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The most of biodiesel fuel is synthesized by
homogeneous transesterification using alkaline cat-
alysts and methanol (so-called homogeneous bio-
diesel synthesis). However, the costs of biodiesel pro-
duction using homogeneous base or acid catalysts
and environmental concerns resulting from the usu-
ally applied esters washing step, including the neut-
ralization of residual homogeneous catalyst and the
removal of soap and glycerol, have initiated the
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HETEROGENEOUS KINETICS OF
VEGETABLE OIL TRANSESTERIFICATION
AT HIGH TEMPERATURE

Article Highlights

¢ Kinetics of transesterification catalyzed by different catalysts from literature was ana-
lyzed

e Transition and earth metals as catalyst for the high temperature transesterification

e Three kinetic models were used for predicting the effect of high temperature transes-
terification

e Apparent reaction rate constant and other parameters for more complicated models
were determined

Abstract

Currently, the catalytic efficiency and reusability of the solid base catalysts
cannot meet the demand of industrial biodiesel production under low tempe-
rature. The purpose of this study is to define the kinetics of heterogeneous
transesterification process that could be used for the prediction of the biodiesel
synthesis at high temperature and pressure. The focus in this study was paid
fo recently reported data obtained with different catalysts used for biodiesel
synthesis in a batch reactor at high temperatures. It was shown that three kin-
etic models, including: g) irreversible first order reaction, b) reaction with
changeable order and c) resistances of mass transfer and chemical reaction at
active sites of the catalyst, could be applied for predicting the effect of high
temperature of the transesterification. The apparent reaction rate constant of
the irreversible first order reaction was determined, as well as the parameters
of the other two, more complicated kinetic models. The best agreement was
obtained with the more complicated models and the mean relative percent
deviation between calculated and experimentally determined triacylglycerols
conversion for these kinetic models is between 3 and 10%.

Keywords: biodiesel, heterogeneous catalyst, kinetics, transesterific-
ation.

search for more environmentally friendly processes
based on the solid catalysts application. Therefore,
the need for replacing the homogeneous with hetero-
geneous catalysts in transesterification and esterific-
ation of triacylglycerols (TG) was of high concern and
many investigations were directed towards finding an
effective solid catalyst that could be applied under the
moderate reaction conditions. In principle, this could
reduce the cost of biodiesel production, as it elimin-
ates the need of numerous downstream processing
steps, which cause the additional costs of biodiesel
synthesis.

A large number of solid catalysts such as alkali
earth and transition metal oxides, metal oxides doped
with rare earth metals, zeolites and modified zeolites,
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hydrotalcites, metals or oxides loaded on supports
etc. have been investigated as catalysts for biodiesel
production. Many biodiesel synthesis research stu-
dies in the past were focused on exploring the new
and stable solid base catalysts that could be used at
high temperature. In addition, it is believed that solid
base catalysts have a strong potential to replace
liquid acid catalysts. Although almost all of the rep-
orted studies could be separated into the transester-
ification realized at a low temperature (LTT), it seems
that the full activity of rare metal catalysts could be
obtained only by conducting the transesterification
under a high temperature (HTT). In this study, a
review of catalysts containing transition metals, lan-
thanides and actinides tested in transesterification of
different vegetable oils at higher temperature is rep-
orted.

Recently reported data related to the kinetics of
transesterification over solid catalysts were most
often based on LTT and only limited information could
be found about the kinetics of transesterification pro-
cess at high temperature. Thus, the goal of this study
was to analyze the results from literature for several
catalysts (La/Mn [1], Ce/Mn [2], Sr/cinder [3], Fe-Zn
double-metal cyanide (DMC) complex [4], La,O5/ZrO,
[5]) used in the HTT and to determine the most suit-
able kinetic model for representing a biodiesel syn-
thesis under subcritical condition for methanol.

Review of transition metals, lanthanide, actinide and
their derivatives activity as catalyst for biodiesel
synthesis

Transition metals exhibit variable Lewis acidity,
as well as various oxidation states and ion radius
size. Due to these specific characteristics, many tran-
sition metal oxides and chlorides have widely been
examined for different reactions and among them also
for biodiesel synthesis by vegetable oils transesterific-
ation [6]. For example, molybdenum- and tungsten-
-containing solids have been reported in a number of
reactions in which the acidity profile plays an imp-
ortant role in the reactions of isomerization, cyclic
alkene oxidation, alcohol dehydration and vegetable
oils transesterification [7].

It seems that solid acid catalysts are more
effective under severe condition of transesterification
(HTT), compared to some base solid catalysts which
usually show acceptable activity at lower and even
ambient temperatures [8-11]. Activity of different cat-
alysts, representing combination of manganese and
rare earth metals like La/Mn [1] and Ce/Mn [2] or Sr
(the alkaline earth metal) supported on cinder [3], was
tested in the soybean oil transesterification with meth-
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anol under subcritical conditions (HTT). It was obs-
erved that the TG conversion rapidly increased with
increasing the reaction time from 30 to 60 min at 180
°C when La/Mn catalyst was used [1], after which the
conversion kept rising slowly and reaching a plateau
at about 99% after 90 min. With Ce/Mn catalyst, the
TG conversion was increased to 98.9% after 40 min
after reaching the isothermal reaction (140 °C), while
the FAME yield was 74.7% [2]. The transesterification
reaction over Sr-cinder catalyst indicated that the TG
conversion remarkably increased from 82.9 to 99.7%,
and FAME yield from 77.1 to 90.6%, when the react-
ion time was prolonged from 30 to 60 min [3]. The
change of both the TG conversion and the FAME
yield was not observed after 60 min at 180 °C.

There have been several reports on the usage
of transition metals like tin oxide or zirconium sul-
phate [12,13]. The acidity of zirconium sulphate could
be also promoted by addition of tungstate sulphate
[13]. In spite of the acidity effect, the reported data
indicated that sulfated zirconia is a more active cat-
alyst for transesterification of vegetable oils than the
mixture of tungsten and zirconium sulphate [13].

