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Abstract: The commercial zirconia nanopowder was modified using sulfuric acid and 
calcium oxide to synthesize SO4/ZrO2 and Zr/CaO catalysts. The wet impregnation 
technique was utilized to obtain SO4/ZrO2 acid catalyst, and the Zr/CaO base catalyst 
was produced as well using reflux method through the microwave heating process. The 
highest total acidity of SO4/ZrO2 catalyst was treated by 0.9 M H2SO4 and 500 °C of 
calcination temperature, and this catalyst was succeeded in reducing used coconut 
cooking oil FFA from 1.18% to 0.42% in the esterification process. The highest total 
alkalinity was reached using 1% w/w Zr/CaO and 900 °C of calcination temperature, 
and this catalyst was applied in the transesterification stage and successfully converted 
used coconut cooking oil into biodiesel by 62.25%. The formation of biodiesel was 
confirmed by the presence of methyl laurate (50.48%), methyl myristate (19.05%), 
methyl stearate (11.05%), methyl 11-octadecanoic (6.09%), methyl octanoate (5.25%), 
methyl decanoate (5.05%), and methyl octadecanoate (3.03%). 

Keywords: SO4/ZrO2 catalyst, Zr/CaO catalyst, Biodiesel, Esterification, 
Transesterification. 

 

 

1. Introduction 
 Biodiesel is a sustainable energy source developed from vegetable/Phyto oils and animal fats whose 
excellent properties, such as environmentally friendly, high boiling points, good lubrication 
capabilities, and suitable candidate as an alternative of fossil fuels (Ma et al., 1999; Usman B. & 
Dambazau (2018), Rosina et al., 2022). Canola, sunflower, Jatropha, rapeseed, coconut, and palm oil 
have been used as raw materials for producing biodiesel. From the various raw materials, coconut oil 
has very high potential because of its abundant availability (Fu et al., 2009; Aman et al., 2018). In the 
past several years, many researchers have produced biodiesel from inedible vegetable oils as raw 
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materials since edible oils can cause food security problems. Coconut cooking oil is the primary waste 
product of cooking activities in restaurants and homes, making it a valuable replacement for edible oil 
(Kumar et al., 2012; Niyas & Shaija 2023). 
 In the biodiesel-produced process, homogeneous base catalysts (e.g., NaOH, KOH, CaO, and 
NaOMe) (Kaur et al., 2013) or homogeneous acid catalysts (e.g., H2SO4 and HCl) (Cao et al., 2008) 
are used for the triglyceride reaction process with alcohol. The application of a homogeneous base 
catalyst is able to increase the rate of biodiesel formation reaction. On the other hand, it is more 
expensive because the biodiesel must be washed to remove the catalysts. Nowadays, a heterogeneous 
catalyst is widely applied for biodiesel production due to easily separated, reusable, and preventing 
product contamination as well. ZrO2 is a metal oxide group that is frequently used in the production of 
heterogeneous catalysts because it has excellent thermal stability, low thermal conductivity, high 
resistance to corrosion, and the ability to be converted into acid or base catalysts with good ion 
exchange capacity and redox activity in the catalytic process (Yamaguchi, 1994; Wang et al., 2022; 
Mabate et al., 2023).). 
 Typically, biodiesel is usually produced by the transesterification reaction of oil or fat with alcohol. 
In oil with an FFA and water content of more than 0.5% and 0.3%, respectively, are going to form a 
saponification reaction due to a deactivation catalyst that causes reduced biodiesel production (Fu et 
al., 2009). The esterification reaction is necessary as a pretreatment to reduce the FFA level and water 
content thus the saponification reaction will not be formed. Nurhayati et al. (2017) have succeeded in 
making biodiesel with two reaction stages, the esterification with a sulfuric acid catalyst to reduce FFA 
levels in oil and transesterification with CaO catalyst capable of producing biodiesel from palm oil 
87.17% (Nurhayati et al., 2017). 
 One of the catalysts often used in esterification reactions is sulfated zirconia (SO4/ZrO2). Zirconia 
is used as a carrier for its good stability and weak acid sites. The development of sulfate ions on zirconia 
surfaces is able to increase the total acidity of the catalyst (Saravanan et al., 2012). Dopped sulfate ions 
on the zirconia surface cause super heterogeneous acid catalyst formation because the sulfate ion is a 
complexing agent stronger than chloride or nitrate ions (Clearfield et al., 1994; Sekewael et al., 2022; 
Delarmelina et al., 2021). 
 Calcium oxide (CaO) is a heterogeneous base catalyst that promises to be used in biodiesel 
formation because its solubility is low, it is not susceptible to the reaction, and the separation between 
product and catalyst is highly convenient (Mahardika et al., 2017). In addition, CaO has a high basicity 
value, is non-corrosive, and is environmentally friendly (Zein et al., 2016). A researcher reported that 
CaO has covalent characters that can facilitate transesterification reactions and produce high biodiesel 
yields (Suprapto et al., 2016). However, CaO has a weak mechanical strength, which attends to the 
disruption of catalyst in a reactor and limits its application. Modifications of CaO with metal oxide can 
improve catalyst stability (Xia et al., 2014; Garba et al., 2021) and can be done by employing thermal 
decomposition, impregnation, mixing, and precipitation (Banković-Ilić et al., 2017). Kaur and Ali 
(2014) report have succeeded in obtaining Fatty Acid Methyl Ester (FAME) and Fatty Acid Ethyl Ester 
(FAEE) more than 99% through transesterification reaction of Jatropha curcas oil using Zr/CaO 
catalyst (Kaur and Ali, 2014). La Ore et al. (2020) also successfully synthesized 15% Zr/CaO catalysts 
via the hydrothermal method, then was used for the transesterification process for low grade coconut 
palm oil into biodiesel until 69.52%. 
 In this study, the synthesis method of Zr/CaO base catalyst through reflux with heating using 
microwaves. Hsiao et al. (2020) compared bromooctane modified CaO catalyst synthesized by 
microwave heating for 2 hours with conventional heating for 24 hours having the same catalyst 



