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A ZnxCu1�xAl2O4 catalyst was prepared via the microwave-assisted solution combustion
method (MSC). This method presents a fast procedure for industrial scale catalyst prepa-
ration. The physicochemical properties of the fabricated catalyst were characterized using
XRD, FTIR, BET, SEM and TEM analyses. The catalytic performance through the esterifica-
tion reaction was examined under the following conditions: reaction
temperature ¼ 180 �C, catalyst concentration ¼ 3% (w/w), molar ratio of oleic acid to
methanol ¼ 9 and reaction time ¼ 6 h. XRD results showed that loading both zinc and
copper oxides on alumina at a ratio of amounts that were nearly the same resulted in
decreased crystalline size and well-dispersed copper-alumina and zinc-alumina crystals.
Moreover, the mean pore diameter of the sample was increased by simultaneous loading of
zinc and copper oxides on alumina that enhanced permeation of the reactants within
pores and increased the interaction of the reactant with the catalyst active sites. The
catalyst showed minimum tendency towards adsorbing moisture from air, which was
attributed to it having less atoms on the surface through which binding with H2O mole-
cules takes place. The highest level of activity in the esterification reaction (96.9%) was
obtained at the optimum ratio of the Zn:Cu molar ratio, identified to be 2:3. The sample
particles ranged from 10 to 30 nm in size, without agglomeration.

© 2016 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

Energy consumption across the globe is currently esca-
lating and this has brought about two important crises:
firstly, the problem of carbon emissions in the form of
greenhouse gases and secondly, the predicted termination
of fossil fuel resources. Scholars have suggested that global
temperature could be brought under control by 2100 if
there is a sharp reduction of fossil fuel consumption but
that a failure to take such an appropriate action could result
in irreparable damage to earth. Accordingly, researchers
have attempted to enhance renewable and less polluting
ayebzadeh).
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energy resources to substitute existing systems [1e3].
Biodiesel has been nominated as an appropriate source of
energy due to its obvious advantages such as low level
pollution, renewable availability, and biological analyz-
ability, and that it can be used in existing engines [4,5].
Biodiesel is generally fabricated from edible oil, inedible oil
or animal fat. However, due to the high price of cooking oil
for biodiesel production [6], inedible oils such as Jatropha
[7], algae [8], and waste cooking oil [9] have often been
nominated as suitable alternatives. Biodiesel is usually
produced by trans esterification, using triglycerides with
short chain alcohols by homogeneous base catalysts such as
NaOH or KOH [10]. However, inedible oils contain large
amounts of free fatty acids (FFAs) that tend to react with a
homogeneous base catalyst to form soap. Subsequently,
ll rights reserved.
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separation of soap and a homogeneous catalyst from bio-
diesel would increase production costs. Researchers have
suggested esterifying the FFA before the transesterification
reaction. Esterification of FFAs with alcohol is usually per-
formed in the presence of a homogeneous acid catalyst (see
Fig. 1) such as H2SO4, in a process that produces toxic
wastewater that is extremely harmful to the environment.
As a result, heterogeneous catalysts have been suggested
due to low cost, simple separation process, reusability and
environmental reasons [6]. Homogenous catalysts are
capable of converting FEAs and triglycerides.

Alumina has received much attention recently as an
appropriate catalyst for such purposes due to its high
dispersion properties; thermal and chemical stability at
high temperature and relatively affordable price. However,
due to low activity of alumina in biodiesel production, it
serves as a support on which various elements are loaded
to increase activity [11,12]. Zinc is an element that has
received attention for its unique characteristics such as
antibacterial, antifungal and UV filtering properties, as well
as high catalytic and photochemical activity [13,14]. Rein-
oso et al., [15] studied the activity of zinc carboxylic (ZC)
salts (as a catalyst) in esterification of oleic acid. A ZC
sample was difficult to synthesize in an alcoholic solution
for 12 h and showed moderate activity (60%) in the con-
version of oleic acid (OA) to the corresponding ester under
the conditions of 140 �C, 6 wt.% of catalyst, and 30 molar
ratios of OA/methanol. Esterification of OA with methanol
was also tested using layered heterogeneous catalysts [16].
Galen et al., [17] utilized ZC salts to produce biodiesel, and
tests showed a conversion rate of 60% was achieved after
2 h at 140 �C. Zinc hydroxyl acetate (ZHA) salts exhibited
higher level esterification activity of OA compared to zinc
hydroxyl nitrate (ZHN).

