5MS 5% dyphenyl-95% dymethylsiloxane (25 m x 0.2 mm x 0.33 pm) and ionization technique EI at 70 eV,
was used to analyze the samples of biodiesel. Helium was used as carrier gas at a flow of 1 mL/min. The initial
oven temperature was set at 40°C for 1 minute; the column temperature was set at 250°C, the linear temperature
ramp was set at a rate of 5°C min* up to 250°C and maintained at 250°C for 5 min. The injector and the detector
were maintained at 250°C and 280°C respectively. Approximately 2 pL of the biodiesel products was dissolved
with 500 pL of dichloromethane, and 1 pL of this mixture was injected into the chromatograph. The mass spec-
tra were compared with the NIST data base (version 1.7a) in order to identify all components of biodiesel, as
well as the relative abundance of the characteristic peaks of the compounds of interest to quantify the concentra-
tion.

4. Results and Discussion

The analysis of variance shows that the second order model effectively predicts the observed values as function
of the studied factors. The statistical p values, assessed with a 95% reliability, emphasize the variables that had a
significant effect on the transesterification reaction, which were those having values of p less than 0.05 (Table
3). Variables having a greater contribution on the yield of biodiesel were: catalyst loading, reaction temperature
and reaction time, the interactions catalyst loading*reaction temperature and catalyst loading=reaction time.

Mathematical model was generated in function of the variables having significant effect (Equation (3)). This
model was used to predict the values of Y under certain reaction conditions. The coefficient of determination
between the observed and predicted values was highly significant (R* = 97.28%) and indicates that a high pro-
portion of the response is attributable to three predictive variables considered, whereas a 2.72% variability in the
response is attributable to non-controlled factors.

Y =-340.355+303.461X, —218.288X > +10.753X,, —0.09298X 7 +0.6191X,

@)
~0.00388X 2 —0.7525X, X, +0.1775X, X, +0.00145X, X ,

Effect of Reaction Parameters

The analysis of variance shows that the factors having a greater contribution to the yield of methyl ester are cat-
alyst loading and the reaction temperature Table 3. A simultaneous increase in the catalyst loading from 0.26 wt%
and 46.6°C for the reaction temperature has a positive effect on the yield of biodiesel (Figure 2), which is attri-
buted to the temperature increment and the reaction rate between the reactants. The contour plot (Figure 2)
shows the maximum yield of methyl ester, about 90 wt%, was reached at a concentration of 0.65 wt% for the
catalyst loading and 56°C for the reaction temperature, and 114 min of reaction time, see Table 2 (run 14). For
catalyst loading values and reaction temperature above these values, the effect of such factors was negative on
the yield of biodiesel; in as much as said conditions promote the saponification of triglycerides. The saponifica-
tion and transesterification reactions occur simultaneously, wherein the triglycerides react with the catalyst to
produce sodium soaps. The presence of soap increases the viscosity of the reagents, thus becoming difficult to
purify the biodiesel. Such factors contribute to a reduction in yield of methyl esters. The aforementioned beha-
vior was previously studied [13] in the transesterification of soybean, and castor oil; and in the transesterifica-

tion of Brassica carinata oil [14] [15].
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Figure 2. Contour plot shows the yield of biodiesel (wt%) as function of the catalyst loading and reaction temperature.

Table 3. Analysis of variance for response surface of the second order model.

Effect SS Degrees of freedom MS F p
Model 78.093 1 78.093 94.629 0.000002
X1 189.535 1 189.535 229.668 0
Xf 1250.05 1 1250.05 1514.743 0
Xz 78.029 1 78.029 94.552 0.000002
XZ2 77.268 1 77.268 93.63 0.000002
X3 7.432 1 7.432 9.006 0.01332
X2 35.757 1 35.757 43.329 0.000062
XXz 453 1 4.53 5.489 0.041134
X1Xs 4.033 1 4.033 4.887 0.050509
XoXs 0.168 1 0.168 0.204 0.661291
Lack of fit 8.253 10 0.825

