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Abstract

The various benefits of biofuels versus fossil fuels due to recent global challenges and issues are the best approach toward
low-cost economic production of renewable energy. This study is trying to obtain economic catalysts with easy fabrication
technology. The synthesized catalysts were obtained using calcium oxide/nanoclay catalysts by an initial ion-exchange reaction
of calcium oxide and nanoclays (montmorillonite). These catalysts have been synthesized for the first time by being stirred for
5 h at a temperature of 80 °C, and the colloidal supernatant is obtained and kept in an ultrasonic bath for 20 min. The solution
was filtered, washed several times, the residual mixture on filter paper was dried in the oven at 50 °C for few hours, and the
powder was calcined for 8 h in a furnace at 600 °C. After identification and characterization, using XRD, BET, and SEM, the
results approved the formation of a new nanostructure in synthesized catalysts, which were suitable to be used in biodiesel
production from waste oils with high free fatty acids content. The results of this study indicate that the catalysts production
process is not complicated, and methyl ester production rates in all biodiesel samples were more than 97% (97.1-98.8%).
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1 Introduction

Rapid urbanization and energy consumption are the main
challenges due to sustainable energy saving and clean pro-
duction. Fossil fuels are the largest source of energy which
are readily available and are considered as nonrenewable
resources [1]. These resources are expensive and also cause
environmental pollution which is not sustainable. To find
renewable sources of energy with less environmental pol-
lution is one of the most effective approaches to tackle the
issues. Biodiesel is a biofuel that is more environmentally
friendly than fossil fuels. Research results show that bio-
fuels not only emit far less soot, but the soot from these
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fuels is oxidized much easier than the soot from fossil fuels
(2].

Biodiesels are one of the biodegradable, nontoxic, and
renewable fuels [3]. Biodiesel is a diesel fuel comprising
fatty acid esters that are prepared from renewable sources
such as edible oils like palm oil [4, 5] and castor oil [6], non-
edible oils [7], waste oils [8], and algae [9, 10]. Biodiesel is
typically produced through the transesterification reaction of
oil. In this reaction, different ratios of oil and alcohol react to
produce fatty acid esters. Although the reaction is carried out
without a catalyst, the cost of production will be much higher
and the reaction is not justified economically. Researchers are
looking for economic ways to produce biodiesel using renew-
able materials [11]. Strategies of using the residual vegetable
oil waste are of very low-cost and effective catalysts for the
biodiesel production.

From the beginning of the laboratory-scale and industrial-
scale biodiesel production, many catalysts such as acidic
or basic homogeneous catalysts, heterogeneous catalysts,
nanocatalysts, and biocatalysts have been used in this reac-
tion [12], but in the industrial-scale, the homogeneous
catalysts are generally used. Environmental pollution and
high amount of waste water become the disadvantages of
homogeneous catalyst, and the investigation for suitable het-
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erogeneous catalysts which can be regenerated, reused, and
operated in continuous process becomes the main concern
of the recent studies [1]. Each of the aforementioned cata-
lysts has advantages and disadvantages; most of the prepared
catalysts do not have the ability to catalyze the oil with
high free fatty acids; or if the catalyst has this ability, it has
high cost and complex manufacturing process. For these rea-
sons, these synthesized new catalysts remain in the laboratory
scale.