Many studies were focused on the analysis of
Zn, which also belongs to the group of transition
metals, as a suitable catalyst for biodiesel synthesis.
Thus, Zinc (1) Shiff base complexes were reported as
suitable catalysts for biodiesel production from waste
vegetable oil. Zinc oxide supported on alumina is cap-
able of catalyzing the transesterification of plant oil
under subcritical conditions of methanol [14] or in
combination with some other alkaline metals at mod-
erate conditions [15,16].

Some of the published studies showed that tran-
sition and other rare earth metals in combination
mainly with some alkaline metals also possessed cat-
alytic activity for biodiesel synthesis at the tempe-
rature close or little bit above the boiling temperature
of methanol [17-30].

A review of reported studies with different cat-
alysts containing transition metals, lanthanides and
actinides, which are tested at higher temperature, is
shown in Table 1.

Most transition metals are expensive and the
catalysts prepared from them could be active only at
high temperature and pressure necessary to achieve
a high conversion of TG. It was found that pure ZnO
and ZnO mixed with some other metal oxides
exhibited the conversion efficiency ranging from 90 to
95% at high and low temperature, respectively
[42,43]. Strontium loaded at fly ash, ZnO/La,O3; and
Zn/Al,O; have been also tested as catalysts for the
transesterification of vegetable oil. The activity of zir-



S. NASREEN et a/: HETEROGENEOUS KINETICS OF VEGETABLE OIL...

Chem. Ind. Chem. Eng. Q. 22 (4) 419-429 (2016)

Table 1. FAME yield obtained in the process of vegetable oil transesterification with transition metals, lanthanides and actinides used as

solid catalyst

Catalyst Time, h 7/°C Yield, % Reference
WO,/ZrO,/MCM-41 25 200 85 [31]
H3PW1204¢/ZrO; 10 200 77 [32]
ZrO, 1 200 64.5 [33]
ZnO/Al,04 0.5 200 99 [34]
S042/Sn0; 3 180 65 [35]
MnO/TiO 0.35 260 92 [36]
Fe/Zn 5 170 99 [4]
ZrO,/Al,03 - 250 97 [37]
TiO2/ZrO, 4 250 95 [37]
WO3/ZrO,/Al,04 Continuo 250 90 [37]
VOPQO,4-2H,0 1 150 80 [38]
WO5/ZrO, 5 200 97 [39]
La 03 2 200 97.5 [40]
MnCeOy 5 140 87 [41]
La,04/ZrO, 5 200 96 [5]

conium oxide with tungsten oxide was also inves-
tigated [44,45].

A variety of transition metal-based solid acids
like WO,/ZrO,, SO,/ZrO, SO,/TiO, and SO,/ZrO*
/A, O3 have already been tested for their catalytic
efficiency in the process of free fatty acid esterific-
ation and TG transesterification [46-48]. Microwave
heating in conjunction with heterogeneous barium,
alumina, silica, zinc aluminate, and zirconium-based
catalysts showed also a good catalytic activity for bio-
diesel production [49-51]. The sulfated transition
metal oxides such as SO,/TiO,, SO0,ZrO, SO,%/
/Sn0O?'Fe;0, and SO,/SnO, were also reported in the
literature as good catalysts [52-54].

The heteropoly tungstate (an acid solid catalyst)
was active as a catalyst for esterification and transes-
terification reactions of waste and virgin vegetable
oils. Commonly, heterogeneous heteropoly acids
(HPASs) can be prepared by dispersing the HPAs on
the high surface area supports such as hydrous zir-
conia (Zr0O,), silica (SiO;) and alumina (Al,O3). HPAs
supported on high surface area supports such as Cs",
NH,* were found useful in various acid catalyzed
reactions [55].

It was reported that Cs"* possessed high surface
area and exhibited significantly higher activities than
the parent heteropoly compound and other solid acid
catalysts. In addition, the heterogeneous HPAs can
facilitate much easier separation and reuse of the cat-
alyst in the new batch. Application of solid HPAs for
biodiesel synthesis using waste oils has been rarely
reported. The activity of HPA catalysts are in the

following order: sHPW >20% WO3/ZrO,> 20%
HPWI/ALL,O;> 20% HPW/ZrO, > 20% HPW/SiO,[56,57].

The use of other transition metals such as zir-
conium, hafnium and antimonial-based catalysts for
transesterification has also been studied [58,59]. The
transesterification reaction over a Fe-Zn catalyst, per-
formed at 170 °C, with the alcohol to oil mole ratio of
15:1 and 3 wt.% of catalyst, reached the oil con-
version of 99% within 5 h. The catalyst activity was
attributed to the Lewis acid active sites of probably
Zn** on the catalyst surface [4]. A vanadium phos-
phate solid acid catalyst was used in the transes-
terification of soybean oil, where the yield of methyl
esters at 150 °C was 80% in 1 h [60].

The simultaneous esterification and transes-
terification of waste cooking oil was observed using
the solid catalyst ZnO-La,O3;, which combined acid
(Zn0O) and base sites (La,03). Calcium oxide modified
with lanthanum (La;O5/CaO) was effective for the
transesterification at 65 °C giving the biodiesel yield
of 94.1% within 1 h [61,62].

An investigation of La,O; catalyst was focused
on the analysis of relation between its activity and bas-
icity. At the highest temperature of 200 °C the FAME
yield was 97.5% in 2 h. A novel solid super base
Eu,03/Al,0; complex was also used as catalyst for the
transesterification of TGs with alcohols at 195 °C, which
led to the TG conversion of 63.2% within 8 h [5,63].

