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Abstract: In this study, SOD crystals, synthesised via a hydrothermal  
synthesis method, were used as solid catalyst to convert beef tallow oil (BTO) 
into biodiesel. Transesterification reaction was conducted at methanol-to-oil 
ratio of 7.5 : 1 using 3 wt. % SOD catalyst. Reaction conditions were varied as: 
mixing intensity (700-1250 rpm); catalyst particle size (200–300 Å); reaction 
time (6–24 h); and reaction temperature (40–60°C). The physicochemical 
characterisation of the SOD catalyst was conducted using Fourier transform 
infrared spectroscopy (FTIR), X-ray diffraction (XRD), N2 physisorption  
at 77 K (for textural property) and thermogravimetric analysis (for thermal 
stability). The FFA content of the BTO was 4.53%. Physicochemical 
characterisation shows that SOD crystals were synthesised. The reaction 
products analysed with a pre-calibrated gas chromatography-mass spectrometer 
(GC-MS) confirmed the influence of reaction process parameters on the yield 
of biodiesel leading to a highest FAME (fatty acid methyl ester) yield of 78.3% 
at agitation speed of 1000 rpm and catalyst particle size of 200 Å. The reaction 
temperature and reaction time at this condition were 60°C and 24 h, 
respectively. 

Keywords: biodiesel; animal fat; hydroxy sodalite; waste beneficiation; solid 
catalyst. 
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This paper is a revised and expanded version of a paper entitled ‘Waste to 
Energy: Effect of reaction parameters on the transesterification of animal fat oil 
to biodiesel over a solid hydroxy sodalite (SOD) catalyst’ presented at the  
2nd International Conference of Engineering for a Sustainable World ICESW 
2017, Ota, Nigeria, 3–7 July, 2017. 

 

1 Introduction 

Fossil fuels (oil, coal, natural gas) are the major source of energy accounting for about 
86% global energy consumption (Nicole, 1994) that drives the worldwide technological 
advancement. Consequent to heavy consumption of fossil fuels, the world is faced with 
detrimental challenges such as future energy security and environmental concerns 
(Milano et al., 2016). Combustion of fossil fuels results in emission of greenhouse gases 
such as CO2 and SO2, thereby contributing to global warming and acid rain. These 
concerns drive the need for exploring alternative energy sources to reduce dependency on 
fossil fuels. One possible solution is the extended exploitation of biodiesel as an 
alternative fuel. Biodiesel has a higher flash point and lower volatile compounds than 
petrol diesel. It is easy to use and is a clean burning and safer for handling compared to 
the petrol diesel. Chemically known as Fatty Acid Alkyl Ester (FAAE), biodiesel is a 
biodegradable, non-toxic and environmentally benign diesel fuel and its study as an 
alternative fuel to reduce dependency on fossil fuels has become an attractive area of 
research (Makgaba and Daramola, 2015; Ramadhas et al., 2005; Zhang et al., 2003; 
Daramola et al., 2016; Guo et al., 2012). It is a viable alternative fuel as it meets the strict 
fuel quality and engine performance and satisfied the environmental impact assessment 
requirements by the 1990 Clean Air Act Amendments in terms of the reduction of 
environmental pollution (Guo et al., 2012). Furthermore, biodiesel can be mixed at a 
suitable proportion with diesel; hence it can be applied in diesel engines without much 
additional modification. Biodiesel is commonly produced from vegetable oils or animal 
fat oil using transesterification reaction. The reaction involves the use of short chain 
alcohol, usually methanol, as well as a catalytic material. The cost of biodiesel remains 
high compared to petroleum diesel, due to huge operating and capital costs required for 
its production process. 