Other metal oxides have also been loaded on alumina to
produce biodiesel. Sanakarnarian et al., [18] examined the
activity of various types of spinel alumina (CuAl2O4,
NiAl2O4, CoAl2O4 and ZnAl2O4) on biodiesel production.
Tests suggest that copper-alumina and zinc-alumina cata-
lysts demonstrated higher-level activity than other cata-
lysts. Accordingly, as an appropriate transition, metal oxide
like copper oxide and zinc oxide (with high thermal con-
ductivity) can be used to improve the activity of alumina.

Various methods are available to synthesis heteroge-
neous catalysts such as co-precipitation [19], impregnation
[20], solvothermal [21] and sol-gel [22] methods. However
suchmethods are problematic according to conditions such
as the necessity for continuous pH control, the long length
Fig. 1. Schematic of the es
of time needed for synthesis, use of expensive reactants
and lack of the required chemical compounds. The method
of solution combustion has been presented recently for
nano-catalyst production at minimum cost and time inputs
and accurate stoichiometric ratios. This methodwas chosen
due to its ability to generate a high temperature during
catalyst preparation and without impurity in the synthe-
sized powder product. The solution combustion synthesis
method is initiated by an exothermic reaction and it con-
tinues with an unabated reaction at elevated temperatures
(provided by an external heat source).

The preliminary heat can be provided by an electric
spark or by a furnace or microwave. Application of micro-
wave is completely different from other prevalent heating
methods inwhich heat is generated through the interaction
of the electromagnetic waves (produced by the source) and
the material, whereas in methods such as the furnace
method, heat is produced directly by the source. Further-
more, a microwave heat material at the molecular level
provides more uniform heating that greatly affects the
characteristics of the resultant nano-catalyst [23].

In the present study, ZnxCu(1�x)Al2O4 (x ¼ 1, 0.8, 0.6, 0.4,
0.2, and 0) catalysts were synthesized by the MSC method,
and optimum amounts of copper and zinc oxides for
loading on alumina were determined. Then, the charac-
teristics of the catalyst were determined by XRD, FTIR, BET,
SEM, and TEM analyses and the obtained results were
discussed. Finally, the activity of each catalyst during the
esterification reaction was examined.

2. Experiment

2.1. Materials and catalyst preparation

Copper, zinc, aluminum nitrates (as the oxidizer), and
urea (as the fuel) for the synthesis of catalysts by the MSC
method were obtained from Merck Co. (Germany). Urea
served as the fuel, due to it being cheap, readily-available
and able to create a high temperature [24]. Aluminum ni-
trate, together with appropriate molar ratios of copper ni-
trate and zinc nitrate was dissolved in a minimum volume
of water to prepare ZnxCu(1�x)Al2O4, where x ¼ 1, 0.8, 0.6,
0.4, 0.2, and 0; the produced compounds were labelled ZA,
0.8ZCA, 0.6ZCA, 0.4ZCA, 0.2ZCA, and CA, respectively. Then,
a specified amount of urea (determined by thermochem-
istry and combustion principles) was added to the solution.
The resultant solution was then mixed by using a magnetic
stirrer at 400 rpm at 80 �C. A clear viscous gel was obtained
terification reaction.
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once the water content had evaporated. The gel was sub-
sequently placed into a microwave oven operating at its
highest power (Daewoo, KOC9N2TB, 900 watts). Accord-
ingly, the remaining water was evaporated and the residual
material enflamed, much fume was given off as the urea
started burning. After 5 min of irradiation, a foamy catalyst
was synthesized.

