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� The presence of co-solvents facilitates the reaction of transesterification.
� High yield and fast reaction could be obtained at relatively low temperature.
� The optimum conditions led to biodiesel with 98% ester content.
� Transesterification kinetics was described by a pseudo first order kinetic model.
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a b s t r a c t

The use of several co-solvents such as acetone, diethyl ether (DEE), dibutyl ether (diBE), tert-butyl methyl
ether (tBME), diisopropyl ether (diIPE) and tetrahydrofuran (THF) could produce important improvement
to the transesterification process. The influence of catalyst concentration (KOH), methanol/oil molar ratio,
methanol/co-solvent molar ratio, co-solvent type, catalyst type, agitation rate and reaction temperature
was investigated. The process was mainly affected when DEE, tBME and THF were used, achieving
biodiesel with high methyl ester content. The maximum methyl ester content was 97–98%, when 9:1
as methanol/oil molar ratio, 0.7 wt% KOH, 1:1 as co-solvent/methanol molar ratio, 700 rpm and 30 �C
were used. In addition, fuel properties of the biodiesel were determined and its cetane number was esti-
mated based on several correlations proposed in literature. The kinetics of the reaction was also analyzed
by the determination of the rate constants. Arrhenius and Eyring Polanyi equations were used to find out
the activation energy and the variations of the enthalpy and entropy of the system.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Globally, the awareness of energy issues and environmental
problems associated with burning fossil fuels has encouraged
many researchers to investigate the possibility of using alternative
sources of energy instead of mineral oil and its derivatives. Among
them, biodiesel seems very interesting and can replace diesel fuel
in many different applications such as boilers and internal com-
bustion engines without major modifications and just small
decrease in performance. As is known, according to the directive
2003/30/EC, biodiesel is defined as ‘‘a methyl-ester produced from
vegetable or animal oil, of diesel quality, to be used as biofuel” [1].

Blending of biodiesel with diesel fuel increases engine efficiency
and contributes to rural development. In addition, biodiesel offers
many advantages in environmental, technical, economic and social
aspects, with respect to diesel: it has renewable and biodegradable
character; it is non-flammable and non-toxic; it does not contain
sulphur and aromatics compounds; it has high cetane number,
good lubricity, higher flash point and it reduces dependence on
imported oil. On the other hand, biodiesel does not produce green-
house effects, since only there is a small net contribution of carbon
dioxide (CO2) when the whole life-cycle is considered (including
cultivation, production of oil and conversion to biodiesel) [2,3].

Biodiesel also shows higher density and viscosity than diesel,
and could show freezing problems at low temperatures. These
can be some of the disadvantages in biodiesel use, besides an
increase in fuel consumption and nitrogen oxide emissions [4,5].
However, the use of pure biodiesel allows to reduce the total
unburned hydrocarbons (�67%), CO emissions (�48%), CO2 gener-
ation (�79%), particulate matter emissions (�47%), SOx formation
(�100%), polycyclic aromatic hydrocarbons (PAHs) generation
(�80%) and nitrated PAHs formation (�90%) [6,7]
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Table 1
Rapeseed oil fatty acid profile and properties.

Fatty acid profile
C16:0 palmitic 3.5%
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Raw material cost is usually the most important factor in bio-
diesel final price. Edible and non-edible oils are used to produce
this fuel. Also other products such as algae or biomass waste have
been suggested as suitable raw materials [8]. In general, the syn-
thesis of biodiesel is carried out by the transesterification reaction.
This reaction generates fatty acid alkyl esters and glycerol and, in
order to achieve an adequate rate, catalyst should be used [9].
Homogeneous (alkaline and acid) and heterogeneous catalysts
can be utilized, although homogeneous alkaline catalysts (NaOH,
CH3ONa and KOH) are the most active. Nevertheless, this type of
catalysts requires an expensive separation with high consumption
of energy and large generation of wastewater. Moreover, the for-
mation of soap by reaction between the catalyst and free fatty
acids of the feedstock could be possible. So, many researchers have
focused on how to decrease the severity of the reaction conditions
[6,10].

In the transesterification reaction, methanol and oil phases are
insoluble. Hence the mass transfer between both phases affects
to the reaction rate initially. A rise in reaction temperature can
improve the solubility, although this process implies higher energy
consumption and just an increase of 2–3 wt% of the solubility with
temperature increases of 10 �C [11]. Therefore, additional ways to
enhance the system solubility, such as the use of co-solvents, have
been researched [12–18]. Co-solvents can increase the mutual sol-
ubility of methanol and vegetable oil at lower reaction tempera-
tures, increase the reaction rate and they are usually easy to be
recovered and reused.