Competitive source of feedstocks such as edible oils and fats that bring about high 
cost of production have spawn interest of researchers into alternative feedstock for an 
economically viable route to biodiesel production. These feedstocks include non-edible 
Jatropha oil, animal fat and waste cooking oil (Aransiola et al., 2012; Aransiola et al., 
2013; Daramola et al., 2015; Islam et al., 2013). Non-edible oils usually contain high 
content of free fatty acids (FFA) which tends to be unfavourable for transesterification 
reaction, more especially when homogeneous base catalysts are used. Saponification 
reaction occurs in conjunction with the transesterification reaction thereby reducing the 
yield of biodiesel. Furthermore, an additional process unit for product separation is 



   

 

   

   
 

   

   

 

   

    Waste to energy: effect of reaction parameters on the transesterification 333    
 

    
 
 

   

   
 

   

   

 

   

       
 

required to recover the resulting biodiesel from the product mixture (Canakci and Sanli, 
2008; Marchetti et al., 2007). The use of heterogeneous catalysts tends to prevent the 
saponification reaction, thereby reducing the need for the esterification reaction used as 
the pre-treatment step to reduce FFA content of the oil (Jagadale and Jugulkar, 2012; 
Daramola et al., 2016) and potentially eliminating the need for high investments in the 
product separation step. However, transesterification reaction using heterogeneous 
catalysts is influenced by process variables such as reaction temperature, reaction time 
and catalytic properties amongst others (Alptekin et al., 2014; Atadashi et al., 2012; Kim 
et al., 2004). Against this background, this study investigated the influence of reaction 
parameters on the transesterification reaction of waste BTO over a solid hydroxy sodalite 
(SOD) catalyst. The outcomes of the study could pave the way for developing a more 
economic and environmentally attractive process for biodiesel production using cheap 
non-edible animal fat oil (beef tallow oil). 

2 Experimental 

2.1 Catalyst synthesis 
The hydroxy sodalite particles were prepared by hydrothermal synthesis method, similar 
to the one described in our previous studies (Makgaba and Daramola, 2015; Daramola et 
al., 2017). The synthesis solution was prepared from a mixture of anhydrous sodium 
metasilicate (Na2SiO3), sodium hydroxide (NaOH), anhydrous sodium aluminate 
(NaAlO2) and de-ionised water. The mixture was stirred in a 45 mL polypropylene bottle 
for an hour resulting in a homogeneous solution of molar ratio: 5SiO2:Al2O3:50Na2O: 
1005H2O. The resulting mixture was transferred into a Teflon-lined autoclave and 
subjected to hydrothermal synthesis at 140°C for 3.5 h. At the end of the hydrothermal 
synthesis, the autoclave was cooled down under running tap water and the resulting 
crystals were washed with deionised water until the pH of the wash water was 7. The 
washed hydroxy sodalite crystals were then dried at 100°C in an oven overnight.  
The dried catalyst particles were calcined at 200°C to remove dirt and moisture prior to 
the transesterification reaction. To reduce the size of the sodalite particles, small amount 
of ethanol was added to the precursor solution and homogenised for additional hour 
before subjecting it to hydrothermal synthesis. 

2.2 Catalyst characterisation 

Scanning electron microscopy was used to check the morphology of the synthesised 
catalysts. To carry out the scanning electron microscope (SEM) analysis, the hydroxy 
sodalite catalyst was initially coated with ultrathin gold/palladium alloy due to its non-
conductive nature. The SEM images were taken using a Carl Zeiss operated at an 
accelerated voltage of 5.00 kV. Textural property of the catalyst (pore size, pore volume 
and surface area) was obtained on a Micrometrics Tri-Star 3000 surface area and porosity 
analyser via Nitrogen physisorption experiment at 77 K. Thermogravimetric analysis 
(TGA) was carried out to understand the thermal stability of the hydroxy sodalite 
catalyst. To check the purity and crystallinity of the catalyst, X-ray diffraction (XRD) 
analysis was carried out using the Rigaku’s Ultima IV X-ray diffractometer operating 
with CuKα radiation (λ = 1.5406 Å), and equipped with a graphite monochromator in the 
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diffracted beam. Scherrer equation (equation (1)) was used to obtain the size of the SOD 
crystals obtained at different ethanol volume. 

cos
KD λ

β θ
=  (1) 

where D is the average particle size (Å), K is the dimensionless shape factor also known 
as Scherrer constant, λ is the X-ray wavelength (Å), β is the FWHM i.e., Line broadening 
at half the maximum intensity (radians), θ is the Bragg angle (degrees). 