In the transesterification reaction four reversible complex chemical reactions occur because are sensitive to
variations in the catalyst loading, alcohol, and the temperature and time reaction. These variations can signifi-
cantly affect chemical equilibrium, and increase or decrease the performance of methyl esters [16]. The simul-
taneous effect of the catalyst loading and the reaction time is presented in Figure 3. As shown methyl esters
performance increases with increasing catalyst loading and reaction time; for a reaction time of 110 min and
0.65 wt% of catalyst performance is maximized biodiesel; or higher values to these performance decreases bio-
diesel which could be attributed to excess catalyst promote the saponification of triglycerides, and reversibility
of transesterification reactions; this behavior was also reported in previous studies in the transesterification of
canola oil [16]. The optimal conditions for the transesterification were: a catalyst loading 0.65 wt%, reaction
temperature of 56°C and reaction time of 110 min (Figure 1 and Figure 2).

Gas chromatography (GC) measurements of the biodiesel prepared CPO showed a combination of various
types of methyl esters (Figure 4). Individual peaks in the GC results were analyzed and identified using mass
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Figure 3. Contour plots shows the yield of biodiesel (wt%) as function of the catalyst loading and reaction time.
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Figure 4. Gas chromatogram of the biodiesel showed different methyl esters of fatty acids present in the biodiesel produced
from CPO, identification of individual methyl esters was achieved using mass spectroscopy (MS).

spectroscopy (MS). It is noted that feather meal biodiesel contains a wide variety of fatty acid methyl esters
ranging from C12 to C22.The first compound, identified at 34 min, corresponds to methyl hexadecanoate with a
concentration of 39.1 wt%,; the compound identified at 37.1 min is methyl 9.12-octadecadienoate with 5.755
wt%; the compound with the highest concentration was identified at 37.397 min corresponding to methyl 9-oc-
tadecenoate with 44.378 wt%; the component identified at 37.68 min is methyl octadecanoate with 9.592 wt%.
The composition of feather meal biodiesel is mentioned in Table 4. Biodiesel containing compounds with car-
bon chain lengths >15 produces superior-quality fuel. The presence of saturated fatty acids (50 wt%) gave a

good oxidative stability to biodiesel.
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Table 4. Fatty acid profile of biodiesel produced from CPO calculated from GC-MS.

Components Retention time (min) Weight (%)
Dodecanoate of methyl 25.12 0.293
Tetradecanoate of methyl 29.64 1.357
Pentadecanoate of methyl 31.79 0.049
9-Hexadecenoate of methyl 33.39 0.209
Hexadecanoate of methyl 34.01 37.109
Cyclepropanoctanoate de 2-hexylmethyl 35.53 0.037
Heptadecanoato de metilo 35.75 0.171
9,12-Octadecadienoate of methyl 37.100 5.755
9-Octadecenoate of methyl 37.39 44.378
Octadecanoate of methyl 37.69 9.592
11-Eicosenoate of methyl 40.66 0.215
Eicosanoate of methyl 41.10 0.702
Docosanoate of methyl 44.46 0.101

5. Conclusion

In this work, a two-step homogeneous catalyzed CPO transesterification reaction for biodiesel production was
investigated. The statistical significant variables, their effects and the higher order interaction effects on process
efficiency were identified. The results show that the response surface methodology and central composite rotat-
able design are useful in order to determine the effect of the catalyst loading, temperature and reaction time on the
transesterification reaction of African crude palm olein (CPO). This allowed finding the optimal values of the
process variables maximizing the yield of biodiesel. Analysis of variance shows that the variables having a sig-
nificant effect on the yield of biodiesel were: catalyst loading (X,), reaction temperature (X,) and reaction time (Xs),
as well as the interactions catalyst loading+reaction temperature and catalyst loading=*reaction time. The optimal
conditions for esterification were 2.5 wt% concentration of sulfuric acid, reaction time of 150 min and temperature
of 64.5°C, under these reaction conditions, the concentration of FFAs decreases from 5.72 to 0.45 wt%, allowing
the use of alkaline catalyst. The optimal conditions for the transesterification were: catalyst loading 0.65 wt%,
reaction temperature of 56°C and reaction time of 114 min and methanol concentration of 20 wt%. The results
show that it is feasible to produce biodiesel by using African crude palm olein as low cost raw material through a
two-step process: acid esterification and alkaline transesterification allowing biodiesel yield near of 90 wt%, with
a low energy cost and overall reaction time of 264 min.
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