The use of a mixture of methanol and tetrahydrofuran led to a
reaction rate 15 times higher than the reaction rate with methanol
at low temperature [13]. Tetrahydrofuran was also used to obtain
biodiesel from Jatropha curcas seed oil; then, 40 �C was the optimal
reaction temperature [14]. Acetone as co-solvent was suitable to
produce biodiesel at room temperature by using 4.5:1 as ace-
tone/methanol molar ratio, 1 wt% KOH and less than 30 min as
reaction time [15]. Acetone was also used to obtain 98% conversion
at 40 �C, with 20 wt% acetone, 5:1 molar ratio of methanol/oil, 1 wt
% KOH and 30 min as reaction time [16]. The transesterification of
cotton seed oil into biodiesel was carried out using diethyl ether,
dichlorobenzene or acetone as co-solvent. The optimal reaction
temperature was 55 �C for 10 min with 0.75 wt% KOH as catalyst
concentration [17]. The ethers are usually good as co-solvent
because contain the balance of polar and nonpolar entities
required to lower the interfacial surface tension between methanol
and vegetable oil [18]. In some cases, the use of a co-solvent
allowed the production of biodiesel from grain based feedstock,
waste cooking oils and animal fats; although co-solvents must be
completely removed from glycerol and biodiesel phase, because
of its possible hazard and toxicity [19].

In most of previous works, only one compound was evaluated
as co-solvent. For this reason the aim of this work is the study of
several co-solvents in the transesterification of rapeseed oil, using
methanol as alcohol. A wide overview has been obtained in this
work since five compounds were used as co-solvent and whole
reaction conditions were assayed. Catalyst type and concentration,
reaction temperature, methanol/oil molar ratio, co-solvent type,
co-solvent/methanol molar ratio and agitation rate were studied.
In addition, a kinetic and thermodynamic analysis was carried
out and fuel properties were determined.
C18:0 stearic 0.9%
C18:1 oleic 64.4%
C18:2 linoleic 22.3%
C18:3 linolenic 8.2%

Density15�C 906.8 kg m�3

Viscosity40�C 32.0 cSt
Iodine value 112.2 gI2 100 g�1

Acid value 2.29 mgKOH g�1
2. Materials and methods

2.1. Materials

Rapeseed oil was provided by Research Center ‘‘La Orden-
Valdesequera” (Badajoz-Spain) Section of Non-Food Crops. It was
characterized and its fatty acid profile and properties are shown
in Table 1. Potassium hydroxide, 85% (KOH) (pellets GR for analy-
sis), was supplied by Merck. Lithium hydroxide 1-hidrate, 99%
(LiOH�H2O), barium hydroxide 8-hydrate, 97% (Ba(OH)2�8H2O), alu-
minium chloride anhydrous, 98% (AlCl3), zinc chloride, 97% (ZnCl2)
and boron trifluoride, 14% in methanol (CH4BF3O), were purchased
from Panreac. p-toluenesulfonic acid monohydrate, 98.5% (p-
TsOH�H2O), was supplied by Sigma–Aldrich. Methanol (96%) and
all used co-solvents were also purchased from Panreac. The boiling
points of the co-solvents were: Acetone (55 �C), DEE (34–35 �C),
tBME (55–56 �C), diIPE (68–69 �C), diBE (142–143 �C) and THF
(65–67 �C)

2.2. Reaction procedure

According to the experimental installation used in previous
works [20–22], the reactions were carried out in a 1000 mL spher-
ical reactor, provided with a thermostat, mechanical stirring, sam-
pling outlet and condensation systems. The same amount of oil
was used for all experiments (250 g). Firstly, the oil was placed into
the reactor and it was heated up to the reaction temperature. A
solution of the established catalyst concentration in methanol
was prepared. The desired amount of co-solvent was added to
the previous mixture, and the resulting liquid solution was added
to the reactor. At spaced intervals, samples were taken out from
the reaction mixture and its methyl ester content was determined.
Samples and final reaction mixture were placed in separatory fun-
nels to separate the glycerol. Next, the methyl ester phase was
heated to remove methanol and co-solvent. Biodiesel was also
washed with deionizer water to remove the remaining catalyst.
The remaining water was removed by heating at 110 �C.

