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ABSTRACT: Two approaches for metal ion incorporation were employed to-introduce Ca?* into
SBA-15; Direct Synthesis (DS) and Wet Impregnation (WI). The non-ionic template was removed
by two different methods; calcination and solvent extraction. The obtained catalysts
were characterized by means of X-Ray Powder Diffraction (XRD), Energy Dispersive X-ray (EDX),
and FT-IR spectroscopy. The basicity was determined by using Hammett indicators and benzoic acid
titration. The effects of synthesis methods and organic template on basicity and catalytic
performance were studied in the transesterification of Canola oil with methanol. 'H NMR was used
to analyze the products. The best results were obtained using catalysts which prepared by
wet impregnation method. Furthermore calcination is a better method of template removal. So calcined
Ca/SBA-15 prepared by impregnation showed particularly the highest activity (conversion 84.2 %).

Although this catalyst has a limited reusability in transesterification reaction.
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INTRODUCTION

Biodiesel is an excellent diesel fuel substitute with
the advantage that it generates fewer emissions upon
combustion. Biodiesel consists of methyl or ethyl esters
derived from vegetable oil, animal fat, waste oil, and
microalgae oil through the process of transesterification.
The reaction can be catalyzed by either base or acid.
The transesterification catalyzed by bases is much faster,
and it is commercially chosen since they proceed under
moderate operating conditions [1,2]. The problem occurs
when the conventional alkaline catalyst is used for
biodiesel production because the free fatty acids react
with the alkaline catalyst to produce unwanted soap [3].

Calcium oxide (CaO) is one of the most commonly used
base catalysts for the transesterification of vegetable oil.

Producing biodiesel using CaO as a solid base catalyst
has many advantages, such as higher activity, mild
reaction conditions, reusable, low cost and so on, but
the leaching of CaO catalyst is the main drawback of it [4-6].
Therefore, supporting CaO onto carriers was proposed
to improve the CaO catalysts [7,8].

Recently, mesoporous molecular sieves (like MCM-41,
MCM-48, and SBA-15), have attracted much interest
in catalysis, due to the high surface area, well-defined pore
shape, narrow pore size distribution, and good thermal
stability. These supports are particularly attractive applied in
heterogeneous reactions involving large organic molecules
where microporous zeolites cannot be used. Among
different supports with an ordered mesopore structure,
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SBA-15 seem to be more suited to react in transesterification
because SBA-15 has larger pore sizes (4.6-30 nm), thicker
pore walls (3.1-6.4 nm) and better hydrothermal stability
in comparison to the conventional MCM-41 support.
Furthermore, SBA-15 with microporous walls is promising
in a sense that while mesopores act as channels for
the reactant transport with little diffusion limitation,
micropores in the wall act as active sites for reactions or
storage of the molecules.

There are a few reports on calcium-containing SBA-15
[9-12], and all of them employed the hydrothermal
treatment for SBA-15 synthesis and calcination has been
the only method for template removal. After Kubota’s
discovery on the basic properties of as-synthesized
MCM-41 and SBA-15 [13], other groups have focused
their attention on hybrid inorganic-organic molecular
sieves. In the present work, the effect of template and
calcium incorporation method has investigated in order
to find the optimum condition for transesterification of
canola oil with methanol.

EXPERIMENTAL SECTION

All reagents were purchased from Merck or Fluka and
used as received. XRD measurements were performed
on a Philips-PW 17Cdiffractometer with Cu K, radiation
over the 20 range 1-10°. The elemental chemical
compositions of the samples were determined by EDX
(VEGAWTESCAN-LMU, Czech Republic) under vacuum
mode for precise measurement of both/light and heavy
elements. FTIR spectra were recorded on a Shimadzu
FTIR-8300 instrument using KBr pressed powder discs.

Catalyst preparation
Direct Synthesis Method (DS)

In a typical non-hydrothermal synthesis [14], 0.98 g
of  poly(ethylene  oxide)—poly(propylene  oxide)—
poly(ethylene oxide) (P123) was first dissolved in an
aqueous solution of 2 mol/L HCI (pH =1) and maintained
under stirring at 40 °C for 2 h., then a calculated amount
(0.57 g) of Ca(CHsCOO), was added under stirring for
0.5 h. Thereafter, 2.23 mL of tetraethyl orthosilicate
(TEOS) was added dropwise to the solution and the latter
stirred vigorously for 4 h at the same temperature. After
this time, the reaction mixture was aged for 20 h at 40 °C
without stirring. Subsequently, the temperature was raised
to 80 °C and maintained at this value for 48 h. The solids
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were filtered, washed with de-ionized water, dried at
60 °C for 12 h. In some preparations, the neutral
surfactant was removed either by hot solvent extraction
or by calcination in air at 550 °C for 6 h. The solvent
extraction was performed by stirring 1 g of the air-dried
product with a 1 mol/L HCI solution in ethanol (liquid: solid
300 mL/g) at 343 K for 24 h.

