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A B S T R A C T   

The aim of this study is to examine the impact of doping Mg–Zr on CaO derived from natural 
calcite, which are utilized as heterogeneous catalysts to produce biodiesel through the trans
esterification reaction of canola oil and methanol. The catalysts were synthesized via the wet 
impregnation method with varying concentrations of Mg–Zr (2.5, 5, 7.5, and 10 wt%) over the 
calcite, (Mg/Zr mass ratio of 2:1), followed by calcination at 600 ◦C. Physicochemical analyses, 
encompassing XRD, BET, SEM, EDX, and TGA, were employed for catalyst characterization. The 
samples’ basicity was determined through titration. Operational parameters, including catalyst 
loading, methanol-to-oil ratio, reaction time, and temperature, were systematically explored. The 
stability and reusability of the optimal catalyst were also assessed. With the increase in the mass 
ratio of Mg–Zr to CaO, the total number of base sites on the catalyst increases, and maximum is 
achieved for the 7.5%(Mg–Zr)/CaO catalyst compared to other catalysts. Also observed a similar 
pattern in the variation of biodiesel yield, indicating a strong correlation between catalytic ac
tivity and the overall number of basic sites present on the catalyst surface. Results indicated that, 
under specific conditions (7 wt% catalyst loading, a methanol-to-oil molar ratio of 12:1, and a 
reaction temperature of 60 ◦C for a 3-h duration), the highest content of fatty acid methyl esters 
(FAME) reached 96.7% over on 7.5%Mg–Zr/CaO. The optimum catalyst exhibited robust stability 
and reusability across four consecutive reaction cycles, with the produced biodiesel meeting the 
standards of EN 14214 and ASTM D6751.   

1. Introduction 

The increase in global population and rapid economic growth has intensified the worldwide demand for energy. Unfortunately, a 
substantial portion of the world’s energy resources is non-renewable (Larimi and Alavi, 2012). These resources, being finite, are on a 
trajectory toward depletion in the foreseeable future. Moreover, the combustion of these non-renewable fuels releases substantial 
volumes of greenhouse gases into the atmosphere, contributing significantly to the acceleration of climate change (Akbari et al., 2022). 
To effectively address global warming, a dual-pronged approach is imperative-embracing the adoption of renewable energies and the 
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implementation of carbon capture, utilization, and storage (CCUS). Consequently, the prevailing trajectory is driving towards the 
substitution of fossil fuels with renewable alternatives, and biodiesel stands out prominently among these sustainable options (Koh and 
Ghazi, 2011). 

Different types of renewable fuels are proposed in recent years (Sharifzadeh et al., 2019; Ezzatzadegan et al., 2021). Biodiesel is a 
renewable, biodegradable fuel manufactured from triglycerides. The major sources of triglycerides that are used as feedstock for the 
production of biodiesel are a variety of vegetable oils (edible (Saikia et al., 2023; Yusuff, 2021; Sronsri et al., 2021) and non-edible 
(Thakkar et al., 2022; Devarajan et al., 2022)), waste cooking oils (Elnasr et al., 2024) and animal fats (Moonsin et al., 2023; Sala
heldeen et al., 2021). This fuel has physicochemical features similar to diesel obtained from a crude oil refinery and could be used 
directly or as a mixture with fossil-based diesel without requiring a change in the diesel engines (Helwani et al., 2009). It is non-toxic, 
biodegradable, and produces less pollution than the combustion of fossil fuels. 

