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ABSTRACT 

 

 

 The SrO-CaO-Al2O3 nanocatalysts were prepared and optimized using 

the co-precipitation method. In this work parameters affecting the 

catalytic performance for the production of biodiesel from sunflower oil 

have been investigated. Thev response surface methodology (RSM) has 

been used to assess the impact of operational conditions on the 

production of biodiesel, with the biodiesel yield as the response variable. 

The catalyst was found to be calcined at 600 °C, with a 5-hour 

calcination time, 75 minutes of the aging time, and a precipitation 

temperature of 50 °C as optimal conditions for the production of 

biodiesel. The results showed that the optimal reaction conditions were 

CH3OH/oil=12/1 at 60 ̊ C with the concentration of 6wt.%of the catalyst 

and reaction time of 3 h at stirring speed of 600 rpm. Furthermore, the 

biodiesel yield reached 99% under optimal operational conditions. The 

SrO-CaO-Al2O3 nanocatalysts were characterized by using transmission 

electron microscopy (TEM), scanning electron microscopy (SEM), X-

ray diffraction (XRD), Fourier transforms-infrared spectroscopy (FT-

IR), and N2adsorption–desorption measurements methods. The kinetic 

study has been done and the first order kinetic model was found  

in agreement with experimental results (R2= 0.998). From the 

kinetic studies, Ea=41.57 kJ.mol–1 and A= 5.25×105 L.mol-1s-1 were 

obtained.  
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1. Introduction 

In recent years, the global energy demand has 

been increasing while fossil fuel resources 

have declining, so that, more attentions have 

been paid to alternative fuels, such as biodiesel 

due to some properties like being non-toxic 
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and biodegradable as well as produced from 

renewable sources [1].Biodiesel is a non-oil 

fuel that is prepared from alkyl esters derived 

from the transesterification of triglycerides 

with an alcohol in the presence of a suitable 

catalyst. Biodiesel is usually prepared from 

renewable raw materials such as vegetable oils 

or animal fat [2]. Heterogeneous catalysis of 

transesterification diverse method includes 

dilution, esterification, transesterification, 

microemulsification and pyrolysis, are applied 

to transform crude oils and fats to biodiesel [3]. 

The dilution, pyrolysis and 

microemulsification fuels process have 

challenges, for example lubricating oil 

thickening, high-cost complex equipment, 

partial combustion, injector plugging, heavy 

deposition of carbon residue, atomization 

difficulties. These drawbacks can be resolved 

by the transesterification or esterification 

processes. The (trans) esterification process 

has many advantages such as high conversion 

efficiency and reasonably low-cost complex 

equipment [4]. The (trans) esterification can be 

carried out in the presence of a base, acid, 

enzyme catalyst or without catalyst under 

supercritical conditions [5]. A wide range of 

acidic and basic catalysts, in the form of 

heterogeneous or homogeneous catalysts, is 

used in the production of biodiesel products 

[6].  The use of homogeneous catalysts results 

in challenges in separating products from by-

products and purifying them, which increase 

costs and environmental pollution [7]. It is 

common knowledge that heterogeneous 

catalysts remove extra processing costs 

associated with homogeneous catalysis such, 

as recycling and reuse process, and prevent 

generating multi-pollutants [6]. The 

methanolysis reaction catalyzed by acidic 

catalysts is about 4000 times lower than the 

acid catalysts [8]. Heterogeneous catalysts 

with metal base can more quickly perform the 

transesterification reaction; these catalysts in 

the production of biodiesel easily restored and 

usage [9]. Also, the heterogeneous catalysis 

process, because of having access to different 

active sites and providing higher selectivity 

and more activity, has the power of converting 

the biodiesel with much lower amounts of fatty 

acids (FFA) and water [10]. Due to economic 

conditions, heterogeneous catalysts have been 

promising catalyst for the (trans) esterification 

reactions [11]. Different types of solid base 

catalysts, including calcium oxide 

Na/NaOH/γ-Al2O3, Li/ZnO, ZnO–La2O3, 

KI/CaO/Fe2O3, are used in transesterification 

reactions for biodiesel production. These 

catalysts are cost-effective and have high 

performance [12]. For many years, calcium 

oxide was utilized as a type of base catalyst 

that works heterogeneously. In 1984, Peterson 

and Oscara utilized calcium oxide in the 

process of the transesterification of rapeseed 

oil [13]. A lot of research had been done on the 

calcium oxide catalyst in order to achieve 

economically active catalysts; for this reason, 

calcium catalyst had been examined in various 

forms. A large number of alkaline-earth metals  

oxide catalysts are as follows: 

BaO>SrO>CaO>MgO. MgO and CaO exhibit 

low activity in the transesterification of 

vegetable oils to biodiesel, resulting in a slow 

reaction rate when using these catalysts. 

Peterson found that a combination of CaO and 

MgO exhibits greater catalytic activity than 

CaO alone; nevertheless, MgO results in soap 

formation during the reaction. BaO is 

hazardous and can dissolve in methanol, 

making it unsuitable for the biodiesel 

production process. SrO is insoluble in 

vegetable oil, methanol, and methyl ester of 

fatty acid. Despite its low surface area, SrO 

exhibits high activity due to factors, such as 

alkalinities and acid/base sites [14]. A kinetic 

study can also be used as a strategic tool for 

obtaining a better knowledge of the rates of the 

product formation and inhibition patterns 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjgzJ6KhMnOAhXHhRoKHbRfBmUQFggcMAA&url=http%3A%2F%2Fwww.scipers.com%2FePaper-View-10017244%3D%25D8%25A7%25D8%25AB%25D8%25B1-%25D8%25A7%25DA%25A9%25D8%25B3%25DB%258C%25D8%25AF%25D9%2587%25D8%25A7%25DB%258C-%25D9%2581%25D9%2584%25D8%25B2%25DB%258C-%25D9%2582%25D9%2584%25DB%258C%25D8%25A7%25DB%258C%25DB%258C-%25D8%25AE%25D8%25A7%25DA%25A9%25DB%258C-%25D8%25AF%25D8%25B1.html&usg=AFQjCNHpLNhYagQ7omtEPV_ffPWxARUX6w&sig2=5WFahorOmgIOH8eBIE6E7g&bvm=bv.129759880,d.bGg
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjgzJ6KhMnOAhXHhRoKHbRfBmUQFggcMAA&url=http%3A%2F%2Fwww.scipers.com%2FePaper-View-10017244%3D%25D8%25A7%25D8%25AB%25D8%25B1-%25D8%25A7%25DA%25A9%25D8%25B3%25DB%258C%25D8%25AF%25D9%2587%25D8%25A7%25DB%258C-%25D9%2581%25D9%2584%25D8%25B2%25DB%258C-%25D9%2582%25D9%2584%25DB%258C%25D8%25A7%25DB%258C%25DB%258C-%25D8%25AE%25D8%25A7%25DA%25A9%25DB%258C-%25D8%25AF%25D8%25B1.html&usg=AFQjCNHpLNhYagQ7omtEPV_ffPWxARUX6w&sig2=5WFahorOmgIOH8eBIE6E7g&bvm=bv.129759880,d.bGg
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present in the transformation reaction. In 