The studied variables and their intervals of variability were the
following: temperature (20, 27, 30, 35 and 40 �C), agitation rate
(500, 700, 900 and 1100 rpm), methanol/oil molar ratio (6:1, 9:1
and 12:1), catalyst type (KOH, Ba(OH)2, LiOH, p-TsOH, ZnCl2, AlCl3
and BF3), concentration of KOH (0.5, 0.7 and 1.0 wt%), co-solvent
type (DEE, tBME, diIPE, diBE, THF and acetone) and methanol/co-
solvent molar ratio (1:0.5, 1:1, 1:1.5 and 1:2). Reaction time
(120 min), oil type (rapeseed) and alcohol type (methanol) were
fixed as common parameters in all experiments.

2.3. Methods of analysis

Methyl ester content was determined by means of gas chro-
matography. A chromatograph Varian 3900 with FID detector
and a silica capillary column of 30-m of length, 0.32 mm of ID
and 0.25 lm of film thickness, were employed to carry out the
analysis. Helium was used as carrier gas. The injector temperature
was 270 �C and the detector temperature, 300 �C. The oven was
maintained at 200 �C for 21 min, then, it was elevated to 220 �C
at 20 �C min�1 and maintained for 10 min. Internal standard
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method was used with methyl heptadecanoate as standard and
heptane as solvent.

The rest of properties of biodiesel, such as density, viscosity,
water content, saponification, iodine and acid values, flash and
combustion points, cold filter plugging point (CFPP) and cetane
indexes were determined according to the European Standard
UNE-EN 14214 and previous works [22].
3. Results and discussion

The transesterification reaction of rapeseed oil in the presence
of co-solvents was studied by means of the reactions shown in
Table 2. The values of biodiesel yield, density at 15 �C and viscosity
at 40 �C for each experiment are also given in the table.

3.1. Influence of methanol/oil molar ratio

Methanol/oil molar ratio affects strongly the yield of biodiesel.
The stoichiometric methanol/triglycerides molar ratio is 3:1. Nev-
ertheless, since transesterification is an equilibrium reaction,
excess of alcohol is used in biodiesel production to ensure that oils
or fats will be completely converted to esters. Usually there is an
optimum of methanol/oil molar ratio, which can be empirically
determined. Excessive methanol concentration increases the cost
of the alcohol recovery and hinders the separation between biodie-
sel and glycerol [23,24].

Three experiments (runs 1–3, Table 2) were carried out, varying
the molar ratio of methanol to oil from 6:1 to 12:1. The methyl
ester yield, density15�C and viscosity40�C obtained in each experi-
ment are shown in Table 2. The presence of a co-solvent enhances
the solubility of the oil in the alcohol, so a reduction of the optimal
methanol/oil molar ratio could be expected [16]. However, the
results showed that 6:1 was insufficient to reach the highest ester
yield. The optimal ratio was 9:1 and the reached biodiesel yield
was 93.7%, as it was seen in previous works without co-solvent
[22].

Regarding density and viscosity of these samples of biodiesel,
they exhibited just slight differences, in accordance with the sim-
ilarities in the final methyl esters yield.

3.2. Influence of catalyst concentration

Catalyst concentration is vital for oil transesterification. Potas-
sium and sodium hydroxides and methoxides showed the highest
catalytic activity in transesterification of conventional oils, with
typical concentrations from 0.4 to 2 wt% [9]. Usually, the increase
of catalyst amount enhances the reaction rate. However, besides
biodiesel production cost, high concentration of catalyst increases
the complexity of the product separation because the excess of cat-
alyst could lead to the formation of an emulsion. Therefore, this
variable must be suitably optimized.

In this work, the effect of the catalyst concentration in the pres-
ence of co-solvent was studied by comparison of the experiments
3–5 and 28 from Table 2. The highest final yield of biodiesel was
97.6%, which was obtained with 0.7 wt% KOH. The evolution of
methyl ester yield for this series of experiments is shown in
Fig. 1. As can be seen, the absence of catalyst hindered the forma-
tion of methyl esters. This fact was useful to prove that the co-
solvent by itself did not prompt to the formation of esters. The
methyl ester evolution of a run without co-solvent (run 6, Table 2)
was added in Fig. 1 to compare with the rest of reactions of this
series. The catalyst concentration for this reaction was 0.7 wt%
KOH; with this amount of catalyst, the presence of co-solvent exer-
cised a positive effect in biodiesel yield. In fact, the maximum yield
was obtained operating with co-solvent and with 0.7 wt% KOH. The
use of a suitable concentration of catalyst and co-solvent improved
the performance of the transesterification reaction. This behavior
was previously observed by other authors using co-solvent [15–
17].