Transesterification is the most feasible way to turn triglycerides into biodiesel that has similar viscosities to diesel fuel. The most 
common method of transesterification is the reaction of the ester with an alcohol (methanol or ethanol) in the presence of a catalyst 
(Maleki et al., 2017). The catalysts used in the transesterification reaction are either heterogeneous or homogeneous (Kaur and Ali, 
2011). Homogeneous basic catalysts (e.g. NaOH (Roschat et al., 2024) and KOH (Suherman et al., 2023)) are more commonly used 
than homogeneous acid catalysts (e.g. HCl and H2SO4) in the transesterification reaction due to their high activity requiring shorter 
reaction time and more moderate operating conditions (Lam et al., 2010). Homogeneous acidic or basic catalysts have some short
comings as they cause corrosion, are sensitive to the amount of free fatty acids, and pose difficulty in separation from the products 
thereby increasing the final price of biodiesel produced (de Lima et al., 2016). In order to solve these problems, heterogeneous catalysts 
have been proposed. It must be mentioned that solid basic heterogeneous catalysts are more widely used compared with solid acidic 
catalysts because they require lower operating temperatures and shorter reaction times (Kaur and Ali, 2014). Different types of basic 
heterogeneous catalysts used for biodiesel production have been investigated including alkali oxides, alkaline earth oxides, and mixed 
metal oxides (Tahvildari et al., 2015; Roschat et al., 2022; Chen et al., 2015a; Sree et al., 2009; Ahmadkhani et al., 2019; Dahdah et al., 
2021). Among the various solid basic catalysts, calcium oxide (CaO) is one of the most highly active catalysts in the transesterification 
reaction. This catalyst is also most widely used due to its low cost, availability, lower solubility in the reaction products, and efficient 
recovery (Ahmadkhani et al., 2019). CaO is also used as a catalyst support due to its large surface area and high porosity. Calcium oxide 
is a non-toxic catalyst with sufficient basicity to enhance biodiesel production (Kaur and Ali, 2011). 

To reduce the cost of biodiesel production, many investigations have focused on the use of cheap and readily available sources of 
calcium including industrial waste sources [e.g. lime mud (Nabgan et al., 2022), constructional lime (Ghanei et al., 2013), red mud (Ba 
et al., 2022)), biological wastes (e.g. shells (Roschat et al., 2020), mollusk shells (Phewphong et al., 2022), bones (Babatunde et al., 
2022) and natural sources (e.g. dolomitic rock (Ali et al., 2022), lime (Weldeslase et al., 2023), clays and calcite (Payapo et al., 2023; 
Widiarti et al., 2019)). 

Mahesh et al. (2015) noted solid base catalysts such as CaO can experience a decline in activity due to the adsorption of CO2 and 
H2O from the atmosphere. This phenomenon leads to the poisoning of base sites on the catalyst surface and alters the crystal structure 
of the solid catalyst. Pure CaO exhibits sensitivity not only to free fatty acids (FFA) and moisture but also demonstrates partial sol
ubility in alcohol and glycerol. Furthermore, a significant amount of research has been conducted to modify CaO with the aim of 
enhancing its stability and catalytic activity. In order to modify, the impregnation of an active catalytic precursor or combining with 
alkaline and alkaline earth oxides can be used (La Ore et al., 2020). Kaur and Ali (2014) conducted the synthesis of various con
centrations of Zr on CaO using the wet impregnation method and calcined them up to 900 ◦C. Subsequently, these catalysts were 
utilized in the transesterification reaction of Jatropha oil with methanol. Their study findings suggest that 15%Zr/CaO (calcined at 
700 ◦C) demonstrated the highest catalytic activity compared to all other prepared catalysts, including pure CaO. Xia et al. (2014) 
synthesized CaO–ZrO2 catalysts with various Ca/Zr ratios ranging from 4/6 to 9/1 employing the urea/nitrate combustion method. 
Subsequently, these prepared catalysts were applied in the transesterification reaction of soybean oil with methanol to produce 
biodiesel. As the Ca/Zr ratio increased, the total number of active sites also increased, reaching its maximum for the CaO–ZrO2 catalyst 

Table 1 
Modified resources of waste and natural material to produce biodiesel.  

Catalyst Feedstock Reaction conditions (Catalyst dosage, methanol to oil ratio, 
Temperature, and reaction time) 

Yield*/ 
Conversion** 

Ref. 

KOH/Bentonite Palm oil 3 wt%, 6:1, 60 ◦C , 3 h 90.7* 
Soetaredjo et al. 
(2011) 

H2SO4/sea sand Safflower oil 7.5 wt%, 12:1, 60 ◦C , 6 h 96.6* 
Muciño et al. (2014) 

KF/lime mud Peanut oil 5 wt%, 12:1, 64 ◦C , 5 h 99** 
Li et al. (2014) 

Constructional lime Waste frying 
oil 

1 wt%, 12:1, 65 ◦C , 2 h 93.9** 
Ghanei et al. (2013) 

Li/egg shell Nahor oil 5 wt%, 10:1, 65 ◦C , 4 h 94** 
Boro et al. (2014) 

CaO–CeO2/chicken 
bone 

Refined palm 
oil 

11 wt%, 9:1, 65 ◦C , 3 h 91.8* 
Yan et al. (2016) 