As suggested by Jain et al. [25], calculating an appro-
priate fuel-to-oxidizer ratio is of considerable importance
for sample synthesis. This method examines all pertinent
elements to the oxidizer to calculate the ratio, regardless of
whether the element is in the chemical structure of nitrates
(oxidizers) or fuel (reducer). For instance, in the current
study, oxygen was considered as the oxidizer with
hydrogen, aluminum, copper, and zinc taken as reducers.
Moreover, nitrogen was used as the inert element. In this
method, elements were loaded according to valence: oxy-
gen (�2), hydrogen (þ1), aluminum (þ3), zinc (þ2), and
nitrogen (0). Therefore, equivalent capacity for aluminum
nitrate, zinc nitrate and urea was found to be �15, �10, and
þ6, respectively [26]. However, in most cases, researchers
have suggested the application of the stoichiometric ratio
of the oxidizer to reducer, as the ratio has an affect on the
characteristics of the produced powder [27]. Indeed, the
application of a lower ratio has resulted in the formation of
amorphous materials, whereas a fuel-rich mixture gives
rise to an agglomerated structure. In this case, the amount
of fuel was determined by setting the oxidizer-to-reducer
stoichiometric ratio to 1. It is noteworthy that under con-
ditions of the lowest reducing power (total valence ¼ 6),
urea produces the lowest volume of gas. The ratio of metal
nitrate capacity to urea capacity determined the number of
moles of urea. For example, in order to calculate the
parameter of ZnxCu1�xAl2O4, the following calculations
should be carried out.

x ZnðNO3Þ2$6H2Oþ ð1� xÞCuðNO3Þ2$6H2O

þ 2 AlðNO3Þ3$9H2Oþ Y COðNH2Þ2/ZnxCu1�xAl2O4

þ Y CO2 þ ðY þ 4ÞN2 þ ð24þ ð2� YÞÞH2O

(1)

Y ¼ ½ð�10Þ þ ð2� ð�15ÞÞ�=6 ¼ 6:67 (2)

2.2. Catalyst characterization

In order to recognize the phases and crystalline size of
the catalysts, X-ray diffraction (XRD) analysis was per-
formed using an UNISANTIS/XMP 300 in the range of
20e70 degree at a scan speed of 10 degrees per minute.
Furthermore, a SHIMADZU 4300 (Japan) was utilized to
capture FT-IR spectra in the range of 400e4000 cm�1.
Measurements of the pore diameter, porosity and surface
area of each catalyst were taken via the BET method uti-
lizing a Belsorp mini II1 (Japan). Evaluations of surface
acidity and acid strength of the catalyst were carried out by
titrating with n-butylamine (0.01 N) using the so-called
Hammett indicators: methyl red (4.8), methyl orange (3.3)
and violet crystal (0.8). The acid strength is reportedly
stronger than the weakest indicator that exhibits a colour
change and weaker than the strongest indicator that pro-
duces no colour change. Acidity was calculated in mole of
acid sites per gram of catalyst and acidity strength was
expressed in terms of the Hammett acidity (H0). Note that,
titration by using n-butylamine allows for the measure-
ment of the number of acid centers (mmol/g) having an H0
equal to/or lower than the pKa value of the indicator. Water
stability of the solid acid catalysts, expressed as mmole of
NaOH consumed per gram of catalyst, was estimated by
titrating a solution of 0.2 g of catalyst in 10 ml of deionized
water stirred vigorously for 1 h using 0.1 M NaOH solution.
In addition, Scanning ElectronMicroscopy (HITACHI S4160)
was used to investigate the morphology of the nano-
catalyst. Finally, Transmission Electron Microscopy (TEM)
(LEO 912AB) was utilized to assess the catalyst in terms of
the rate of activity in relation to the particle size.