On the other hand, the differences in density and viscosity were
slight. Generally, density and viscosity decreased as ME yield
increased. Considering the results obtained in this study, the rest
of the experiments were carried out with 0.7 wt% catalyst
concentration.

3.3. Influence of MeOH/co-solvent molar ratio and co-solvent type

Transesterification reaction is initially heterogeneous due to the
poor solubility of the oil in methanol. Then, mass transfer between
both phases strongly affects the reaction rate. The use of a co-
solvent is an approach to overcome this problem and the amount
of co-solvent in the reaction medium will affect biodiesel yield
[19]. Therefore, the influence of MeOH/co-solvent molar ratio
was studied varying this parameter in the range 1:0.5–1:2 (runs
5 and 7–9, Table 2). In addition, run 6 was carried out under the
same conditions, but without co-solvent, to compare with these
runs.

The presence of a little amount of co-solvent allowed an
increase of 6.4% of methyl ester yield. The increase of methanol/
co-solvent molar ratio up to 1:1 led to greater biodiesel yield, prob-
ably, because of the lower solubility between methanol and oil at
low co-solvent concentrations; as seen by other authors [15,17].
On the other hand, excessive addition of co-solvent could favor
the presence of biodiesel and glycerol in the same phase, which
could hinder higher final ester yield [15].

Biodiesel yield was just slightly different for the reactions with
co-solvent (runs 5 and 7–9), although the results were significantly
improved with respect to the absence of co-solvent. These results
are qualitatively analogous to the obtained by Mohammed-Dabo
et al. [14] in the transesterification of J. curcas seed oil, using
tetrahydrofuran as co-solvent. In addition, Gupta and Deo [25]
found the beneficial effect of the co-solvents in the transesterifica-
tion with heterogeneous base catalysts. The progress of methyl
ester yield in the presence and absence of co-solvent is shown in
Fig. 1. As can be seen, both curves showed an initial growing sec-
tion (30 min), where the positive influence of DEE as co-solvent
was clearly noticed. In the last stage of the reaction, methyl ester
yield showed asymptotic trend for all reactions.

In addition to DEE other co-solvents were tested (runs 23–27,
Table 2). Among them, DEE, tBME and THF showed the highest
methyl ester yields, which were greater than 97 wt%. The presence
of diIPE, diBE and acetone led to the same result as the yield
obtained without co-solvent. Nevertheless, after purification steps,
the biodiesel obtained with tBME, diIPE and diBE had strong smell
of the co-solvent used in each test.

As shown in materials and methods section, the boiling point of
the studied compounds is within a very large temperature range.
Methanol, tBE, diIPE, THF and acetone have similar boiling points.
For this reason, the removal of them would be easier, but the reuse
would be hindered. The maximum boiling point was shown by
diBE, which hampered its removal. In contrast, DEE has low boiling
point, allowing its rapid elimination and its reuse since its boiling
point is much lower than that of methanol. Therefore DEE was the
selected co-solvent to carry out most of the experiments which
constitute this study.

3.4. Influence of agitation rate

Mass transfer limitations are important in transesterification
reaction, due to the low solubility between methanol and oil. At
the beginning of the reaction, alcohol and oil form a two-phase liq-



Table 2
Experimental conditions and results.

Runa MeOH/oil Catal. (wt%) Co-solvent, MeOH/C-S T (�C) A.R. (rpm) ME yield (wt%) Dens. (kg m�3) Visc. (cSt)

1 12:1 KOH, 1.0 DEE, 1:1 30 700 91.5 874.3 4.8
2 6:1 KOH, 1.0 DEE, 1:1 30 700 87.6 873.2 5.0
3 9:1 KOH, 1.0 DEE, 1:1 30 700 93.7 875.1 4.6
4 9:1 KOH, 0.5 DEE, 1:1 30 700 91.2 874.7 5.0
5 9:1 KOH, 0.7 DEE, 1:1 30 700 97.6 868.6 4.5
6 9:1 KOH, 0.7 None 30 700 89.8 873.6 5.1
7 9:1 KOH, 0.7 DEE, 1:0.5 30 700 96.2 868.6 4.6
8 9:1 KOH, 0.7 DEE, 1:1.5 30 700 96.0 872.9 4.8
9 9:1 KOH, 0.7 DEE, 1:2 30 700 93.9 867.8 4.9