KI/oyster shell Soybean oil 1 mol/g, 10:1, 50 ◦C , 4 h 79.5** 
Jairam et al. (2012) 

MgO–ZrO2/calcite Canola oil 7 wt%, 12:1, 60 ◦C , 3 h 96.8* This study  
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with a Ca/Zr ratio of 8/2. A similar correlation was also observed in the biodiesel production process. Hu et al. (2023) synthesized 
MgO–CaO catalysts with varying Mg/Ca molar ratios (0:1, 1:3, 2:3, 1:1, and 1:0) using the co-precipitation method, which were 
subsequently utilized in the transesterification reaction of palm oil with methanol to produce biodiesel. Their findings highlighted that 
the incorporation of Mg led to a reduction in the CaO lattice spacing, enhancement of sensitivity, and an increase in the number of 
active sites, thereby resulting in improved catalyst activity. Notably, the 1Mg3Ca (Mg/Ca = 1/3) catalyst exhibited the highest cat
alytic activity, achieving 92% yield biodiesel at a reaction temperature of 60 ◦C over a duration of 2 h. Moulai et al. synthesized Mg–Zr 
mixed oxide with different molar ratios of Ca to Zr as a heterogeneous catalyst and analysed its performance in the transesterification 
reaction of waste cooking oil with ethanol. The addition of Zr to Ca resulted in the formation of active crystals of CaZrO3, which 
exhibited high efficiency. Under the optimum reaction conditions of a 10 wt% catalyst loading, a methanol-to-oil molar ratio of 30:1, 
and a reaction temperature of 65 ◦C for a 2-h duration, the Mg–Zr catalyst with a molar ratio of approximately 0.5 Ca to Zr showed the 
highest yield of 93% (Dehkordi and Ghasemi, 2012). Table 1 briefed some studies on the production of biodiesel from these sources. 

Considering the mentioned issues related to CaO sensitivity and solubility in glycerol and methanol, the focus of the current study is 
on increasing stability and catalytic activity of CaO derived from natural calcite. For the first time, our study involved doping different 
concentrations of the Mg–Zr combination onto calcined calcite using the wet impregnation method. It has also been reported that the 
combination of Mg–Zr with a weight ratio of Mg/Zr = 2 has shown very good activity and stability in the transesterification reaction of 
biodiesel production (Sree et al., 2009; Li et al., 2011). The performance of Mg–Zr and their activity catalysts supported on CaO is 
investigated in this study in the transesterification reaction to produce low-cost biodiesel. BET, X-ray diffraction (XRD), Thermog
ravimetric analysis (TGA), and Scanning electron microscopy (SEM) characterizations were used to investigate the physical/chemical 
properties of the synthesized catalysts. The effects of experimental parameters (catalyst loading, methanol/oil molar ratio, reaction 
temperature, and reaction time) as well as the stability of the optimum catalyst were examined. Canola oil was chosen as the feedstock 
due to its high oil content and relatively low saturated fat levels compared to other major vegetable oils. These characteristics 
contribute to the enhanced performance of its biodiesel product, particularly in cold weather conditions. Additionally, biodiesel 
derived from canola oil is recognized as a viable alternative fuel for combustion in diesel engines, as it can be utilized without requiring 
significant engine modifications. 

2. Materials and methods 

2.1. Materials 

Canola oil was purchased from a local store (Tehran, Iran) and its physico-chemical characteristics are presented in Table 2. Calcite 
stones were obtained from the Aligudarz mine in Iran. Methanol (99%), Mg(NO3)2, ZrOCl2⋅8H2O, benzene, benzoic acid, and bro
mothymol blue were purchased from Merck. 

2.2. Catalyst preparation 

As shown in Fig. 1, the calcite stones were first crushed using an agate mortar and then sieved to obtain the desired powder size 
(100 mesh). The calcite powder was subsequently calcined at 800 and 900oC for 4 h using a muffle furnace. After cooling, the calcined 
calcite powder was stored in a closed vessel to avoid contact with carbon dioxide and atmospheric moisture. The Mg–Zr/CaO catalysts 
were prepared by wet impregnation. To prepare a 5% Mg–Zr/CaO catalyst, 1.4 g of Mg(NO3)2 and 0.23 g of ZrOCl2⋅8H2O were dis
solved in 50 ml distilled water. The solution was subsequently added to 3.8 g of calcined calcite powder and allowed to mix by a 
magnetic stirrer at room temperature for 4 h. The resulting slurry was dried at 110oC for 12 h and then calcined at 600oC for 4 h. The 
obtained catalysts were labelled as yMg-Zr/CaO where y represents the amount in weight percent of Mg–Zr (Mg/Zr mass ratio of 2:1). 

