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Abstract—CaO—Al,O; mixed oxides were prepared by different preparation methods — such as sol—gel, co-
precipitation, impregnation, and MW-assisted solution combustion synthesis (M-SCS) — and then impreg-
nated with KOH to examine their activity in transesterification of canola oil to biodiesel. Synthesized nano-
composites were characterized by XRD, FTIR, BET/BJH, and SEM/EDX. The mixed oxides, except those
prepared by M-SCS method, exhibited a nearly amorphous structure with some diffraction peaks of calcium
oxide. Due to high combustion temperature during the M-SCS process, Ca ions could diffuse into the alu-
mina lattice to form CaAl,0,. But upon impregnation with KOH, the former transformed to Ca,Al;403;.
The KOH/Ca,Al 4,033 nanocatalyst prepared by M-SCS method exhibited better basicity, mean pore size,
and activity, as well as highest Ca/Al and K/Al ratios. In the presence of this catalyst, around 86% of canola
oil were converted to biodiesel in the transesterification reaction carried out at 65°C, methanol/oil molar
ratio 12 : 1, 4 wt % catalyst, 4 h. Such parameters seem appropriate for industrial application. The M-SCS
method is technically simple, cost effective, time/energy saving and requires no further thermal treatment.
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1. INTRODUCTION

Over recent years, decreasing crude oil sources,
increasing greenhouse gas emissions, and ecological
warming have encouraged scientists to devote a search
for alternative fuels. Biodiesel has become very popu-
lar as an alternative for fossil fuel due to its renewabil-
ity, biodegradability, non-toxicity, low emission
profiles, and excellent lubrication behavior. Biodiesel
consists of fatty acid methyl ester (FAME) derived by
esterification and transesterification of free fatty acid
(FFA) and triglyceride with methanol [1]. The utiliza-
tion of waste frying oil (WFO) as a feedstock for new-
generation biofuels will not cause any controversy
regarding the competition of fuel with human food
source; neither will it be detrimental to the environ-
ment, particularly in comparison with the feedstock
utilized for first-generation biofuels as raw vegetable

! The article is published in the original.

18

oils. Moreover, the use of WFO certainly reduces the
cost of biodiesel production and it is the main driving
force for studies in the field. However, WFO normally
contains a lot of FFA, which creates a problem for bio-
diesel production using conventional homogeneous
alkali catalysts such as NaOH and KOH. These cata-
lysts have some setback such as solubility in the reac-
tion medium, reaction with FFA to form soap, several
expensive separation stages, purification/neutraliza-
tion steps, and large amount of alkaline wastewater. To
avoid the above problems and to reduce the produc-
tion cost, environmentally friendly heterogeneous cat-
alysts can be used as a substitute [2, 3].

For use in transesterification reactions, solid-base
catalysts have been proposed. However, WFO cannot
be transesterified under mild conditions in the pres-
ence of heterogeneous catalysts: usually high molar
ratios of alcohol to oil, large amounts of catalyst, high
temperatures, and long reaction times are needed in
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order to overcome diffusion-related restrictions
caused by the presence of three phases: catalyst, alco-
hol, and oil. Therefore, the use of catalyst supports
that would provide high specific surface area and large
pores for incorporation of active species have been
suggested [4]. Komintarachat et al. [5] evaluated the
capacity of porous support materials such as alumina,
silica, titania, and zinc oxide for synthesized WO, cat-
alysts, based on FAME yields. As a result, Al,O; was
found to be a best candidate for the role of porous sup-
port due to its higher surface area. Alumina was uti-
lized as a support for various materials such as metal
hydroxides [6—8], alkaline metal oxides [9, 10], and
transition metal oxides [11, 12]. Among these, CaO
[13—17] and KOH [18—22] were widely used for bio-
diesel production. The basicity of calcium oxide is as high
as that of barium and strontium oxide and its sources
such as calcium carbonate, calcium acetate, and calcium
nitrate are less expensive and toxic [23, 24].

Different results for CaO and KOH loading in alu-
mina and best methods for preparing the catalysts have
been reported in the literature. Catalysts in question
can obtained by using such procedures as co-precipi-
tation [25], impregnation [13, 16], sol—gel [24, 26] and
hydrothermal [27, 28]. However, preparing the cata-
lyst with high-purity oxide powders with the above
techniques has not received much attention because of
expensive raw materials and multistage processing.
The has emerged as An attractive way to production of
homogeneous, high-purity, and crystalline oxide
powders turned to be the technique of solution com-
bustion synthesis (SCS) [29, 30]. Howeyver, the poten-
tial of SCS-produced catalysts for biodiesel produc-
tion has not been studied so far.