In order to compare the effect of the template, a series
of as-synthesized molecular sieves, containing their
organic template, were also tested for transesterification
reaction without further modifying.

Wet Impregnation Method (WI)

In addition to the  direct synthesis, Ca/SBA-15
was also prepared by wet impregnation. A predetermined
weight (0.57 g) of Ca(CH3COQ), and 1 g of ethanol-
extracted or calcined SBA-15 were stirred in an aqueous
solution for 3 h.-After stirring, the aqueous solutions
were evaporated in air.at 120 °C for 2 h.

To investigate the effect of the template, Calcium
acetate was also added to the as-synthesized SBA-15
before template removal (lon Exchange method; IE).

The basic strength of catalysts

Hammett indicator method was used to determine
the basic strength of the catalyst [15]. The following
Hammett indicators were used: bromothymol blue
(H-=7.2), phenolphthalein (H-= 9.3) and alizarine yellow
(H-= 11.0). Basicity was measured by the method of
Hammett indicator-benzene carboxylic acid (0.01 mol/L
anhydrous methanol solution) titration [16].

Transesterification reaction

The catalytic activity of the prepared catalysts was
tested through transesterification of canola oil. The
canola oil had the following characteristics: acid value
0.4 mg KOH/g, saponification value 191 mg KOH/g,
specific gravity 0.92. The molecular weight can be
calculated from its saponification value and it was
876 g/mol. Transesterification reaction of canola oil with
methanol was performed in a batch reactor, consisting of
a 250 mL three-necked glass flask immersed in an oil bath
equipped with a water-cooled condenser, a temperature-
controlled magnetic stirrer [17]. No inert atmosphere
was used and all reactions occurred in contact with air
and at ambient pressure. The reactor was initially filled
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with the desired amount of canola oil (0.5 mL), placed
on the magnetic stirrer (600 rpm), and preheated to 80 °C.
Then, the reaction was timed as soon as the mixture of methanol
(0.3 mol) and catalyst (100 mg) was added to the reactor.
The mixture was refluxed for 6 h under stirring at 500 rpm.

The progress of the reaction was monitored using
TLC to check the conversion of the free fatty acids
to methyl esters using hexane-ethyl acetate (95 : 10, v/v)
as developing solvent. After the reaction finished,
the catalyst was separated from the reaction product
by centrifugation. The methanol was then removed
from both methyl ester and glycerol layer by heating at 70 °C
for 30 min. The crude ester phase separated from
the bottom glycerol phase after centrifuging washed
by warm deionized water, several times until the washed
water became clear. Eventually, the washed ester phase
was dried with anhydrous MgSO. [18]. The final product
submitted to NMR analysis in CDCI; using TMS as
an internal standard.

The conversion yield of the oil to the corresponding
methyl ester was calculated using Eq. (1):

Y =100 x (2AME /3ACH; ) 1)

Where Y is the methyl ester yield, and AME and ACH
are the areas of the methoxy and methylene protons,
respectively [19].

The obtained FAME had following properties: acid
value 0.13 mg KOH/g, saponification value 190 mg
KOH/g and specific gravity 0.88.

RESULTS AND DISCUSSION
Characterization

As previously indicated, the absence of the
hydrothermal step in the synthesis modifies the structural
and textural characteristics of the SBA-15 support [20].
For the samples studied, the specific surface area and
the mesopore wall thickness decreased with increasing
time and temperature of the hydrothermal treatment.
In our work, all the SBA-15 samples were prepared
via the non-hydrothermal procedure.