Kinetic models used for heterogeneously catalyzed
transesterification of vegetable oil

Various kinetic models have been used to des-
cribe the kinetics of heterogeneously catalyzed trans-
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esterification. The most frequently used is a simple
pseudo-first order kinetic model with respect to triacyl-
glycerols [64-73]. An irreversible and reversible
pseudo second-order kinetic model was used for
transesterification of different oils [74-77], and the rate
of the transesterification reaction was also fitted using
a power law type kinetics model [78-81]. Kouzu et al.
[82] reported that reaction kinetics varied from the
zero order to first order with respect to TGs during the
progress of FAME synthesis. Veljkovi¢ et al [83]
proposed a pseudo-first order kinetic model for the
transesterification of sunflower oil which includes
mass transfer limitations, but with two separate cor-
relations for mass transfer- and reaction rate-con-
trolled stages. This model was successfully employed
by Stamenkovi¢ et al. [84] and Deshmane and Ade-
wuyi [85]. The models proposed by Liu et a/. [86] and
Huang et al [87] consist of two and three different
equations for different stages of the transesterification
process. Some more complex models were deve-
loped based on the Eley-Rideal or Langmuir-Hinshel-
wood reaction mechanism [66,80,88-90], while other
complex models consist of three [91] and four [92]
consecutive and reversible second-order reactions.
Two kinetic models that have been recently pro-
posed [93-95] predict well the reaction rate during the
whole course of methanolysis process but for process
realized at temperature below 100 °C. The model of
Lukic et al [93,94] has successfully been used by
Sanchez et al. [96] for describing the kinetics of jojoba
oil methanolysis over mussel shell-CaO and verified
by Miladinovic et al. [97] for several calcium-based
catalysts applied at low temperatures. The kinetic
model of Miladinovi¢ et al. [95] was proved to be suit-

biochar [98] and some other calcium-based catalysts
[99] at 60 °C.

The kinetics of transesterification at high tempe-
rature reported in literature always involved a simple
first order (irreversible or reversible) [11,100-104] or
n-order kinetic model [77,100], as it can be seen in
Table 2.

Models used for the analysis of HTT

Three different kinetic models are used as base
points in this research: a) the simple pseudo-first
order reaction model [64-73], which has been widely
applied for defining the kinetics of transesterification
at high temperature (Table 2), b) the kinetic model
proposed by Miladinovi¢ et al [95] (signed as MM
model) and c) the kinetic model developed by Luki¢ et
al. [93,94] (signed as IL model). Both MM and IL
models were originally used for the prediction of TG
conversion at lower temperatures, so the intention of
this study was to check the possibility of using these
models at higher temperature, too.

The simple pseudo-first model can be exp-
ressed as:

_dere
d¢

_ kerg (1)

where ¢ is TG concentration and £, the reaction rate
constant for the first order irreversible kinetic model.

Since the TG concentration is related to the TG
conversion degree, X, as follows:

Crg = Crao(1- X76) (2)

Eq. (1) can be transformed into:

able for describing the kinetics of sunflower oil meth- dXre _ k(11— x75) (3)
anolysis catalyzed by CaO-based palm kernel shell de
Table 2. Kinetic of high temperature transesterification - literature review
Reaction condition
Catalyst - - — - — - Kinetic model Ref.
7/°C  Mole ratio MeOH/oil Catalyst amount, % Stirring intensity, min~  Yield, %
Cao 215 6:1 2 75 Pseudo-first respect [101]
to MeOH

CaO/Al,03 125-200 9:1 3 500 90 Pseudo-first [102]
nano-MgO 200-260 36:1 3 1000 100 Pseudo-first [103]
MgO, PbO, Mn,O 215 6:1 2 80 Pseudo-first [101]
12-TPA/Nb,Os 150-225 18:1 3 600 92 Pseudo-first [104]
Nas;PO4 190-250 18:1 1 600 98.5 Pseudo-first [105]
ZnO on an Al/Si 200 30:1 2 300 96.08 First-order irrever- [14]
support sible and reversible
Na/La 215 7:1 2 40 1 with respectto TG [102]

and 2 with respect to

MeOH

S04%/Zr0, 90-150 12:1 8g 94.1 1.1 [77]
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The MM kinetic model, proposed for the sun-
flower oil methanolysis catalyzed by quicklime, inc-
ludes the changing reaction mechanism. This model
assumes that the reaction rate with respect to TG is of
zero order at high TG concentrations (the initial react-
ion period) and of the first order at low TG concen-
trations (the later part of the reaction). It is expressed
as follows:

dXrg _ k (1= X76)(Cro +3C160X73) 4)

dt " K+ Creo(1-Xe)

where k,, is the apparent reaction rate constant, c¢yq is
the hypothetic initial FAME concentration correspond-
ing to the initial available active catalyst surface, crgo
is the initial TG concentration and A is the model
parameter defining the TG affinity for the catalyst
active sites.

According to the IL model, which was previously
developed for the methanolysis of sunflower and used
vegetable oil in the presence of CaO-ZnO catalyst
[93,94], the rate of methanolysis may be presented as
the irreversible pseudo-first order reaction with the
variable apparent rate constant, ,,,, which takes into
account the overall volumetric mass transfer coeffi-
cient of TG from oil to methanol phase, A 1q, and the
effective pseudo first-order reaction rate constant, &

dx Kirak
TG _ kapp(1 _ XTG) — t, TG
d¢ Koita A

_ klhnra)s [1+ax? |
K+ (kg ra)o [ 1+ @x2, |

(1-X76) =

©)

(1-x76)

where (kn.16)o is the overall volumetric mass transfer
coefficient at the beginning of the process, depends
on interfacial area between the oil and methanol, a,
and « and g are fitting parameters. The interfacial
area changes with the TG conversion according to
the proposed correlation:

2 trax? 6)
a() TG
Since:

1 a,

= )