literatures, there have been numerous studies 

on biodiesel kinetics. Freedman [15] 

investigated the kinetics of the esterification of 

soybean oil with 1-butanol and methanol using 

acidic and alkaline catalysts. The reaction 

conditions involved a 30:1 and 6:1 M ratio of 

alcohol to oil. Noureddini and Zhu [16] 

examined the kinetics of soybean oil with 

methanol at a 6/1 M ratio of alcohol to oil with 

a base catalyst. They demonstrated that the 

reaction kinetics at a significant molar excess 

of alcohol to oil adheres to pseudo first-order 

kinetics; in contrast, it follows second-order 

kinetics at a high ratio of 6:1 M of alcohol to 

oil. Modern technology for using CaO 

nanocatalysts will be based on simplicity, 

safety, economy, and efficiency with the aim 

of producing high-yield biodiesel. In addition, 

the use of nano-sized catalysts can improve 

economy and energy efficiency, decrease 

global warming, harmless catalysts and 

reactants and result in waste reduction [17]. 

Li+ , K + and Na+ ions-doped CaO increases 

the basic strength of the catalyst, possibly due 

to the formation of strong basic sites on the 

surface of the catalyst [18]. As regards to the 

above-mentioned subject, this study aims to 

prepare heterogeneous catalysts for the 

production of biodiesel, focusing on CaO and 

SrO in the synthesis of Al2O3 matrix. This 

synthesis method of nano-sized catalysts 

reduces the calcination temperature and 

significantly reduces the active metal leaching 

compared to pure active metal or other metal–

support physical interactions. 

We have employed central composite design 

(CCD) and response surface methodology 

(RSM) to optimize the operating conditions of 

the synthesis of catalysts, including 

temperature and time aging, as well as the 

temperature and time of calcination. 

Additionally, we have investigated parameters 

affecting reaction conditions, such as the 

temperature and time reaction, the ratio of 

alcohol to oil, and the catalyst weight 

percentage to oil. SEM, TEM, XRD, FT-IR, 

and N2 adsorption-desorption measurements 

were used to characterize the catalysts. 

2. Methods and Materials 

2.1. Materials 

Materials used for preparing catalysts are 

calcium nitrate tetrahydrate (Ca (NO3)2.4H2O, 

Merck), strontium nitrate (Sr(NO3)2, Merck), 

sodium carbonate (Na2CO3, Merck), 

aluminum nitrate nonahydrate 

(Al(NO3)3·9H2O, Merck), methanol (Merck), 

The Iranian Nazgol Company's sunflower oil 

is shown in Table 1 according to its 

characterization parameters. 

 

Table 1. 

 The components and qualities of sunflower oil 

Values 

 

Physical propertie 

0.9240 Density at 298 K (gcm-3) 

0.10   Acid value (mg KOHg-1) 

194.91  Alkali value (mg KOH g-1) 

863.47   Mean molecular weight (gmol-1) 

1.4649  Refractive index at 313K 

24.58  Kinematic viscosity at 313K (cSt) 

 

2.2. Preparation of SrO-CaO-Al2O3 

nanocatalysts  

The nanocatalysts of SrO-CaO-Al2O3 with 

varying amounts of SrO and CaO were 

produced using the co-precipitation technique. 

For a typical synthesis, various amounts of 

Ca(NO3)2.4H2O (0.5 M), Sr(NO3)2(0.5 M) and 

Al(NO3)3·9H2O(0.5 M) were used during 

titration with Na2CO3 (1 M) which was added 

drop by drop while stirring (500 rpm). When 
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the reaction media reaches pH=10, the 

resultant solution is aged, washed with 

distilled water and ethanol, and dried at 80°C 

for 12 h in an oven to give a material denoted 

as the catalyst precursor. Under the same 

conditions, the precursor of strontium and 

calcium was prepared. The catalyst precursors 

were calcined in a static air environment in a 

furnace. 

 

2.3. Catalyst characterization 

2.3.1. N2 physisorption measurements 

The N2 adsorption-desorption isotherm is used 

to measure the specific surface area, total pore 

volume, and mean pore diameter at -196 ºC 

using a NOVA 2200 instrument 

(Quantachrome, USA). Before conducting the 

adsorption-desorption measurements, the 

samples undergo a degassing process at 110 ºC 

in an N2 flow for 3 hours to eliminate moisture 

and other adsorbates. 

 

2.3.2. Scanning electron microscopy (SEM) 

The catalyst and precursor's morphology was 

studied using scanning electron microscopy 

(SEM) with an S-360 Oxford Eng instrument. 

 

2.3.3. Fourier transform-infrared 

spectroscopy (FT-IR) 

The FT-IR spectra of the samples were 

acquired using a Bruker Vector 22 

spectrometer within the 400–4000 cm-1 range. 

 

2.3.4. X-ray diffraction (XRD) 

The X-ray diffraction (XRD) patterns of 

catalysts were obtained using CuKα radiation 

on a diffractometer. The intensity data were 

collected within a range of 15–75 of 2θ. 

 

2.3.5. Transmission electron microscopy 

(TEM) 

The TEM images were obtained using a 

Hitachi H-7500 (120 kV). The catalyst was 

dispersed in ethanol using ultrasonic treatment 

to prepare the sample for TEM investigations. 

The suspension was deposited onto a copper 

grid coated with carbon. 