2.3 Transesterification reaction 

The transesterification reaction was carried in a batch reactor using a 250 ml-round 
bottom flask equipped with a reflux condenser to prevent loss of methanol due to 
evaporation. The reactor was charged with appropriate amount of animal fat oil, methanol 
and hydroxy sodalite particles and the reactor was placed in a thermostat-controlled oil 
bath similar to the procedure in our previous study (Makgaba and Daramola, 2015). The 
reaction was conducted at different reaction conditions with methanol-to-BTO ratio 
7.5 : 1 and catalyst weight percentage 3 wt. % (based on the weight of the BTO fed into 
the reactor); mixing intensity (700–1250 rpm); catalyst particle size (200–300 Å); 
reaction time (6–24 h) and reaction temperature (40–60°C). One-Variable-at-a-Time 
(OVAT) method was used to vary these parameters during the transesterification. At the 
completion of each reaction, the catalyst particles were recovered from the mixture by 
filtration using a 0.45 μm-membrane filter. A separating funnel was used to separate the 
biodiesel from the glycerol, where the glycerol was drained from the bottom of the funnel 
and the biodiesel was collected from the top. Analysis of the samples was performed 
using a pre-calibrated Gas Chromatograph equipped with a LECO GC x GC Thermal 
Modulator (GC-MS, model: Agilent 7890N). The conversion and the biodiesel yield were 
obtained as described elsewhere (Daramola et al., 2016). 

3 Results and discussion 

3.1 Characterisation of BTO 
Compared to vegetable oils which are generally rich in unsaturated fatty acids, animal fat 
oil (BTO) is rich in saturated fatty acids (Huang et al., 2011). Results of the 
compositional analysis (especially the FFA composition) of the BTO used in this 
experiment are shown in Table 1. The results show that the BTO is rich in saturated 
palmitic acid. This agrees with results reported in literature where it was demonstrated 
that about 50% of the total fatty acids in BTOs are saturated (Huang et al., 2011).  
Due to the high content of palmitic and stearic acids in BTOs, some studies have reported 
high viscosity and melting points associated with the oil (Banković-Ilić et al., 2014;  
Kim et al., 2004). This explains why they are solid at room temperature and therefore the 
need for heating prior to the transesterification reaction. Furthermore, as expected, the 
sample constitutes little or no fatty acids of 10 carbon (10C) atoms or less (Huang et al., 
2011). 
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Table 1 Composition (Fatty acid) of beef tallow oil (BTO) 

Compound Common name  Lipid number Weight (%) 
Decanoic acid Capric acid C10:0 0.92 
Undecanoic acid Undecylic acid C11:0 0.01 
Tridecanoic acid Tridecylic acid C13:0 9.42 
Hexadecanoic acid Palmitic acid C16:0 83.88 
Oleic acid Oleic acid C18:1 0.17 
Docosenoic acid Behenic acid C22:1 1.89 
Other Other   3.71 

Other properties such as the physico-chemical property of the BTO such as the 
saponification value, the iodine value and the acid value were checked and the results are 
presented in Table 2. Many researchers in literature have demonstrated that base-
catalysed transesterification requires that oil samples should have FFA content less than 
1% to minimise the occurrence of hydrolysis and saponification reactions (Adewale et al., 
2015; Li et al., 2007; Yulianti et al., 2014). In this study, the FFA content of the BTO was 
4.53% (corresponding to acid value of 9.01 mg KOH/g). Compared to literature, the FFA 
content of the oil used in this study was relatively high and this could be attributed to 
aging because the beef tallow fat was stored in the laboratory for a long period before it 
was used in the transesterification reaction. As demonstrated in the study conducted and 
reported by Yulianti et al., the longer storage time of the oil could result in increased 
level of FFA content (Yulianti et al., 2014). The high amount of FFA obtained in the 
BTO used in this study justified the need to use a basic solid catalyst during the 
transesterification reaction. Unlike homogeneous catalysts, heterogeneous catalysts are 
less sensitive to high FFA content and the likelihood of having the competing side 
reaction (saponification leading to soap formation) that reduces biodiesel yield is 
minimised. 