Knra  8(Kua)o

then Ay 1e, Which defines the rate of mass transfer,
depends on the interfacial area and the proposed
correlation assumes that it is also a function of TG
conversion:

ke = (K)o [1 +ox! J 8)

For the purpose of simulation and modeling of
X Versus time, Polymath Educational 6.10 software
was used. The significance of the kinetic models was
statistically evaluated using the mean relative percent
deviation (MRPD) between the experimentally deter-
mined and predicted TG conversions:

mrep =190

n 5

XTGmod B XTGexp

9)

X1q

'exp

Determination of kinetic parameters and simulation of
TG conversion

The kinetics was analyzed using results rep-
orted in literature for transesterification of vegetable
oils catalyzed by 5 different catalysts [1-5]. The effect
of the reaction temperature on the transesterification
efficiency when these catalysts were used is pre-
sented in Figure 1. In the transesterification of soy-
bean oil catalyzed by the La/Mn catalyst, it was obs-
erved that TG conversion significantly increased from
18.0 to 99.0% when the reaction temperature inc-
reased from 60 to 180 °C [1]. When Sr-cinder was
used as a catalyst, the TG conversion increased from
63.3 to 99.7% when the reaction temperature inc-
reased from 90 to 180 °C [3]. In both cases, further
increase of temperature above 180 °C did not con-
siderably change the TG conversion. More sever
change in TG conversion was observed with Fe-Zn
DMC [4] and La,03/ZrO, [5] used for transesterific-
ation of high-acid-value oil or sunflower oil, respect-
ively. Authors of these investigations reported that
conversion of triacylglycerols changed from 2% at
100 °C to 97% at 160 °C after 8 h of reaction [4], and
from 4% at 60 °C to 96% at 200 °C after 5 h of
reaction [5]. The results of Ce/Mn-catalyzed transes-
terification indicated that the reaction rate was slow at
120 °C, with a TG conversion of only 48% after 1 h of
process [2]. However, the increase in temperature to
140 °C led to the increase of the TG conversion up to
98.9% after 1 h [2]. A further increase of the reaction
temperature has only minor effect on the TG conver-
sion. It was interesting to notice that the experimental
data for La/Mn, Sr/cinder, Ce/Mn and La,0,/ZrO,
catalysts indicated that during the transesterification
process the transformation of triacylglycerols into
FAME was not completed although the TG conver-
sion was almost 100%. Namely, the FAME yield for
all four catalysts were about and below 90% (Sr/cin-
der, Ce/Mn and La,03/ZrO, catalysts) and little bit
higher (La/Mn catalyst). For Fe-Zn DMC data of
FAME yield were not available.

The simple first order kinetics of TG conversion,
Eq. (3), was used to calculate the reaction rate cons-
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TG conversion (%)
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Figure 1. Effect of reaction temperature on TG conversion and FAME yield using. La/Mn [1] m); Sr-cinder [3] () Ce/Mn catalyst [Z] (A ),
Fe-Zn DMC [4] (Y ); La;,Oy/ ZrO; [5] ().

tant, & at different temperatures. The obtained 4
values were analyzed using the Arrhenius plot of In &
versus 1/7 (Figure 2) in order to estimate the acti-
vation energy (£,) and the pre-exponential factor (A).

The defined temperature dependency of the
reaction rate constant was used for modeling and
simulating the TG conversion versus time at the iso-
thermal condition as well as at different temperatures
applying all three kinetic models (I order, MM and IL).
The MM and IL model parameters were then opti-
mized to give the minimal MRPD. The determined
parameters of three kinetic models are shown in
Table 3. TG conversion at various reaction times was
calculated by Egs. (3)-(5) for the | order, MM and IL
models, respectively using corresponding parameters
from Table 3. The predicted TG conversion is com-
pared to the experimentally determined one in Figure 3.

The IL [93] and MM [95] models gave a better
agreement, compared to the simple irreversible first
order reaction model. The average agreements
between experimental and calculated TG conversions
are shown in Table 4.

The prediction of TG conversion achieved at dif-
ferent temperatures was the best with the first order
reaction model (the average MRPD for five catalysts
was about £13%), while it was less good with the
other two models (MM model about +23% and for IL
model about +14%; Table 4). It is reasonable
because the influence of TG conversion at different
temperature and determination corresponding para-
meters (the activation energy and frequency factor of
transesterification process) was based on this simple
model, and then this relationship between, 4, the
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reaction rate constant and temperature was also
applied for other two models [93,95]. It was only pos-
sible to be done, because the more complex MM [95]
and IL [93] models do not give the possibility for a
simple calculation of the relationship between the
apparent reaction rate constant and temperature.
However, the simulation of TG conversion at the iso-
thermal condition was much better with the MM and IL
models (the average MRPD for five catalysts was 2.7
and 3.5%, respectively) and with the | order model it
was 11%.

However, it should be noted that the Arrhenius
plot for Ce/Mn catalyst was questionable (Figure 3c)
because the data of TG conversion obtained at higher
temperature were almost the same and very close to
100%. Thus, data corresponding to temperature
below 160 °C must only be taken into account for pre-
diction the Arrhenius plot and determination the acti-
vation energy and the frequency factor of the transes-
terification process. Further problems in analyzing
experimental data at different temperatures arise from
the realization of transesterification in the batch reac-
tor. Namely, for reaching a desired temperature of
isothermal operation, and especially when it is higher
than 100-120 °C, some time for heating the reaction
mixture is usually required. During that period, so
called non-isothermal operation of transesterification
is realized, and thus the conversion obtained at some
isothermal condition, e.g., at 180 °C, is represented
as a summation of conversions obtained during
heating period up to 180 °C (it is almost 1 h) and after
1 h of the isothermal process at that temperature. For
such simulation and calculation TG conversion during
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Figure 2. The temperature dependency of the reaction rate constant determined using the / order reaction model for: a) La/Mn [1];
b) Sr-cinder [3]; ¢c) Ce/Mn [2]; d) Fe-Zn DMC [4] and e) La,Oy ZrO; [5].