 

2.4. Catalytic tests 

The biodiesel samples undergo analysis for 

methyl esters through gas chromatography-

mass spectrometry (GC Agilent 6890N model 

and Mass Agilent 5973N model) with a flame-

ionized detector (FID). A capillary column, 

specifically the HP-5 type, measures 60 meters 

long an inner diameter of 0.25 mm, and a film 

thickness of 0.25 micrometers is utilized with 

helium as the carrier gas. The temperature 

program for the biodiesel samples began at 50 

 ̊ C and increased to 150  ̊ C at a rate of 10  ̊ C 

per minute. The temperature was maintained at 

200  ̊ C for 15 minutes and then increased to 

370  ̊ C at a rate of 5  ̊ C per minute. 

Additionally, the used injector type is 

Split/Splitless. The kinematic viscosity is 

determined by measuring the time it takes for 

a specified volume of biodiesel sample to flow 

under gravity through a calibrated glass 

capillary viscometer tube at a controlled 

temperature of 40 ̊ C. The standard equation 

method was used to determine the kinematic 

viscosity of biodiesel. 

 

                       

                         (1) 

           

Where, 𝑑𝐻2𝑂, 𝑡𝐻2𝑂,  are the density, time 

taken and viscosity for a known volume of 

distilled water respectively and 𝑑𝑥, 𝑡𝑥,  are 

the density, time taken and viscosity for a 

known volume of biodiesel sample 

respectively. The GC-Mass fractions of the 

compound as biodiesel are in Table 2. 
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Table 2. 

 GC-Mass datas and compound fractions of the produced biodiesel. 

Area (%)  

 

Compound 
 

Retention time  Run 

0.044 (Z)-beta-terpinyl acetate 5.769  1 

0.21  Methyl Octanoate  7.109-9.87  2 

0.021  Methyl 9-oxononanoate  11.663  3 

16.60  Methyl palmitate  31.563-32.614  4 

77.0  Methyl 9(E),12(E)-Octadecadienoate  36.3-39.322  5 

0.37  Methyl octadeca-6,9,12-trienoate  40.073-40.886  6 

0.102  Methyl cis-11-eicosenoate  41.200  7 

1.068  Methyl arachidate  41.694  8 

0.086  Methyl octadeca-6,9,12-trienoate  41.901  9 

0.064  Methyl cis-5,8,11,14-eicosatetraenoate  42.356      10 

0.091  Z,E-2,13-Octadecadien-1-ol  42.528-42.604  11 

0.031  Methyl heneicosanoate  43.373  12 

0.043  Methyl docos-13-enoate  44.603  13 

2.443  Methyl behenater  45.108  14 

0.098  Methyl tricosanoate  46.570  15 

0.064  9,12-octadecadienoyl chloride  47.473  16 

0.048 Methyl cis-15-tetracosenoate  47.695  17 

0.937  Methyl tetracosanoate  48.102  18 

0.051  Squalene  49.446  19 

0.032  Methyl Hexacosanoate  50.856  20 

 

The uncertainty in the flow time was ±0.1s. 

Also, the accuracy of the thermostatically 

controlled bath was utilized to maintain the 

temperature at 0.1 ̊ C. The viscosity 

measurements for each sample were taken 

three times and then averaged for the 

production of biodiesel  

 

2.5. Statistical experimental design  

The impact of catalyst variables (temperature 

and time of calcination, temperature and aging 

time, weight percent of calcium to aluminum 

and strontium to calcium) and reaction 

variables on the production of biodiesel are 

investigated by using an experimental design. 

In this study, the experimental design involves 

the central composite design (CCD) and 

response surface methodology, with the data 

analysis being conducted using Minitab 

software. RSM is a collection of mathematical 

and statistical methods used to analyze and 

model data, particularly when the response is 

influenced by multiple variables, intending to 

optimize this response. The initial step in RSM 

involves obtaining a polynomial equation 

representing the response or ester conversion 

to the independent variables, including catalyst 

variables and the transesterification reaction. 

The RSM equation only considers significant 

coefficients, which are as follows: 

𝑦 = 𝑏0 + ∑𝑏𝑖𝑥𝑖 + ∑𝑏𝑖𝑖𝑥𝑖
2 + ∑𝑏𝑖𝑖𝑥𝑖𝑥𝑖𝑤ℎ𝑒𝑟𝑒𝑖≠𝑗 

(2) 

In the given equation, the coefficient 𝑏0 

represents the response at a central point, while 

the other coefficients signify the effects and 

interactions of variables that exert the most 

significant influence on the response (y). In the 

second stage, the proposed model for respond, 

using variance analysis (ANOVA) results, will 
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be evaluated. Statistically, the significance of 

the model is evaluated by F-value and P-value.  

 

3. Findings and analysis 

3.1. Effect of catalyst synthesis parameters  

Six independent impressible variables (the 

calcination temperature, calcination time, 

aging temperature, aging time, ratio of Sr to 

Ca, and ratio of Ca to Al) were selected in the 

design of the experiments. The information 

regarding the range and levels of variables can 

be found in Table 3. The experimental ranges 

for the six variables of conditions, including 

the calcination temperature (°C), Calcination 

time (h), aging temperature (°C), aging time 

(min), Sr/Ca (%w/w) and Ca/Al (%w/w), were 

determined based on previous litratures [19-

23].  

 

Table 3.  

Experimental range and levels of the independent 

factors for catalyst synthesis variables 

Factor name low                    high 

Calcination temp (°C) 600 800 

Calcination time (h) 1 5 

Aging temp (°C) 20 80 

Aging time (min) 30 120 

Sr/Ca  (%w/w) 1 10 

Ca/Al  (%w/w) 10 50 

 

A total of 53 experiments were conducted to 

measure the production yield of biodiesel as 

the process responses. The experimental 

conditions and results can be found in Table 4. 

Table 4. 