10 9:1 KOH, 0.7 DEE, 1:1 30 500 96.5 869.3 4.6
11 9:1 KOH, 0.7 DEE, 1:1 30 900 95.1 877.0 4.6
12 9:1 KOH, 0.7 DEE, 1:1 30 1100 96.7 874.7 4.6
13 9:1 KOH, 0.7 DEE, 1:1 40 700 96.2 876.4 4.6
14 9:1 KOH, 0.7 DEE, 1:1 35 700 96.4 867.6 4.6
15 9:1 KOH, 0.7 DEE, 1:1 27 700 97.6 871.0 4.9
16 9:1 KOH, 0.7 DEE, 1:1 20 700 96.2 870.7 4.8
17 9:1 Ba(OH)2, 0.7 DEE, 1:1 30 700 76.8 879.4 6.7
18 9:1 LiOH, 0.7 DEE, 1:1 30 700 96.8 870.8 4.7
19 9:1 p-TsOH, 0.7 DEE, 1:1 30 700 � � �
20 9:1 ZnCl2, 0.7 DEE, 1:1 30 700 � � �
21 9:1 AlCl3, 0.7 DEE, 1:1 30 700 � � �
22 9:1 BF3, 0.7 DEE, 1:1 30 700 � � �
23 9:1 KOH, 0.7 tBME, 1:1 30 700 97.5 869.0 4.6
24 9:1 KOH, 0.7 diIPE, 1:1 30 700 89.5 871.8 5.0
25 9:1 KOH, 0.7 diBE, 1:1 30 700 74.3 844.6 3.0
26 9:1 KOH, 0.7 THF, 1:1 30 700 98.3 862.3 4.6
27 9:1 KOH, 0.7 Acetone, 1:1 30 700 89.3 870.3 4.8
28 9:1 None DEE, 1:1 30 700 � � �

a MeOH/oil: methanol/oil molar ratio; Catal., wt%: catalyst and its amount; Co-solvent, MeOH/C-S: co-solvent and methanol/co-solvent molar ratio; T.: reaction tem-
perature; A.R.: agitation rate; ME yield: methyl ester yield; Dens.: biodiesel density at 15 �C; Visc.: biodiesel viscosity at 40 �C.
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Fig. 1. Biodiesel yield. Influence of catalyst concentration.
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uid system; the reaction is diffusion-controlled, resulting in slow
rate. Although as methyl esters are formed, they act as a mutual
solvent for the reagents, it is necessary to stir the mixture to
achieve suitable reaction rate.

In this section, the influence of agitation rate on biodiesel yield
was studied in the range 500–1100 rpm (runs 5, 10–12, Table 2). As
can be seen in Table 2, even with a wide range of agitation rate, the
influence of this parameter was little significant with methyl ester
yield values between 95.1 and 97.6 wt%. Agitation rate would have
an important effect during the first stage of the reaction, but the
presence of a co-solvent enhanced the solubility between the
reagents. This contributed to speed up the reaction and agitation
rate had slight effect on the results, as seen in previous works
[13–19].
3.5. Influence of reaction temperature

Temperature is a variable that exerts great influence on reaction
rate and biodiesel yield [24]. This variable affects kinetics and equi-
librium constants of the reaction system. Additionally, high tem-
peratures decrease the viscosity of oil and improve mass transfer
and reactivity between the reagents. But also, temperature pro-
motes the triglycerides saponification reaction and decreases the
biodiesel yield. In addition, the reaction temperature will be lower
than the boiling point of methanol and co-solvent in order to avoid
the vaporization of these components.

Tests with reaction temperatures between 20 and 40 �C were
carried out (runs 5, 13–16, Table 2). These temperatures were
lower than the boiling point of methanol and, in general, lower



Fig. 3. Determination of kinetic constants according to pseudo first-order kinetic
model.

J.M. Encinar et al. / Fuel 166 (2016) 51–58 55
than the boiling point of DEE. Fig. 2 shows the evolution of the bio-
diesel yield for this group of reactions.

High biodiesel conversions were obtained in all cases. Specifi-
cally, in the experiment carried out at room temperature
(Troom = 20 �C), a biodiesel yield of 96.3% was obtained. From an
economical point of view, this fact would allow the reduction of
process costs. The reaction temperature showed positive influence
during the first minutes of reaction, after that the final biodiesel
yield was similar for all reactions. The same effect could be seen
for other type of oils and co-solvents in previous works [15,17].
Moreover, an increase in temperature would lead to DEE evapora-
tion, higher energy consumption and soap formation [24]. For
these reasons, 30 �C (close to room temperature) was considered
as the optimum temperature for this reaction.