The low angle XRD patterns of SBA-15 exhibit three
well-resolved peaks with a very intense diffraction peak
at 20 ~ 1 and two peaks with lower intensity at the higher
degree (2-3°) which were indexed to the 100, 110,
and 200 planes characteristic for textural uniformity
of the hexagonal P6émm structure [21, 22]. All Ca/SBA-15
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Fig. 1: XRD Patterns of a) SBA-15 , b) Ca/SBA-15 (DS) and
c) Ca/SBA-15 (W1).

mesoporous structure of parent SBA-15 was preserved
after the introduction of calcium species (Fig. 1).
However, two low-intensity peaks for (110) and (200)
reflections centered at ~2.3° and ~2.6°, respectively,
were observed only-for SBA-15 and implied the loss of some
degree of ordered structure. This can be attributed
to” modification of the pore wall with calcium, which
reduces the scattering contrast between the pores and
the walls of the SBA-15.

Influence of the calcium incorporation technique

Most attempts to introduce surface-bound active sites
have centered on aqueous impregnation methods.
Wet impregnation involves bringing the solution into the pore
space of the support; by this technique, the volume of
solution used is low and the whole precursor is expected
to be retained on the support after drying. For comparison,
Ca/SBA-15 was also synthesized by the direct synthesis
method. During direct synthesis, a calcium precursor salt
was present in the SBA-15 synthesis gel.

The elemental concentration distribution on the
catalyst and catalysts basicity are reported in Table 1.
EDX results showed that using WI method high metal
loading can be attained, because there is no intermediate
washing step involved in wet impregnation method,
whilst in the direct synthesis method, the metal precursor
is introduced directly into the synthesis mixture at
the beginning of the preparation process. Carbon comes
from the P123 used for SBA-15 synthesis that was absent
in the calcined SBA-15. As extracted catalysts still
contained low template amount, the EDX analysis of extracted
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Table 1: Elemental compositions, basic strength, and basicity of Ca/SBA-15 catalysts.

4 Catalysts C * (wt. %) Ca* (wt. %) Basic Strenght (H) Basicity (mmol/g) )
[P123]Ca/SBA-15 (DS) 17.70 0.29 72<H <98 0.80
Extracted Ca/SBA-15 (DS) 7.81 0.11 72<H <98 0.48
Calcined Ca/SBA-15 (DS) 0.00 0.22 72<H <98 0.97
Extracted Ca/SBA-15 (WI) 8.11 8.98 72<H <98 2.22
Calcined Ca/SBA-15 (W1) 0.00 10.58 72<H <98 2.82

\_ [P123]Ca/SBA-15 (IE) 18.36 0.22 72<H. <98 0.48 )

*determined by EDX analysis

catalysts also showed a low carbon content. Furthermore,
the solvent extraction method decreases metal loading
because, during this process, the calcium ions leach out of
the support prepared by direct synthesis.

The basicities obtained by Hammett titration, are
in good agreement with the EDX analysis. As expected,
the catalyst prepared by the impregnation method, which
had the highest calcium as mentioned above showed the
highest basicity. Although the calcium content in calcined
Ca/SBA-15 (DS) is equal to [P123]Ca/SBA-15 prepared
by ion exchange, template-containing Ca/SBA-15
showed lower basicity. It can be concluded that
the presence of P123 decreases the basicity of SBA-15.
Furthermore, a large number of surface hydroxyl groups
are lost during the calcination process to“ remove
the organic template so calcined mesoporous silica had
higher base strength. Basicity in calcined catalysts is due
to Ca?*0? ion pairs; actually, calcium oxide is more
basic than calcium.

Influence of the template

The pluronic triblock:copolymer is most commonly
used as template in SBA-15 synthesis. It is necessary to
remove the occluded  organic molecules to prepare
the sieves porous for adsorption and catalysis. In general,
the template molecules are burned off by calcination
at 500-600°C in air or oxygen. An alternative method for
template removal is extraction with a hot conventional
solvent. In this work, the organic template molecule
was removed from the silicate lattice by both of these two
techniques. A series of as-synthesized molecular sieves
was also utilized for calcium incorporation. Solvent
extraction possesses the outstanding advantages of
template recovery and environmental friendliness.
Compared with solvent extraction, traditional calcination
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method has the disadvantage of high temperature that
may cause framework -collapse. and then affect the
application performance.

