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Abstract: An alternative energy for the replacement of fossil fuels has been developed. Biodiesel synthesis as
a renewable energy was derived i a continuous packed column reactor. Free fatty acids (FFA) were esterified
with ethanol in a heterogeneous catalytic reaction. The catalytic reactor had great potential as FFA introduced

to the top of column, flow down ward, reached to catalyst surface and interacted with ethanol on the active site.
The ester product was instantaneously formed. In this catalytic reaction, effects of mass ratio of the free fatty

acids/ethanol and reaction temperature in the range of 150-250°C were investigated. As the reaction temperature
increased, the esterification reaction was enhanced. The obtained data showed that at optimal conditions
(mass ratio of 3:5 and reaction temperature 250°C), the FFA conversion to ethyl ester was 90%.
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INTRODUCTION

Energy is the most basic necessity of all industrial
activities in civilized societies. It 1s often used n
transportation as well as power generation. Tt has been
reported that about 88% of world energy production are
derived from fossil fuels mcluding petroleum, coal and
natural gas [1]. In response to the world wide awareness
about the mmpacts of fossil fuels emissions on global
warming, tising prices of petroleum fuels and
conservation of natural resources, the principles of green
energy and alternative fuels gain popularity [2-4]. The
economic issue of biofuel may encourage new research to
be developed for the replacement of fossil fuel. Use of
renewable sources, waste bioresources and low cost raw
material may boost the economics of the biodiesel
production.

Biodiesel used in diesel engine, is one of the
altemmative fuels which 1s defined as monoalkyl esters of
long chain fatty acids derived from animal fats, vegetable
oil, waste cooking oil, seaweeds and algae oils. The

characteristics of biodiesel are similar to diesel fuels

and they can be used either pure or blended with diesel
fuel [5]. Therefore, biodiesel is a suitable substitution for
fossil fuel. Two useful methods exist for biodiesel
production. Tramsesterification of triglycerides and
esterification of free fatty acids (FFAs) are commonly
used for biodiesel synthesis [6, 7]. In the case of enriched
FFA as raw materials, to avoid soap formation and loss of
deactivated catalyst, esterification of FFA is preferred [8].

The esterification reaction 1s sumimarized as follows:
Free fatty acids + ethanol ~ fatty acid ethyl esters + water

The main steps and basic technology for production
of biodiesel 13 illustrated in Fig. 1. Generally, various
methods are implemented to produce biodiesel from oils
and fats. catalyzed transesterification [9-11],
acid-catalyzed transesterification [12,13], enzymatic
transesterification [14,15], heterogeneous catalyst [16, 17]
and supercritical esterification [18] are the five main
processes synthesis. Disadvantages of

Base

in biodiesel

alkaline sclution in estrification reaction at low

temperature (80°C) were saponification reaction of FFA
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Fig. 1: Main steps of biodiesel production

and separation of desired from undesired products.
However, heterogeneous catalyst esterification process is
expected to be an effective method because of the
process advantages in compare with the other existing
processes such as reusability, elimination of washing
step, process simplification, easier catalyst and product
separation [19]. Numerous investigations were carried out
to discover the suitable solid catalyst and the effect of
operational variables such as feed temperature, reaction
temperature, molar ratio of alcohol to oil, intensity of
mixing, purity of reactant and types of catalysts on
reaction yield and residence time.

