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Abstract: The synthesized nanomaterials by two different methods were used as a catalyst in the transesterification 
of waste cooking oil to produce biodiesel. For both environmental and economic reasons, it is beneficial to produce 
biodiesel from waste cooking oils. It is desirable to help solve waste oil disposal by utilizing its oils as an inexpensive 
starting material in biodiesel synthesis. The structure, morphology, and surface properties of resulting nanocatalysts were 
characterized by X-ray Fluorescence Spectroscopy (XRF), Scanning Electron Microscopy (SEM), X-Ray Diffraction 
(XRD), Fourier Transform Infrared Spectroscopy (FT-IR), Energy Dispersive X-ray Spectroscopy (EDX) and N2 
adsorption-desorption isotherms. The synthesized nanocatalysts’ efficiency in the production of biodiesel was studied by 
Gas Chromatography (GC) as well as leaching amounts of surface active components of each catalyst investigated by 
the EDX technique. The reactions were performed at 65°C using a 9:1 methanol to oil ratio for 3 h. The results indicate 
that the impregnated mixed metal oxide catalyst (Ca-MgAl) shows a higher surface area and better mechanical strength 
than the totally co-precipitated mixed metal oxide catalyst (CaMgAl(O)). Although both of the fully co-precipitated and 
impregnated catalysts represented about 90% of fatty acid methyl esters (FAME) yield the leaching of active calcium 
component was significantly reduced from 45.8% in precipitated CaMgAl(O) to 8% for the impregnated Ca-MgAl 
catalyst. This improved structure represents the advantage of the impregnation technique to co-precipitation procedure 
for fabrication of robust nanostructures.
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1. Introduction
It has become essential to find clean alternative and renewable energy resources because of the limited conventional 

fossil fuels, harmful environmental impacts, and severe climate changes [1-3]. Biodiesel is termed as a viable substitute 
to petroleum-based diesel that can reduce or solve the effects of air pollution due to various desired properties including 
its renewability and better combustion characteristics [4]. 

The costs of raw materials for biodiesel production accounts for a large percentage of the direct biodiesel 
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production costs required. Thus, one way of reducing the biodiesel production costs is to use the less expensive raw 
material containing fatty acids such as animal fats, non-edible oils, waste cooking oils, and byproducts of the refining 
vegetable oils [5-7]. The use of waste cooking oil for biodiesel production can also help in solving the problem of waste 
oil disposal [8-9]. The cost of waste oil mainly arises from the costs in the collection, transportation, and pretreatment.

Biodiesel is a combination of fatty acid ethyl esters (FAEEs) or fatty acid methyl esters (FAMEs) obtained by 
the transesterification of triglycerides derived from plant oils or animal fats together with alcohols, in the presence of 
appropriate catalysts [10-12]. The transesterification reaction is carried out by employing acidic/basic-heterogeneous or 
homogeneous catalysts [13-15]. Heterogeneous catalysts are easily separated from the system at the end of the process 
and can be reused. Besides, they are environmentally friendly, have a long lifetime and can provide high activity and 
selectivity [16-19]. In the industrial world, the catalysts used must be pure, stable to heat, have a long lifetime, can be 
regenerated, are resistant to poisoning, are simple in the way they are made, and are easy to obtain and inexpensive. Very 
recently, several investigations were devoted to developing numerous heterogeneous catalysts for the transesterification 
reaction of oils for biodiesel production [20-22]. Among these heterogeneous catalysts, metal oxides were reported to 
exhibit interesting catalytic performances [23-25]. 