3.6. Transesterification reaction with other catalysts

The use of co-solvent improved the reaction rate when KOHwas
used as catalyst. Other catalysts are known as less effective cata-
lysts under other conditions [26]. In this work several reactions
with another kind of catalysts were carried out in order to test if
the presence of a co-solvent could increase its efficiency until
KOH activity. In order to achieve this aim, Ba(OH)2 and LiOH were
used as alkaline catalysts and AlCl3, ZnCl2, BF3 and p-
toluenesulfonic acid as acid catalysts (runs 17–22 from Table 2).
The acid catalysts showed very little activity, since after 120 min
of reaction, at 30 �C and 700 rpm, the conversion was null in all
cases. Probably, the experimental conditions (0.7 wt% catalyst,
9:1 MeOH/oil, 1:1 MeOH/DEE) were too soft and more drastic con-
ditions would be necessary. Guan et al. [27] achieved the transes-
terification of corn oil, using 4 wt% p-TsOH in the presence of DEE,
at 80 �C and 500 kPa. On the other hand, Soriano et al. [28] used
THF as co-solvent for the transesterification of canola oil with
5 wt% AlCl3, 24:1 of methanol/oil molar ratio, at 110 �C and they
needed 18 h to reach high conversion.

The alkaline catalysts were more effective. Conversions of 96.8%
and 76.9% were obtained with LiOH and Ba(OH)2, respectively. So,
the presence of DEE allowed that KOH and LiOH showed almost the
same activity, while KOH had shown better results under other
conditions, such as under methanol subcritical conditions [26].
However, the purification of biodiesel was a slow and difficult pro-
cess with Ba(OH)2 and LiOH. Hence, Li and Ba catalysts, along with
DEE as co-solvent, do not improve the results obtained with KOH.

3.7. Kinetic and thermodynamic analysis

Transesterification reaction occurs through three consecutive
and reversible reactions. The first step is the reaction between
one molecule of triglyceride (TG) and methanol to produce a
diglyceride (DG) and one molecule of methyl ester (FAME). The
obtained diglyceride reacts with methanol to form a monoglyc-
eride (MG) and another molecule of FAME. In the final step, MG
reacts with methanol to yield the third molecule of FAME and
one molecule of glycerol. Thus three molecules of FAME and one
molecule of glycerol are formed by the completion of the reaction.
According to generalized tendencies in literature [29], the kinetic
constant of the global reaction, without considering intermediate
steps, will be determined in this work. Under these conditions,
the simplest kinetic model which fitted suitably the data was the
pseudo first-order kinetic model. The used equation was:

lnð1� XÞ ¼ �kt ð1Þ
where X is the conversion of TG at any time t, and k is the rate con-
stant. By plotting �ln(1 � X) versus time, k was obtained from the
slope of the curve.
The kinetics of the transesterification reaction was studied at
five temperatures between 20 and 40 �C (runs 5, 13–16, Table 2
and Fig. 2). The graphical representation of Eq. (1) corresponding
to each reaction is reported in Fig. 3. As can be seen, experimental
data showed linear trend during the first 30 min of reaction. For
longer times, the conversion values remained practically constant
(asymptotic zone), and experimental points did not showed the
same linear trend.

The regression analysis of the data plotted in Fig. 3 was col-
lected in Table 3, where pseudo kinetic constants and R2 coefficient
are provided. The high values of R2 confirm that this system follows
a pseudo first-order kinetic model.

The relationship among specific reaction rate constant (k), abso-
lute temperature (T) and activation energy (Ea) is given by Arrhe-
nius Eq. (2), where A is the frequency factor and R is the
universal gas constant:

k ¼ A expð�Ea=RTÞ ð2Þ
Experiments 5 and 13–16 (Table 2) were considered again to

determine the activation energy. Eq. (2) could be linearized as
shown in Fig. 4. From the slope of the curve, the activation energy
was determined; its value was 21.88 kJ mol�1. This value was rel-
atively small, which reveals great catalytic activity of basic cata-
lysts (KOH).

Thermodynamic characteristics of the transesterification reac-
tion were calculated based on the rate constants. Eyring–Polanyi
equation was used (3), where k is the rate constant at temperature
T, and DH and DS are the changes in enthalpy and entropy of acti-
vation for the reaction system, respectively. On the other hand, kb,
h and R are Boltzmann, Planck, and universal gas constant,
respectively.

lnðk=TÞ ¼ �DH=RT þ lnðkb=hÞ þ DS=R ð3Þ
The Eyring–Polanyi plot for the transesterification reaction is

shown in Fig. 5. DH and DS were determined from the slope and
y-intercept of the Eyring–Polanyi plot. Table 4 lists the value of
DH, DS and DG (Gibbs energy change) for transesterification reac-
tion; the last parameter was determined by the equation
DG =DH � TDS.