Vujicic et al. have investigated the Kinetics of
biodiesel synthesis from sunflower oil using CaO
heterogeneous catalyst [20]. They have found that in
a continuous stirred tank reactor (CSTR), with
methanol:oil ratio of 6:1, CaO catalyst is capable of
esterification process under defined operating condition.
For 5.5 h reaction time and at 80°C, the highest yield
(91%) of fatty acid methyl ester (FAME) was achieved.
Kawashima et al. have focused on the development of
heterogeneous base catalysts for biodiesel production
[21]. They have prepared thirteen different kinds of metal
oxides containing calcium, barium, magnesium, or
lanthanum as catalysts. The catalysts activities were
examined for esterification at 60°C with a molar ratio
of methanol to oil 6:1 and reaction time of 10 h. The
catalysts consist of calcium (CaTiO,, CaMnO;, Ca,Fe,O;,
CaZrO; and CaO—CeO,) have shown high activities
and yield of methyl ester production (approximately
90%). Georgogianni and his coworkers have compared
the transesterification of rapeseed oil for production
of biodiesel using homogeneous and heterogeneous
catalysts [22]. They have discovered that homogeneous
catalyst significantly accelerated the transesterification
reaction, as compared to all heterogeneous catalysts,
using both mechanical stirrer and ultrasonication.
Park et al. have studied esterification process of waste

cooking oils (WCO) using heterogeneous Tungsten and
zirconium oxides, sulfated zirconium and Amberlyst-15
catalysts for biodiesel production [8]. Among all of these
catalysts, tungsten oxide zirconium had the highest
activity and reaction conversion (93%). In an
investigation Kansedo ef al. have used palm oil to
produce biodiesel via montmorillonite KSF heterogeneous
catalyst [23]. It was found that with 3% catalyst the yield
of palm oil fatty acid methyl esters had reached to 79.6%
at reaction temperature of 190°C and methanol/oil molar
ratio of 8:1. Arzamendi et al. have synthesized biodiesel
with heterogeneous NaOH/alumina catalysts and
homogeneous NaOH catalyst [24]. The results have
shown that the transesterification rate largely depends on
weight of catalyst and molar ratio of methanol/FFA.
The selectivity of catalyst was affected by the feed molar
ratio of methanol/oil. Furthermore, they have found
that at 393 K with the use of homogeneous and
heterogeneous catalysts (NaOH and NaOH/alumina) the
reaction yields were about the same level.

The purpose of present research paper was to focus
on two important parameters in esterification reaction.
Mass ratios of free fatty acid/ethanol and reaction
temperature in a short retention time were investigated.
These parameters were very essential. The reaction at
high temperature was quite fast so, as the reactants
reached to catalysts active sites, the product was
formed. Esterification was carried out with variable
mass ratios in the range of 1:5 to 3:5. Optimal molar ratio
was obtained and the effect of temperature on the yield of
process was evaluated.

MATERIALS AND METHODS

Materials: Free fatty acid (FFA) was analyzed using
Mass Spectroscopy — Gas Chromatography system
(AGILENT model 6890 N). The composition of the FFA
mixture is summarized in Table 1.

1307



World Appl. Sci. J., 9 (11): 1306-1312, 2010

Table 1: Analysis of free fatty acid

Free fatty acids Composition (wt. %6)

Myristic acid (C14:07 0.23
Decanoic acid (C10:0) 1.15
Lauric acid (C12:0) 7.14
Palmitic acid (C16:0) 12.00
Oleic acid (C18:1) 78.17
Others/unknown 1.31

*Numbers in parenthesis signify the number of carbon atoms and the

Unsaturated centers (double bonds)

Table 2: Physical Characteristics of Oleic acid

Physical properties Value
Boiling point 286°C
Density (d 20°/4°) 0.854
Melting point 14.3°C
Assay (GC) 65-88%
Acid value 196-204
Iodine value 87-95
Peroxide value 10
Sulfated ash (800°C) 0.1%
Table 3: Physical Characteristics of Ethanol

Physical properties Value

Boiling point 78.32°C
Freezing point -114.15°C
Density (d 20°/4°) 078942

Specific heat (16-21 °C, 289294 K) 2415 L LKt
Thermal conductivity (20 °C, 293 K) 1.8 pwan LK
Heat of combustion (constant volume) 1,379.82 kI.mol ™!
Flash point 13°C

Since the major composition of the FFA mixture 18
oleic acid, physical properties of oleic acid are shown in
Table 2. FFA was obtained from Applichem Company
(Germany).