Agipa et al., Mor. J. Chem., 2023, 14(3), pp. 854-870 856 
 

characteristics to obtain biodiesel from waste cooking oil. In addition, the energy consumed in the 
synthesis using microwaves is 2160 kJ, ten times lower than the synthesis using conventional heating 
(21600 kJ). To the best of our observation, there has been no investigation into the production of 
biodiesel from used coconut oil utilizing a Zr/CaO catalyst synthesized by microwave heating 
techniques.  
 This study utilized coconut cooking oil as a source material for biodiesel conversion. Esterification 
utilizing a heterogeneous acid catalyst of SO4/ZrO2 was followed by transesterification utilizing a 
heterogeneous base catalyst of Zr/CaO in the production of biodiesel. 

2. Methodology 
2.1 Materials  

The materials handled in this study consisted of Used Coconut Cooking Oil (UCCO) from food 
merchant in Tamansiswa, Yogyakarta, commercial zirconia nanopowder (ZrO2 60-70 nm) from 
JiaozouHuasu Chemical Co., Ltd (Henan, China), zirconium (IV) oxychloride octahydrate 
(ZrOCl2∙8H2O), CaO technical and H2SO4, HCl, NaOH, KOH, CH3OH, Na2SO4, C2H2O4 pro analysis 
from Merck. 

2.2 Synthesis of SO4/ZrO2 acid catalyst 
SO4/ZrO2 catalyst was synthesized via wet impregnation method. The 10 g of ZrO2 was added to 

150 mL H2SO4 with concentrations at 0.5; 0.7; and 0.9 M, then stirred. A temperature of 105 ℃ is 
selected to dry the sample and followed by calcination at 400, 500, 600, and 700 ℃. Adsorption of 
ammonia is utilized to establish the total acidity of the catalyst by the gravimetric methods. 

2.3 Synthesis of Zr/CaO base catalyst 
Zr/CaO catalyst was produced using the reflux method heated with the microwave. The weight 

variations of Zr on ZrOCl2∙8H2O of 1, 3, and 5% against CaO were carried out. The mixture was 
refluxed at 80 ℃ then centrifuged. Samples were drained at 120 ℃ and calcined at 600, 700, 800, and 
900 ℃. The acidity of conjugate acid through titration methods is utilized to determine the total 
alkalinity. 