In this study, we comparatively examined the best
synthetic procedures for the preparation of CaO—
Al,O; mixed oxides as a support for the KOH impreg-
nated as an active component of thus prepared hetero-
geneous catalyst for methanolysis of canola oil in the
biodiesel production process.

2. EXPERIMENTAL
2.1. Preparation of Catalysts

CaO—AlLO; (1 : 1 mole ratio) to be used as sup-
ported catalyst was synthesized in four routes: impreg-
nation, co-precipitation, sol—gel, and SCS. In all
cases, the solutions of 0.5 M AI(NO;)5- 9H,0 (herein-
after A) and 0.5 M Ca(NO,), (B) were prepared.

In impregnation technique, 40 mL of solution A
was first stirred at 80°C for 2 h and then calcined at
718°C for 5 h to form Al,O5. Then the obtained powder
was mixed with 20 mL of solution B at 80°C for 2 h
under total reflux. The obtained slurry was held at
100°C overnight in order to remove the water. Finally,
the mix was calcined at 718°C for 5 h in air to obtain
catalyst CA-1[16].
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In co-precipitation method, 40 mL of solution A
and 20 mL of solution B were mixed and vigorously
stirred at 80°C for 2 h under total reflux. The solution
pH was kept close to 10 by adding 1 M NH; solution to
ensure complete precipitation. The resulting precipi-
tates were washed with deionized water several times to
neutral reaction. The washed powder was dried and
calcined at the same conditions of impregnation
method to obtain catalyst CA-P.

In sol—gel method, 40 mL of solution A and 20 mL
of solution B were mixed with a required amount of
citric acid to keep the pH close to 1, and the solution
was refluxed at 80°C for 2 h [15]. Then the excess water
was slowly evaporated to obtain gel which was dried
and calcined under the earlier mentioned conditions
to get catalyst CA-S.

To obtain CaO—Al,O; by solution combustion syn-
thesis (SCS), 40 mL of solution A and 20 mL of solu-
tion B, and a desirable amount of urea [according to
propellant chemistry of Eq. (1)] were mixed in a 1000-mL
beaker at 80°C to form gel. Then, the gel was placed
into a microwave oven (Daewoo, Model KOCIN2TB,
900 W, 2.45 GHz). In 3 min of heating, an exothermic
reaction got started, released large amount of smoke,
and yielded the white foam of catalyst CA-M. The lat-
ter was used without further annealing.

Ca(NO;), - 6H,0 + 2A1(NO;), - 9H,0
+ 6.67CO(NH,), — CaO-AlL,0;
+[24 +2x6.67H,0 + 6.67CO, + (6.67 + 4)N,.

KOH-containing catalysts (weight ratio 0.35) were
prepared by impregnation technique. Aliquot amount
of synthesized catalyst was mixed with a required
amount of aqueous KOH solution at 80°C for 2 h
under total reflux. Then the mix was slowly stirred at
70°C until formation of highly viscous gel that was
dried and calcined as described above. Thus prepared
catalysts were labeled as KCA-I, KCA-P, KCA-S, and
KCA-M (cf. Table 1).

(1)

2.2. Characterization of Catalysts

The catalyst crystalline phases were characterized
with XRD (UNISANTIS/XMP 300, Cu-K,, radia-
tion). The crystallite sizes were calculated using the
Scherrer equation. The active surface of functional
groups in synthesized catalysts was evaluated from
FTIR spectra (400—4000 cm~!, Shimadzu 4300 spec-
trometer). Specific surface area, mean pore size, and
pore volume of catalysts were determined by BET
(Brunauer—Emmett—Teller) and BJH (Barrett—
Joyner—Hallender) methods (Belsorp mini II BellJa-
pan system). The basic strength of the solid bases (H™)
was determined by using Hammett indicators: bromo-
thymol blue (H™ = 7.2), phenolphthalein (H~ = 9.8)
and 2,4-dinitroaniline (H~ = 15.0). To measure the
basicity of the catalysts, the method of Hammett titra-
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Table 1. Physicochemical properties of catalysts prepared by different methods