2.3. Catalyst testing

The activity of the fabricated catalysts was discussed in
the esterification reaction of OA to the corresponding
methyl ester form. This reaction was conducted in a batch
system composed of an 80 ml stainless steel reactor; the
reactor was operated at 180 ± 3 �C (set by using a type K
thermocouple) for 6 h. The molar ratio of methanol to oleic
acid was about 9, and theweight percent of the catalyst was
3 wt.% with a fixed stirring speed of 600 rpm. Once the
reaction had completed, the obtained mixture was filtered
to remove the catalyst. The biodiesel was then heated to
80 �C and held for 90 min to eliminate water and any extra
methanol content. The yield of conversion of OA to methyl
esterwas calculated based on acidity reduction of OA by the
standard titration method using potassium hydroxide [28].

3. Results and discussion

3.1. X-ray diffraction (XRD)

Fig. 2 shows the results of XRD analysis of alumina
loaded by different molar ratios of zinc and copper oxide.
No change was seen in the positions of peaks that
confirmed the cubic structure of the crystallite of all sam-
ples. According to Fig. 2a, peaks at 31.3, 36.8, 55.7, 59.3, and
65.2� can be attributed to the formation of the spinel type
zinc aluminate crystal [29]. However, only peaks of copper
oxide were visible for CA (Fig. 2f), illustrating low reaction
temperature during combustion. Yanyan et al., [30] re-
ported that the temperature of the catalyst preparation
medium should be increased to 800 �C to achieve pure
CuAl2O4. The weak peak at 2qz 50� may correspond to the
spinel type copper aluminate. The copper oxide peak at 38�

overlapped other peaks of zinc-alumina spinel at 31.3 and
36.8�. Fig. 2e shows that all peaks related to copper oxide
and theweak peak at 36.8� corresponded to ZnAl2O4 spinel.

As shown in Fig. 2d, sample 0.4ZCA exhibited appro-
priate dispersion of copper oxide and zinc-alumina spinel,
confirmed by the peaks of the corresponding height indi-
cating a single-layered structure. This consistency was not
observed in other samples. In Fig. 2c and b (related to
samples 0.6ZCA and 0.8ZCA, respectively), the dispersion
level was the same as that of zinc aluminate, except that



Fig. 2. The XRD patterns of (a) ZA, (b) 0.8ZCA, (c) 0.6ZCA, (d) 0.4ZCA, (e) 0.2ZCA, and (f) CA.
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weak peaks at 34 and 38� corresponded to copper oxide.
None of the XRD patterns indicated an alumina crystal,
revealing well-dispersed alumina within the nano-catalyst.
Moreover, the characteristic peaks of ZA spinel were
weakened according to an increased amount of doped Cu,
indicating that doping Cu reduced the crystallinity of the
catalyst [20]. Obtained through the application of the
Scherrer equation, the average crystallite sizes of ZA,
0.8ZCA, 0.6ZCA, 0.4ZCA, 0.2ZCA and CA were calculated to
be 12, 11, 10, 8, 12, and 16 nm, respectively. In fact, tem-
perature was considered as an important factor for crystal
growth of components. The researchers report that lower
enthalpy of formation can be attributed to higher temper-
ature during material synthesis, resulting in less crystal
formation [31].

3.2. FTIR study

FTIR spectra of nano-catalysts are illustrated in Fig. 3. As
seen in the figure, the characteristic peaks corresponding to
Fig. 3. FTIR spectra of (a) ZA, (b) 0.8ZCA, (c) 0.
frequencies of metal oxides were of similar frequency range
in all samples, because the atomic mass of copper is
roughly equal to that of zinc. Fig. 3a shows the vibration
peak of ZneO at 492 cm�1 related to octahedral metal
stretching and intrinsic stretching vibrations of metal at the
tetrahedral sites at 557 and 668 cm�1 [23,32]. In Fig. 3f, the
broad bond at 883 cm�1 was probably related to copper
oxide [33]. When both copper oxide and zinc oxide were
loaded on alumina, copper oxide bonds overlapped the zinc
oxide bonds. Furthermore, the peak at 1388 cm�1 related to
nitrate anions (as seen in Fig. 3a and f) was not observed in
0.4ZCA. This demonstrates more complete reactions during
0.4ZCA synthesis. In all samples, the broad peaks at
3000e3500 cm�1 and 1600 cm�1 were associated with the
OeH stretching vibration of water molecules and flexural
vibration bonds (OeH), respectively [34]. Indeed, such
bonds were due to the hydrophilic characteristics of cata-
lysts to moisture content in air. The minimum bonding
level belongs to the sample 0.4ZCA, proving that this nano-
catalyst had minimum tendency toward adsorbing
6ZCA, (d) 0.4ZCA, (e) 0.2ZCA, and (f) CA.