Table 3. Determined parameters for three kinetic models used for simulation of transesterification process performed with different
catalysts

MM model [95] IL model [93]

Catalyst — 3 3 3 4

k/ min Cro / mol dm™ K/ mol dm™ K/ min Ko / Min o B
La/Mn Figure 3 0.58 1.5 Figure 3 0.052 5.2 1.1
Sr-cinder 0.065 1.15 0.007 310 4.2
Ce/Mn 0.58 1.55 0.038 16 21
Fe-Zn DMC 1.88 3.15 0.0069 16 1.1
La,03/ZrO, 0.9 1.2 0.0068 150 1.1

Table 4. Comparison of different models used for calculation TG conversion and experimental data defined as MRPD (%) by Eq. (9)

Catalyst Temperature range, °C First order reaction MM model [95] IL model [93]
La/Mn 60-210 13.0 21.7 34
Sr/cinder 90-200 41 38.9 16.9
Ce/Mn 120-200 13.0 10.9 13.1
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Table 4. Continued

Catalyst Temperature range, °C First order reaction MM model [95] IL model [93]
Fe-Zn DMC 100-180 16.5 25.6 17.0
La,04/ ZrO, 60-200 19.6 19.1 18.7
La/Mn isothermal 180 °C 14.9 1.4 3.0
Sr/cinder isothermal 180 °C 121 5.3 71
Ce/Mn isothermal 140 °C 14.9 0.7 0.3
Fe-Zn DMC isothermal 160 °C 6.4 3.7 2.0
La,0s/ ZrO, isothermal 200 °C 6.4 2.6 5.2

the non-isothermal+isothermal transesterification, the
relationship between the reaction rate constant and
temperature is necessary, as well as the initial TG
conversion after reaching the desired temperature of
isothermal operation. This procedure of calculating
the TG conversion at isothermal operation was applied
and the data are presented in Figure 3. As shown by
the MRPD-values and the curves (Figure 3), it is clear
that the more complex MM [95] and IL [93] models
gave a better simulation of isothermal operation for all

five catalysts. These models, which are defined by
several parameters and not only by the 4 value as for
the | order model, gave the possibility of fine tuning
the experimental curves and good agreement to the
experimental data.

Finally, it was shown that metal oxides from this
group of metals (transition metals, the rare earths
metals) might be used for biodiesel synthesis only at
higher temperature. However, their possible dissol-
ution into different phases of reaction mixture (FAME,
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Figure 3. Comparison of calculated using different kinetic models and experimentally determined m) TG conversion using: — first order
reaction kinetic model; --- IL kinetic model [93] and ----- MM kinetic model [95] for transesterification catalyzed by: a) La/Mn [7],

b) Sr-cinder [3], c) Ce/Mn [2], d) Fe-Zn
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glycerol, excess of methanol) must be taken into
account, and also must be determined to what extent
the non-catalyzed transesterification with subcritical
methanol could be expressed. According to the expe-
rimental data analyzed in this study, the non-catal-
yzed reaction is obviously not so important for the
Ce/Mn catalyst. Namely, the rate of transesterification
process over the Ce/Mn catalyst was very fast at 120-
-140 °C, but it was not in the case of the La/Mn or Sr/
/cinder catalysts which had optimal activity at 180 °C.

The phase composition under the subcritical
condition of methanol, and its dependence on the pre-
sence of solid catalyst, is also very important and
must be analyzed or calculated. This can be done
analyzing the phase composition in the presence of
some inert solid particles with same physical charac-
teristics as catalyst and comparing to phase compo-
sition without presence of solid phase. Taking into
account the possible influence of solid phase on the
rate of transesterification process it seems that the IL
model is more realistic for defining the physical
meaning of models parameters [93].

CONCLUSION

Metal oxides from the group of transition metals
as well as some from the group of earth metal could
be successfully applied as catalysts for biodiesel
synthesis at higher temperature. Usually conditions
belonging to high temperature transesterification
(above 140 °C, pressure above 2 MPa) correspond to
subcritical condition of methanol in which the non-
catalyzed but very slow transesterification is also pos-
sible. The presence of such catalyst, and in this
study, the five different types were analyzed, La/Mn,
Sr/cinder, Ce/Mn, Fe-Zn DMC and La,05/ZrO,, inc-
reases the rate of transesterification. Three different
kinetic models were analyzed for prediction of triacyl-
glycerols conversion versus time for isothermal trans-
esterification. Simulation curves and calculation of the
average percent relative deviation showed that com-
plex models based on changeable reaction rate
orders, or models based on the change of resistances
to mass transfer of triglycerols from oil phase to active
sites of catalyst which are defined with several
parameters, gave better calculated TG conversion
compared to simple 1* order kinetic model.

Acknowledgements

This study was supported by the International
S&T Cooperation Program between China and Serbia
(Grant No. 2013DFG92250), the “New Century
Excellent Talent of Ministry of Education of China”
project (Grant No. NCET-09-0713). Thank Higher

Education Commission Pakistan, University of Eng-
ineering and Technology, Pakistan, for cooperation
on this research as well as for the research, Grant No.
45001 of Ministry of Education, Science and Tech-
nological Development of R Serbia.