In recent years, nanoclays due to their exceptional prop-
erties that it has rather less cost and time than older methods
[3] are taken into consideration. The most common clay is
montmorillonite, which is an aluminosilicate clay made up
of plates compact together. Montmorillonite group, due to
its nanometer dimension layered structure, and easy sep-
aration of these layers, has a very high chemical activity.
Also, the isomorphous substitution effect in montmorillonite
causes its cations to be readily replaced with other cations,
even with different charges. Due to these unique proper-
ties, montmorillonite has many industrial applications, and
extensive research on their application in various fields such
as production of polymer nanocomposites has been carried
out [13-16]. Montmorillonite as the catalyst was used in
1968 for the first time [17]. In recent decades, this clay
is used as a catalyst in various reactions in both industrial
and laboratory scales. This has been used for the dimer-
ization of fatty acids to carboxylic acids and alkylation of
phenols. Clays are also used in the production of biodiesel,
such as the use of acidic silica for converting oils with high
fatty acid contents [18], modification of bentonite [19] or
montmorillonite [20] with acid and use in biodiesel pro-
duction, or the use of bentonite with a base such as KOH
for the catalytic production of biodiesel [21]. Clays such
as K10 or KSF naturally occurring or modified with acid
have also been used for biodiesel production. But in most
of these studies, the percentage of methyl esters in obtained
biodiesel is lower than 50% [22, 23]. In previous studies,
the improvement in process of biodiesel production from
castor oil using functionalized mesoporous silica HMS and
MCM-41 with different catalysts such as amine and lysine
was carried out [24]. To date, the usage of montmorillonite
and alkaline property of CaO as catalyst has not been inves-
tigated.

In this study, using the isomorphous substitution property
of montmorillonite and alkaline property of CaO, several cat-
alysts were synthesized and investigated in order to facilitate
the ease of synthesis and also to catalyze the oil with high
fatty acids. The significant amount of Bentonite reservoir in
country and the desirable usage of these clays as catalysts
will be one of the best sustainable options for biodiesel pro-
duction.
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2 Experimental Section
2.1 Materials

Nanoclay Cloisite 15A was purchased from Southern Clay
Products, K-10, Na-montmorillonite was provided by Sigma-
Aldrich. CaO, methanol, and n-hexane were obtained from
Merck. Waste oil was produced from the potato chips factory
that was filtered to remove particles and solid impurities.

2.2 Synthesis of Catalysts

All of the catalysts, used in this study, were synthesized by a
similar method; the ion-exchange reaction between calcium
oxide and nanoclays has not been investigated as a catalysis in
other studies. The favorable properties of these materials have
a significant desire to have ester exchange with biodiesel.
The conventional methods mentioned in the literature for the
ion-exchange reaction of montmorillonite with organic and
inorganic ions were used [25].

First, clay and calcium oxide in different weight pro-
portions were added into a glass reactor equipped with a
magnetic stirrer. After adding deionized water, it was dis-
persed via ultrasonication for a period of time of 20 min until
adequate clay and calcium oxide in water were obtained. A
mixture of clay and calcium oxide was stirred by a magnetic
stirrer for 5 h at the temperature of 80 °C, and the colloidal
supernatant was obtained and kept in an ultrasonic bath for
20 min. The solution was filtered, washed several times, the
residual mixture on filter paper was dried in the oven at 50 °C
for few hours, and the powder was calcined for 8 h in a fur-
nace at 600 °C.

Nanocatalysts provided with different ratios of calcium
oxide and nanoclays were used in the biodiesel production.
With respect to the percentage of methyl esters in biodiesel
production, the optimum ratio of calcium oxide to nanoclays
for the synthesis of nanocatalyst was determined. The high-
est percentage of methyl esters in biodiesel, with an equal
proportion of nanocatalyst and calcium oxide, was obtained
(Table 1).

Table 1 Coding of synthesized nanocatalysts

Code of Type of used Properties Synthesized

nanocatalyst clay nanocatalysts

1 Cloisite 15A Organic CaO/Cloisite
nanoclays 15A

2 Na MMT Hydrophilic CaO/Na
nanoclays MMT

3 K10 MMT Hydrophilic CaO/K10
nanoclays MMT
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Table 2 Characteristics of waste oil used for biodiesel production

Density (kg/m®)  Dynamic viscosity Kinematic viscosity

(cP) (mm?/s)

911 54.7 59.46

2.3 Transesterification Reaction

Synthesized nanocatalysts were used in biodiesel produc-
tion with transesterification reaction method, using waste oil
from potato chips factory with properties listed in Table 2.
Waste oil and methanol (with oil/methanol weight ratio of
1:3) and 1% by weight nanocatalyst were added to a glass
reactor, and the reaction was carried out using magnetic stir-
ring under controlled conditions of temperature. The reaction
temperature remained in the range of 65 °C (£2 °C). After
3 h, the reaction was stopped. At several times after the start
of the reaction, the biodiesel production was sampled. Sam-
ples were washed, and for the percentage of methyl esters
detection, GC-MS tests were prepared.