Calcium oxide (CaO) is an efficient and economical catalyst that was utilized to produce biodiesel. Although CaO 
is a high-performance catalyst, this type of catalyst requires high leaching during the reaction [26]. It should also be 
noted that the existence of CaO in the reaction mixture leads to separation problems of catalyst from biodiesel products 
[27-28]. In recent years, researchers have tried to solve the intrinsic leaching problem, and also improve the activity of 
the catalysts. To attain these goals, mixed metal oxide catalysts have been prepared and investigated. Among available 
mixed metal oxide catalysts, Ca-based mixed oxide is regarded as one of the most favourable catalysts owing to its low 
cost and high basicity [29]. Peterson and Scarrah, [30] reported a CaO. MgO mixed-oxide is a heterogeneous catalyst 
used to obtain FAMEs from low erucic rapeseed oil with improved production yield. In another study on mixed metal 
oxides, catalysts based on CaO-MgAl oxides were synthesized by calcium dinitrate tetrahydrate impregnation onto 
MgAl hydrotalcite. The results confirmed that the Ca loading onto MgAl mixed oxide leads to enhance the activity of 
catalyst with low leaching [31]. 

Magnesium oxide (MgO) catalysts have also been used as a basic catalyst for transesterification reaction. These 
catalysts possess weak basic sites, but the low amount of loading of Al3+ cations onto MgO constructed new support of 
Lewis acid-base pair sites [32]. Liu et al. [33] employed MgAl hydrotalcite as a heterogeneous basic catalyst for the 
conversion of poultry lipids to biodiesel. Experimental data showed that calcination at 500°C can increase the catalytic 
activity. An eco-friendly process for the metanalysis of vegetable oils to MEs through calcined MgAl hydrotalcite 
reported by Xie et al. [34] The catalyst with MgAl ratio of 3.0 achieved by the calcination at 500°C revealed the high 
basicity and catalytic activity.

In our previous study, we have reported developing a Zn-based transesterification catalyst [35]. While in this 
investigation we have used calcium as an active catalytic component. Although both works are following the same 
concepts for studying the effect of fabrication technique on the leaching of the active components, in this study a highly 
efficient Ca-based catalyst was successfully obtained compared to the Zn-based catalyst. Besides, the aim of this work 
is to solve the leaching problem of Ca-based MgAl mixed oxide without decreasing its catalytic activity. To achieve 
this goal, the nanostructures of this mixed oxide were synthesized through two simple and approximately low-cost 
methods, followed by the comparison of their catalytic activity, and component leaching. The textural/structural and 
morphological features of prepared catalysts were studied by various characterization techniques such as FT-IR, XRF, 
XRD, EDX, SEM and N2 adsorption-desorption isotherms. The reaction was performed under similar conditions for 
both catalysts and waste cooking oil was used as feedstock.

2. Experimental procedure
2.1 Synthesis of nanoporous catalysts

Fabrication of co-precipitated CaMgAl(O) was performed using 8.54 g of Mg(NO3)2·6H2O, 8.54 g of 
Ca(NO3)2·4H2O, and 12.50 g of Al(NO3)3·9H2O (including 0.0333 mole of each salt) in 100 mL of deionized water. 
Another solution of 7.95 g of Na2CO3 and 4 g of NaOH was prepared in 100 mL of deionized water and was added as 
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precipitator to the first solution under vigorous stirring. The pH was adjusted on 8-10 during the process and the mixture 
was aged at 50-60ºC for 24 h. The final product was filtered and dried in the oven of 100ºC for 12 h and calcinated at 
500ºC for 4 h.

For fabrication of impregnated Ca-MgAl, first, the catalyst substrate of MgAl was made using 23.07 g of 
Mg(NO3)2·6H2O, 8.33 g Al(NO3)3·4H2O, was dissolved in 180 mL of deionized water (Mg: Al molar ratio of 1:1). Then 
the precipitating solution of 12.89 g Na2CO3 and 16.26 g of NaOH in 203.25 mL deionized water was added to the first 
solution. The solution was aged at 60-65ºC for 18 h, then was filtered and washed till neutral pH. The precipitate was 
dried for 12 h at 80ºC, calcinated at 600 ºC for 30 min, and was labelled as MgAl(O). For impregnation of Ca to the 
MgAl(O), 2.10 g of MgAl(O) and 0.84 g of Ca(NO3)2·4H2O was dissolved in 50 mL of deionized water and transferred 
to the rotary evaporator. The impregnation process was performed at 400 mbar, and temperature of 75ºC under 400 rpm 
for 150 min. The final product was dried at 90ºC for 12 h and calcinated at 600ºC for 30 min. 