Base property
Sample CS, nm| RC%L % | S,,m?/g | Pg,nm | P,cc/g Yield, %
(HD) mmol/g
CA-S — — 45.32 4.30 0.192 <7.2 — <10
CA-M — — 38.95 8.74 0.124 <7.2 — 25.1
CA-P — - 124.81 5.27 0.469 <7.2 — <10
CA-1 — - 33.74 5.86 0.138 <7.2 — 18.3
KCA-S 21 78.2 23.75 4.29 0.080 9.8—15 0.363 62.8
KCA-M 24 74.1 48.14 5.43 0.142 9.8—15 0.392 85.9
KCA-P 18 49.7 60.17 4.62 0.225 9.8—15 0.382 75.2
KCA-I 30 100 48.46 5.03 0.148 9.8—15 0.377 82.6

I'cs crystallite size, 2 RC relative crystallinity.

tion (indicator: benzene carboxylic acid (0.02 mol/L
anhydrous ethanol solution) was utilized [21, 31]. The
synthesized catalysts were characterized by
SEM/EDX [VP 1450 LEO microscope equipped with
an electron backscatter diffraction (EDBS) acces-

sory].

2.3. Catalyst Testing

The activity of catalysts was evaluated for transes-
terification of canola oil in a 250 mL glass reactor
equipped with a water-cooled condenser and a mag-
netic stirrer. The following reaction conditions were
used in all the tests: 65°C, 4 wt % of the oil, , stirring
at 700 rpm, methanol/oil molar ratio 12 : 1, test dura-
tion 4 h [17]. After completing the reaction, the mix
was centrifuged at 2500 rpm for 25 min, and the upper

Y_

area of all FAME X weight of internal standard

liquid phase (containing biodiesel) was heated to
remove excess methanol. Finally, the biodiesel was
analyzed by gas chromatography (Teif Gostar Faraz,
Iran, equipped with FID detector and SUPRAWAX-
280 capillary column). On each run, the 1-uL sample
containing 100 uL biodiesel was dissolved in 1 mL n-hex-
ane and 1-uL internal standard solution (heptadeca-
noic acid methyl ester) and was injected into the GC
at a temperature of 50°C. After holding for 1 min, the
GC'’s oven was heated at a rate of 8°C/min to 220°C
and held for 9 min; then it was heated at 5°C/min rate
to 250°C and held for 15 min. Hydrogen was a carrier
gas. The injector and the FID were set at an operating
temperature of 260°C. The ester content (Y) expressed
as a mass fraction in percentage was calculated using
the following formula:

x100%. (2)

3. RESULTS AND DISCUSSION
3.1. XRD Analysis

Figure 1 shows the XRD patterns of the catalysts
synthesized by different preparation methods. All
samples are seen to exhibit low crystallinity and high
dispersity of CaO particles. CA-I and CA-S show an
amorphous structure, low intensity of CaO peaks, and
no diffraction peaks from CaO-doped alumina [25].
The CA-P catalyst shows higher crystallinity of cal-
cium oxide [32, 33]. However, CA-M only displays the
diffusion of CaO into the alumina structure. This cat-
alyst also shows the presence of CaAl,O, (JCPDS 70-
0134) which could be associated due to excessive heat
generated during the MW-assisted SCS proess. Fur-
thermore, additional peaks corresponding to alumina
and/or calcium aluminate hydrate at 20 of 28.7 and
36.7° illustrate a higher crystallization degree [34].
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~ area of internal standard X weight of biodiesel sample

These structures are formed due to rapid hydration and
carbonation of CaQ in contact with ambient air [35].

Figure 2 shows the XRD patters of KOH-contain-
ing Ca/Al mixed oxides prepared in different routes.
All samples have the same diffraction pattern but with
different and high crystallinity. Calcium aluminate
Ca Al 4,055 is present in its cubic structure (JCPDS
48-1882). The transformation of support from
CaAl,0, to Ca,,Al,;4,0O3; can be related to calcination of
KOH-containing calcium aluminate and/or loading
of potassium components [36]. Diffusion of Ca ions in
the support structure favors the formation of Ca;Al,Oq
and C,A; at the expense of CA and C;A, respectively
[37, 38]. The samples demonstrate the formation of a
solid solution in which the K" cations are highly dis-
persed over the calcium aluminate lattice without seg-
regation [35]. The samples show distinct peaks of

2019
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Fig. 1. XRD patterns of CaO—Al,Oj5 catalysts prepared by different methods.
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Fig. 2. XRD patterns of KOH/Ca,Al;4055 nanocatalysts prepared by different methods.

potassium ions from calcium oxide originating from
K,CO; [32].