The removal .of the template from as-synthesized
SBA-15 wasconfirmed by Infrared spectroscopy.
The nearly complete removal of the surfactant could be
confirmed with the absence of peaks around 2970 and
2927 cm, corresponding to the pluronic template. Fig. 2
shows the FTIR spectra of template-containing Ca/SBA-
15, solvent extracted and calcined Ca/SBA-15 materials.
The broad transmission band at approximately 3400 cm™
could-be attributed to surface silanols and adsorbed water
molecules. The asymmetric Si—-O-Si stretching vibration
modes, appear at 953 and 1085 cm™. The symmetric
stretching mode occurs at 800 cm™, while the band
at 457 cm™ is assigned to the Si-O-Si bending mode.
The [P123]Ca/SBA-15 samples (a,b) exhibit absorption
bands around 2970 and 2927 cm’, corresponding to
C-H stretch vibrations of the propyl chains of the surfactant
molecules. Two weak peaks in this region also
were observed in the spectra of solvent extracted Ca/SBA-15
samples. This was probably caused by the incomplete
extraction of the template. So the traditional calcination
method fully eliminates the template, however, with
the other method used, there are always some traces of
surfactant left. These results were also confirmed by EDX
analysis (Table 1).

In Pluronic triblock copolymer, polyethylene oxide
(PEO) blocks are hydrophilic, while polypropylene oxide
(PPO) blocks are hydrophobic and the oxygen atom of
polyethylene oxide can coordinate with metal ions.
Moreover, the hydroxy groups of P123 can act as anchor
points [23]. So we expected this template has a positive
influence on calcium distribution inside the mesoporous
silica. The EDX data in Table 1 indicates that calcium
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Fig. 2: FT-IR spectra of a) As-synthesized Ca/SBA-15 (DS), b)
Ethanol extracted Ca/SBA-15 and c) Calcined Ca/SBA-15.

incorporation into the SBA-15 decreases in the presence
of organic template; for example, calcined Ca/SBA-15
WI (fifth row) in comparison to a catalyst prepared by
ion exchange method (sixth row). It may result from the
polymeric template that plugs the channels of SBA-15
and limits the metal loading, so metal incorporation
occurs mainly at pore mouth.

Furthermore, calcium content in extracted Ca/SBA-15 WI
is less than the calcined sample. The mesoporous SBA-15
is typically known to have considerable micropores
within its wall. The micropores are formed due to the
interactions of PEO chains between different ‘micelles.
After calcination of surfactant the PEO chains are dehydrated,
the amount of micropores decreases and the pore sizes
increase.

The amount of calcium after extraction decreased
in comparison to a template containing Ca/SBA-15 DS.
This was an expected result because of the calcium leaching
from the support under the solvent extraction process.

Transesterification

Currently, the majority of biodiesel fuel is commonly
produced following a traditional transesterification of
triglyceride and free fatty acid from vegetable oils and
animal fats with short chain alcohol over homogeneous
liquid catalysts. Owing to its relatively low costs and
quite a predictable reaction, methanol is the most
commonly used acyl acceptor in transesterification
reactions. One of the main factors affecting the yield of
biodiesel is the molar ratio of alcohol to triglyceride.
Theoretically, a 3:1 specific molar ratio of methanol
is needed in the reaction. For any alcohol, an excess amount
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of alcohol (at least 1.6 times) is required for complete
conversion and a higher alcohol triglyceride ratio
can result in a greater ester conversion in a shorter time,
but recovering glycerol becomes more difficult. Also,
traces of methanol if present in biodiesel may cause
serious damage to conventional fuel systems and engine
rubber-made components. In some studies that Ca/SBA-15
has been used as a basic catalyst [7-9], a high molar ratio
of methanol to oil (i.e. 20:1 or 40:1) was needed for oil
transesterification but for the current study, we used
CH3OH/oil molar ratio 6:1.

One thing to be noted here is that the Ca/SBA-15
catalyst showed a much lower catalytic activity than
the values for pure CaO reported in many research papers [24].
This may be explained by the better solubility of CaO
in methanol and/or. glycerol compared with CaSiOs.
Thus, the homogeneous system has more activity than
the heterogeneous system in the transesterification reaction,
which of course faces the leaching problem. In the
practical application point of view, Ca/SBA-15 catalyst
is better than CaO. For the transesterification reaction,
it is important to find a more stable catalyst rather than
a more active catalyst.

Fig. 3 shows the yields of FAME (fatty acid methyl
ester) for the transesterification of canola oil with
methanol. Compared with Ca/SBA-15 samples prepared
by DS method, the Ca/SBA-15 (WI) showed better
catalytic activity. The basic property of the catalysts
is considered a key factor yielding biodiesel, so the greater
activity of an impregnated sample can be justified by
the presence of a higher concentration of basic sites.
Furthermore [P123]SBA-15 and calcined SBA-15
without calcium incorporation were not active for
the reaction as only 4 and 8% FAME was obtained,
respectively. It is known that pure SBA-15 contains weak
acidic sites. This confirms the role of calcium as an active
basic site in the transesterification reaction.

