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 Abstract: Biodiesel is a renewable energy source that can be produced through 
esterification as well as transesterification reactions. This work presents a series of 
zirconia catalysts synthesized by hydrothermal method on various concentrations in 
acidic (H2SO4 0.3, 0.5, and 0.7 M) and basic (NaOH 1, 2, 3, and 4 M) solution to get a 
catalyst with the highest acidity or basicity. Characterizations of the catalysts were 
performed by FTIR, XRD, SEM-EDX, surface area analysis, acidity, and basicity test. The 
most active acid catalyst activity was evaluated for the esterification of low-grade crude 
palm oil (LGCPO), while the solid base catalyst was utilized for the transesterification 
reaction. The solid acid catalyst of 0.7 M SO4

2–/ZrO2 60 °C; 24 h was denoted as the most 
active acid catalyst with a total acidity of 1.86 mmol g–1, while 4 M Na2O/ZrO2 60 °C; 24 h 
catalyst was considered as the solid base catalyst with the highest total basicity of 3.75 ± 
0.12 mmol g–1. The optimized acid catalyst exhibited a 31 times higher acidity than 
commercial ZrO2. The concentration of free fatty acids (FFA) decreased to 68.87% in the 
esterification reaction. The solid base catalyst of 4 M Na2O/ZrO2 60 °C; 24 h successfully 
converted LGCPO into biodiesel by 68.55% through a transesterification reaction. 

Keywords: SO4
2–/ZrO2 solid acid catalyst; Na2O/ZrO2 solid base catalyst; esterification; 

transesterification; biodiesel 

 
■ INTRODUCTION 

More than 90% of the consumption of energy 
sources in the world is currently based on fossil fuels [1]. 
Fossil fuels are a limited source of energy. One effort to 
tackle the scarcity of fossil fuels is creating alternative 
fuels. Biodiesel is a monoalkyl ester compound that has 
the potential to be an alternative renewable fuel. Biodiesel 
has been widely accepted in the market because of its low 

sulfur content and higher octane number than 
petrodiesel [1]. The presence of 11–15% oxygen in 
biodiesel can accelerate the combustion process and 
reduce the number of particulates, soot, and CO gas. 
Therefore, greenhouse gas emissions are low [2-3]. 

Biodiesel is formed from the conversion of free 
fatty acids and triglycerides to methyl esters. The source 
of triglycerides (TG) and free fatty acids (FFA) are 
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generally contained in vegetable and animal oils [4]. Low 
Grade Crude Palm Oil (LGCPO) produced by the oil 
industry as a waste containing triglycerides and FFA can 
be used as raw material for forming methyl esters [5]. 
LGCPO has been used as raw material for low grade soap 
and boiler fuel. Therefore, processing LGCPO into 
biodiesel can increase its value. LGCPO raw materials are 
high abundance and inexpensive, so they have the 
potential to be developed on a large scale with low 
production costs [6]. 

In general, biodiesel is produced through a 
transesterification reaction by adding a base catalyst when 
the FFA number in the raw material is < 2 wt.%. Highly 
FFA will affect the formation of biodiesel. The 
concentration of FFA exceeds more than 1%, causing 
saponification when catalyzed using base catalysts such as 
NaOH [7]. The soap formation will complicate the 
separation process and cause a low yield. A two-step 
process through esterification reaction using an acid 
catalyst followed by transesterification using a base 
catalyst is employed to overcome this problem [8]. The 
acid catalyst is needed to reduce the concentration of FFA 
in the raw material by the esterification reaction [9]. 
Esterification is a reversible reaction that aims to reduce 
the concentration of FFA using an acid catalyst, where 
one mole of FFA will react with one mole of alcohol to 
form one mole of biodiesel and one mole of water [10-11]. 

Most methyl ester formation reactions are catalyzed 
by homogeneous base catalysts such as NaOH and KOH 
[1,8]. However, the application of homogeneous catalysts 
causes the separation process to be complicated, reactor 
corrosion, and an increasing amount of pollutants [12]. 
On the other hand, heterogeneous catalysts have 
advantages such as being easily separated and having low 
pollutants [8,13]. Therefore, the method of heterogeneous 
catalyst synthesis that is safe for the environment with low 
production costs is being developed [4]. The ideal 
characteristic of heterogeneous catalysts is a strong acid 
or base site, hydrophobic surface area, large pores 
interconnected, high activity, selective, stable to pressure 
and temperature [14-15]. For example, zirconia dioxide 
(ZrO2) can be used as a catalyst and supporting material 
because it has redox activity and bifunctionality for both 

acidity and basicity properties [16-17]. Research using 
heterogeneous acid and base catalysts from ZrO2 to 
produce biodiesel has evolved today [18-19]. 

Sulfated zirconia as a catalyst has been successfully 
synthesized using the sol-gel method, precipitation, and 
wet impregnation. The weakness of the sol-gel method 
is the difficulties of the preparation process on pH 
control, composition, and temperature that affect the 
synthesized material. In addition, the precursors are 
expensive. The route of material synthesis using the 
precipitation method is easier, but the shape of the 
particles is irregular, and the size distribution is wide. 
The material synthesized using the hydrothermal 
method has a lower crystallization temperature and 
agglomeration rate. The resulted powder is good 
without calcination. The shape and distribution of 
particle size are controlled [20]. However, no previous 
publication has developed a hydrothermal method to 
investigate the activity of monoclinic zirconia as an acid 
and base catalyst. 