The physicochemical properties of synthesized cat-
alysts are collected in Table 1. The crystalline size of
KCA-S and KCA-I (derived from strong peaks at 20 =
18.1°) a smallest and largest values, respectively.
Moreover, The KCA-P nanocatalyst showeds the low-
est relative crystallinity.
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3.2. BET/BJH Results, Basicity, and Catalytic Activity

BET/BJH properties of samples are listed in Table 1.
The CA-P sample has the highest surface area (S,) and
high pore volume (P,). However, the CA-M catalyst
showed the largest mean pore size (P;), which can be
related to the egression of high amount of smoke
during catalyst preparation. It is reported that catalysts

2019
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Fig. 3. The curves of N, adsorption—desorption hysteresis and pore size distribution plots for the catalysts under consideration.

must have a pore size greater than 6 nm for permeation
of large triglycerides molecules inside the pores to
show excellent activity in the transesterification reac-
tion [39, 40]. In the presence of KOH loading, the sur-
face area and pore volume of CA-S and CA-P catalysts
markedly decreased while those of CA-M and CA-1,
increased. Upon penetration of some potassium inside
the pores, the mean pore size of all samples slightly
decreased.

Figure 3 presents the curves of N, adsorption—
desorption hysteresis and pore size distribution plots
for the catalysts under consideration. According to
IUPAC classification, our samples show a characteris-
tic type IV curve typical of mesoporous materials. The
hysteresis loops of CA-P and CA-I samples are close
to H1 type corresponding to pores of cylindrical
shape. However, the CA-M and CA-S catalysts show
a loop of H3 type inherent to plate-like particles and
slit-shaped pores [41]. The CA—M catalyst exhibits a
wide pore size distribution as compared to other sam-
ples due to advantages of SCS method. The hysteresis
plots for KOH/Ca,Al,,O3; catalysts (not shown here)
has a shape of type IV curve (H3 type). The KCA-M
catalyst shows a wide pore size distribution which
favors its activity in the transesterification reaction.

Asisseen in Table 1, samples of the CA series show
the basicity of <7.2 while those of the KCA series,
within the range 9.8—15. Although the basicity of sam-
ples was similar, the FAME content of reaction prod-
uct of canola oil with methanol catalyzed by each indi-
vidual catalyst was different. It can be assigned to dif-
ferent pores size of nanocatalysts, which plays a key
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role in transesterification reaction. For a narrow-pore
catalyst (mean pore diameter about 4 nm), a 50-%
decrease in catalytic activity could be expected [40] rela-
tive to the activity of catalysts with medium (d = 6 nm)
and wide pores (d = 8 nm). Therefore, the KCA-M
nanocatalyst exhibited higher activity: around 86% of
canola oil was converted to biodiesel.

3.3. SEM/EDX Results

SEM images of the KCA nanocatalysts are given in
Fig. 4. All samples exhibit the calcium aluminate
phase with a nanorod-like structure [42]. The
nanorods are 300—1000 nm long and 30—60 nm wide.
The KCA-S catalyst shows agglomerated particles
with irregular growth of calcium aluminate nanorods.
The SCS-produced catalyst (Fig. 4b) shows a more
uniform structure that could provide appropriate sur-
face area to perching the active sites (potassium com-
ponents) to the catalyst surface. The KCA-P nanocat-
alyst (Fig. 4d) consists of agglomerated particles,
which decreased its surface area and pore size and
could be a reason for low activity of the catalyst. KCA-I
shows a lumpy structure with non-uniformly grown
calcium aluminate nanorods.

The atomic-weight contents of KCA catalysts are
summarized in Table 2. As could be expected, all sam-
ples contained only Al, Ca, K and O, and no contam-
inating elements. The weight ratios of Ca and K to Al
are larger in case of KCA-M catalyst (Table 2). This
could be due to good crystallinity of KCA-M, which
promotes the adsorption of higher amount of KOH to
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Fig. 4. SEM images of KOH/Ca,Al{4033 catalysts pre-
pared by different methods.

the surface and the diffusion of calcium into the alu-
mina structure.