Experimental conditions and results regarding the catalyst synthesis parameters. 

run 

Variables Response 

run 

Variables Response 

calcinations 

conditions 
Aging 

Materials ratio 

(%w/w) Yield 

(%) 

calcinations 

conditions 
Aging 

Materials ratio 

(%w/w) Yield 

(%) T 

(° C) 

T 

(h) 

T 

(° C) 

t 

(min) 
Sr/Ca Ca/Al 

T 

(° C) 

T 

(h) 

T 

(° C) 

t 

(min) 
Sr/Ca Ca/Al 

1 700 3 50 75 5.5 30 60 28 700 3 50 75 5.5 30 60 

2 600 5 20 30 1.0 50 84 29 600 5 50 75 1.0 10 99 

3 800 5 20 30 10.0 50 38 30 700 5 50 75 5.5 30 61 

4 700 3 50 75 5.5 30 60 31 800 1 20 120 10.0 50 50 

5 700 3 50 30 5.5 30 60 32 700 3 50 75 5.5 30 60 

6 800 1 20 120 1.0 10 52 33 700 3 50 75 5.5 30 60 

7 800 5 80 120 1.0 10 15 34 600 1 20 30 1.0 10 38 

8 800 5 80 30 1.0 50 19 35 600 5 80 30 10.0 50 41 

9 600 1 20 120 1.0 50 35 36 800 5 20 120 1.0 50 41 

10 700 3 50 75 5.5 30 60 37 800 1 80 120 10.0 10 28 

11 600 5 20 120 10.0 50 86 38 600 1 80 120 10.0 50 30 

12 800 5 80 30 10.0 10 25 39 600 5 80 120 1.0 50 39 

13 600 5 80 120 10.0 10 41 40 700 3 50 75 5.5 30 60 

14 600 1 80 120 1.0 10 20 41 700 3 50 75 5.5 30 60 

15 800 1 80 30 10.0 50 32 42 700 3 50 75 5.5 30 60 

16 700 3 50 75 5.5 10 64 43 700 3 50 75 5.5 30 60 

17 700 3 50 120 5.5 30 52 44 700 3 20 75 5.5 30 55 

18 800 5 20 30 1.0 10 49 45 800 1 20 30 10.0 10 47 

19 800 1 20 30 1.0 50 58 46 600 1 80 30 10.0 10 19 

20 600 1 20 30 10.0 50 49 47 800 1 80 30 1.0 10 32 

21 600 1 80 30 1.0 50 31 48 700 3 50 75 5.5 30 60 

22 600 1 20 120 10.0 10 34 49 700 1 50 75 5.5 30 50 

23 700 3 50 75 5.5 30 60 50 600 3 50 75 5.5 30 68 

24 600 5 20 30 10.0 10 58 51 600 5 80 30 1.0 10 50 

25 800 5 20 120 10.0 10 47 52 700 3 50 75 5.5 30 60 

26 800 5 80 120 10.0 50 24 53 700 3 50 75 5.5 30 60 

27 800 1 80 120 1.0 50 26 28 700 3 50 75 5.5 30 60 
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The ANOVA values for factors affecting the 

catalytic performance were presented in Table 

5, F-value and P-value tests were used for 

evaluating the significance of each coefficient.  

 

        Table 5. 

        ANOVA results for studied responses related to catalyst synthesis variables. 

Term 
 

F-value  

 

P-value  

 

Coefficient 

Calcination temp (°C) (A) 25.62 0 0.0892 

Calcination time (h) (B)  106.68  0  37.3579 

Aging temp (°C)  ( C)  105.34  0  1.8873 

Aging time (min) (D)  8.29  0.006  -0.1021 

Sr/Ca (%w/w) (E)  13.27  0.001  -1.9266 

Ca/Al (%w/w) (F)  0.78  0.382  -0.0687 

C*C  150.43  0  -0.0215 

A*B  90.34  0  -0.0468 

B*C  5.68  0.022  -0.0399 

D*E  8.12  0.007  0.0141 

E*F  4.07  0.05  0.0221 

 

As indicated in Table 5, the calcination 

temperature, calcination time, aging time, 

aging temperature, Sr/Ca (%w/w), Ca/Al 

(%w/w), aging temperature*aging 

temperature, calcination temperature* 

calcination time, calcination time*aging 

temperature, and aging time*Sr/Ca with the P-

value< 0.05 were significant model terms. 

The accuracy of the model is evaluated by the 

value of the determination R-Sq. The value of 

R-squared was approximately 92.13%, 

indicating that the model has been adjusted 

well to fit the experimental data.  

 

3.1.1. Investigate the effect of the 

parameters of the design on the synthesis of 

nanocatalyst  

Figures 1, 2, 3 and 4 showed the effect of 

significant variables on the production yield of 

biodiesel. By increasing the calcination time, 

the conversion of methyl ester increased at the 

calcination temperatures of 600 °C and 700 °C; 

at 800 °C by increasing the calcination time, 

the conversion of methyl ester (biodiesel) 

decreased. The calcined samples were 

examined by XRD to study the forming phase 

at different temperatures. The results of X-ray 

diffraction patterns (Figure 5) showed almost 

the same patterns for samples calcined at 600 

and 700 °C; while the pattern for sample 

calcined at 800 °C was different from samples 

calcined at 600 and 700 °C due to the existence 

of different phases. The peaks at the values of 

25.52°, 31.78°, 41.60°, 44.42°and 48.02° of 

2Ɵ, corresponding to the crystallographic 

planes (100), (110), (111), (200), and (210) 

suggest a perfect match with the cubic 

structure of SrO [24]. Also, the values of 

33.98°, 46.98°, 54.25° and 62.45° of 2θ  were 

indexed to the structure of CaO lattice planes 

(111), (200), (220) and (311) [25]. At the 

calcination temperature of 600°C, the broad 

peaks at 37.4°, 39.6°, 45.8°, 60.7° and weak 

peak at 66.7° are indexed to both γ and δ-

A12O3 phases. At different calcination 

temperatures, the sample is realized to be a 

mixture of γ, α and δ-Al2O3 phases. Peaks at 

31.7°, 39.4° (γ, δ and θ-phases) and 45.4°, 
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66.7° (δ-phase) are also present in samples at 

different temperatures. In addition, the peaks 

at 25.6°, 35.1°, 43.2°, 52.5° and 57.5° are 

indexed to α-Al2O3 [26]. The resulted overlap 

and significant shift in the 2θ position and the 

overlap of the peaks relative to the structures 

of pure CaO, SrO and Al2O3 are attributed to 

the formation of a CaO/SrO/Al2O3 trimetallic 

system [27]. 

Therefore, the optimum calcination time and 

temperature are 5h and 600 °C. Brunauer, 

Emmett and Teller (BET) theory is one of the 

techniques for the measurement of the specific 

surface area in the catalyst characterization. 