3.8. Fuel specifications

In addition to Table 2, in Table 5 other important parameters for
some of the experiments together with the standard are shown.

Biodiesel density and viscosity are directly related to the engine
performance [30,31]. The established values by EN-14214 are



Table 3
Kinetic analysis of transesterification process.

Temperature (K) Pseudo first-order kinetics (min�1) R2

293 0.0537 0.99
300 0.070 0.99
303 0.081 0.99
308 0.0914 0.98
313 0.0985 0.98

Fig. 4. Arrhenius plot. Activation energy determination for transesterification
process (best fit: lnk = �2634.8/T + 6.134; R2 = 0.97).

Fig. 5. Eyring–Polanyi plot. Determination of the variations of enthalpy and entropy
of activation during the reaction of transesterification. Best fit: ln(k/T) = �2356.5/
T � 0.5.

Table 4
Thermodynamic analysis of transesterification process.

Temperature (K) DH (kJ mol�1) DS (kJ mol�1 K�1) DG (kJ mol�1)

293 19.59 �0.19 75.26
300 76.59
303 77.16
308 78.11
313 79.06
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860–900 kg m�3 and 3.5–5.0 cSt for density15�C and viscosity40�C of
biodiesel, respectively. As seen in Table 2, density values were
mainly between 862.3 and 879.4 kg m�3, which are within
the European regulation. In addition, this parameter remained
Table 5
Parameters of biodiesel characterization.

Parameter Run

5 6 17

Water content (%) 0.07 0.07 0.13
Saponification value (mgKOH g�1) 174.4 170.3 180.7
Iodine value (gI2 100 g�1) 111.9 119.0 106.8
Acid value (mgKOH g�1) 0.23 0.13 0.75
CFPP (�C) �2 �4 �1
Flash point (�C) 178.0 187.0 183.8
Combustion point (�C) 191.5 195.0 194.0
Cetane index 41.3 44.0 �
Estimated cetane number Eqs. (4) and (6) 54.8 55.1 55.3

Eqs. (5) and (6) 56.4 56.6 56.7
practically constant at different ester content. On the other hand,
viscosity considerably depends on ester content. In this work, the
only viscosity value higher than the range showed low ester
content (run 17). The experiment 25 (with di-n-butyl ether as
co-solvent) had lower density and viscosity than the limits given
by the regulation, which could be explained by the presence of
co-solvent. This biodiesel also showed unusual values for the rest
of parameters (Table 5).

According to Table 5, the content in water exceeds, in general,
the stated value for the standard. The presence of water in biodie-
sel fuels could cause engine corrosion, although this content
depends strongly on the storage step [32]. Saponification values
ranged from 167.5 to 183.8 mg of KOH per gram of sample. This
value and iodine value are related to the fatty acid profile; that
is the raw material. In consequence, there are not significant vari-
ations of these properties for the evaluated samples. Iodine values,
which show the degree of fuel unsaturation, were enclosed
between 106.8 and 119.0 gI2 100 g�1, in any case, it was smaller
than the maximum established by the regulation EN-14214
(120 gI2 100 g�1). On the other hand, acid value is a measure of
the free fatty acid level in biodiesel. In general, the acid value of
the samples was in accordance with the maximum required limit
(<0.5 mgKOH g�1), except for biodiesel 17 and 25, which showed
low methyl ester yield.

Cold filter plugging point (CFPP) reflects the cold weather
performance of a fuel. At low operating temperature, fuel might
thicken and not flow properly affecting the performance of fuel
lines, fuel pumps and injectors [33]. In EN-14214 the CFPP value
is not specified, since it is different at each country; however, the
biodiesel from runs 24 to 27 could not be used due to their high
CFPP value. Flash point is a measure of the flammability of fuels
and thus an important parameter for assessing hazards during fuel
transport and storage [34]. The flash point of the biodiesel is higher
than that of diesel oil, which is safer for transport. The flash points
shown in Table 5 were enclosed between 167.8 and 192.0 �C.
Hence, in all cases they were above the minimum value established
by the standard EN-14214. Combustion point is not regulated in
the standard. The biodiesel samples had a combustion point above
185 �C, compared to 95 �C, typical of diesel No. 2, this biodiesel has
a guarantee security [20].