2.2 Transesterification reaction of waste oil

These as-prepared catalysts were applied for the transesterification of waste cooking oil as feedstock with methanol 
(99.5%, Merck) to produce biodiesel fuel. Waste cooking oil provided from the “Nane Tehran confectionary” was pre-
treated before transesterification reactions. For pretreatment, the waste cooking oil was filtered to remove suspended 
impurities. After filtering, the resulting oil was placed in a furnace at 60°C for 30 min. The resulting product was used 
as the feedstock for the transesterification process. The reaction was conducted by mixing methanol (3.27 g), waste oil (10 
g), as well as catalyst (0.3 g of one of the prepared catalysts). The resulting mixtures were allowed to react under stirring 
for 90 min in a refluxing system at 85°C. 

For separation of the produced biodiesel, the reaction mixture was centrifuged at 4000 rpm for 15 min to remove 
the catalyst from the mixture. Then the mixture was transferred to a separatory funnel to separate glycerol and other 
impurities (Figure 1 shows this two-step separation process). The methanol residues were removed by heating the 
mixture in an oven of 60 ºC for 1 h. The product was analyzed using GC.

Biodiesel + 
impurities

Biodiesel + 
impurities

Biodiesel

Glycerole

Step 1 Step 2

Figure 1. Separation of biodiesel from the impurities and glycerol

2.3 Measurement and characterization 

The basic strength of the as-prepared catalysts was assessed by the method that is previously reported by Fraile et 
al. [36]. To examine the structures and crystallite size of the as-prepared mixed metal oxides, XRD measurements were 
done (X’pert diffractometer, Philips). The surface morphology and elemental composition of mixed metal oxides were 
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simultaneously checked by SEM equipped with an EDX detector (XL30ESEM-TMP, Philips). XRF analysis was used 
for further and more accurate identification of samples and elemental composition (PW1410, Philips). To determine 
the presence of functional groups of Ca-MgAl and CaMgAl(O), FTIR spectra were applied (AVATAR instrument). 
The average pore size (AP) and specific surface area (SBET) of the Ca-MgAl and CaMgAl(O) were estimated at 77 K 
via Micromeritics ASAP 2010 analyzer. Pore size distribution (PSD) was calculated from the adsorption branch of 
the isotherm through the Barrett, Johner and Halenda (BJH) method. The SBET was acquired from the linear part of the 
Brunaure, Emmet and Teller (BET) equation. 

The Gas chromatography-flame ionization detector (GC-FID, Perkin-Elmer, Clarus 580) was used for the 
determination of the FEME content of transesterification products. A CP9080 capillary column (30 m × 0.32 mm × 1.0 
µm) was applied for the separation. The gas (99.9999%) was employed as carrier gas at a flow rate of 2.0 mL/min. The 
oven temperature was initially held at 60°C for 2 min, increased to 230°C at 5°C/min and then held for 10 min. The 
injector and detector temperatures were held at 250°C.

3. Results and discussion
Basicity of the co-precipitated CaMgAl(O) and impregnated Ca-MgAl catalysts are given in Table 1. The 

basic strength of the co-precipitated product is higher than that of the impregnated one, and the catalytic activity of 
CaMgAl(O) is better than that of the Ca-MgAl. The higher basicity of co-precipitation product is due to synthesis 
conditions like more carbonate salt consumption during the synthesis process and to perform synthesis at alkaline pH. 