2.3. Catalyst characterization 

Various characterization techniques were employed to examine the physicochemical properties of calcite powder and the syn
thesized catalysts. TGA analysis was performed to determine the final calcite decomposition temperature. This analysis was done using 
a Shimadzu TGA-50 apparatus (Model:TGA-50 Company: Shimadzu, Country: Japan) between 30 and 1000 ◦C with a temperature rise 
of 15 

◦

C/min under airflow. XRD analysis was performed to investigate the morphology and crystal structure of the samples using a 

Table 2 
Physico-chemical properties of canola oil.  

Property Unit Value 

Saponification number mgKOH/g 817 
Acid number mgKOH/g 0.072 
Relative Density (20◦C/water at 20◦C) g/cm3 0.914–0.917 
Kinematic viscosity (20◦C) mm2/s 78.2 
Smoke point ◦C 220–230 
Oleic acid wt% 56 
Linoleic acid wt% 26 
Linolenic acid wt% 9 
Palmitic acid wt% 4 
Stearic acid wt% 2 
Arachidic acid wt% 2 
other wt% 1  
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Bruker D8 X-ray (Model: D8, Company: Bruker, Country: Germany) diffractometer equipped with a Cu anode operating at 40 mA, 40 
kV, and 2θ range between 0 and 80◦ with a step size of 0.026◦. The specific surface area of the synthesized catalysts was determined by 
nitrogen physisorption at 77 K with a Quantachrome Autosorb 1 MP (Model: Autosorb 1 MP, Company: Quantachrome Country: USA) 
equipment using BET (Brunauer-Emmett-Teller) technique. Before analysis, the samples were degassed at 393 K overnight. SEM and 
EDX were performed using a SIGMA VP ZEISS apparatus (Model: SIGMA VP, Company: ZEISS, Country: Germany) operating at 10 kV. 
These analyses were performed to determine the distribution of the active phases on the support, morphology, elemental composition, 
and particle size. The basicity of the samples was determined using a titration method from the literature (Istadi et al., 2018). 

2.4. Transesterification reaction 

The transesterification reactions were carried out in a 100 ml 3-neck round bottom flask connected to a water-cooled condenser. A 
magnetic stirrer provided a mixing of the reactor content. The calcined catalyst was first activated by 30 min of mixing with methanol 
while heated at 40 ◦C. The required amount of oil was then added to the flask and the reaction was allowed to proceed at 60 ◦C for 3 h. 
The solid catalyst was recovered by centrifugation upon completion of the reaction. The remaining mixture was transferred to a 
separating funnel and left overnight for phase separation to be completed. The top layer was obtained as biodiesel while glycerol made 
up the bottom phase. The excess methanol in the biodiesel was removed by a rotary evaporator. In reusability tests, the spent catalyst 
was first separated using a centrifuge and subsequently washed with methanol to remove any adsorbed materials on the catalyst 
surface. The catalyst was then dried at 65oC for 12 h and subsequently calcined at 500oC for 3 h before being used in the next reaction 
cycle. All experimental tests for catalyst activity determination have been conducted three times to ensure the validity of obtained 
data. The FAME (fatty acids methyl ester) content was analysed using gas chromatography (Company: PerkinElmer, Model: Clarus 
580, Country: USA) equipped with a flame ionization detector (FID) and a SUPRAWAX-280 capillary column (30 m, 0.25 mm ID, 0.25 
μm). The carrier gas was Helium, and an internal standard was the diluted methyl nonadecanoate in hexane. The FAME content and 
conversation to FAME were determined using Equations (1) and (2), respectively (AlSharifi and Znad, 2019): 

FAME(%)=

∑
A-AS

AS
×

CS VS

m
× 100% (1)  

Conversion=
∑

A-AS

AS
×

CS VS

m
×

mass of biodiesel
mass of oil

× 100% (2)  

where 
∑

A is the summation of the areas under all peaks between C4:0 and C24:1, AS is the peak area for methyl nonadecanoate, CS is the 
concentration of methyl nonadecanoate solution (the internal standard), VS is the volume of internal standard solution (ml), and m is 
the sample weight (mg). The synthesis steps are depicted in Fig. 2. 