The BET results at different calcination times 

and temperatures are shown in Table 6. It is 

evident that the surface area of the samples 

increased by increasing the calcination time at 

600 °C and 700 °C; while at 800 °C by 

increasing the calcination time, the specific 

surface area decreased [28-29]. Therefore, the 

optimum calcination temperature and time 

were 600 °C and 5 h respectively. The 

maximum yield of biodiesel obtained under 

these conditions is 73%. The yield of biodiesel 

increased by increasing temperature to 

approximately 55 °C then decreased; while, 

the yield of biodiesel had an increasing trend 

by increasing time aging. The results show that 

the catalyst's activity increases with the aging 

time. The aging time also affects the physical 

properties and structure of the catalysts, such 

as the pore size distribution and specific 

surface area. Also, an increase of the 

temperature during the co-precipitation 

resulted in a bigger crystalline size of the 

catalyst [30-31]. The most effective values of 

the aging time and temperature were 75 min 

and 50 °C respectively. The catalyst with the 

mass ratio of SrO/CaO=1 and CaO/Al2O3=10 

was an optimal catalyst for the production of 

biodiesel. In this mass ratio, CaO and SrO 

distributed uniformly on the support surface; 

however, when the mass ratio of CaO and SrO 

exceeds the optimal ratio. Based on the 

findings, there was not a significant increase in 

the production yield, possibly because the 

active phases clumped together and the 

number of basic sites decreased [32-33]. 

 

 
Figure 1. Impact of the calcination time and temperature on the production yield of biodiesel (hold extra 

factors at middle settings) 
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Figure 2. Effect of the calcination time and aging temperature of co- precipitate on the production yield of 

biodiesel (hold extra factors at middle settings) 

 
Figure 3. Effect of the mass ratio of Ca /Al (w/w %) and Sr/Ca (w/w%) on the production yield of 

biodiesel (hold extra factors at middle settings) 

 
Figure 4. Effect of the aging time (min) and mass ratio of Sr to Ca (w/w %) on the production yield of 

biodiesel yield (hold extra factors at middle settings) 
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Figure 5. X-ray diffraction pattern of the calcined Al2O3-SrO-CaO nanocatalysts at 600 °C, 

700 °C and 800°C.  

 
 

Table 6.  

N2 adsorption-desorption measurements of 

precursor and catalysts under different calcination 

conditions 

Calcination 

conditions 

SBET  

(m2g-1) 

VP   

(cm3g-1) 

600 oC (3h) 101.3 0.51 

600 oC (4h) 112.5 0.54 

600 oC (5h) 139.3 0.68 

700 oC (2h) 121.6 0.59 

700 oC (3h) 128.2 0.61 

800 oC (2h) 113.4 0.55 

800 oC (3h) 107.5 0.52 

Precursor 83.2 0.46 

S BET: specific surface area  

Vp: pore volume 

 

The electron microscopy images, including 

scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM), for 

the optimized SrO-CaO-Al2O3 nanocatalyst 

were taken. These images could show the form 

of particles and crystals of the catalyst, the 

pattern of particle size distribution and their 

morphology. Figure 6 displays SEM images of 

both the precursor and calcined SrO-CaO-

Al2O3 nanocatalyst. The SEM image of the 

precursor exhibits several aggregations of 

amorphous phases and little spherical particles 

with different and heterogeneous sizes and 

shapes. After the calcination of precursor, the 

phase was changed and the uniform and 

spherical particles were observed.  

The TEMs of the optimized SrO-CaO-Al2O3 

nanocatalyst were shown in Figure 7. The 

nanocatalysts exist in coagulated morphology 

with a size range of 25±1 nm.  
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(a) (b) 

Figure 6. SEM image of the precursor Al2O3-SrO-CaO nanocatalyst (a) and calcined Al2O3-SrO-CaO 

nanocatalyst (b) 

 

 
Figure 7. TEM image of the optimum Al2O3-SrO-

CaO nanocatalyst 

 

Furthermore, the FT-IR spectra of SrO-CaO-

Al2O3 nanocatalyst were shown in figure 8. 

The bands at 3427 cm−1and 3453 cm−1can be 

attributed to (may be due to bending) the 

stretching bending vibrations of OH groups. 

The strong band at 424 cm−1 is attributed to the 

lattice vibrations of CaO [34].The bands at 

821 cm−1, 722 cm−1, and 569 cm−1were related 

to the stretching vibration of the Al–O bond 

[35].The band at 1036 cm−1could be assigned 

to Sr–O–Sr stretching vibrations [36]. The 

optimum conditions related to the mass ratio of 

CaO /Al2O3 and SrO /CaO influential 

parametersl are as follows: CaO to Al2O3 =10 

% (w/w) and SrO to CaO = 1% (w/w) and the 

production yield of biodiesel is  85%. 

 
Figure 8. FT-IR spectrums of the optimum Al2O3-SrO-CaO nanocatalyst 
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3.2. Effect of the reaction variables  

To investigate the effect of the reaction 

variables on the production yield of biodiesel, 

a design of experiments was used. Four 

independent variables were chosen: the 

catalyst-to-oil ratio, methanol-to-oil ratio, 

reaction temperature, and reaction time. Table 

7 provides information about the range and 

levels of variables. have been selected around 

the typical amount reported The range of the 

concentration of the catalyst, the concentration 

of methanol and the reaction time were 

selected based on the values reported in 

various articles and based on economic 

justifications [37-38]. The temperature 

reaction level was determined by considering 

around the boiling point of methanol (50-

70°C). The factors and their levels were 

selected based on report literature [21]. 

 

Table 7. 

Experimental range and levels of the independent 

factors for reaction variables 

Factor name 
Range 

Low High 

Reaction temp (°C) 50 70 

Reaction time (h) 1 5 

Methanol to oil ratio 3 12 

Catalyst to oil ratio 3 12 

 

 

According to the design, 31 experiments were 

designed and the production yield of biodiesel 

was measured as the process responses. The 

experimental conditions and results are shown 

in Table 8. The values of ANOVA for the 

reaction variables are presented in Table 9. F-

value and P-value tests were used for the 

significance of each coefficient. As it can be 

seen in Table 8, the linear, square and 

interaction variables with the P-value < 0.05 

were significant terms of the model. Figure 9, 

10, 11 and 12 show the effect of the reaction 

variables on the production yield of biodiesel. 

The adjusted R-squared was almost 95.36 %. 