Table 1. Initial Ca content, basicity, AP and SBET of synthesized catalysts

Catalyst type Initial Ca content (wt%) Basicity (mmol/g) AP (nm) SBET (m
2/g)

CaMgAl(O) 71.74 0.91 22.25 20.239 

Ca-MgAl 33.82 0.70 20.04 91.19
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Figure 2. XRD spectra of MgAl(O) (a), Ca-MgAl (b) and CaMgAl(O) (c)
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The XRD spectra of MgAl(O), Ca-MgAl and CaMgAl(O) are displayed in Figure 2 (a), (b) and (c), respectively. In 
all patterns, the peak at 2θ = 45° corresponded to the periclase structure of the MgO phase overlapped with tetrahedral 
alumina [JCPDS 75-1525]. Diffraction peaks at about 63° indicate the presence of a hexagonal structure of Mg/Al 
mixed oxide. In the mentioned structure Al3+ cations are dispersed throughout the MgO lattice [34]. This structure seems 
to be generated by the calcination of MgAl hydrotalcite. Compared with MgAl(O), the newly emerged peaks for Ca-
MgAl and CaMgAl(O). The CaO diffractions [JCPDS 82-1691] are clearly visualized for Ca-MgAl and CaMgAl(O). 
Ca(OH)2 (JCPDS 084-1263) and CaCO3 (JCPDS 033-0268) were also observed for the Ca-MgAl and CaMgAl(O) 
catalysts. This is due to the hydration and carbonation of basic CaO in contact with air [37-38].

The surface morphological features and elemental composition of MgAl(O), Ca-MgAl and CaMgAl(O) were 
characterized by SEM and EDX analysis, respectively. 

Figure 3 shows SEM images of the MgAl(O), CaMgAl(O) and Ca-MgAl. Based on the SEM micrograph, it shows 
that the as-synthesized catalysts exhibit plate-like and irregular surface. The plate-like structure provides a high surface 
area for catalytic applications. Upon calcination, the samples sintering occurred. As shown in Figure 3, MgAl(O), 
CaMgAl(O) and Ca-MgAl present a layer structure. Figure 3 (d) displays a magnified picture of Ca-MgAl where a layer 
structure and platelets could be observed.

(a) (b)

SEM HV: 20.0kV 
View field: 34.6pm
SEM MAG: 6.00kx

SEM HV: 20.0kV 
View field: 5.93pm
SEM MAG: 35.0kx

WD: 14.21mm
Det: SE
Date(m\sy): 07/12/14

WD: 14.10mm
Det: SE
Date(m\sy): 07/12/14

VEOA3 TESCAN VEOA3 TESCAN

1 μm 10 μm

(c) (d)

SEM HV: 15.0kV 
View field: 2.00pm
SEM MAG: 80.0kx

SEM HV: 20.0kV 
View field: 5.93pm
SEM MAG: 35.0kx

WD: 9.07mm
Det: InBeam SE
Date(m\sy): 07/12/14

WD: 14.26mm
Det: SE
Date(m\sy): 07/12/14

L1 = 41.80nmL2 = 22.67nm

L4 = 30.41nm

L3 = 27.24nm
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RURC1 μm 500nm

Figure 3. SEM micrographs of MgAl(O) (a), Ca-MgAl (b) and CaMgAl(O) (c), and FE-SEM image of Ca-MgAl (d)
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Figure 4. EDX spectra of MgAl(O) (a), Ca-MgAl (b) and CaMgAl(O) (c)
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The elements constructing the MgAl(O), Ca-MgAl and CaMgAl(O) were analyzed by the EDX and their results 
are presented in Figure 4. The peaks appeared in the regions of 1.20 and 1.50 keV are related to the binding energies of 
Mg and Al, respectively. Moreover, the peaks appeared in the regions of 3.70 and 4.05 keV are related to the binding 
energies of Ca. The presence of gold peak (Au) in the spectra is due to the gold coating process of the sample to 
enhance the electric conduction and to improve the quality of the images [39]. The EDX data of the nanocatalysts is 
useful to know the amount of surface Ca content of the catalysts and also is important to determine leaching values of 
surface contents of them after reaction [31, 40]. The leaching of the Ca species reduces the reusability of the catalyst 
and increases processing cost [41]. The initial Ca content of both catalysts is shown in Table 1. As is clear from these 
data, the Ca content of the co-precipitated catalyst is higher than impregnated one. It can be seen from Figure 4(b) and 
(c) that the intensity of the characteristic Ca peaks increases with the increase of increase content [42-43]. This result is 
acceptable considering and comparing the initial Ca salt for the synthesis of each mixed oxide.