The EDX dot-mapping image of the KCA-M
nanocatalyst is shown in Fig. 5. The elements are uni-
formly distributed and the results good agree with the
SEM/EDX data. It can be concluded that MW-
assisted SCS is an attractive route for preparation of
nanocatalysts with the elements ratios close to the
nominal ones, high surface area, porous structure, and
the metal oxides incorporated uniformly into the
oxide-based matrix.

3.4. FTIR Spectra

The FTIR spectra of SCS-produced catalysts are
presented in Fig. 6. The spectrum of pristine Al,O,
(curve 5a) shows major bands at 400—550 and 600—
800 cm™! attributed to vibrational modes of AlO; and
AlQ,, respectively. The band around 1385 cm™' was
assigned to stretching vibrations of Al—O groups [43].
Addition of CaO to alumina gave birth to new bands
below 1000 cm™! (curve 5b). The peaks in the ranges
600—800 and 1400—1500 cm~! can be associated with
formation of mono and bidentate carbonates. The
intense bands at wavenumbers below 600 cm™! can be
assigned to the vibrational modes of CaO [44, 45]. The
stretching vibrations of surface hydroxyl groups (Ca—
OH) and physisorbed moisture manifest themselves in
the range 3200—3600 cm~' [20]. The KCA-M catalyst
(curve 5¢) exhibits some vibrational bands in the range
3200—3600 cm™". Shahraki et al. [46] assigned them to
stretching vibration of Al—-O—K groups that form
upon the attachment of K* ions to alumina during the
activation process. The same peak was observed at
1100 cm~!, which led to the conclusion that the surface
Al—O—K groups probably are the main active sites. In
addition, the shape of peaks in the ranges 400—600 and
600—800 cm~! became sharper with the formation of a
bond between calcium oxide and aluminum oxide to
yield calcium aluminate. The band around 1636 cm™!
was assigned to the bending mode of the O—H bond of
physically adsorbed water [21].

Table 2. EDX results for KOH/Ca;,Al; 4035 catalysts prepared by different methods

Atomic % Weight %
Al Ca K O Al Ca K O Ca/A K/Al
KCA-S 14.7 9.0 10.6 65.7 17.8 16.1 18.7 474 0.90 1.05
KCA-M 12.1 11.0 8.8 68.1 14.9 20 15.6 49.5 1.34 1.05
KCA-P 16.7 9.7 9.4 64.2 20.2 17.4 16.5 45.9 0.86 0.82
KCA-1 15.8 12.6 8.2 63.4 18.8 22.3 14.2 44.7 1.19 0.76
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Fig. 6. FTIR spectra of (a) Al,O3, (b) CaAl,0y, and (c) KOH/Ca,Al,4033 prepared by microwave-assisted solution combustion

synthesis.

3.5. Reusability of KCA-M Catalyst

The reusability of KCA-M catalyst in the transes-
terification reaction is characterized in Fig. 7. After
the reaction, the sample was washed twice with meth-
anol and used in second reaction after calcination at
700°C for 1 h because of the egression of reactants
and/or products from the pores and surface, as sug-
gested by Zabeti et al. [17]. The catalyst showed good
stability in the transesterification: it retained its per-
formance on a level of 75% after at least four cycles.
The as-synthesized nanocatalyst exhibited high activ-
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ity and stability in transesterification reaction and
deserve further studies toward industrial application of
the process.

4. CONCLUSIONS

In this study, calcium aluminate was applied in the
transesterification reaction. The applicability and eco-
nomic efficiency of different methods for synthesizing
catalysts—such as sol—gel, co-precipitation, impreg-
nation, MW-assisted SCS,—were assessed. The

2019
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Fig. 7. Reusability of KOH/Ca,Al;4033 nanocatalyst (KCA-M) prepared by MW-assisted SCS: FAME content vs. number of

cycles n.

Ca0—Al,0; mixed oxide prepared by M-SCS showed
higher crystallinity compared to other techniques.
Upon impregnation with KOH, the monocalcium
aluminate undergoes phase transition into a mayenite
structure due to diffusion of calcium component into
the alumina lattice. This phenomenon was also
observed and for the other samples. The nanocompos-
ite synthesized by M-SCS shows higher pore size,
basicity, and activity in transesterification reaction
(86% yields) compared to the catalysts prepared by
other methods. Therefore, M-SCS method can be
readily recommended for preparation of nanocatalyst
with high surface area, porosity, activity, and stability.
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