2.4 Esterification 
Esterification of used coconut cooking oil was processed in a three-neck flask set up with a cooling 

condenser and magnetic stirrer. The catalyst was dispersed into methanol, then stirred and added used 
cooking oil whose FFA content > 1%. This mixture was heated at 65 ℃ for 3 hours. Optimization was 
carried out by variations of catalyst weight (1, 3, and 5%), temperatures (45, 55, and 65 ℃), and mole 
ratios of oil:methanol (1:6, 1:9, 1:12, and 1:15). Then, the oil and catalyst were separated, and FFA 
levels were calculated. The oil with the lowest FFA level was used in the transesterification stage. 

2.5 Transesterification 
The Zr/CaO weighing 5% (w/w) was dispersed in methanol with 1:30 of oil:methanol mole ratio. 

The 20 g of esterified oil was added, then heated at 65 ℃ for 2 h. Catalyst and oil produced by the 
transesterification process were separated. Next, the solution was put in the separatory funnel then 
added saturated NaCl to separate the methyl ester, glycerol, and water. The formed methyl ester was 
added with Na2SO4 to bind and eliminate the water formed. 
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2.6 Product characterisation 
 Fourier Transform Infrared spectrophotometer (FT-IR, Shimadzu Prestige-21) is used to analyze 
functional groups of catalyst, then measured at 4000-400 cm-1 wavenumbers with KBr pellets. X-Ray 
Diffraction (XRD, PHILIPS XPert MPD) diffractometer with operational conditions set at 40 kV with 
nickel filter and Cu Kα (λ = 1.54 Å) at 2θ = 5-80° is utilized to characterize the crystallinity structures 
of catalysts. Scanning Electron Microscope (SEM, JEOL JSM-6510) adjusted with Energy Dispersive 
X-Ray (EDX, JED-2300 Analysis Station, 20kV) test, can be known surface morphology and elemental 
analysis of catalysts. Adsorption desorption methods at 77 K with the standard Brunauer-Emmett-
Teller (BET) methods using a surface area analyzer (Nova-Quantachrome Instrument) result of surface 
area and pore distribution of the catalyst. Gas Chromatography and Mass Spectra using GC-MS 
instruments (Shimadzu QP2010S) give the biodiesel composition data formed. The magnitude of the 
used coconut cooking oil converted into methyl ester is known through the results of integration on 
1H-NMR (JEOL ECS-40) spectra and was calculated using the Knothe equation (Knothe, 2020).  

CME=100×
5×IME

5×IME+9×ITG
																																																																																																																														𝐄𝐪𝐧.𝟏 

Where	CME =	methyl ester conversion, IME =	methyl ester integration, ITG =	triglyceride integration. 

3. Results and Discussion 
3.1 Characterization of SO4/ZrO2 acid catalyst 

In the present work, the observation of FTIR spectra of the pure ZrO2, 0.5 M; 0.7 M; 0.9 M 
SO4/ZrO2 is presented in Figure 1. These spectra show band absorption at wavenumber 748-501 cm-1 
presented a stretching vibration of Zr-O-Zr (Kuwahara et al., 2014). The absorption bands at 3449 and 
1636 cm-1 indicate bending and stretching -OH water-coordinated vibrations onto the materials (Patel 
et al., 2013). Development of sulfate ions in zirconia material caused new uptake at wavenumbers 
1226, 1157, 1080, and 1002 cm-1 showing S=O asymmetric vibration, S=O symmetric vibration, SO 
asymmetric vibrations, and SO symmetric vibrations (Sohn et al., 2003).  

 
Figure 1. FT-IR spectra of (a) ZrO2, (b) 0.5 M SO4/ZrO2, (c) 0.7 M SO4/ZrO2, (d) 0.9 M SO4/ZrO2 