The ethanol (industnial grade) with purity of 96% was
used in the experimental runs because of it is not
considered as toxic compound. Also it burns better and
provides greater heat of combustion than methanol [25].
The physical properties of ethanol are summarized in
Table 3.

Catalyst Preparation and Characterization: The
heterogeneous nanopowder catalysts y-AlLO./Zr0,
were prepared with sol-gel method. Catalyst was
composed of Alumina chloride (AICL.6H,0, Merck),
Zirconium chloride (ZrCl,, Merck), Yttrium nitrate
(Y(NO,);.6H,0O, Merck), Citric acid (CH,O,, Merck) and

Ethylene (HOCH,CH,OH, Merck). The
synthesized catalyst was 8-Al,0,/Zr0, nanopowders and

glycol

clay plates coated against title catalyst, then gel and
coated clay plates left in a dry oven at 70°C for 12 . The
dried gel and coated clay plates was calcined at
approximately 700°C with a heating rate of 5°C/min and
mamtained for 5 h. the size of cylindrical shape pelletized
catalyst was 2-2.5 mm diameter and 1.5-2 mm length. The
morphology of calcinated catalysts particles were
investigated by Philips EM208S transmission electron

microscope (TEM).

Experimental Setup: The esterification process was
carried out in a continuous packed bed reactor. The
column was made from galvamzed cast wron pipe
(Sepahan, Isfahan, Iran). The galvamzed reactor height,
inner and outer diameters were 120, 3 and 3.5 cm,
respectively. The column was packed and loaded with
pelletized catalysts (600 g, y-ALO,/Zr0,). Metal wire gaze
was used as a support to hold the catalyst. About 82%
of the reactor volume was occupied by the pelletized
catalysts. The schematic diagram for the experimental
setup 1s shown n Fig. 2.

Fatty acids mixture, ethanol were primarily heated to
50°C in a mixing tank. The mixture was agitated in a hot
plate magnetic stirrer (VELP company, model ARE,
Europe) with temperature controller (Zentai company,
model TEL96-2301, Iran). The column was surrounded
with a heating element (1500W) to heat the catalyst bed.
In order to preheat the packed bed column, it was
gradually heated up to 250°C for 40-45 min. The column
temperature was controlled by means of a thermocouple
installed inside the bed. The feed mixture was pumped
(peristaltic pump series B, Ttaly) into the top of the reactor
with a fixed flow rate of 25 ml/mm. The vaporized ethanol
at high temperature was present in the packed bed
reactor with sufficient contact with active sites of the
catalysts. As the fatty acids were pumped to the top of
the column, met and interacted with ethanol on the active
site and the ester product was instantaneously formed.
That was the greatest ability of the fabricated
heterogeneous catalytic reactor used in this work.
The esterification process was carried out mn a packed bed
reactor filled with v-Al,O./ZrO, catalysts. The defined
amount of ethanol (150 g) added to FFA. The operational
variables were free fatty acid/ethancl mass ratio (1: 5, 1.5:
5,2:5, 2.5:5 and 3:5) and temperature range (150-250°C).
The reaction tine was set at 6 min and the feed flow rate
was fixed. The product was led to a flash drum separator.
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Fig. 2: Schematic diagram of experimental setup
RESULTS AND DISCUSSION

The catalyst particle size and the porosity were
investigated. The particles were calcinated at high
temperature (700°C). A transmission electron microscope
(TEM) was used to analyze the morphology of catalyst
particles. The details of catalyst characterization are
discussed elsewhere. Fig. 3 shows the micrograph of y-
alumina—zirconia particles synthesized by sol gel method.
Most of the particles were in the range of 10-15nm.
The  meso-porosity of the catalyst particles were
confirmed by TEM image and most of the particles were
in spherical shape.