Fig. 1. The synthesis of the Mg–Zr/CaO via the wet impregnation method.  

Fig. 2. The processes of the Transesterification Reaction.  
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3. Results and discussion 

3.1. XRD analysis 

The XRD patterns of fresh calcite, calcined calcite, and the synthesized catalysts are presented in Fig. 3, with a 2θ range between 5◦

and 80◦. Calcium carbonate, which is the chemical formula of calcite, has three types of crystal phase structures called calcite, 
aragonite, and vaterite with the latter being unstable. The thermodynamically stable state of calcium carbonate under normal con
ditions is calcite. The XRD pattern for fresh calcite displays several peaks. The peak at 2θ = 36.18◦ corresponds to the Miller index [1 1 
0], indicating the presence of the aragonite phase of calcium carbonate. Additionally, peaks are observed at 23.26◦, 29.63◦, 31.11◦, 
39.62◦, 47.77◦, 48.74◦, 57.64◦, 61.29◦, and 65.92◦, corresponding to the Miller indices [0 1 2], [1 0 4], [0 0 6], [1 1 3], [2 0 2], [0 1 8], 
[1 1 6], [1 2 2], [2 0 8], and [3 0 0], respectively. These peaks are indicative of the calcite phase of calcium carbonate. 

Calcite was calcined at two different temperatures. It is known that only some of the calcite peaks would be removed at a calci
nation temperature of 800oC. At 900oC, however, all the peaks related to calcium carbonate had disappeared, and new peaks emerged 
at 2θ = 32.36◦, 37.5◦, 54◦, 64.3◦, and 67.5◦, corresponding to the Miller indices [1 1 1], [2 0 0], [2 2 0], [3 1 1], and [2 2 2], 
respectively, indicating the presence of calcium oxide. The XRD patterns of the synthesized catalysts showed new peaks at 2θ = 43.14◦

and 62.5◦, corresponding to the Miller indices [2 0 0] and [2 2 0], related to magnesium oxide, and at 2θ = 31.85◦, corresponding to the 
Miller index [1 1 1], indicating the monoclinic phase of zirconium oxide. These peaks increased in intensity with increasing amounts of 
the active components (Kaur and Ali, 2014; Sree et al., 2009; Ngamcharussrivichai et al., 2010; Jalu et al., 2021; Gorban et al., 2022; 
Guilheiro et al., 2021; Rani et al., 2020; Yoosuk et al., 2010a). 

3.2. SEM images 

The SEM images of the calcite and the synthesized catalysts are illustrated in Fig. 4. Fresh calcite has low porosity before calcination 
(Fig. 4A). After calcination at high temperatures (Fig. 4B), the morphology had changed significantly leading to a more porous 
structure. This could be due to the release of carbon dioxide during the decomposition of calcium carbonate. The SEM results fully 
confirm the XRD findings, indicating that the fresh calcite exhibited large particles with smooth surfaces and a notably high degree of 
crystallinity. Upon calcination at 900 ◦C, these surfaces underwent significant changes, becoming rougher, and resulting in a reduction 
in particle size (Yoosuk et al., 2010b). Fig. 4C illustrates the dispersion of active components on the surface for the 7.5%Mg–Zr/CaO 
catalyst sample. In some places, the active component was clustered together to form larger particles that would reduce the porosity 
and surface area of the catalyst. 

Results of EDX analysis for fresh calcite, calcined calcite, and 7.5% Mg–Zr/CaO catalyst are presented in Table 3 indicating that 
fresh calcite was composed of calcium, carbon, oxygen and small amounts of aluminium, silica, and magnesium as impurities. The 

Fig. 3. XRD patterns of fresh calcite, calcined calcite, and synthesized catalysts.  
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amount of carbon had decreased significantly with the release of CO2 during calcination. The 7.5% Mg–Zr/CaO catalyst showed a 
slight increase in the weight percentage of magnesium in addition to zirconium atoms also being observed indicating a successful 
impregnation of active components on the calcined calcite. The weight ratio of Mg to Zr in this catalyst was close to the expected value. 