3 Results and Discussion

For structural evaluation of the synthesized nanocatalysts,
all samples were analyzed using X-ray diffraction technique
(XRD) Siemens D5000 instrument. Results of raw materials
and synthesized nanocatalysts after calcination are compared
inFig. 1. As the figure shows, most of the samples have broad
peaks, and raw materials and calcined catalysts have various
phases. The results show that a new phase was composed
into the synthesized nanocatalysts.

Synthesized nanocatalysts were identified by BET analy-
sis using BELSORP-mini II (BEL. Japan, Inc.) analyzer used
in order to determine the specific surface area before and after
calcination. For BET test, after the exposure of cell sample
in liquid nitrogen tank, with a gradual increase in nitrogen
gas pressure at each stage, the amount of gas absorbed by
the sample was calculated. Thereafter, the gradual decrease
in gas pressure performed and desorption rate was measured.
The diagrams of adsorbed and desorbed nitrogen volume by
the sample at a constant temperature were plotted. Based on
the BET theory, with measured values of gas absorption and
desorption, the specific surface area was calculated. BET test
results of the synthesized nanocatalysts are shown in Table 3.

The results confirmed that the nanostructure of the sam-
ples with a specific surface area of catalysts after calcination
was much greater, and the catalytic sites of the samples
were significantly increased. Results of catalysts specific sur-
face area, with measuring the percentage of methyl esters in
biodiesel production, were confirmed (97-98%).

Ca0/K10-MMT

K10-MMT

CaO/Na-MMT

Na-MMT

\ Ca0/Cloisite 15A

Cloisite15A

26 (degree)

Fig. 1 XRD patterns of pure material and synthesized nanocatalysts

Table 3 The specific surface area of synthesized nanocatalysts before
and after calcination

Synthesized nanocatalysts Specific surface area (m?/g)

Before calcination After calcination

CaO/ Cloisite 15A 109 204
CaO/ Na MMT 125 196
CaO/ K10 MMT 208 292

The scanning electron microscope (SEM) images of the
nanocatalysts before and after calcination are shown in Fig. 2.
For SEM analysis using Cambridge S360 SEM instrument,
a few amount of each sample was dispersed in acetone and
was placed under the ultrasonic process. During ultrasonic, a
glass slide was immersed in the solution, and then, the slide
was dried, covered with gold and used for the SEM analysis.

Figure 2a shows nanocatalyst 1 (CaO/ Cloisite 15A)
before calcination; the two phases are evident. Needle-
shaped particles are observed along the clay layers, and the
two phases are quite distinct. Figure 2b shows nanocatalyst 1
after calcination. According to the figure, it can be seen that
after calcination, only one phase is observed and there are no
longer two separate phases. Also, the catalyst mass contains
high porosity compared to before.

Figure 2c shows nanocatalyst 2 before being calcined.
There are two phases in this figure again. Discrete layers
of clay are visible, and there are so many pores in the mass.
The ion-exchange reaction between clay and calcium oxide
in Fig. 2a, due to the low distance between the layers in Na
MMT, is reduced. In Fig. 2d that shows catalyst 2 after calci-
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Fig.2 SEM images of
nanocatalysts before

(a CaO/Cloisite 15A, ¢ CaO/Na
MMT, and e CaO/K10 MMT)
and after calcination

(b CaO/Cloisite 15A, d CaO/Na
MMT, and f CaO/K10 MMT)

nation, distinct layers of clay are not observed and the mass
is quite different from the mass before calcination. Instead of
separate layers, spongy masses with many pores can be seen.
According to this figure, it can be said that after calcination,
catalytic sites are created in the catalyst.

The nanocatalyst synthesized with K10 clay, before cal-
cination (Fig. 2e), is partly different from other clays. Two
distinct phases are not clearly observed in the structure of
this catalyst. Needle-shaped particles could not be seen, and
mass has many pores. The SEM image of nanocatalyst 3
after calcination is shown in Fig. 2f. According to this figure,
we can say that after calcination, the mass is homogeneous
and quite spongy. Pores in this nanocatalyst are much more
than in other catalysts, and pore sizes are in the nanometer
range. By calcination, many catalytic sites in the catalyst are
formed.