The esterification reaction with ethanol, FFA was
carried out with the aim of maximizing ethyl ester
production. The experiments were conducted with
variable temperatures and mass ratios of FFA/ethanol.
In the following sections the effect of each operational
parameters are discussed.

Free Fatty Acid/ethanol Mass Ratio Optimization: The
rate of esterification is strongly influenced by the mass
ratio of fatty acid to ethanol. Since the esterification
process is reversible, the yield of ethyl esters produced
is favored with the excess amount of ethanol. In order to
obtain an optimal mass ratio for this process, six
experiments were carried out with variable free fatty
acid/ethanol mass ratio between 1:5 and 4:5 as discussed

(Ethyl esters)

in material and methods. Fig. 4 shows the ethyl ester
formation as a function of mass ratio of fatty acid/ethanol.
For the stoichiometric process the
theoretical molar ratio of fatty acid to ethanol is expected
to be 1:1. However, the presented data demonstrate that
at a mass ratio of 3:5, maximum ester yield was obtained.
For the higher mass ratio than the theoretical value,
complete reaction and therefore high esterification of FFA
is expected. As the mass ratio of FFA/ethanol increased,
gradually soap formation appeared. For the mass ratio of
4:5, the reaction leads to soap formation and the product
mixture was solidified. Increasing the mass ratio from
1:1 to 3:5 raised the ester formation from 25 to 90%.

Fig. 5 depicts the esterification of individual free fatty
acids with respect to mass ratio. At low mass ratios
there were significant differences in ethyl ester formation.
That was probably due to the molecular structure of
free fatty acids and interaction with ethanol at the active
sites of catalyst. The low molecular weight fatty acids
may yield high esterification while the lowest yield was
related to oleic acid with high molecular weight. As the
amount of ethanol and the mass ratio increased
the reaction yield for all of the individual free fatty
acids were also increased. However, the increasing rate of
lauric acid and oleic acid were slightly lower than other
free fatty acids. At high mass ratio (3:5) the esterification
yield of individual free fatty acids was in the range of
81-95%.

esterification
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Effects of Reaction Temperature: Ethyl ester formation
was strongly depended on reaction temperature. To
evaluate the effect of reaction temperature on production
of ethyl esters, the esterification process was carried out
under optimal conditions (fatty acid/ethanol mass ratio
of 3:5). Esterification can be conducted at various
temperatures. In most of the cases the temperature is kept
close to the boiling point of alcohol used in the process
[26] However, high temperatures reduce the reaction time.
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In this research temperature was varied between 150 and
250°C. Fig. 6 represents the effect of temperature on
esterification of FFA. As the reaction temperature
increased, the formation of total ethyl esters was
progressively results indicated that
increasing the reaction temperature had a favorable

increased. The

influence on the yield of ethyl ester formation.

Fig. 7 shows the effect of temperature on the
yield of individual FFA. Temperature significantly
affected decanoic acid yield and the yield was raised
from 58.26 to 87.82%. However, some of the free fatty
acids yield was not strongly temperature dependent,
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which was most probably due to the nature and
chemical structure of the specific free fatty acid.
Effect of temperature is directly related to viscosity of
the fatty

diffusion coefficients and also the rate of penetration of

acids. As the temperature increases the

the fatty acids mto pore of the catalyst may increase.
These parameters may enhance the yield of product
formation.

CONCLUSION

The heterogeneous catalytic reactor had great ability
to produce biodiesel fuel in a short reaction tume. It was
concluded that as the mass ratic of FFAfethancl
increased the reaction yield and conversion of free fatty
acid were increased. Maximum reaction yield at mass
ratio of 3:5 was 95%. The reaction temperature had
positive impact on most of the free fatty acids. At high
temperature (250°C) high reaction conversion has
reached. As expected, at low temperature the conversion
was low. With mmplementation of optimal operational
condition the maximum yield of approximately 95% was
achieved.
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