 The four new absorption bands are characteristic bands whose presence of zirconium cation (Zr4+) 
coordinated with inorganic chelate from bidentate sulfate ion. The intensity of sulfate ion uptake 
continued to increase with increasing concentration of sulfate ion, and the sharpest uptake shown in 
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0.9 M SO4/ZrO2 demonstrating the most dispersed sulfate ions in the catalyst. Acidity test results for 
ZrO2 nanopowder; 0.5 M; 0.7 M; 0.9 M SO4/ZrO2 are 1.17; 1.20; 1.66; and 1.76 mmol NH3 g-1, 
respectively. The total acidity values continue to increase as the sulfate ion concentration increases due 
to the formation of Brønsted acid site from bridging on the Zr-OH group and Lewis acid site from Zr 
ion, whose a weak coordination bond with the acid site (Hauli et al., 2018). Related to Figure 2, an 
absorption that shows the presence of Brønsted acid site of NH4+ ions appeared at wavenumber 1404 
cm-1, whereas Lewis acid sites are presented at wavenumber 1118 cm-1 (Rey-Bueno et al., 1995). The 
intensity of ammonia absorptions for Brønsted and Lewis acid sites is getting higher along with 
increasing H2SO4 concentration. 

 

Figure 2. FT-IR spectra after acidity test of (a) ZrO2, (b) 0.5 M SO4/ZrO2, (c) 0.7 M SO4/ZrO2, (d) 0.9 M SO4/ZrO2 

 The effect of calcination temperature of sulfate groups bound to the zirconia material showed in 
Figure 3. At 400 and 500 ℃, four bands of sulfate group absorptions indicated that sulfate groups were 
well dispersed on zirconia. At 600 and 700 ℃, the absorption intensity of the sulfate group at 1250-
850 cm-1 decreased due to this higher calcination temperature since sulfate decomposes at a 
temperature above 500 °C (Tyagi et al., 2009). 

 
Figure 3. FT-IR spectra of (a) 0.9 M SO4/ZrO2-400, (b) 0.9 M SO4/ZrO2-500, (c) 0.9 M SO4/ZrO2-600, (d) 0.9 

M SO4/ZrO2-700 
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 Acidity test results for 0.9 M SO4/ZrO2 -400, 0.9 M SO4/ZrO2-500, 0.9 M SO4/ZrO2-600, and 0.9 
M SO4/ZrO2-700 were1.06; 1.98; 0.47; and 0.36 mmol NH3 g-1, respectively. The same patterns are 
also shown in Figure 4 that the intensity of ammonia uptake increases at 400 and 500 °C then decreases 
at the temperature above 500 ℃, indicating the sulfate groups that adsorbs ammonia were lost. 

 

Figure 4. FT-IR spectra after acidity test of (a) 0.9 M SO4/ZrO2-400, (b) 0.9 M SO4/ZrO2-500, (c) 0.9 M 
SO4/ZrO2-600, (d) 0.9 M SO4/ZrO2-700 

The XRD spectrum in Figure 5 shows that ZrO2 catalyst and SO4/ZrO2 catalyst at different 
calcination temperatures has a monoclinic and metastable tetragonal crystalline phase. According to 
previous research, ZrO2 and 0.9 M SO4/ZrO2 have monoclinic crystalline phases confirmed through 
their high peaks at 2θ = 28.21° and 31.46° (Patel et al., 2013; Rachmat et al. 2017). The intensity of 
the monoclinic crystal phase increased with rising calcination temperature due to the loss of sulfate 
ions, which are loaded in zirconia nanopowder (Hauli et al., 2018). Zirconia has three crystalline 
phases, namely monoclinic (stable up to the temperature of 1140 ℃), tetragonal (1140-2370 ℃), and 
cubic (above 2370 ℃). Fu et al. (2009) studied that the sulfate ion loaded on zirconia precursors and 
then calcined at the temperature 600 ℃ has a tetragonal crystalline phase (Fu et al., 2009). This study 
did not acquire the tetragonal crystalline phase because the raw material used came from commercial 
zirconia nanopowder. Both monoclinic and tetragonal crystalline phase has good catalytic activity. 

 

Figure 5. XRD diffractogram results of (a) ZrO2, (b) 0.9 M SO4/ZrO2-400, (c) 0.9 M SO4/ZrO2-500, (d) 0.9 M 
SO4/ZrO2-600, (e) 0.9 M SO4/ZrO2-700 
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 SEM results in Figure 6 show no significant morphological changes in ZrO2 and 0.9 M SO4/ZrO2-
500, and both catalysts exhibit agglomeration. The presence of sulfate groups on zirconia is confirmed 
through EDX data which showed the presence of S atoms of 0.60% in Table 1. 