Table 2 Physico-chemical property of the beef tallow oil (BTO) used in this study compared 
to literature 

Saponification value  
(mg KOH/g) 

Iodine value 
(gI2/100g) 

Acid value  
(mg KOH/g) Ref. 

196.3 48.2 9.01 This study 
193–202 35-48 2.13 (Raqeeb and Bhargavi, 2015; 

Chuah et al., 2017) 

3.2 Catalyst characterisation and size reduction 

Various attempts were made to synthesise hydroxy sodalite particles with different size. 
This was achieved by adding controlled amounts of ethanol to the synthesis solution prior 
hydrothermal synthesis. The use of ethanol as an organic additive solvent is common in 
hydrothermal synthesis of zeolites (Liu et al., 2008; O’Keeffe et al., 2008). 

The textural property of the catalyst (BET surface area, pore size and average pore 
volume) presented Table 3 is important characteristic closely associated with catalytic 
activity. The extent of the catalyst reactivity depends on the external surface property 
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(Yao et al., 2008). The results show that the surface characteristic of the SOD particles 
changed with the addition of ethanol to the synthesis solution. Both the BET surface area 
and the pore volume increased with an increase in ethanol volume. However, a 
discrepancy was observed in Catalyst B, where 10 mL ethanol was added to the precursor 
solution. The pore volume of catalyst B was expected to be higher than the one observed 
in catalyst C, therefore the observed decrease may be attributed to possible contamination 
prior the BET analysis. Nonetheless, catalyst C displayed a reduction in size with the 
addition of ethanol, thereby improving conversion and biodiesel yield compared to the 
catalyst A where there was no addition of ethanol during the synthesis. Reduction in size 
of the crystallites due to the presence of ethanol could be attributed to the reduction in the 
rate of the sodalite crystallisation process, thereby allowing formation of smaller  
SOD crystals. The estimation of the particle size using the Scherrer shows that with 
sufficient addition of ethanol, the particle size reduced from 276 Å (catalyst A) to 199 Å 
(catalyst C) (see Table 3). 

Table 3 Textural property and particle size of the SOD catalyst 

Sample id. 

Ethanol 
added 
(mL) 

Particle 
size (Å) 

BET surface 
Area (m²/g) 

Pore volume 
(cm³/g) 

Pore size 
(nm) 

A 0 276 0.1643 0.0013 30.9192 
B 10 230 17.6237 0.0724 16.4336 
C 20 199 23.3560 0.1626 27.8443 

Figure 1 shows that the XRD patterns for the synthesised SOD samples and the patterns 
correlate with the simulated XRD pattern of hydroxy sodalite obtained from the database 
of the International Zeolite Association (IZA) (Sharma et al., 2014), confirming 
successful formation of SOD particles. The presence of other peaks (which are less 
pronounced) indicates possible formation of other zeolite impurities such as LTA, 
Fajusite etc., having the same building block as SOD. Some researchers have 
demonstrated that the addition of ethanol as an organic solvent potentially affects the 
phase purity of the zeolite crystals (Liu et al., 2008; Yao et al., 2006). Nevertheless, the 
results obtained in this study agree with the study reported by Kumar et al. (2012) where 
an investigation on the effect of ethanol as an additive on the morphology and 
crystallinity of LTA (Linde Type A) zeolite was carried out. 