Calcined Ca/SBA-15 (WI) had the highest activity
with biodiesel yield of 83 % (Fig. 4). Actually, the
calcined catalysts exhibited higher yields compared
to solvent extracted ones, because the calcination process
leads to the formation of calcium oxide. Apart from
the influence of the calcium amount on basicity, base
strength of solid base catalysts correlates to surface
oxygen species of the catalysts, which were reported
to be active centers of transesterification reaction [12].

57


www.sid.ir

Iran. J. Chem. Chem. Eng.

90

FAM yield (%)

mn mn
. .
< <
o o
ﬂ‘ (2]
™ e
o~ (<5
i £
= k]

[

[$)

[P123]Ca/SBA-15DS
Extracted Ca/SBA-15 DS
[P123]Ca/SBA-15 DS
[P123]Ca/SBA-15 WI
Extracted Ca/SBA-15 WI
[P123]Ca/SBA-15 WI

Fig. 3: FAME yield in the transesterification of canola oil
with methanol (reaction temperature, 333 K; reaction time, 6 h).
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Fig. 4: 'H NMR spectrum of FAME from canola oil in the
presence of calcined Ca/SBA-15 (WI)

These excess strong basic sites were attributed to highly
dispersed CaO, which resulted from the decomposition of
calcium salt after calcination of Ca/SBA-15, confirming
the higher overall basicity of calcium oxide with respect
to calcium. In general, Lewis bases show a higher base
strength than the corresponding Bronsted bases [20].
In our cases, Ca(CH3COOQ); is considered as a Bronsted
base (— OH); while CaO is considered as Lewis base (- O -).
The improved catalytic activity of calcined catalysts may
be attributed to the greater number of structural oxygen
anion on these supports.

As we mentioned, nonionic surfactant, P123
decreases the catalyst basicity. So template containing
Ca/SBA-15 showed a much lower catalytic activity
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in the transesterification of canola oil. In addition to, this may
be explained by the polymeric character of organic template.
The catalytic site of Ca/SBA-15 is practically unhindered
allowing an easy access of the methanol for proton transfer,
while the steric hindrance shown by the P123
in surfactant-containing Ca/SBA-15, is so significant,
furthermore in a second step the methoxide ion that
is attached to the catalyst surface cannot attack
the carbonyl carbon of the triglyceride molecule easily.
Moreover, all catalysts exhibited good activity
for transesterification of canola oil and produced a FAME
yield in the range of 70-85 %, whereas the calcium
loading shows a broad range of values. These results
confirm that the activity of a base catalyst cannot be
attributed to its basicity or any isolated characteristic
alone but is likely to be determined by the combined
effects of the various attributes such as pore blockage.

Reusability

Calcined SBA-15 WI and SBA-15 DS catalysts that
displayed the best catalytic performance were studied
further. After the first test, the used catalyst was filtered,
washed with distilled water and methanol respectively
to remove glycerol and esteric product. Then the recovered
catalyst was charged for the next transesterification run.

EDX analysis was performed to estimate the calcium
content of the recovered samples and showed the presence
of Ca atomic % = 6.74 and 0.19 for catalysts prepared
by impregnation and direct synthesis respectively.
This result indicated that there was significant leaching
of the calcium from the impregnated catalyst under
the reaction condition.

A methyl ester content of 70.6 and 74.8 %
was obtained employing calcined SBA-15 WI and SBA-15
DS catalysts, respectively. The catalyst prepared by direct
synthesis showed only minor deactivation (from 76.4 %
to 748 % ) with a small loss of calcium. So it
has substantial stability under the used experimental
conditions. In contrast, the catalytic activity of the reused
Ca/SBA-15 WI was found to be lower than the parent
catalyst. This deactivation is mostly due to the leaching
of CaO from the support in reaction media. The poor
stability of this catalyst is attributed to the weaker
interaction of calcium species with the silica surface
in comparison to the direct-synthesized catalyst, in which,
Ca?" is well dispersed in the silica framework.
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CONCLUSIONS

In  the present study, Ca/SBA-15 catalysts
have been synthesized by direct synthesis and
impregnation. Then the pluronic template was removed by
two different methods; solvent extraction and calcination.
The prepared samples were used as a catalyst in the
transesterification of canola oil. The results showed that
Ca/SBA-15 prepared by wet impregnation was more active
for this process, which could be attributed to
the presence of strong basic sites on the surface.
The catalyst which pores were occluded by the organic
template, showed lower activity in the transesterification
reaction. So calcination is a better method to remove
the pluronic template. The catalyst prepared by direct
synthesis was able to be used without significant loss of
activity.