REFERENCES

[1 S. Nasreen, H. Liu, D. Skala, A. Waseem, L. Wan, Fuel
Process. Technol. 131 (2015) 290-296

[2] S. Nasreen, H. Liu, L. Ali Qureshi, Z. Sissou, |. Lukic, D.
Skala, Fuel Process. Technol. (2016) 148 76-84

[3] S. Nasreen, H. Liu, R. Khan, X.-C. Zhu, D. Skala, Energy
Conv. Manage. 95 (2015) 272-280

[4] F.Yan, Z. Yuan, P. Lu, W. Luo, L. Yang, L. Deng, Renew.
Energy 36 (2011) 2026-2031

[5] H. Sun, Y.Q. Ding, J.Z. Duan, Q.J. Zhang, Z.Y. Wang, H.
Lou, Bioresour. Technol. 101 (2010) 953-958

[6] F.F. Ghesti, J.L.D. Macedo, V.C.L. Parente, J.A. Dias,
S.C.L. Dias, Appl. Catal., A 355 (2009) 139-147

[7] C.S. Cordeiro, F.R. Dasilva, F. Wypych, L.P. Ramos,
Quim. Nova 34 (2011) 477-486

[8] D.M. Alonso, F. Vila, A.R. Mariscal, M. Ojeda, M. Lopez
Granados, G.J. Santamaria, Catal. Today 158 (2010)
114-120.

[9] F.L. Fan, C.G. Gao, L.H. Jia, X.F. Guo, Asian J. Chem.
25 (2013) 47054706

[10] Y. Shao, H. Liu, L. Wan, Adv. Mater. Res. Energy Mater.
578 (2012) 58-62

[11] Y. Dhayaneswaran, L.A. Kumar, Energy 74 (2014) 340-345
[12] M.K.Lam, K.T. Lee, Appl. Catal., B 93 (2009) 134-139

[13] G. Sunita, B.M. Devassy, A. Vinu, D.P. Sawant, V. Bala-
subramanian, S. Halligudi, Catal. Commun. 9 (2008) 696~
-702

[14] 1. Luki¢, Z. Kesi¢, D. Skala, Chem. Eng. Technol. 37
(2014) 1-7

[15] Z.Kesi¢, I. Luki¢, D. Brki¢, J. Rogan, M. Zduiji¢, H. Liu, D.
Skala, Appl. Catal., A 427-428 (2012) 58-65

[16] C. Ngamcharussrivichai, P. Totarat, K. Bunyakiat, Appl.
Catal., A 341 (2008) 77-85

[17] LL. Xu, W. Li, J.L. Hu, X. Yang, Y.H. Guo, Appl. Catal., B
90 (2009) 587-594

[18] F. Chai, F.H. Cao, F.Y. Zhai, Y. Chen, X.H. Wang, Z.M.
Su, Adv. Synth. Catal. 349 (2007) 1057-1065

[19] A. Kawashima, K. Matsubara, K. Honda, Bioresour.
Technol. 99 (2008) 3493-3497

[20] V. Lin, D. Radu, U.S. Patent 10,945,559 (2006)

[21] S. Yan, M. Kim, S.O. Salley, K. Ng, Appl. Catal., A 360
(2009) 163-170

[22] R.M. De Almeida, L.K. Noda, N.S. Gongalves, Appl.
Catal., A 347 (2008) 100-105

[23] W. Thitsartarn, S. Kawi, Green Chem. 13 (2011) 3423-3430

[24] D. Zhai, Y. Nie, Y. Yue, H. He, W. Hua, Z. Gao, Catal.
Commun. 12 (2011) 593-596

427



S. NASREEN et a/: HETEROGENEOUS KINETICS OF VEGETABLE OIL...

Chem. Ind. Chem. Eng. Q. 22 (4) 419-429 (2016)

[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]
[43]

[44]

[49]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

428

X. Li, G. Lu, Y. Guo, Y. Guo, Y. Wang, Z. Zhang, Catal.
Commun. 8 (2007) 1969-1972

Y. Li, X.-D. Zhang, L. Sun, J. Zhang, H.-P. Xu, Appl.
Energy 87 (2010) 156-159

X.H. Wenlei, J. Mol. Catal., A: Chem. 255 (2006) 1-9

G. Anastopoulos, G. Dodos, S. Kalligeros, F. Zannikos,
Int. J. Ambient Energy 34 (2013) 73-82

W. Xie, X. Huang, H. Li, Bioresour. Technol. 98 (2007)
936-939

L.A. Jimenez, M.l. Jimenez, G.J. Santamaria, T.P. Mair-
eles, J. Mol. Catal., A: Chem 335 (2011) 205-209

M.G. Kulkarni, R. Gopinath, L.C. Meher, A.K. Dalai,
Green Chem. 8 (2006) 1056-1062

J. Jitputti, B. Kitiyanan, P. Rangsunvigit, K. Bunyakiat, L.
Attanatho, P. Jenvanitpanjakul, Chem. Eng. J. 116 (2006)
61-66

R. Stern, G. Hillion, J. Rouxel, S. Leporg, U.S. Patent
5,908,946 (1999)

G. Kafuku, M.K. Lam, J. Kansedo, K.T. Lee, M. Mbarawa,
Fuel Process. Technol. 91 (2010) 1525-1529

K. Gombotz, R. Parette, G. Austic, D. Kannan, J.V.
Matson, Fuel 99 (2012) 9-15

S. Furuta, H. Matsuhashi, K. Arata, Biomass Bioenergy
30 (2006) 870-873

S.M. Di, M. Cozzolino, R. Tesser, P. Patrono, F. Pinzari,
B. Bonelli, Appl. Catal., A 320 (2007) 1-7

G. Sunita, B.M. Devassy, A. Vinu, D.P. Sawant, V.V.
Balasubramanian, S.B. Halligudi, Catal. Commun. 9
(2008) 696-702

S. Bancquart, C. Vanhove, Y. Pouilloux, J. Barrault, Appl.
Catal., A 218 (2001) 1-11

C. Cannilla, G. Bonura, E. Rombi, F. Arena, F. Frusteri,
Appl. Catal., A 382 (2010) 158-166

F.L. Fan, C.G. Gao, L.H. Jia , X.F. Guo, Res. Chem.
Intermed. 40 (2014) 157-167

G. Corro, U. Pal, N. Tellez, Appl. Catal., B 129 (2013) 3947

M. Kotwal, P. Niphadkar, S. Deshpande, V. Bokade, P.
Joshi, Fuel 88 (2009) 1773-1778

S.K. Yan, S.O. Salley, N.KY. Simon, Appl. Catal., A 353
(2009) 203-212

L. Peng, A. Philippaerts, X. Ke, J. Van Noyen, F. De Clip-
pel, G. Vantendeloo, Catal. Today 150 (2010) 140-146

Y.-M. Park, S.H. Chung, H.J. Eom, J.S. Lee, K.Y. Lee,
Bioresour. Technol. 101 (2010) 6589-6593