The value of R-squared indicated that some 

variables were meaningless and could be 

ignored in this study. 

 

3.2.1 Investigating the effect of design 

parameters on the biodiesel reaction  

The surface in figure 9 shows the effect of the 

molar ratio of methanol and the weight ratio of 

catalyst to oil on the production yield of 

biodiesel. It was found that the production 

yield of biodiesel increased as the molar ratio 

of methanol/oil increased in the different 

concentrations of the catalyst; while, the 

biodiesel yield increased as the catalyst 

amount increased up to catalyst to oil weight 

ratio=6 %, further increase in the catalyst 

amount giving rise to a problem of mixing and 

increasing of viscosity of mixture. The most 

important parameters affecting the production 

yield of biodiesel were the molar ratio of 

alcohol to oil and the concentration of the 

catalyst. The required stoichiometric molar 

ratio of methanol to oil was 3:1 for 

transesterification; however, given that the 

transesterification reaction was an equilibrium 

reaction, the higher molar ratio of methanol to 

oil provided more production of biodiesel in a 

shorter time. Furthermore, the higher the molar 

ratio, the more difficult separatingglycerol and 

biodiesel [39]. Optimum conditions for 

obtaining the maximum amount of biodiesel 

include the molar ratio of 12:1 of methanol to 

oil and the concentration of of 6 % (w/w) of 

SrO-CaO-Al2O3 nanocatalysts to oil . 
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Table 8. 

Experimental conditions and results for reaction variables 

Run 

Variables Response 

Run 

Variables Response 

T 

(°C) 

t 

(h) 

Methanol 

to oil 

ratio 

Catalyst 

to oil 

ratio 

Yeild 

(%) 

T 

(°C) 
t (h) 

Methanol 

to oil 

ratio 

Catalys

t to oil 

ratio 

Yeild 

(%) 

1 60 3 9 12 44 17 70 5 3 3 52 

2 60 1 9 6 74 18 65 3 12 6 97 

3 50 5 3 9 20 19 60 3 9 3 58 

4 70 1 3 9 38 20 70 2 12 3 49 

5 50 5 12 9 60 21 60 3 9 6 88 

6 50 5 12 3 52 22 60 3 9 6 89 

7 60 3 9 6 87 23 60 3 9 6 74 

8 70 5 12 3 30 24 60 3 9 6 80 

9 60 3 9 6 75 25 50 1 3 3 47 

10 50 5 3 3 60 26 50 1 12 3 59 

11 50 1 3 9 49 27 70 5 3 9 26 

12 60 3 9 6 81 28 70 3 9 6 68 

13 70 1 3 3 24 29 60 3 12 6 99 

14 60 3 9 6 79 30 60 3 3 6 61 

15 60 5 9 6 49 31 70 1 12 3 50 

16 70 5 12 9 64       

 

Other important factors that affect the 

production yield of biodiesel were the reaction 

time (h) & methanol to oil ratio. The surface 

plot in figure 10 shows the effects of the 

reaction time (h) & methanol to oil ratio. 

 

               Table 9. 

              ANOVA results for the studied responses related to reaction variables. 

Term F-value P-value coefficient 

Reaction temp (°C) (A) 2.31 0.15 -1.27 

Reaction time (h) (B) 40.32 0.00 35.60 

Methanol to oil ratio (C) 108.12 0.00 -6.29 

Catalyst to oil ratio  (D) 18.24 0.00 11.00 

B*B 25.73 0.02 10.12 

(C)*(C) 6.96 0.02 0.42 

(D)*(D) 87.94 0.00 -1.59 

(A)*(D) 6.9 0.02 0.13 

(B)*(C) 22.07 0.00 -0.92 

(B)*(D) 32.73 0.00 -1.71 

(C) *(D) 61.57 0.00 1.00 

 

The results show that the transesterification 

reaction was strongly influenced by the 

reaction time. By increasing the temperature 

time and methanol to oil ratio, the production 

of biodiesel increased. The optimum reaction 

time and methanol to oil ratio for the 

production of biodiesel were 3h and 12 °C; 

however, with further increases in the reaction 

time, the production yield of biodiesel slightly 

decreased which was related to the hydrolysis 



Jalilian et al. / Iranian Journal of Chemical Engineering, Vol. 22, No. 1, 3-27, (2025) 

 

16  

 

of esters, resulting in the production of by-

products and the equilibrium condition being 

reached [40-41]. The interaction effect of the 

catalyst to oil ratio and the reaction time with 

the production of biodiesel is shown in the 

surface plot at figure 11. It can be seen that the 

increase in the catalyst to oil ratio above 6 

(w/w%) gradually decreases the production 

yield of biodiesel. Also, it can be seen that the 

production of biodiesel increases by increasing 

the reaction time while other factors effecting 

the reaction are kept constant. However, the 

production of biodiesel gradually decreases as 

the reaction time is up and reached to 3 h. In 

agreement with the results, the reaction time 

plays an essential role in improving the 

production of biodiesel compared with the 

catalyst to oil ratio variable. It is found that the 

optimum production of biodiesel is attained at 

the catalyst to oil ratio and reaction time of 6% 

(w/w.%) and 3h respectively. Also, high 

values of the catalyst to oil ratio and reaction 

time do not increase the production yield of 

biodiesel, but cause it to slowly tend to the 

backward reaction [42]. 

It can be seen that the production of biodiesel 

increases when the catalyst to oil ratio 

increases from 3 to 6 w/w% within the reaction 

temperature range of 50–70 ͦ C (figure 12). 

Increasing the catalyst to oil ratio more than 6 

w/w %, reduces the production yield of 

biodiesel. The production yield of Biodiesel 

increases by increasing the reaction 

temperature. Increasing the reaction 

temperature increases the collisions between 

the reactant molecules, which increases the 

reaction rate [22]. In contrast, the increase in 

the reaction temperature beyond the boiling 

point of methanol leads to a decrease in the 

production of biodiesel [22]. 