Table 1
BET surface area, pore volume and mean pore size of the samples.

Sample Surface
area (m2/g)

Pore volume (cc/g) Mean pore
size (nm)

ZA 45.35 0.08 7.12
0.8ZCA 1.64 0.02 5.82
0.6ZCA 1.01 0.02 7.41
0.4ZCA 5.12 0.01 8.64
0.2ZCA 7.09 0.01 7.61
CA 23.70 0.03 4.79

Reaction conditions: 180 �C, molar ratio of methanol/OA: 9, catalyst
concentration: 3 wt.%, reaction time: 6 h.
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moisture from air, owing to the lower number of atoms on
the surface for binding with H2O molecules [35].

3.3. BET and BJH analysis

Fig. 4 shows the absorption-desorption isotherm at
�196 �C for different nano-catalysts. According to these
results, all samples showed type IV pattern with different
forms of hysteresis loops based on the Brunauer, Deming,
Deming and Teller (BDDT) classification. The composition
of the isotherm curve and width of the hysteresis loop
supply important information on the textural characteris-
tics of nano-catalysts. When zinc was solely loaded on
alumina, the formed pores were column shaped, but they
were cylindrical in other samples. Two parallel lines were
observed in these samples indicating that cavities had the
same radii. The hysteresis loop was closed at relative
pressure in the range of 0.8e1, which proves the existence
of largemesopores. It is noteworthy that the hysteresis loop
curve is related to the consistency in pore diameter. Inset
diagrams in Fig. 4 indicate pore diameter distribution in the
range of 1.5 to 15 nm.
Fig. 4. Hysteresis loops of the N2 adsorption-desorption isotherm (inset: BJH pore s
(f) CA.
The BET surface area, pore diameter and pore volume of
samples are listed in Table 1. As shown, ZA and CA catalysts
had the maximum surface area. This surface area exhibited
a drastic reduction when the mixture of zinc and copper
was loaded on alumina. XRD analysis shows that the
crystallite diameter of zinc aluminate spinel decreased
with increase in copper, even in a small quantity; such that
the copper crystals probably found a route into the pores
where they tended to strongly reduce the availability of
active sites in the sample. Simultaneous loading of zinc
ize distribution) for (a) ZA, (b) 0.8ZCA, (c) 0.6ZCA, (d) 0.4ZCA, (e) 0.2ZCA, and
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oxide and copper oxide on alumina increased pore diam-
eter facilitating permeation of FFAs into pores of the nano-
catalyst, which enhanced the connection of FFAs to active
acidic sites of the nano-catalyst. When the Zn/Cu ratio was
decreased for loading on alumina, bigger crystals were
formed due to the higher temperature during combustion.
Consequently, when urea burned at higher combustion
temperature, large amounts of gas were released very
rapidly that resulted in significantly increased pore diam-
eter. The 0.4ZCA catalyst showed the largest pore diameter
that minimized limitation on the diffusion of large OA
molecules into the catalyst pores.