One of the most important measures of ignition characteristics
of diesel and/or biodiesel fuels is cetane number, which is a dimen-
sionless descriptor for the ignition delay time of a diesel fuel upon
EN-14214

18 23 24 25 26 27

0.09 0.04 0.05 0.08 0.07 0.06 <0.05
183.8 168.0 168.4 127.7 167.5 175.0 �
112.3 114.6 111.6 91.8 115.3 118.4 6120
0.20 0.21 0.19 0.69 0.34 0.27 60.5
� �1 7 3 6 10
� 183.0 192.0 � 167.8 182.0 P120
� 193.1 178.0 65.0 185.0 191.0 �
� 38.1 44.4 45.8 �
55.4 54.9 54.6 54.8 54.8 54.9 >51
56.8 56.4 56.1 56.4 56.4 56.4 >51



Table 6
Cetane number estimated for the fatty acid esters (CNME).

FAME (Cn:db) CNME by Eq. (4) CNME by Eq. (5)

Palmitate (16:0) 73.9 80.4
Palmitoleate (16:1) 53.3 55.0
Stearate (18:0) 82.3 89.3
Oleate (18:1) 61.7 61.6
Linoleate (18:2) 41.1 43.3
Linolenate (18:3) 20.5 31.2
Erucate (22:1) 78.7 73.3
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injection into the combustion chamber [34,35]. Cetane index is a
calculated quantity that is intended to approximate cetane num-
ber. In general, as seen in Table 5, the values of cetane index are
very similar and ranged from 38.1 to 45.8. On the other hand,
according to the standards EN-14214 and EN-590, cetane number
must be greater than 51. But its determination is a high cost
method and can show reproducibility errors; so, some correlations
were used in order to estimate the cetane number. Firstly, the
cetane number of each fatty acid methyl ester (FAME) were
estimated, using other properties, according to Eqs. (4) and (5) pro-
posed by Ramírez-Verduzco and Lapuerta [36,37], respectively.

CNME ¼ �7:8þ 0:302Mi � 20db ð4Þ
CNME ¼ �23:523þ ð2:366þ 6:299e�0:411dbÞCne�0:818Cn ð5Þ
where CNME represents cetane number for fatty acid esters, Mi the
molecular weight of the ith FAME, db is the number of double bonds
in a given FAME and Cn the number or carbon atoms in the original
fatty acid.

Assuming that the mixture (biodiesel) behaves optimally with
respect to cetane number, this can be obtained by Eq. (6).

f b ¼ Rnzif i ð6Þ
where f is a function that represents any physical property of
biodiesel (b) and pure FAME (i); zi is the mass or mole fraction of
the ith FAME.

Table 6 shows the cetane number for fatty acid esters (CNME),
estimated with the correlations given by Eqs. (4) and (5). The
estimated values by means of both equations are very similar,
although the estimates by means of Eq. (5) are lightly bigger.
Taking into account the ME distribution of the different biodiesel
samples, the estimated CNME and Eq. (6), the biodiesel cetane num-
ber (CNbio) was estimated; the results are given in Table 5. As can be
seen, the estimated values for these biodiesel samples are higher
than the value demanded by the standard EN-14214 (>51.0). In con-
sequence, in reference to this parameter, the synthesized biodiesel
achieved the recommendations of the standard EN-14214.

4. Conclusions

The use of co-solvent improves the mass transfer between the
phases present in the transesterification process. Therefore, high
biodiesel yield can be achieved in small reaction times, even at
room temperature. The most effective co-solvents were DEE and
THF. The first one can be considered as an excellent low-polar sol-
vent that can increase the mutual solubility of oil and methanol.
The THF originated similar conversions to the obtained with DEE,
but the recuperation of this co-solvent was more difficult in
comparison to that of DEE.

After studying the effect of catalyst type and concentration,
methanol/oil molar ratio, methanol/co-solvent molar ratio, agita-
tion rate and reaction temperature, the highest methyl ester yields,
97–98%, were achieved with 0.7 wt% KOH, 9:1 as methanol/oil
molar ratio, 1:1 as co-solvent/methanol molar ratio, 700 rpm and
30 �C. Transesterification reaction followed a kinetic model of
pseudo-first order and the rate constants at several temperatures
were determined. Also, activation energy and the variations of
enthalpy and entropy for the system of reaction were determined
by means of application of Arrhenius and Eyring Polanyi equations,
as a useful tool for future works. Finally, all samples of biodiesel
were characterized and the ones with the highest ester contents
showed only limitation on water content.
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