 

 

 

 
Figure 9. Effect of the concentrations of the catalyst and methanol on the production concentration of 

biodiesel yield (hold extra factors at middle settings) 
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Figure 10. Effect of the reaction time and methanol to oil ratio on the production yield of biodiesel (hold 

extra factors at middle settings) 

 
Figure 11. Effect of the reaction time and catalyst to oil ratio on the production yield of biodiesel (hold 

extra factors at middle settings) 

 
Figure 12. Effect of the reaction temperature (°C) and catalyst to oil ratio on the production yield of 

biodiesel (hold extra factors at middle settings) 
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3.3. Comparison of the biodiesel production 

efficiency in the presence of CaO, SrO and 

SrO-CaO-Al2O3 nanocatalysts  

CaO and SrO were employed as the catalyst in 

the transesterification reaction of sunflower oil 

with methanol under the reaction conditions: 

the methanol /oil = 12/1, T= 60 °C, 

concentration of 6wt. % of the catalyst and 

reaction time=3 h. The  biodiesel conversion 

percentage dropped to 92.28% and 85% for 

SrO and CaO catalysts respectively. As 

reported in other papers, the best calcination 

temperature for increasing the basicity of 

calcium and strontium catalysts are 800°C for 

3 hours and 600°C for 5 hours in the 

transesterification reaction of sunflower oil 

[23, 43]. The investigation established that the 

catalytic activity was very sensitive to the 

method of their preparation. In fact, the 

preparation method is the strongest technique 

to enhance the catalytic performance by 

creating new and significant amount of basic 

sites [44]. Also, the modification of the 

catalyst by doping metal oxide, supporting 

metal oxide onto carriers, and mixing metal 

oxide with other metal oxides represents the 

high strength and high catalytic performance 

[45]. The highest performance of the SrO-

CaO-Al2O3 nanocatalyst can be explained by 

the phase composition, increase in basic sites 

and higher durability in comparison with CaO 

and SrO catalysts [46]. 

 

3.4 Investigating the reusability of SrO-

CaO-Al2O3 nanocatalysts 

The crucial environmental and also financial 

aspect of catalytic processes is the reuse of 

heterogeneous catalysts. Various processes, 

such as thermal, electrochemical, solvent 

washing and chemical methods, were used for 

the reuse of heterogeneous catalysts [47]. In 

this study, thermal processes were used to 

reuse the catalyst. Hence, the reaction was 

carried out under optimal conditions, after 

which the catalyst was extracted from the 

reaction medium and then washed with the 

acetone solvent to remove products and 

reactants from the catalyst surface. Finally, the 

catalyst was calcined at 600°C to regenerate its 

active sites. Also, this process was repeated 6 

times, as shown in figure 13. After repeating 

the reaction for 4 times, the biodiesel 

production efficiency decreases. 

 

 
Figure 13. Investigating the effect of the reusability of SrO-CaO-Al2O3 nanocatalysts on the production 

yield of biodiesel (%) 
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3.5. Comparison of the CaO-SrO-Al2O3 

catalyst with a different CaO-based 

catalyst to produce biodiesel  

Calcium oxide heterogeneous catalysts have 

enormous number of active sites and thus 

provide high selectivity and activity for 

trans/esterification reactions. In recent years, 

various calcium oxide heterogeneous catalysts 

have been reported to produce biodiesel, and in 

this study a comparison of recent synthesized 

calcium-based catalysts with SrO-CaO-Al2O3 

in the production of biodiesel was carried out.  

Degirmenbasi et al. studied the synthesis of 

biodiesel from canola oil in the presence of the 

K2CO3/nano CaO catalyst. The K2CO3/nano 

CaO catalyst exhibited 97.67% ± 1.7 

conversion of canola oil to biodiesel  in the 

reaction time of 8 h in a liquid batch reactor at 

338 K and using an alcohol/oil ratio of 9/1 

[48]. Kesserwan, Fatima, et al. examined the 

Hybrid CaO/Al2O3 aerogel catalyst for the 

production of biodiesel. The maximum 

production of biodiesel occurs at the 

calcination temperature of 800 °C , 1 wt% 3:1 

CaO/Al2O3, and 65 °C over 4 h using a 

methanol-to-oil molar ratio equal to 11 [49].  

Seffati, Kambiz, et al. synthesized biodiesel 

from chicken fat using the CaO/CuFe2O4 

nanocatalyst [50] Their research indicated that 

the best biodiesel production performance of 

94.52% was obtained at the calcination 

temperature of 500 °C, reaction time of 3 h, 

reaction time of 4 h, reaction temperature of 

70 °C, methanol to oil ratio of 15:1 and catalyst 

content of 3%. Bharti, Priyanka, et al. 

synthesized calcium oxide nanocatalysts 

through the sol–gel method in which the 

calcium oxide nanocatalyst was calcined at 

850 °C for 1 h. They optimized the production 

of biodiesel using the response surface 

methodology. The maximum production of 

biodiesel was found to be 97.61% at the 

catalyst amount of 3.67 wt% with respect to 

oil, molar ratio (alcohol to oil) of 11:1, and 

reaction temperature of 60 °C for 2 h [51]. 

Unruean et al. employed commercial CaO for 

catalyzing the palm oil transesterification so 

that the high conversion could be reached even 

if the reaction was carried out with the low 

ethanol to oil molar ratio of 4.5:1 and 0.5 wt.% 

of the CaO catalyst at 180 °C [52]. In other 

studies, it was reported that CaO/MnFe2O4, 

Ba–CaO, CaO/ZnCo2O4-20, V2O5·CaO, Zn–

CaO, Ca2Fe2O5/CaO@MgFe2O4–Fe2O3 was 

synthesized for various edible and non-edible 

oil transesterification reaction. In all reports, 

the modified CaO catalysts showed more than 

90% efficiency in the productionof  biodiesel 

[53-58]. Yujiao Zhang, et al. synthesized the 

SrO-CaO-Al2O3 trimetallic oxide catalyst for 

the transesterification of biodiesel. The 

catalyst showed hiegh activity for the 

production of biodiesel from WFO with the 

production yield of 98.16% of biodiesel under 

optimal conditions such as the calcination 

temperature of 850 ̊C for 4 h, molar ratio of 

18:1 of methanol to oil, concentration of 7.5 

wt% of the catalyst at 65 ̊C for 3 h [58]. It was 

seen that Sr could increase the basicity and 

catalytic activity. In addition, the mixture of 

Sr, Ca and Al metal oxides reduces the 

leaching of the catalyst. The results 

demonstrate that doping Sr with Ca and Al at a 

proportional ratio, reduces the calcination 

temperature and increases the high activity of 

the SrO-CaO-Al2O3 catalyst due to alkalinity, 

and acid/base sites that also affect the catalytic 

activity [17]. Hopefully this study can inspire 

investigators to make breakthroughs in 

management strategies demanded for cost 

reduction. 