3.3. TGA 

Fig. 5 displays the TGA results for fresh calcite. The sample weight decreased by 52.3 wt% during the heating procedure where the 
temperature increased from 25 to 1000oC. The slight weight loss below 700 ◦C was a result of the moisture and organic materials 

Fig. 4. SEM images of (A) fresh calcite, (B) calcined calcite, (C) fresh 7.5%Mg–Zr/CaO catalyst and (D) 7.5%Mg–Zr/CaO catalyst after four reaction cycles.  

Table 3 
EDX analysis of the fresh calcite, calcined calcite and 7.5% Mg–Zr/CaO catalyst.  

Catalyst Elemental content (wt%) 

Ca C O Si Al Mg Zr 

Fresh calcite 28.74 16.54 53.37 0.65 0.3 0.4 0 
Calcined calcite 57.8 0.4 40.07 0.76 0.41 0.56 0 
7.5% Mg–Zr/CaO 52.7 0.33 38.05 0.54 0.28 5.8 2.3  
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removal. Most of the weight loss occurred between 700 and 900 ◦C which was attributed to the release of carbon dioxide from the 
structure. After 900 ◦C, the sample weight remained almost constant indicating a complete decomposition. This result was consistent 
with the XRD analysis for calcined calcite at 900 ◦C and this temperature was, therefore, chosen as the maximum temperature for 
calcite calcination (Kouzu et al., 2008). 

3.4. Catalyst basicity 

The basicity of the synthesized catalysts was measured using a titration method (Table 4). First, the suspension of the catalyst 
sample (0.25 g) in benzene (10 ml of) was made, the colour of which was yellow. Then, bromothymol blue (32 mg) was solved in 
benzene (25 ml) to form a detector solution. By adding the detector solution to the suspension, the yellow colour of the suspension 
turned green-blue. The suspension was subsequently titrated by a 0.5 N benzoic acid solution to the point that the green colour 
completely disappeared. Basicity was determined according to Equation (3) where V, N, and W are the volume of benzoic acid solution 
(ml), the normality of benzoic acid solution (mgeq/ml) and the weight of the catalyst (g), respectively (Istadi et al., 2018; Khatibi et al., 
2021). 

Basicity (mmol / g)=
(V × N)(benzoic acid)

Wcatalyst
(3)  

3.5. BET 

Catalyst surface area is an important parameter affecting the catalytic activity. The adsorption and desorption isotherms for fresh 
calcite, calcined calcite, and the optimal catalyst (7.5% Mg–Zr/CaO) are presented in Fig. 6. All samples showed type IV isotherms that 
are related to the mesoporous structure of the material. The hysteresis loops for the samples were small and according to the IUPAC 
classification had properties similar to those of types H3 and H1. Fresh calcite indicated that the form of the hysteresis loop corre
sponded to type H3 for mesoporous fissures. The BET results indicated that calcination of calcite at 900 ◦C had changed the behaviour 
of the hysteresis loop from H3 to H1. The adsorption/desorption isotherms, however, did not change significantly after impregnation 
of the active component and subsequent calcination although the surface area and pore volume decreased (Yoosuk et al., 2010a). 

BET results presented in Table 4 revealed the very small specific surface area of the natural calcite. Calcination at 900 ◦C altered not 
only the structural properties of calcite but also its chemical characteristics resulting in an increase in surface area and average pore 
diameter due to the release of carbon dioxide from carbonate-rich calcite. The surface area and average pore diameter for the syn
thesized catalysts decreased with increasing loading of the active components due to impregnation, and in some cases, sintering, of 
active components inside the pores thus blocking some of the pores. 

3.6. Effect of active component loading 

The canola oil transesterification reaction was carried out under the following experimental conditions: 5 wt% catalyst dosage, 
reaction temperature of 60 ◦C, methanol to oil ratio of 9:1, and reaction time of 3 h. The results are summarized in Table 5 indicating 
that almost no biodiesel was produced when fresh calcite was used. After calcination, however, the FAME content in the products had 
increased to 72.6% for the calcined calcite support. Impregnation of the calcined calcite with the active components led to an increase 
in the FAME content of the products with increasing active component loading with the maximum FAME content of 95.8% for the 
catalyst with active component loading of 7.5 wt%. An increase in active component loading beyond 7.5 wt% led to a slight decrease in 
the FAME content possibly due to pore blockage rendering the active sites inaccessible for the reactants (Chen et al., 2015a; AlSharifi 
and Znad, 2019). According to Table 5, Catalyst 7.5% Mg–Zr/CaO showed almost equal FAME yield compared to other catalysts 
reported at lower reaction temperatures, lower methanol to oil ratio and shorter time. This means reducing the cost, time, and energy 
consumption for biodiesel production. 