 

Figure 6. SEM and EDX results of (a) ZrO2, and (b) 0.9 SO4/ZrO2-500 at 5000× magnification 

Table 1. EDX results of ZrO2 and 0.9 M SO4/ZrO2-500 

Catalyst Element Mass (%) 
 Zr O S 

ZrO2 74.03 25.97 - 
0.9 M SO4/ZrO2-500 72.92 26.48 0.60 

 

 Based on Table 2, ZrO2 has a larger surface area than 0.9 M SO4/ZrO2-500. The decrease in surface 
area on zirconia impregnated with sulfate ion occurred due to employing strong acid causes damage to 
some bonds leading to shrinkage of the skeleton. The same phenomenon was shown in the pore 
diameter of the catalyst that decreased due to impregnation. The SO4/ZrO2-500 had a pore diameter of 
20.99 nm, and it is able to adsorb triglyceride molecules measuring at 2.5 nm in esterification or 
transesterification reactions. 

Table 2. Surface area analysis results of ZrO2 and 0.9 M SO4/ZrO2-500 

Catalyst Specific surface 
area (m2 g-1) 

Total pore volume 
(cm3 g-1) 

Average pore 
diameter (nm) 

ZrO2 5.89 3.305× 10!" 22.43 
SO4/ZrO2-500 5.35 2.807× 10!" 20.99 

 

3.2 Characterization of Zr/CaO base catalyst 
 The spectra FT-IR of Zr/CaO with various weight percentage of Zr is presented in Figure 7. These 
spectra show that the wavenumber of 3641 cm-1 has a sharp absorption band representing the hydroxyl 
group in CaO. Absorption bands that indicate asymmetric stretch, out-of-plane bent, and in-plane bent 
for CO!"# ion molecules showed at 1471, 877, and 684 cm-1 (Lesabani et al., 2013). The Zr4+ cation was 
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successfully impregnated on CaO material characterized by the appearance of absorption in the 
wavenumber area of 748-501 cm-1 that indicates the vibration of Zr-O and Zr-O-Zr. The alkalinity test 
results of pure CaO; 1%; 3%; 5% Zr/CaO catalysts calcined at 700 °C are 20.62; 24.62; 23.99; and 
15.15 mmol g-1, respectively. In this study, the Zr4+ cation was derived from acidic ZrOCl2.8H2O to 
reduce alkalinity value along with the increase in the number of precursors used. 

 

Figure 7. FT-IR spectra of (a) CaO, (b) 1% Zr/CaO, (c) 3% Zr/CaO, (c) 5% Zr/CaO calcinated at 700 ℃ 

The catalyst with the highest total alkalinity, 1% Zr/CaO, was calcined at 600, 700, 800, and 900 
°C then tested for its alkalinity values, which shown in Figure 8. The 1% Zr/CaO at all of the various 
calcination temperatures have Zr4+ cations characterized by absorptions in the area of 748-501 cm-1. 
This data shows that the addition of calcination temperature causes a shortening of absorption intensity. 
The alkalinity test results of 1% Zr/CaO calcined at 600, 700, 800, and 900 °C are 20.62; 24.62; 26.94; 
and 27.78 mmol g-1, respectively. The catalyst 1% Zr/CaO alkalinity values increase along with the 
increase of temperature due to the thermal decomposition of these catalysts. 

 

Figure 8. FT-IR spectra of (a) 1% Zr/CaO-600, (b) 1% Zr/CaO-700, (c) 1% Zr/CaO-800, (d) 1% Zr/CaO-900  

 The structure and crystallinity of the catalyst were established by XRD analysis. The catalyst with 
the highest total alkalinity values is calcined with a temperature variation of 600-900 ℃, as shown in 
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Figure 9. In the CaO diffractogram, portlandite-Ca(OH)2 (hexagonal) crystalline phase is shown at 2θ 
= 28.73; 29.44; 34.14; 47.03; and 50.87° (JCPDS 044-1481). In the area of 2θ = 31.65° appears a small 
intensity peak describing the appearance of the crystalline phase of CaZrO3, which has been influenced 
with Zr4+ ion loaded on the surface zirconia (Kaur et al., 2014). On the other hand, there is a peak at 
2θ = 54.28° indicates the presence of lime-CaO (cubic) (Xia et al., 2014). The peak of calcite-CaCO3 
(rhombohedral) appears at 2θ = 29.44° (JCPDS 001-0837), and the intensity of this peak diminishes 
with the increment of calcination temperature. Calcination temperature increases cause thermal 
decomposition, which impacts the decline in the intensity of Ca(OH)2 and CaCO3 along with their 
conversion into CaO. On the other hand, the thermal decomposition is able to increase the alkalinity of 
the catalyst since the alkalinity of technical CaO was greater than Ca(OH)2 and much greater than 
CaCO3 (Dehkordi et al., 2012). Literature show that Nickel, Iron, Cobalt, Copper… nanoparticles 
subjected to thermal decomposition at low temperature of 400 °C in an open atmosphere (Barakat et 
al., 2013; Unni et al., 2017; Zheng et al. 2016; Abdel-Monem et al. 2017) 