Acknowledgment

This paper reports a part of a research project entitled
“Non-hydrothermal synthesis of Ca/SBA-15 mesoporous
material; Direct and Post-synthesis and their application
as a catalyst for the transesterification of oils”. We thank
the research affair of the University of Tabriz for
financial support.

Received : Oct. 25, 2015 ; Accepted : Aug. 28, 2017

REFERENCES

[1] Meher L.C., VidyaSagar D., Naik S.N., Technical
Aspects of Biodiesel Production by
Transesterification-A Review, Renew. Sust. Energ.
Rev., 10: 248-268 (2006).

[2] Salamatinia B., Hashemizadeh I., Ahmad Zuhairi A.,
Alkaline Earth Metal Oxide Catalysts for Biodiesel
Production from Palm Oil: Elucidation of Process
Behaviors and Modeling Using Response Surface
Methodology, Iran. J. Chem. Chem. Eng. (IJCCE),
32:113-126 (2013).

[3] Atadashi .M., Aroua M.K., Abdul Aziz AR,
Sulaiman, N.M.N., The Effects of Catalysts in
Biodiesel Production: A Review, J. Indust. Engin.
Chem., 19: 14-26 (2013).

[4] Kouzu M., Hidaka J., Transesterification of VVegetable
Oil into Biodiesel Catalyzed by CaO: A Review,
Fuel, 93: 1-12 (2012).

Research Article

Effect of Preparation Methods and Pluronic Template ...

Vol. 37, No. 2, 2018

[5] Hsiao M., Lin C., Chang Y., Microwave Irradiation-
Assisted Transesterification of Soybean Oil to
Biodiesel Catalyzed by Nanopowder Calcium
Oxide, Fuel., 90: 1963-1967 (2011).

[6] Sharma Y.C., Singh B., Korstad J., Latest Developments
on Application of Heterogenous Basic Catalysts for
An Efficient and Eco Friendly Synthesis of
Biodiesel: A Review, Fuel, 90: 1309-1329 (2011).

[7]1 Kesi¢ Z., Lukié I, Zdujié¢ M., Jovalekié C., Veljkovié V.,
Skala D., Assessment of CaTiOz, CaMnOs, CaZrO;
and CaoFe,Os Perovskites as Heterogeneous Base
Catalysts for Biodiesel Synthesis, Fuel Process.
Technol., 143: 162-168 (2016).

[8] Li H., Niu S, Lu C. Li J., Calcium Oxide
Functionalized with. Strontium as Heterogeneous
Transesterification Catalyst for Biodiesel
Production, Fuel, 176: 63-71 (2016).

[9] Albuquerque M.C.G., Jimenez-Urbistondo I.,
Santamaria-Gonzalez J., Me'rida-Robles J.M.,
Moreno-Tost ~ R., Rodri'guez-Castellon E., J
imenez-Lopez A., Azevedo D., Cavalcante Jr. C.,
Maireles-Torres P., CaO Supported on Mesoporous
Silicas as Basic Catalysts for Transesterification
Reactions, Appl. Catal. A Gen., 334: 35-43 (2008).

[10] Sun H., Han J., Ding Y., Li W., Duan J., Chen P.,
Lou H., Zheng X., One-pot Synthesized Mesoporous
Ca/SBA-15 Solid Base for Transesterification of
Sunflower Oil with Methanol, Appl. Catal. A Gen.,
390: 26-34 (2010).

[11] Samart C., Chaiya, C., Reubroycharoen P., Biodiesel
Production by Methanolysis of Soybean Oil Using
Calcium Supported on Mesoporous Silica Catalyst,
Energ. Convers. Manage.,51: 1428-1431 (2010).

[12] Thitsartarn W., Maneerung T., Kawi S., Highly
Active and Durable Ca-doped Ce-SBA-15 Catalyst
for Biodiesel Production, Energy, 89: 946-956 (2015).

[13] Kubota Y., Nishizaki Y., Ikeya H., Saeki M., Hida T.,
Kawazu S., Yoshida M., Fujii H., Sugi Y., Organic—
Silicate Hybrid Catalysts Based on Various Defined
Structures for Knoevenagel Condensation, Micropor.
Mesopor. Mater., 70: 135-149 (2004).