XRF spectroscopy was performed to obtain the elemental composition of the materials. The elemental composition 
of the Ca-MgAl and CaMgAl(O) are given in Table 2. The main component of prepared catalysts is cations such as Mg, 
Al, Ca, and Na.

Table 2. Elemental composition of synthesized catalysts

Catalysts Mg (%) Al (%) Ca (%) Na (%)

Ca-MgAl 38.20 36.99 16.85 7.96

CaMgAl(O) 29.30 26.24 23.32 8.13

FT-IR spectrum is an important tool for detecting the characteristic functional groups on the surface of catalysts. 
Figure 5 showed the FT-IR spectra of Ca-MgAl and CaMgAl(O). The broad peak in the range of 3000-3750 cm-1 
belongs to the OH stretching vibration peak of crystallization water and containing hydrogen bonds [44-45]. The strong 
absorption peak at 1625 cm-1 belongs to the OH bending vibration peak of water. The band at 1510 cm-1 can be ascribed 
to the O-C-O stretching vibrations of adsorbed carbonate anions on the surface basic sites of the catalysts [46-47]. The 
other bands observed in the range 500-850 cm-1 are mainly due to M-O, M-O-M, and O-M-O lattice vibrations [48-50]. 
These observations confirmed the formation of catalysts.
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Figure 5. FT-IR spectra of the Ca-MgAl (a) and CaMgAl(O) (b)
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The N2 adsorption-desorption isotherm and the PSD (inset) of CaMgAl(O) and Ca-MgAl are shown in Figure 6 and 
Figure 7, respectively. Also, Table 1 displays the textural parameters of these materials. The obtained isotherms could be 
classified as the type-IV isotherm and the H3 hysteresis loop according to the IUPAC classification [51-52]. The IV type 
is characterized by the hysteresis loop and the desirable adsorption proceeds at the high-pressure P/P0. The N2 isotherm 
of the Ca-MgAl showed a similar shape as the CaMgAl(O). Therefore, there is a slight change in the structure of the Ca 
impregnation sample. The BET surface area of Ca-MgAl was four times higher than the CaMgAl(O). The pore diameter 
of impregnated Ca-MgAl catalyst is a little lower than the CaMgAl(O) sample. The PSD plot represented that the 
majority of the pores in CaMgAl(O) and Ca-MgAl have a diameter of approximately 22.25 and 20.04 nm, respectively. 
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Figure 6. N2 isotherm and PSD (inside) of CaMgAl(O)

The FAME yield of prepared mixed metal oxides was defined as following equation:

is is

is

(A) A W
Yield% 100

A m
∑ -

= × ×

Where yield% represents FAME percentage from GC analysis, A and Ais represent the total surface area of the 
peaks of the chromatograph and internal standard, respectively; Wis and m represent the mass of the internal standard 
and sample which was injected into the system, respectively. 
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The GC chromatograms for biodiesel produced using Ca-MgAl and CaMgAl(O) are shown in Figure 8. The 
appeared peaks represent different types of the FAME contents in the mixture each of which is a product of their 
assigned fatty acids. For instance, the intense peak at about 1.8 min represents the presence of butyrate in the final 
mixture which is the product of transesterification of butyric acid (C4:0). The one at 18.25 min represents the presence 
of methyl octadecenoate (C18:0) which was produced through transesterification of methyl octadecenoic acid.