 

Figure 9. XRD Diffractogram of (a) CaO, (b) 1% Zr/CaO-600, (c) 1% Zr/CaO-700, (d) 1% Zr/CaO-800, (e) 
1% Zr/CaO-900 

 

Figure 10. (a) SEM and EDX results of (a) CaO, and (b) 1% Zr/CaO-900 at 5000x magnification 
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SEM data of CaO and 1% Zr/CaO-900 catalysts show significant differences. CaO has an irregular 
morphology because it has a gap that is then used to impregnate the Zr4+ cation. Modification of CaO 
with Zr4+ cations calcined at 900 °C causes damage to CaO indicated by smaller structure size, as 
shown in Figure 10. The successful impregnation of Zr4+ cations onto CaO can be confirmed through 
EDX results shown in Table 3, which displays the presence of Zr elements of 7.17%. 

Table 3. EDX results of CaO and 1% Zr/CaO-900 

Catalyst Element Mass (%) 
Ca O Zr 

CaO 71.47 28.53 - 
1% Zr/CaO-900 64.54 28.28 7.17 

 

 The size of CaO and 1% Zr/CaO-900 surface area are presented in Table 4. This data indicates that 
Zr4+ impregnation on the 1% Zr/CaO-900 catalyst formed a smaller surface area than pure CaO. The 
Zr4+ ions were substituted into the Ca2+ cation caused a decline in the specific surface area of the 
catalyst. The Zr/CaO catalysts calcined at high temperatures affected the loss of the CaCO3 crystalline 
phase, which was confirmed through the XRD as well. CaCO3 crystalline loss causes added basicity to 
the catalyst, so it has good catalytic activity (Lesbani et al., 2013). The surface area decreases on the 
1% Zr/CaO-900 as the result of CaO structure being damaged and exfoliated. Furthermore, calcination 
at high temperatures causes thermal decomposition, which could reduce the surface area of CaO. This 
data is similar to a study by Kaur and Ali (2014) that present 15% Zr/CaO calcined at 700 °C results 
in a specific surface area of 1.86 m2 g-1 yet still have a good catalytic activity because the alkalinity 
value of the catalyst more effects it compared to its specific surface area (Kaur and Ali, 2014). These 
results followed several kinds of literature reporting that high alkalinity results in good catalytic activity 
in transesterification reactions (Lesbani et al., 2013; Dehkordi et al., 2012; Singh et al., 2008). 

Table 4. Surface area analysis results of CaO and 1% Zr/CaO-900 

Catalyst Specific surface 
area (m2 g-1) 

Total pore volume  
(cm3 g-1) 

Average pore 
diameter (nm) 

CaO 122.4 2.409× 10!# 7.872 
1% Zr/CaO-900 14.53 3.182× 10!" 8.762 

 

3.3 Preparation of used cooking oil 
 The production of biodiesel begins with the preparation of used coconut cooking oil for the 
esterification stage, followed by the transesterification to form fatty acid methyl ester (FAME) using 
methanol as a reactant. The preparation involved purifying the oil to remove impurities and then heated 
to omit the water content in used coconut cooking oil. The obtained saponification value of used 
coconut cooking oil is 213.88 mg KOH g-1 and has a molecular weight of 787.40 g/mol and an FFA 
content of 1.18%. The conversion of this used coconut oil into methyl ester formed moisture content 
of more than 0.3% and FFA more than 0.5%, and it caused a saponification reaction that will deactivate 
the catalyst involved. Hence, initial treatment through esterification reaction was needed to reduce FFA 
levels in oil. 