[14] Barrera D., Villarroel-Rocha J., Marenco L., 1.Oliva M.,
Sapag K., Non-hydrothermal Synthesis of
Cylindrical Mesoporous Materials: Influence of the
Surfactant/Silica Molar Ratio, Adsorpt. Sci.
Technol., 29: 975-988 (2011).

59


http://www.sciencedirect.com/science/article/pii/S1364032104001236
http://www.sciencedirect.com/science/article/pii/S1364032104001236
http://www.sciencedirect.com/science/article/pii/S1364032104001236
http://www.ijcce.ac.ir/article_5911_1162.html
http://www.ijcce.ac.ir/article_5911_1162.html
http://www.ijcce.ac.ir/article_5911_1162.html
http://www.ijcce.ac.ir/article_5911_1162.html
http://www.sciencedirect.com/science/article/pii/S1226086X1200233X
http://www.sciencedirect.com/science/article/pii/S1226086X1200233X
http://www.sciencedirect.com/science/journal/1226086X
http://www.sciencedirect.com/science/journal/1226086X
http://www.sciencedirect.com/science/article/pii/S0016236111005552
http://www.sciencedirect.com/science/article/pii/S0016236111005552
http://www.sciencedirect.com/science/article/pii/S0016236111000068
http://www.sciencedirect.com/science/article/pii/S0016236111000068
http://www.sciencedirect.com/science/article/pii/S0016236111000068
http://www.sciencedirect.com/science/article/pii/S0016236111000068
http://www.sciencedirect.com/science/article/pii/S0016236110005417
http://www.sciencedirect.com/science/article/pii/S0016236110005417
http://www.sciencedirect.com/science/article/pii/S0016236110005417
http://www.sciencedirect.com/science/article/pii/S0016236110005417
http://www.sciencedirect.com/science/article/pii/S0378382015302447
http://www.sciencedirect.com/science/article/pii/S0378382015302447
http://www.sciencedirect.com/science/article/pii/S0378382015302447
http://www.sciencedirect.com/science/article/pii/S0016236116001952
http://www.sciencedirect.com/science/article/pii/S0016236116001952
http://www.sciencedirect.com/science/article/pii/S0016236116001952
http://www.sciencedirect.com/science/article/pii/S0016236116001952
http://www.sciencedirect.com/science/article/pii/S0926860X07005868
http://www.sciencedirect.com/science/article/pii/S0926860X07005868
http://www.sciencedirect.com/science/article/pii/S0926860X07005868
http://www.sciencedirect.com/science/article/pii/S0926860X10006848
http://www.sciencedirect.com/science/article/pii/S0926860X10006848
http://www.sciencedirect.com/science/article/pii/S0926860X10006848
http://www.sciencedirect.com/science/article/pii/S0196890410000397
http://www.sciencedirect.com/science/article/pii/S0196890410000397
http://www.sciencedirect.com/science/article/pii/S0196890410000397
http://www.sciencedirect.com/science/article/pii/S0360544215007951
http://www.sciencedirect.com/science/article/pii/S0360544215007951
http://www.sciencedirect.com/science/article/pii/S0360544215007951
http://econpapers.repec.org/article/eeeenergy/
http://www.sciencedirect.com/science/article/pii/S1387181104000599
http://www.sciencedirect.com/science/article/pii/S1387181104000599
http://www.sciencedirect.com/science/article/pii/S1387181104000599
http://journals.sagepub.com/doi/abs/10.1260/0263-6174.29.10.975
http://journals.sagepub.com/doi/abs/10.1260/0263-6174.29.10.975
http://journals.sagepub.com/doi/abs/10.1260/0263-6174.29.10.975
www.sid.ir

Iran. J. Chem. Chem. Eng. Pirouzmand M. et al. Vol. 37, No. 2, 2018

[15] Yan S., Kim M., Salley, S.O., Simon Ng K.Y., Oil
Transesterification over Calcium Oxides Modified
with Lanthanum, Appl. Catal. A Gen., 360: 163-170
(2009).

[16] Xie W., Li H., Alumina-supported Potassium lodide
as a Heterogeneous Catalyst for Biodiesel
Production from Soybean Qil, J. Mol. Catal. A
Chem., 255: 1-9 (2006).