Figure 2 shows the morphology of the catalyst A obtained from the SEM. The 
morphology of the SOD obtained in this study is consistent with literature (Naskar et al., 
2011) and it is the same for catalyst B and catalyst C. TGA results for the synthesised 
hydroxy sodalite catalysts (A, B and C) shown in Figure 3 agree with literature (Li et al., 
2007; Yao et al., 2006) where mass loss was observed for all the three samples of 
hydroxy sodalite particles investigated in the study. Due to the loss of moisture during 
heating up to 100°C, the weight loss in catalyst A (Figure 3(a)), catalyst B (Figure 3(b)), 
and catalyst C (Figure 3(c)) was 12.27%, 14.18% and 16.46%, respectively. Compared to 
the catalyst A, the additional weight loss in catalyst B (2.53%) and catalyst C (4.19%) 
could be attributed the decomposition of some organic compounds (possible 
contaminants) at elevated temperatures (Li et al., 2007; Yao et al., 2006). 
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Figure 1 XRD patterns of catalyst A synthesised with no addition of ethanol as an organic 
solvent (a), catalyst B synthesised with addition of 10 mL ethanol as an organic solvent, 
(b), catalyst C synthesised with addition of 20 mL ethanol as an organic solvent (c); and 
the simulated XRD pattern of hydroxy sodalite obtained from the database of the 
international zeolite association database (IZA) 

 

Figure 2 SEM image of the synthesised SOD catalyst (catalyst A without addition of ethanol) 

 

3.3 Effect of mixing (agitation) speed 

Without agitation, the transesterification reaction occurs slowly at the interphase of the 
two layers of oil and alcohol due to the external mass transfer limitation, thereby making 
the process impractical (Bambase et al., 2007; Noureddini and Zhu, 1997). As shown in 
Figure 4, agitation plays a role in the heterogeneously catalysed transesterification 
reaction. Lowest conversion of 43% and biodiesel yield of 42% were obtained at the 
lowest agitation speed of 700 rpm. Furthermore, the results show that the reaction 
performed better at the agitation speed of 1000 rpm, where a conversion of 66% was 
achieved. Better conversion and biodiesel yield have been reported for the effect of 
agitation (mixing) speed at 600 rpm for homogeneously catalysed transesterification 
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(Bambase et al., 2007; Freedman et al., 1984). It is noteworthy to state that 
homogeneously catalysed transesterification is less affected by agitation speed compared 
to the heterogeneously catalysed transesterification where effect of mass transfer 
limitation is more pronounced. The impact of agitation intensity is only observed during 
the initial stage of the transesterification reaction where mass transfer is dominant (Vyas 
et al., 2009). By increasing the agitation speed, the reaction rate increased because of 
mass transfer enhancement. However, it was observed in this study that too high agitation 
speed is not favourable (because the conversion reduced to 62%) attributable to reverse 
reaction that reduces the biodiesel yield over time during the transesterification reaction. 

Figure 3 TGA curves of catalyst A synthesised with no addition of ethanol as an organic solvent 
(A), catalyst B synthesised with addition of 10 ml ethanol as an organic solvent (B); and 
catalyst C synthesised with addition of 20 ml ethanol as an organic solvent (C) 

 

Figure 4 The effect of mixing (agitation) speed on biodiesel production from BTO over solid 
SOD catalyst 

 

3.4 Effect of catalyst particle size 

Influence of diffusion limitation on reaction rate during the transesterification reaction 
using heterogeneous catalysts can be controlled by reducing the particle size of the 
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catalyst (Ngamcharussrivichai et al., 2008). Quite many reports in literature have 
demonstrated the dependence of transesterification reaction on the particle size of the 
catalyst used. Generally, the reaction conversion is enhanced with an increase in catalyst 
weight due to the increase in active sites available for reaction. In this study, various 
attempts were made to synthesize SOD particles with different particle size by adding 
controlled amounts of ethanol to the synthesis solution prior to hydrothermal synthesis. 
As shown in Figure 5, without the ethanol additive during the hydrothermal synthesis, the 
obtained SOD particles of size 276 Å (27.6 nm) catalysed the transesterification with a 
TG conversion of 66.8%. The use of catalysts with particle size of 199 Å (19.9 nm) 
increased the reaction rate with the conversion increased from 66.8% to 68.4%, 
indicating an increase of about 2%. The increase in reaction rate could be attributed to a 
slight decrease in mass transfer limitation because of a slight decrease in the particle size 
of the catalyst. The observation made in this study on the possibility of improving 
reaction conversions by reducing catalyst crystalline size is consistent with what other 
researchers have reported where nanoparticles of sizes between 22–25 nm (i.e., 220–
250 Å) were studied (Klaewkla et al., 2011; Mata et al., 2014; Ngamcharussrivichai et al., 
2008). 