3.3 Esterification  
 The esterification reaction was achieved with three various treatments, i.e. catalyst weight, 
oil:methanol mole ratio, and reaction temperature. The graph of catalyst weight influence at decreased 
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FFA levels in Figure 11 shows that catalyst with 5% weight has the largest decrease in FFA levels of 
43.13%. The decrease in FFA levels of used cooking oil intensifies with the increase in weight of the 
catalyst, indicating that the more catalysts used in the esterification stage, the more active sites 
quantities, which play an important role in their catalytic activity (Fadhil, 2013). 

 
Figure 11. Graph of the relationship between catalyst weight percentage and coconut oil FFA level at 1:9 of 

oil:methanol mole ratio and 65 °C reaction temperature under 3 h duration 

 

Figure 12. Graph of the relationship between oil:methanol mole ratio and coconut oil FFA levels for 5% 
catalyst weight and 65 °C reaction temperature under 3 hours duration 

 Esterification is a reversible reaction, and the treatment of excessive amounts of methanol can 
transfer the equilibrium towards product formation (Zarrag et al., 2013). The effect of oil:methanol 
mole ratio is presented in Figure 12 with a ratio range of 1:9-1:15. FFA levels of used cooking oil were 
reduced by 35.87% at 1:6 of oil:methanol mole ratio and continued to increase with the increasing mole 
ratio of oil:methanol. In this study, the lowest FFA content resulted from oil esterified with 1:15 
oil:methanol mole ratio of 0.42%, attaining a decrease in FFA levels of 64.42%. This data indicates 
that the greater the oil:methanol mole ratio used the reaction, the more equilibrium will be shifted 
towards larger product formation. Oil:methanol mol ratio used is comparable to the resulting methoxy 
ions. At a low ratio of methanol, the fraction of oil in the mixture is high, and most catalysts are in the 
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oil fraction. Oil covered the catalyst surface that caused the formation of methoxy ions will decrease 
(La Ore et al., 2020). 
 Reaction temperature plays a crucial role in the triglyceride esterification reaction. The optimum 
temperature for the esterification reaction ranges from the boiling point of alcohol (Saravanan et al., 
2012). In this study, methanol was used because it is low-cost and can react rapidly with vegetable oil. 
The effect of reaction temperature can be observed in Figure 13 which shows the greatest decrease in 
FFA levels (64.42%) was obtained with the rise of reaction temperature (65 ℃) that is similar to the 
boiling point of methanol (65 ℃) under atmospheric pressure (Pati et al., 2009). This optimal reaction 
temperature shortens the reaction time and increases the reaction rate as a result of the decreased oil 
viscosity. Methanolysis reaction carried out with reaction temperature over the boiling point of 
methanol causes evaporation, resulting in reduced contact of oil and catalyst and decreased methyl 
ester formation (Dehkordi et al., 2012; Fadhil, 2013). 

 
Figure 13. Graph of the relationship between reaction temperatures and coconut oil FFA contents at 5% 

catalyst weight, 1:15 of oil:methanol mole ratio under 3 hours duration 

3.3 Transesterification  
 The used cooking oil lost through the esterification process was executed in the transesterification 
stage to be converted into biodiesel. The transesterification reaction was committed under 5% catalyst 
weight conditions: 1:30 of oil:methanol mole ratio, 65 ℃ reaction temperature for 2 hours. The use of 
methanol as a reactant compared to other alcohols was because methanol had a short chain that results 
in induction effects and a large electron-donating ability meaning that its reactivity was large. 
Stoichiometrically, methyl ester was obtained by reacting one mole of triglyceride with three moles of 
methanol in the transesterification reaction. Excess methanol aims to shift towards methyl ester 
formation and eliminate product molecules from the catalyst surface to recreate the active site (Kaur 
and Ali, 2014).   
 FTIR spectra in Figure 14 can be used to detect the formation of biodiesel, through functional 
groups characteristic of methyl ester. The FTIR spectra of esterification and transesterification products 
showed absorptions at wavenumbers 2855 and 2924 cm-1, indicating asymmetric and symmetric 
vibrations of CH3 group in –CO–O–CH3. The remaining bands at 1458 cm-1, 1373-1111 cm-1, and 725 
cm-1 result from alkane bonds (–CH), stretching vibration (-CO) of the ester group, and –CH2 group 
absorption, respectively (Dehkordi et al., 2012). The presence of glycerol seen at wavenumber 1744 
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cm-1 and –CH2 at wavenumber 1373 cm-1 was indicated by the absorption of the carbonyl group 
(Rabelo et al., 2015). The characteristics spectra of biodiesel presented in the FT-IR spectra of 
transesterification show new absorption stretching vibration for –O-CH3 at wavenumber 1196 cm-1 and 
–O-CH2-C vibration absorption band at 1018 cm-1. 