[17] Pirouzmand M., Nikzad-Kojanag B., Seyed-
Rasulzade S.K., Surfactant Containing Ca/MCM-41
as a Highly Active, Green and Reusable Catalyst
for the Transesterification of Canola Oil, Catal. Commun.,
69:196-201 (2015).

[18] Xie W., Huang X. , Li L., Soybean Oil Methyl
Esters Preparation using NaX Zeolites Loaded with
KOH as a Heterogeneous Catalyst, Bioresour.
Technol. 98: 936-939 (2007).

[19] Gelbard G., Bre's O., Vargas R.M., Vielfaure F.,
Schuchardt U.F., 'H Nuclear Magnetic Resonance
Determination of the Yield of the Transesterification
of Rapeseed Oil with Methanol, J. Am. Oil Chem.
Soc., 72: 1239-1241 (1995).

[20] Fulvio P.F., Pikus S., Jaroniec M., Tailoring
Properties of SBA-15 Materials by Controlling
Conditions of Hydrothermal Synthesis, J. Mater.
Chem., 15: 5049-5053 (2005).

[21] Zhao D.Y., Huo Q., Feng J.L., Chmelka B.F., Stucky G.D.,
Nonionic Triblock and Star Diblock Copolymer and
Oligomeric Surfactant Syntheses of Highly Ordered,
Hydrothermally ~ Stable,  Mesoporous ~ Silica
Structures, J. Am. Chem. Soc., 120: 6024-6036
(1998).

[22] Zhao D., Feng J., Huo Q., Melosh N., Fredrickson G.H.,
Chmelka B.F., Stucky. G.D., Triblock Copolymer
Syntheses of Mesoporous Silica with Periodic 50 to
300 Angstrom Pores, Science, 279: 548-552 (1998).

23. Hu Y., Bouamrani A., Tasciotti E., Li L., Liu X,
Ferrari M., Tailoring of the Nanotexture of
Mesoporous Silica Films and their Functionalized
Derivatives for  Selectively Harvesting Low
Molecular Weight Protein, ACS Nano., 26: 439-451
(2010).

24. Zhao L., Qiu Z, M Stagg-Williams S.,
Transesterification of Canola Oil Catalyzed by
Nanopowder Calcium Oxide, Fuel Process.
Technol., 114: 154-162 (2013).

60 Research Article


http://www.sciencedirect.com/science/article/pii/S0926860X09002087
http://www.sciencedirect.com/science/article/pii/S0926860X09002087
http://www.sciencedirect.com/science/article/pii/S0926860X09002087
http://www.sciencedirect.com/science/article/pii/S1381116906007126
http://www.sciencedirect.com/science/article/pii/S1381116906007126
http://www.sciencedirect.com/science/article/pii/S1381116906007126
http://www.sciencedirect.com/science/article/pii/S156673671530008X
http://www.sciencedirect.com/science/article/pii/S156673671530008X
http://www.sciencedirect.com/science/article/pii/S156673671530008X
http://www.sciencedirect.com/science/article/pii/S0960852406001593
http://www.sciencedirect.com/science/article/pii/S0960852406001593
http://www.sciencedirect.com/science/article/pii/S0960852406001593
https://link.springer.com/article/10.1007%2FBF02540998?LI=true
https://link.springer.com/article/10.1007%2FBF02540998?LI=true
https://link.springer.com/article/10.1007%2FBF02540998?LI=true
http://pubs.rsc.org/en/content/articlelanding/2005/jm/b511346f#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2005/jm/b511346f#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2005/jm/b511346f#!divAbstract
http://pubs.acs.org/doi/abs/10.1021/ja974025i
http://pubs.acs.org/doi/abs/10.1021/ja974025i
http://pubs.acs.org/doi/abs/10.1021/ja974025i
http://pubs.acs.org/doi/abs/10.1021/ja974025i
http://science.sciencemag.org/content/279/5350/548.long
http://science.sciencemag.org/content/279/5350/548.long
http://science.sciencemag.org/content/279/5350/548.long
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ferrari%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20014864
http://pubs.acs.org/doi/abs/10.1021/nn901322d
http://pubs.acs.org/doi/abs/10.1021/nn901322d
http://pubs.acs.org/doi/abs/10.1021/nn901322d
http://pubs.acs.org/doi/abs/10.1021/nn901322d
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=20014864
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=20014864
http://www.sciencedirect.com/science/article/pii/S0378382013001318
http://www.sciencedirect.com/science/article/pii/S0378382013001318
www.sid.ir