The reaction mechanism for the preparation of biodiesel by transesterification of oil in the presence of metal 
oxides is reported in our previous work [35]. Based on the reports of Chouhan et. al [41], Figure 9 is illustrating the 
suggested mechanism in which the metal oxide forms a bond with alcohol, creating nucleophilic oxygen on the alcohol. 
This oxygen then attacks the carbonyl carbon on the triglyceride which prompts the usual transesterification reaction 
mechanism. 
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Figure 8. GC chromatogram for biodiesel produced using CaMgAl(O) (a) and Ca-MgAl (b) catalysts

Using the EDX analysis, it is possible to achieve leaching amounts of catalyst components after the reaction and 
these data can be compared with the initial EDX data from the catalysts. The data obtained from EDX analysis are 
collected in Table 3.

Table 3. FAME yield of catalysts and leaching values of the catalyst components

Catalyst type Ca leaching (wt%) Mg leaching (wt%) Al leaching (wt%) FAME yield (%)

CaMgAl(O) -45.88% -2.11% -2.07% 90.25

Ca-MgAl -8.01% -3.16% -1.15% 89.17
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As shown in Table 3, the leaching of Ca that was considered the main part of catalysts is over five times lower for 
impregnated Ca-MgAl compared with co-precipitated CaMgAl(O). CaO is known as an appropriate catalyst or catalytic 
substrate for biodiesel production through transesterification [53-54]. In our developed catalyst, CaO is more active than 
other components for the transesterification procedure. 

This finding indicated that the impregnation method gave a high mechanical strength catalyst, so some reports 
indicate that the impregnation technique for developing multi-component catalysts showed better performance than co-
precipitation [55]. In this technique, nanoparticles of the active catalytic component were well-dispersed throughout the 
substrate which could provide appropriate activity and decrease the leaching effect.

Mg and Al leaching values of both catalysts were approximately close to each other. Although impregnated catalyst 
(Ca-MgAl) contained lower initial Ca and basic strength as compared with CaMgAl(O) (as noted before), the FAME 
yields of them were almost the same. These results might be due to the structure of the Ca-MgAl that contained MgAl 
platelet with CaO nanoparticles. The presence of dispersed CaO nanoparticles on the Ca-MgAl catalyst provides high 
active surface area and enhances catalytic performance for various applications [55]. Such a high surface area structure 
provided a large quantity of active sites and showed high performance even with a small number of active components. 
Compared to the co-precipitation method, the impregnation method is relatively simple and suitable for synthesizing 
nanoporous catalysts on large scale. Using a smaller amount of raw materials, this method produces catalysts that have 
high performance with high mechanical strength. 

4. Conclusion
In this research, biodiesel was produced with transesterification reactions employing two types of mixed metal 

oxide catalysts produced through two different methods using Ca, Mg and Al salts. The synthesized catalysts were 
characterized in relation to their functional groups (FTIR), crystallinity (XRD), surface area (BET), elemental 
composition (EDX and XRF), PSD (BJH) and morphology (SEM). Analysis of changes in chemical structure and 
formation of FAME was analyzed using GC. CaO impregnated MgAl(O) showed a higher surface area and better 
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mechanical strength than totally co-precipitated CaMgAl(O). Ca-MgAl catalyst with the lower initial value of Ca and 
basicity, in comparison with CaMgAl(O), revealed similar catalytic activity in the transesterification reaction. The 
high activity of Ca-MgAl may be due to the high surface area of this type of catalyst. This is explained by the fact 
that the spatial structure contains both nano platelets and nano particles together. The experimental results confirmed 
that the impregnation method for the synthesis of calcium-based MgAl(O) nanoporous catalysts is better than the co-
precipitation method. This method is simple, inexpensive and suitable for large-scale synthesis of prepared catalysts and 
produces high performance and superior mechanical strength catalysts.
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