Figure 5 The effect of catalyst particle size on the conversion and yield of biodiesel from BTO 
over solid SOD catalyst 

 

3.5 Effect of reaction time 

As demonstrated by Freedman et al. (1984) and Vyas et al. (2009), there exists a positive 
relationship between oil conversion rate and the reaction time. The reaction is slow at the 
initial stage due to the effect of phase mixing and proceeds much faster after some time 
(Ma et al., 1999). Effect of reaction time on the production of biodiesel in this study is 
depicted in Figure 6. Both conversion and yield increase with an increase in reaction 
time. As the contact time between the three-phase reactants is extended, the mass transfer 
is enhanced as well. Since transesterification reaction is reversible in nature, the observed 
decrease in biodiesel yield over could be attributed to possible loss of fatty acids as the 
reaction continues at extended reaction time (Daramola et al., 2016; Eevera et al., 2009; 
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Mathiyazhagan and Ganapathi, 2011) Nonetheless, due to maximum conversion of 78% 
percent after 24 h, it could be stated that the suitable reaction time for beef tallow 
transesterification over hydroxy sodalite under the conditions investigated in the study 
was 24 h. This agrees with the study conducted and reported by Marchetti et al. (2011) 
where an investigation was conducted on the conversion of chicken and mutton tallow oil 
to biodiesel using a homogeneous sulphuric acid catalyst. 

Figure 6 The effect of reaction time on the conversion and yield of biodiesel from BTO over 
solid SOD catalyst 

 

Figure 7 The effect of reaction temperature on the conversion and yield of biodiesel from BTO 
over solid SOD catalyst 

 

3.6 Effect of reaction temperature 

Effect of reaction temperature on biodiesel yield is illustrated in Figure 7. It could be seen 
that the reaction temperature influences the performance of the transesterification 
reaction. Both the yield of biodiesel and conversion increased with an increase in reaction 
temperature, with the maximum performance obtained at a temperature of 60°C, where 
the values of conversion and yield were 78% and 63%, respectively. Higher temperature 
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favours transesterification reaction due to its endothermic nature of the reaction 
(Daramola et al., 2016; Farooq et al., 2015). At higher temperature, the number of 
collision of the reactant molecules is increased, thereby facilitating miscibility among the 
three-phased reaction mixture (solid catalyst-oil-alcohol) as well as the mass transfer and 
surface reaction (Farooq et al., 2015). Other researchers have reported conversion of 
above 90% (da Cunha et al., 2009; Yulianti et al., 2014) but these studies used 
homogeneous catalysts like potassium hydroxide and sodium hydroxide. Homogeneously 
catalysed transesterification would require an additional process stage such as 
esterification reaction stage to reduce the high FFA content of the oil, as well as 
additional step for product separation, thereby affecting the economic viability of the 
biodiesel production process. 

4 Conclusions 

Parametric effect of operating variables (reaction time, reaction temperature, agitation 
speed and size of the catalyst particle) on the transesterification of beef tallow oil (BTO) 
to biodiesel over a SOD catalyst was successfully studied. Various attempts to alter 
particle size of the sodalite catalyst were made, and the reduction in particle size from 
276 Å to 199 Å was achieved. The rate of the transesterification reaction over the sodalite 
catalyst was increased by about 2% when the particle size of the catalyst was reduced by 
about 28%. The performance of the transesterification is also sensitive to change in 
temperature, where the highest temperature of 60°C resulted in conversion of 78.3% at 
the reaction time of 24 h. 
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