It is worth noting that catalyst activity is not dependent
only on the surface area. Jacobson et al. [36] reported that
solid nano-catalysts should have pore diameter appropriate
to permeate triglyceride or FFA molecules. Granados et al.,
[37] reported that the diameter of methyl oleate (ester form
of OA) is about 2.5 nm. A number of studies have empha-
sized that restricted diffusion transpires when reactant
molecules and pores have comparable dimensions. For a
narrow-pore catalyst (mean pore diameter z 4 nm), a 50%
decrease in catalytic activity relative to the activity of cat-
alysts with medium (d z 6 nm) or wide (d z 8 nm) pore
size can be expected [38]. Higher amounts of copper oxide
(Cu/Zn ratio of 4) were the result of decreasing pore
diameter, while the surface area was increased. This caused
agglomeration of particles on the surface of the catalyst.
Therefore, the 0.4ZCA catalyst with maximum pore diam-
eter was considered to be the most preferable selection as
the catalyst for application in further studies.
3.4. Acid strength, acidity, activity and reusability of the
catalyst

Water stability, acidity and activity properties of the
synthesized nano-catalysts are listed in Table 2. As seen in
the table, acid strength of all samples was in the range of
0.8 to 3.3, as obtained by Hammett indicators. In addition, it
was clearly observed that the activity of samples increased
with increased CuO. However, as further copper oxide (i.e.
over a molar ratio of 0.6) was loaded on alumina, acidity
was extremely decreased due to agglomeration of CuO on
the surface of zinc aluminate spinel that covered the acid
sites of zinc aluminate. Acid sites of a catalyst are known to
have an important role in the esterification reaction. Ac-
cording to the results of XRD analysis, the 0.4ZCA catalyst
showed broad peaks with low intensity compared to the
other samples, confirming good dispersion of copper and
zinc oxides on alumina and an intense interaction, resulting
Table 2
Acidic and catalytic activity properties of the samples.

Sample Acid strength Acidity
(mmol/g)

Water stability
(mmol/g)

Conversion (%)

ZA 3.3 < H0 < 0.8 0.304 0.087 94.4
0.8ZCA 3.3 < H0 < 0.8 0.322 0.099 94.7
0.6ZCA 3.3 < H0 < 0.8 0.365 0.095 95.5
0.4ZCA 3.3 < H0 < 0.8 0.386 0.086 96.9
0.2ZCA 3.3 < H0 < 0.8 0.299 0.099 94.0
CA 3.3 < H0 < 0.8 0.211 0.105 90.2
in higher catalytic activity [39]. The 0.4ZCA catalyst showed
maximum catalytic activity with relatively low water sol-
ubility. This is an important factor in the esterification re-
action where water is the by-product. Therefore, 0.4ZCA
can significantly address some drawbacks of common
materials used as catalysts or as a support in industrial
esterification processing.

3.5. Scanning electron microscopy (SEM)

Fig. 5 shows the SEM images of ZA, 0.4ZCA and CA. Re-
sults show the distribution of particles with specified
boundaries and formation of good porosity within the
sample. Fig. 5a demonstrates the formation of zinc alumi-
nate particles accompanied by agglomeration of nano-
catalysts, indicative of solution combustion synthesis.
SEM images show that the morphology of 0.4ZCA was
different from that of pure ZA and CA. It was indicated that
the surface of the sample consisted of sporadic and irreg-
ular spherical nanoparticles that were properly crystallized,
while no agglomeration was observed.

Sufficient heat of formation during synthesis of the
catalyst made a dense, closely packed array of nano-
particles with well-defined borders. The SEM image of
copper-alumina showed that the catalyst constituted a
mesoporous surface that was probably due to the release of
large volumes of gas during combustion. Moreover,
spherical particles of copper oxide were formed with no
agglomeration (Fig. 5c).

3.6. Transmission electron microscopy (TEM)

TEM analysis was conducted to investigate the catalyst
particle size and agglomeration status. Fig. 6 shows TEM
images of 0.4ZCA as the most active catalyst for the ester-
ification reaction. As seen in the figure, the particle size
ranged from 10 to 30 nm and particles were irregular in
structure. Also, particle distribution and size were not
uniform and no agglomeration tendency was observed.