3.7. Effect of catalyst dosage 

To investigate the effect of catalyst dosage, the transesterification reactions were carried out at the reaction temperature of 60oC, 
the reaction time of 3 h, and the methanol to oil ratio of 9:1 using the 7.5% Mg–Zr/CaO catalyst at different dosages from 3 to 9 wt%. 
The results for these experiments are presented in Fig. 7. The FAME content in the products increased with increasing catalyst dosage 

Fig. 5. TGA results for fresh calcite powder.  
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up to 7 wt%. Beyond this amount, however, the FAME content decreased slightly possibly due to the formation of a more viscous slurry 
inhibiting access of the reactants to the catalyst surface (Chen et al., 2014, 2015a). 

3.8. Effect of methanol to oil molar ratio 

Transesterification is a reversible reaction. In order to shift the equilibrium of the reaction towards the production of more bio
diesel, the stoichiometric ratio of methanol to oil should be greater than 3:1. Excess methanol, on the other hand, complicates the 
separation process and also increases the cost of methanol recovery. To investigate the effect methanol to oil ratio, transesterification 
reactions were carried out with the 7.5%Mg–Zr/CaO catalyst at a dosage of 7 wt% at 60oC for 3 h using different molar ratios from 6:1 
to 15:1. The results of these experiments are presented in Fig. 8 indicating that when the molar ratio of methanol to oil increased from 
6:1 to 12:1, the FAME content in the products gradually increased to reach a maximum value. Further increase of the methanol/oil 
molar ratio beyond 12:1 led to a slight decrease in biodiesel production suggesting that the increase in the molar ratio of methanol/oil 
beyond the optimal value has reduced the relative concentration of the oil decreasing the forward reaction rate (Chen et al., 2015a; 
Teng et al., 2009). 

3.9. Reusability 

Reusability of the 7.5% Mg–Zr/CaO was investigated for consecutive reaction cycles at a catalyst dosage of 7 wt%, reaction 
temperature of 60 ◦C, methanol to oil ratio of 12:1, and reaction time of 3 h. The results (Fig. 9) indicate that the FAME contents in the 
product were 96.7, 91.3, 88.1, and 84% for the four consecutive cycles. The activity decrement after the end of each cycle can be 

Table 4 
Physical properties of fresh calcite and synthesized catalysts.  

Catalyst Total basicity (mmol/g) Average pore diameter (nm) Surface area (m2/g) 

Fresh calcite 2.6 11.02 0.65 
Calcined calcite 7.5 63.79 11.5 
2.5%Mg–Zr/CaO 8.1 34.31 10.8 
5%Mg–Zr/CaO 9.3 27.1 9.7 
7.5%Mg–Zr/CaO 11.5 22.6 8.4 
10%Mg–Zr/CaO 11.1 15.3 7.2  

Fig. 6. (A) N2 physisorption isotherms of the fresh calcite, calcined calcite and 7.5% Mg–Zr/CaO catalyst.  

Table 5 
Results of biodiesel production from transesterification of canola oil on different samples.  

Catalyst Catalyst loading (wt 
%) 

Reaction time 
(h) 

Methanol/oil molar 
ratio 

Reaction temperature 
(◦C) 

FAME 
(%) 

Ref. 

Fresh calcite 5 3 9:1 60 2 This study 
Calcined calcite 5 3 9:1 60 72.5 
2.5%Mg–Zr/CaO 5 3 9:1 60 81 
5%Mg–Zr/CaO 5 3 9:1 60 88 
7.5%Mg–Zr/CaO 5 3 9:1 60 95.8 
10%Mg–Zr/CaO 5 3 9:1 60 92.8 
KOH/ZSM-5-Fe3O4 9.03 3.26 12.3:1 65 93.65  
CaO/Talc 5 – 15:1 65 96.7  
Na–CaO/MgO 5 6 12:1 65 95.4  
CaO/sheep bone 5 5 12:1 60 95.18  
Hydrotalcite doped with 