K.F. Yee, J. Wu, K.T. Lee, Biomass Bioenergy 35 (2011)
1739-1746

L. Bournay, D. Casanave, B. Delfort, G. Hillion, J. Cho-
dorge, Catal. Today 106 (2005) 190-192

P. Mazo, L. Rios, Lat. Am. Appl. Res. 40 (2010) 337-342

R. Romero, R. Natividad, S.L. Martinez, Alternative Fuel,
M. Manzanera Ed., INTECH Open Access Publisher,
Rijeka, 2011

D. Zhai, Y. Nie, Y. Yue, H. He, W. Hua, Z. Gao, Catal.
Commun. 12 (2011) 593-596

I.V. Kozhevnikov, Chem. Rev. 98 (1998) 171-198

[53]
[54]

[59]

[56]

[57]
[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]
[71]

[72]
[73]

[74]

[79]

[76]

[77]
[78]

[79]

[80]
[81]

[82]

T. Okuhara, Chem. Rev. 102 (2002) 3641-3666

Y. lzumi, M. Ono, M. Kitagawa, M. Yoshida, K. Urabe,
Microporous Mater. 5 (1995) 255-262

R. Sheikh, M.S. Choi, J.S. Im, Y.H. Park, J. Ind. Eng.
Chem. 19 (2013) 1413-1419

V. Brahmkhatri, A. Patel, Appl. Catal., A 403 (2011) 161-
-172

C.A. Fleisher,: US Patent 20,070,260,079 (2007)

J.C. Ding, B.Q. He, J.G. Tu, J.X. Li, J. Biobaed Mater.
Bioenergy 6 (2012) 142-147

C. Domingues, M.J.N. Correia, R. Carvalho, C. Hen-
riques, J. Bordado, A.P.S. Dias, J. Biotechnol. 164 (2013)
433-440

R. Jothiramalingam, M.K. Wang, Ind. Eng. Chem. Res.
48 (2009) 6162-6172

K. Manhoe, D.M. Craig, Y. Shuli, O. Steven, K.Y.N.
Simon, Green Chem. 13 (2011) 334-340

X. Li, G.Z. Lu, Y. Guo, Y.Q. Wang, Z.G. Zhang, Catal.
Commun. 8 (2007) 1969-1972

D. Vuijicic, D. Comic, A. Zarubica, R. Micic, G. Boskovic,
Fuel 89 (2010) 2054-2061

H. Noureddini, D. Zhu, J. Am. Oil Chem. Soc. 74 (1997)
1457-1463

A. Birla, B. Singh, S. Upadhyay, Y. Sharma, Bioresour.
Technol. 106 (2012) 95-100

L. Zhao, Z. Qiu, S. M. Stagg-Williams, Fuel Process.
Technol. 114 (2013) 154-162

W. Roschata, T. Siritanon, B. Yoosuk, V. Promarak,
Energy Convers. Manage. 108 (2016) 459-467

G. Moradi, M. Mohadesi, Z. Hojabri, React. Kinet., Mech.
Catal. 113 (2014) 169-186

S. Yan, M. Kim, S.O. Salley, K.Y.S Ng, Appl. Catal., A
360 (2009) 163-170

D. Kumar, A. Ali, Energy Fuels 27 (2013) 3758-3768

N. Kaur, A. Ali, Fuel Process. Technol. 119 (2014) 173-
-184

N. Kaur, A. Ali, Appl. Catal., A 489 (2015) 193-202

R. Song, D. Tong, J. Tang, C. Hu, Energy Fuels 25
(2011) 2679-2686

C.C. Liu, W.C. Lu, T.J. Liu, Energy Fuels 26 (2012) 5400-
-5407

B. Salamatinia, H. Mootabadi, |. Hashemizadeh, A.Z.
Abdullah, Chem. Eng. Process. 73 (2013) 135-143

A.R. Gupta, S.V. Yadav, V.K. Rathod, Fuel 158 (2015)
800-806

J. Kansedo, K.T. Lee, Chem. Eng. J. 214 (2013) 157-164

A.P. Vyas, N. Subrahmanyama, P.A. Patel, Fuel 88
(2009) 625-628

N. Degirmenbasi, S. Coskun, N. Boz, D.M. Kalyon, Fuel
153 (2015) 620-627

O. ligen, A.N. Akin, Appl. Catal., B 126 (2012) 342-346
AK. Singh, S.D. Fernando, Energy Fuels 23 (2009) 5160-
-5164

M. Kouzu, T. Kasuno, M. Tajika, Y. Sugimoto, S. Yama-
naka, J. Hidaka, Fuel 87 (2008) 2798-2806



S. NASREEN et a/: HETEROGENEOUS KINETICS OF VEGETABLE OIL...

Chem. Ind. Chem. Eng. Q. 22 (4) 419-429 (2016)

[83] V.B. Veljkovi¢, O.S. Stamenkovi¢, Z.B. Todorovi¢, M.L. [95] M.R. Miladinovi¢, J.B. Krsti¢, M.B. Tasi¢, O.S. Stamen-
Lazi¢, D.U. Skala, Fuel 88 (2009) 1554-1562 kovi¢, V.B. Veljkovi¢, Chem. Eng. Res. Des. 92 (2014)

[84] O.S. Stamenkovi¢, V.B. Veljkovi¢, Z.B. Todorovi¢, M.L. 1740-1752
Lazi¢, I1.B. Bankovié-lli¢, D.U. Skala, Bioresour. Technol. [96] M. Sanchez, J.M. Marchetti, N. El Boulifi, J. Aracil, M.
101 (2010) 4423-4430 Martinez, Chem. Eng. J. 262 (2015) 640-647

[85] V.G. Deshmane, Y.G. Adewuyi, Fuel 107 (2013) 474-482 [97] M.R. Miladinovi¢, M.B. Tasi¢, O.S. Stamenkovi¢, V.B.