 
Figure 14. FT-IR spectra of (a) used coconut cooking oil, (b) esterified oil, and (c) transesterified oil 

 
Figure 15. Chromatogram of transesterified oil 

 Gas chromatography analysis of transesterified oil in Figure 15 shows the formation of seven peaks 
representing the formed methyl ester compositions with the highest peak at number 3. Table 5 shows 
the composition of methyl esters in biodiesel consisting of methyl laurate (50.48%), methyl myristate 
(19.05%), methyl stearate (11.05%), methyl 11-octadecanoic (6.09%), methyl octanoate (5.25%), 
methyl decanoate (5.05), and methyl octadecanoate (3.03%). The highest peak comes from methyl 
laurate with 50.48% surface area, and the second-highest is methyl myristate with 19.05%. This data 
is also supported by several works (Soudagar et al., 2020; Kumar et al., 2010; Oliveira et al., 2010) 
that obtained products in the form of methyl laurate and methyl myristate from the transesterification 
of coconut oil as the raw material. Laore et al. (2020) also obtained 49.10% methyl laurate and 18,06% 
methyl myristate from the conversion of low-grade crude palm oil into biodiesel production (La Ore et 
al., 2020). 
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Table 5. Retention time and area of chromatogram peak of GC-MS results 

Peak Compound Molecular weight 
(g mol-1) 

Retention time 
(minutes) 

Surface area 
(%) 

1 Methyl octanoate 158 16.96 5.25 
2 Methyl decanoate 186 23.19 5.05 
3 Methyl laurate 214 28.67 50.48 
4 Methyl myristate 242 33.58 19.05 
5 Methyl stearate 298 38.03 11.05 
6 Methyl 11-octadecanoate 296 41.61 6.09 
7 Methyl octadecenoate 298 42.11 3.03 

 

 The 1H-NMR spectra in Figure 16 show chemical shifts at 4.1-4.3 ppm and 5.2 ppm, specific to 
protons in triglycerides from used coconut cooking oil with integration values 1 and 0.55. In 
transesterified oil, all triglycerides have been converted into methyl esters can be seen at a peak loss in 
the 4.1-4.3 ppm chemical shift. In addition, there is a new peak at 3.5 ppm, with an integration value 
of 3 representing the methoxy group in methyl esters. Quantitative analysis to determine the scale of 
methyl ester formed was obtained by substituting the value of proton integration of triglycerides with 
protons in the methoxy group in Eqn. 1. Based on the Knothe equation, the conversion of used coconut 
cooking oil succeeded transform into methyl ester is 62.5%. 

 

Figure 16. Chromatogram of transesterified 

Conclusion 

 The SO4/ZrO2 acid catalyst was successfully synthesized in various H2SO4 concentrations and 
temperature reactions. The optimum condition of this synthesis process was reached by employing 0.9 
M H2SO4 and 500 ℃ of temperature reaction. The highest total acidity of 1.98 mmol g-1 was obtained 
by 0.9 M SO4/ZrO2-500 acid catalyst and succeeded in reducing the FFA oil from 1.18% to 0.42% in 
the esterification reaction. However, the best total alkalinity was achieved by the 1% Zr/CaO-900 base 
catalyst, which generated 27.78 mmol g-1. The esterification product was then transesterified under the 
optimum condition, 1% Zr/CaO-900 base catalysts with 5% catalyst weight, 1:30 of oil:methanol mole 
ratio, 65 °C reaction temperature, and 2 h of duration time in the synthesis process. Remarkably, this 
catalyst has capable of converting to methyl ester of 62,5%, mostly methyl laurate compound. 
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