NaNO3 

5 6 12:1 75 91 Reyes et al. 
(2014)  
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attributed to the fouling of the surface-active sites by biodiesel and glycerol (Reaction products) or oil (unreacted feed) rendering them 
unavailable for the reactants. Fig. 4D shows the SEM image of catalyst 7.5% Mg–Zr/CaO after the fourth cycle. The figure shows that 
the catalytic particles have agglomerated in subsequent cycles and formed larger particles. This phenomenon has reduced the specific 
surface area and porosity, which has led to a decrease in FAME content production. Nevertheless, the FAME contents in the products 
obtained from recovered catalysts after consecutive cycles were high enough to indicate that the catalyst could be used for more than 
four cycles before losing its activity (Deng et al., 2011). 

3.10. Product properties based on standards 

Biodiesel prepared from canola oil transesterification reaction must have the characteristics of the EN 14214 and ASTM D6751 
standards before usage in diesel engines. The physicochemical characteristics of biodiesel prepared under optimal conditions are 
shown in Table 6. According to Table 6, most of the obtained biodiesel properties comply with EN 14214 and ASTM D6751 standards. 
The cetane number is a measurement criterion used to determine the fuel combustion delay time, and the higher this number, the 
better the engine performance. In this study, the cetane number is higher than in other literature. Other characteristics, such as flash 
point and the presence of particles dissolved in the fuel, have demonstrated similar or superior results (Chen et al., 2015b; Ngam
charussrivichai et al., 2010). 

Fig. 7. Effect of catalyst dosage on the FAME content of products (methanol/oil ratio of 9:1, reaction temperature of 60 ◦C and 3 h s of reaction).  

Fig. 8. Effect of methanol/oil molar ratio on the FAME content of products (7 wt% of catalyst, reaction temperature of 60 ◦C and 3 h of reaction).  
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4. Conclusions 

The study focused on investigating the activity of calcium oxide derived from calcite and explored the influence of the Mg–Zr active 
phase, maintaining a Mg to Zr weight ratio of 2:1, in the transesterification process of canola oil with methanol for biodiesel pro
duction. Catalysts with varied loadings of the active phase (ranging from 2.5 to 10 wt%) were synthesized using the impregnation 
method, followed by calcination at 600 ◦C. Based on TGA analysis, the predominant weight reduction of natural calcite was observed 
within the temperature range of 700–900 ◦C, signifying the release of CO2 from the calcite structure and the transformation of CaCO3 
into CaO through decomposition Among the catalysts tested, the 7.5% Mg–Zr/CaO catalyst demonstrated superior efficacy in biodiesel 
production. The catalyst’s enhanced activity, compared to bare calcined calcite, can be attributed primarily to the improved basicity 
resulting from the impregnation with the active phase. By increasing the weight ratio of Mg–Zr doping to CaO, the total number of 
basic sites on the catalyst increased, reaching its maximum with the 7.5%(Mg–Zr)/CaO catalyst. Additionally, a similar variation 
pattern was observed for biodiesel production, indicating a direct relationship between the number of active basic sites and catalytic 
activity Optimal biodiesel yield, with a maximum FAME content of 96.7%, was achieved using the 7.5% Mg–Zr/CaO catalyst at a 7 wt 
% catalyst dosage, a methanol to oil molar ratio of 12:1, a reaction temperature of 60 ◦C, and a reaction time of 3 h. The stability and 
reusability of the catalyst were also assessed. After four consecutive cycles of utilizing the 7.5% Mg–Zr/CaO catalyst, the biodiesel yield 
dropped to 84%. This decline can be attributed to either the partial leaching of Mg and Zr into the reaction mixture or the blockage of 
active base sites by unreacted oil or the resulting product. This underscores the catalyst’s reliability and its potential for practical 
application in biodiesel production processes. Biodiesel production via the transesterification reaction of canola oil with methanol has 
been reported with various catalysts. Catalyst 7.5% Mg–Zr/CaO demonstrated a FAME yield that was nearly identical to that of other 
catalysts, despite operating at lower reaction temperatures, lower methanol to oil ratios, and shorter reaction times. This implies that 
employing this catalyst could result in notable reductions in cost, time, and energy consumption for biodiesel production. For future 
work, it is possible to use a combination of acidic and basic active components, such as Mo–Li or W–Mg impregnation on natural calcite 
and measure the performance of these catalysts in biodiesel production from non-edible and waste oils. 
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