3.7. Comparison with the literature

Various types of heterogeneous catalysts (including
zinc, copper and alumina) were utilized for biodiesel pro-
duction, as shown in Table 3. These catalysts were syn-
thesized by different methods and biodiesel was produced
under different sets of reaction conditions. The chemical
methods used in most other studies for preparing catalysts
take a long time (over 48 h) and require heat treatment
(calcination) to produce the desired catalyst. But in this
study, a mixed zinc-copper aluminate catalyst was syn-
thesized by the MSC method in 5 min, indicating good
potential of the method to produce industrial scale bio-
diesel. The produced catalyst showed high activity in the
esterification reaction due to its large surface area and large
pore size. Moreover, the catalyst obtained by microwave
irradiation had good pore size distribution (see Fig. 4). This
was the result of uniform heating by microwave irradiation
on amolecular scale. Therefore, the catalyst prepared in the
present study showed higher level activity compared to



Fig. 5. SEM images of catalysts: (a) ZA, (b) 0.4ZCA, and (c) CA.

Fig. 6. TEM image of 0.4ZCA.
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those prepared by conventional solution combustion
methods, as reported by Coutinho et al., [38].

Exhausting huge amounts of gases in the course of
catalyst synthesis (which moderates the reaction condi-
tions), the MSC method can provide a mesoporous catalyst
of large surface area and mean pore size. Moreover, high
temperature during catalyst preparation determines that
the catalyst provides high stability against water solubility,
Table 3
List of similar heterogonous catalysts for biodiesel production.

Catalyst Reaction CPMc Temp �C MORd

0.4ZCA Ea MSC 180 9
Zinc acetate E Purchased 220 4
ZnO/Zeolite E HIPb 160 e

ZHAe E Precipitation 140 30
ZnAl2O4 E SCMf 160 4
KF/Zn(Al)O Tg HIP 140 6
Zr/ZnAl2O4 T Co-precipitation 140 20
CuVOPh T Hydrothermal 65 6.75
Cu–Mg–Al T Co-precipitation 65 10

a E: Esterification.
b HIP: Hydrothermal Impregnation Precipitation.
c CPM: Catalyst Preparation Method.
d MOR: Methanol-to-oil ratio.
e Zinc Hydroxyl acetate.
f SCM: Solution Combustion Method.
g T: Transesterification.
h Copper vanadium phosphate.
deactivation or degradation in the presence of extreme
reaction temperature. Therefore, nano-scale catalysts pre-
pared by the MSC method can be recommended with
confidence as catalysts to support and/or promote indus-
trial processes.
4. Conclusion

A series of nano-catalysts of the general formula
ZnxCu(1�x)Al2O4 (x¼ 1, 0.8, 0.6, 0.4, 0.2, 0) were synthesized
successfully using the method of microwave-assisted so-
lution. Data collected from XRD, FTIR, BET, SEM, and TEM
analyses showed that the nano-catalyst crystallite size
ranged from 7 to 16 nm. Simultaneous loading of zinc and
copper oxides on alumina reduced intensity of the peaks,
implying better dispersion of particles and interaction be-
tween copper-alumina and zinc-alumina. Moreover,
simultaneous loading of these oxides caused a drastic in-
crease in pore diameter. In fact, the mean pore diameter of
ZA/CA was enlarged by simultaneous loading of both zinc
and copper oxides on alumina, resulting in improved ac-
tivity of 0.2ZCA, 0.4ZCA, 0.6ZCA, and 0.8ZCA catalysts
compared to ZA and CA. Also, the effect of different ratios of
Catalyst Wt.% Reaction time (h) Yield (%) Ref

3 6 96.9
1 1 60 [40]
5 6.6 90 [41]
3 2 87 [16]
5 1 38 [42]
3 1 95 [41]
4 1 91.7 [20]
1.5 62.5 h 65 [43]
7.5 48 67.4 [44]
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Zn/Cu on catalytic performance (in terms of biodiesel
production) was investigated and the 0.4ZCA catalyst
exhibited the best activity. A yield of 96.93% was obtained
for the esterification reaction. Based on these results, the
solution combustion method is recommended as a very
effective and useful method to synthesize a stable catalyst
with good activity and within a short time, such that the
method can be applied to industrial scale catalyst
production.
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