 

4. Reaction kinetic  

The methanolysis process of sunflower oil in 

this examine might be affected by the 

diffusional resistances. Thus, to negligible 
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mass transfer resistance, the effect of the 

reaction stirring speed on the biodiesel 

production efficiency was investigated at 

stirring speeds of 400, 500, 600, 700 and 800 

rmp. The results were shown in figure 14. An 

agitation speed of 600 rpm under optimal 

reaction conditions was chosen as the optimal 

stirring speed. Dhawane, Sumit H., et al. 

exposed that at the optimum stirring speed, the 

was characterized by a not negligible mass 

transfer resistance and the reaction was 

kinetically controlled [59-60]. 

 

 
Figure 14. Effect of the stirring speed of the 

reaction on the production of biodiesel (%). 

 

The processes of the production of biodiesel 

from sunflower oil are as follows [61]: 

 

TG+ CH3OH ↔ DG + ME                          (3) 

 

DG+ CH3OH ↔ MG + ME                        (4) 

 

MG+ CH3OH ↔ G + ME                           (5) 

 

(triglyceride: TG, diglyceride: DG, mono 

glyceride: MG, fatty ester: ME and glycerol: 

G).The overall reaction can be written as 

follows [62]: 

 

TG + 3CH3OH     3RCOOCH3 + GL      (6) 

 

At a large molar excess of methanol, the 

backward reaction was disregarded, and the 

concentration of methanol was assumed to 

remain constant. In addition, it is assumed that 

the production of intermediate species has a 

negligible impact. Next, the reaction can be 

represented in the following way: 

 

TG + 3CH3OH 
𝑘
→3RCOOCH3 + GL               

−𝑟 =
−𝑑[𝑇𝐺]

𝑑𝑡
= 𝑘[𝑇𝐺][𝑅𝑂𝐻]3                    (7) 

 

Based on this, the apparent rate constant of the 

reaction, k, can be written as the following 

equation. 

 

−𝑟 =
−𝑑[𝑇𝐺]

𝑑𝑡
= 𝑘′[𝑇𝐺]      𝑘′ = 𝑘[𝑅𝑂𝐻]3   (8) 

 

Certainly, The rate constant of the reaction, k, 

can be expressed using the following 

equation. 

 

𝑙𝑛[𝑇𝐺]0    − 𝑙𝑛[𝑇𝐺] = 𝐾′. 𝑡                       (9) 

Using the principle of mass balance, we can 

formulate the following equations: 

 

𝑋𝑀𝐸 = 1 −
[𝑇𝐺]

[𝑇𝐺0]
                                        (10) 

[𝑇𝐺] = [𝑇𝐺0][1 − 𝑋𝑀𝐸]                           (11) 

 
𝑑𝑋𝑀𝐸

𝑑𝑡
= 𝑘′[1 − 𝑋𝑀𝐸] ⇒ − ln(1 − 𝑋𝑀𝐸) =

𝑘′. 𝑡                                                           (12) 

 

In the initial stage, we determined the 

concentration of XME at various time points 

(t) as shown in Table 10. 
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Table 10. 

 Mole fraction of methyl ester at different temperatures 

 XME: Concentration of methyl ester;                                          -ln (1-XME): Triglyceride concentration 

 

In the second step, the rate constants at various 

temperatures were obtained. After that, the 

exponential part coefficient (A) and activation 

energy (Ea) were calculated using the 

Arrhenius equation as follows: 

 

k=Ae-Ea/RT  lnk =lnA-Ea/RT                      (13)  

Figure 15 illustrates the plots of − ln(1 −

𝑋𝑀𝐸) as a function of T. 

The rate constant has been determined by 

referring to the data presented in figure 15 and 

plots of lnk versus 1/T, given in Figure 16. The 

values of kinetic parameters have been 

summarized in Table 11 after calculating the 

activation energy (Ea) and pre-exponential 

factor using figure 16. 

 
Figure 15. Natural logarithm of (1 - X) vs. Time in 

the methanolysis process of sunflower oil CaO-SrO-

Al2O3 nanocatalyst 

Table 11. 

Calculated values of kinetic parameters 

T (K) k (1/min) Ea(kJ) A (1/min) 

338.15 21× 10-3   

333.15 17× 10-3 42.73 1.19 ×10 5 

328.15 13× 10-3   

323.15 10× 10-3   

 
Figure 16. Relationship between the rate constant 

(lnk) inverse of temperature (1/T) for the reaction 

between sunflower oil and methanol. 

 

5. Conclusions 

The study has used SrO-CaO-Al2O3 as a 

nanocatalyst for thec production of biodiesel. 

The impact of reaction variables on the yield 

of the produced biodiesel was evaluated using 

RSM to assess the catalytic performance. The 

results showed that the optimal conditions to 

prepare the catalyst were the calcination 

temperature of 600 °C, calcination time 5 h, 

aging time 75 min and precipitate temperature 
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30 0.16 0.18 0.20 0.36 0.18 0.2 0.22 0.45 

60 0.40 0.48 0.53 0.67 0.51 0.65 0.75 1.12 

90 0.57 0.67 0.71 0.82 0.84 1.1 1.24 1.69 

120 0.69 0.77 0.83 0.91 1.17 1.45 1.80 2.45 

150 0.79 0.86 0.91 0.95 1.56 1.95 2.42 3.02 
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of 50 °C. The optimal operating conditions 

were achieved at 60 ˚C using a concentration 

of 6 wt.% of the catalyst and a CH3OH/oil 

ratio of 12/1.  Under optimal operation 

conditions, the production yield of biodiesel 

was 99%. The BET data show the general 

variety in specific surface areas with changes 

in calcination conditions. This was attributed 

to the presence of different phases in the 

composition of the catalyst. The BET results 

indicate an increase in the specific surface area 

of the calcined catalysts. 

Kinetic and thermodynamic analyses were 

conducted. Data fitting using pseudo-first and 

pseudo-second-order models showed that the 

reaction follows a second-order forward 

reaction. From the kinetic studies, the 

activation energy (Ea) was found to be 41.57 

kJ.mol–1 and the pre-exponential factor (A) 

was determined to be 5.25×105 L.mol-1s-1.  
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