[86] X. Liu, X. Piao, Y. Wang, S. Zhu, J. Phys. Chem., A 114 Veljkovi¢, D.U. Skala, Chem. Ind. Chem. Eng. Q. 22
(2010) 3750-3755 (2016) 137-144

[87] K. Huang, Q. Xu, S. Zhang, Z. Ren, Y. Yan, Chem. Eng. [98] M.D. Kosti¢, A. Bazargan, O.S. Stamenkovi¢, V.B. Veljko-
Technol. 32 (2009) 1595-1604 vi¢, G. McKay, Fuel 163 (2016) 304-313

[88] A. Kapil, K. Wilson, A.F. Lee, J. Sadhukhan, Ind. Eng. [99] M.B.Tasi¢, M.R. Miladinovi¢, O.S. Stamenkovi¢, V.B.

Chem. Res. 50 (2011) 4818-4830

[89] A. Chantrasa, N. Phlernjai, J.G. Goodwin Jr, Chem. Eng.

J. 168 (2011) 333-340.

[90] T.F. Dossin, M.F. Reyniers, R.J. Berger, G.B. Marin,

Appl. Catal., B 67 (2006) 136-148

[91] V.V. Bokade, G.D. Yadav, Ind. Eng. Chem. Res. 48

(2009) 9408-9415

[92] Q. Shu, J. Gao, Y. Liao, J. Wang, Chin. J. Chem. Eng.

19(1) (2011) 163-168

Veljkovi¢, D.U. Skala, Chem. Eng. Technol. 38(9) (2015)
1550-1556

[100] D.C. Kannan, Ph.D. Thesis, The Pennsylvania State
University, USA, 2009

[101] A.K. Singh, S.D. Fernando, Chem. Eng. Technol. 30
(2007) 1716-1720

[102] N. Pasupulety, K. Gunda, Y. Liu, G.L. Rempel, F.T.T. Ng,
Appl. Catal., A 452 (2013) 189-202

[103] L. Wang, J. Yang, Fuel 86 (2007) 328-333

[93] 1. Lukic, Z. Kesi¢, S. Maksimovié, M. Zduji¢, H. Liu, J. [104] K. Srilatha, T. Issariyakul, N. Lingaiah, P.S. Sai Prasad,

Krsti¢, D. Skala, Fuel 113 (2013) 367-378

J. Kozinski, A.K. Dalai, Energy Fuels 24 (2010) 4748-4755

[94] I. Luki¢, Z. Kesi¢, S. Maksimovi¢, M. Zduiji¢, J. Krsti¢, D. [105] K. Thinnakorn, J. Tscheikuna, Appl. Catal., A 476 (2014)

Skala, Chem. Ind. Chem. Eng. Q. 20 (2014) 425-39

SADIA NASREEN'"?
HUI LIU'

IVANA LUKIC?

LIAQAT ALI QURASHI?
DEJAN SKALA®

'State Key Laboratory of Biogeology
and Environmental Geology and
School of Environmental Studies,
China University of Geosciences,
Wuhan, PR China

2Department of Environmental
Engineering, University of Engineering
and Technology (UET), Taxilla,
Pakistan

3Univerzitet u Beogradu, Tehnolosko-
metalurski fakultet, Karnegijeva 4,
11000 Beograd, Srbija

NAUCNI RAD

26-33.

KINETIKA HETEROGENO KATALIZOVANE
TRANSESTERIFIKACIJE BILIJNIH ULJA NA
VISOKIM TEMPERATURAMA

Trenutno stanje istraZivanja pokazufe da kataliticka aktivnost i mogucnost visestrukog
koriscenja Cvrstih baznih katalizatora ne moZe da zadovolji potrebe i zahteve za primenu
ovih katalizatora za sintezu biodizela na niskim temperaturama. Cilj istraZivanja primenjen
u ovom radu je definisanje kinetike heterogeno katalizovane transesterifikacijje uz moguc-
nost izracunavanja efekta sinteze biodizela na visokim temperaturama i pritiscima. Za to
su upotrebljeni, nedavno objavifeni u literaturi, rezultati ispitivanja sinteze biodizela u sarz-
nim uslovima na visokim temperaturama koji su realizovani uz primenu razlicitih cvrstih
katalizatora. Analizirani su sledeci kineticki modeli procesa sinteze biodizela definisani
kao: a) nepovratna reakcifa | reda, b) reakcija sa promenijivim redom i c) postojanje otpora
za prenos mase i hemijske reakcije na aktivnim centrima katalizatora koji definisu brzinu
procesa. Svi ovi modeli mogu da se iskoriste za proracun efekta transesterifikacije triacil-
glicerola (ulja) na visokoj temperaturi. Prividna konstanta bizine u slucaju primene najed-
nostavnijeg modela (a, nepovratna reakcija | reda) je odredena, kao i ostali parametri slo-
Zenijih modela (b, odnosno c). Najbolfe slaganje eksperimentalno odredenih i izracunatih
stepena konverzife triacilglicerola (od 3 do 10%) postiZe se primenom sloZenijih kinetickih
modela.

Kijucne reci: blodizel, heterogeni katalizatori, kinetika, transesterifikacifa.
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