In Fig. 3 a, a comparison between the calcined nanocata-
lysts was done. Catalysts difference is evident in this image.
It can be seen that the nanocatalyst 3 (synthesized with K10
MMT) has the highest porosity and is expected to show better
catalytic behavior. This prediction with the GC-MS results
of produced biodiesel was confirmed.

According to the results, it can be seen that in all biodiesel
samples, the amount of methyl esters after up to 3 h of reac-
tion is more than 95% (Table 4). That shows the efficiency
of the synthesized nanocatalysts in producing biodiesel from
heavy oils (such as waste oils) with high free fatty acids.

@ Springer

Table 4 GC-MS results (percentage of methyl esters) for biodiesel pro-
duction

Code Nanocatalyst Amount of methyl esters in biodiesel

production (%)

CaO/ Cloisite 15A  98.3
CaO/ Na MMT 97.1
CaO/ K10 MMT 98.8

Synthesized nanocatalysts were used in the reaction of
biodiesel production, using waste edible oil with high fatty
acids. To ensure the production of biodiesel using synthe-
sized nanocatalysts, the amount of methyl esters in biodiesel
production was measured.

Biodiesel samples were identified using GC-MS, Agilent
6890 N and Mass: Agilent 5973 N, Agilent Company. To
prepare biodiesel samples for GC-MS analysis, after the mea-
surement of pH and neutralization, separation of glycerin and
catalyst and removal of water content were conducted. The
prepared samples were diluted with normal hexane.

According to the results shown in Table 4, all biodiesel
samples contain more than 95% of methyl esters after up to
3 h period time of the reaction. This agreed that the method
has the highest efficiency of the synthesized nanocatalysts in
producing biodiesel from heavy oils (such as waste oils) with
high free fatty acids [6].
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Fig.3 SEM images of
nanocatalysts after calcination
(a CaO/Cloisite 15A, b CaO/Na
MMT, ¢ CaO/ K10 MMT)

4 Conclusion

The new nanocatalysts were synthesized using calcium
oxide, and three types of montmorillonite nanoclay and after
identification was used to produce biodiesel from potato
chips factory’s waste oil. By comparing the XRD peak of
catalysts with the peak of raw materials, it can be seen that
the new phase is formed in catalysts during the calcination
reaction. BET results also indicated the formation of nanos-
tructure in all synthesized nanocatalysts. It was observed that
among these nanocatalysts, the highest specific surface area
was related to calcium oxide/ K10 montmorillonite, and the
lowest was related to calcium oxide/ Cloisite 15A. The low
specific surface area in calcium oxide/ Cloisite 15A may be
due to the presence of large organic ions that had been used
for the organic modification of Cloisite 15A nanoclay. By
examining the SEM images of catalysts, it can be concluded
that the synthesized nanocatalyst with K10 montmorillonite
clay (CaO/ K10 MMT) has a sponge structure and its cat-
alytic sites are higher than others.

Biodiesel produced from each of the synthesized nanocat-
alysts for studying the formation of methyl esters was
identified by gas chromatography—mass analysis. The forma-
tion of methyl esters in all biodiesel samples was obtained
over 95%, which indicates the efficiency of synthesized
nanocatalysts. Also, according to the results of GC-MS, it
was observed that the biodiesel produced with calcium oxide/
K10 montmorillonite nanocatalyst has the highest percentage
of methyl esters.

After completion of the reaction, all the catalysts are eas-
ily separated from the product. The sedimentation rate in
calcium oxide/K10 MMT nanocatalyst is more than that
in the other catalysts. This study shows that the potassium
clay is a very suitable material for the preparation of cata-
lysts for biodiesel synthesis. The countries with a significant
amount of Bentonite reservoirs and the desirable usage of
these clays as catalysts will be one of the best sustainable
options for biodiesel production from oil wastes as it is more
cost-effective and it helps the country’s economy.
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