Sulfated zirconia (SO4
2–/ZrO2) has been reported to 

have super acidic properties [21]. The strong acid 
character is caused by the presence of sulfate ions which 
bind to the substrate [22]. Its high acid strength and 
combination of acid sites (Brønsted and Lewis) are the 
most significant factors in enhancing selectivity and 
activity [11]. The superiority of this catalyst is its high 
activity at relatively low temperatures [23]. SO4

2–/ZrO2 
has a catalytic activity that can convert hydrocarbons at 
low temperatures [24]. The lack of SO4

2–/ZrO2 catalysts 
are the limited surface area that affects the acidity, so 
some modifications are developed to increase the acidity 
of the catalyst. The physical and chemical properties of 
this catalyst are determined by the sulfation method 
[25]. Synthesis in hydrothermal conditions offers 
significant advantages, such as easily controlling particle 
size and morphology by optimizing synthesis 
parameters and conditions [26]. Catalytic activities of 
SO4

2–/ZrO2 can be improved by optimizing the 
preparation conditions to enhance the zirconia 
framework's acidic strength [27]. 

The catalytic activity of ZrO2 in the 
transesterification reaction is not great because of its 
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weak basic properties. On the other hand, the existence of 
empty sites on the surface of ZrO2 facilitates molecular 
dispersion to be used as an excellent supporting material 
[28]. The prospect of supporting basic species on metal 
oxide supports is expected to tune the basicity and redox 
properties, leading to a more active and selective catalytic 
system [29]. The common method used to increase the 
basic strength of the catalyst is by modifying a supporting 
material using alkali and alkaline earth metals [30]. It is 
well-known that alkali metals (such as Li, Na, and K) or 
alkaline earth have good interactions for 
transesterification reactions and can be applied to 
supporting materials such as bentonite, Al2O3, SiO2, and 
activated carbon. The metals loading on a supporting 
material produces heterogeneous catalysts that can 
increase the transesterification reaction's activity [31]. 
Modifying the ZrO2 matrix with NaOH to synthesize 
heterogeneous base catalysts with high catalytic activity 
becomes challenging to develop. 

Catalyst synthesis using the hydrothermal method is 
expected to increase the dispersion of SO4

2– or Na+ in the 
ZrO2 matrix and strengthen the acidity or basicity of the 
catalyst. This research led to synthesizing SO4

2–/ZrO2 solid 
acid and Na2O/ZrO2 solid base catalyst by hydrothermal 
method for converting LGCPO to biodiesel. The method 
is highlighted to enhance the catalytic performance of 
both catalysts by providing more acid and base sites for 
the potential applications of biodiesel production. The 
solid catalysts and the catalytic activities of the obtained 
product are optimized to obtain the best results. 

■ EXPERIMENTAL SECTION 

Materials 

Commercial zirconium dioxide (ZrO2) was acquired 
from Jiaozou Huasu Chemical Co., Ltd (Henan, China). 
LGCPO was obtained from one of the palm oil factories 
in Kabupaten Lampung Selatan, Lampung, Indonesia. 
The analytical reagents were sulfuric acid (H2SO4 98%), 
sodium hydroxide (NaOH), ammonium hydroxide 
(NH4OH 25%), methanol (CH3OH), hydrochloric acid 
(HCl), potassium hydroxide (KOH), sodium sulfate 
anhydrous (Na2SO4), oxalic acid (C2H2O4) and 
phenolphthalein indicators purchased from Merck. 

Instrumentation 

The catalysts were characterized using Fourier 
Transform Infrared Spectrophotometer (FTIR, Shimadzu 
Prestige-21), Scanning Electron Microscope (SEM, 
JEOL JSM-6510) combined with Energy Dispersive X-
Ray (EDS, JED-2300 Analysis Station) and Surface Area 
Analyzer (SAA, Quadrasorb EVO Model QDS-30). The 
transesterification products were analyzed using Gas 
Chromatography-Mass Spectrometer (GC-MS, 
Shimadzu QP2010S), Fourier Transform Infrared 
Spectrophotometer (FTIR, Shimadzu Prestige-21), and 
Proton Nuclear Magnetic Resonance Spectrometer (1H-
NMR, NMR JEOL NMR 500 MHz). 

Procedure 

Synthesis of SO4
2–/ZrO2 solid acid and Na2O/ZrO2 

solid base catalysts 
The SO4

2–/ZrO2 catalysts were synthesized from 5 g 
of ZrO2 and 75 mL of H2SO4 with various concentrations 
of 0.3, 0.5, and 0.7 M using the hydrothermal method. 
After being mixed perfectly, it was put into an autoclave 
and heated at a temperature of 60 °C for 24 h. The solid 
mixture and solution were separated by centrifugation at 
2500 rpm for 15 min. Finally, the separate solids were 
heated at a temperature of 105 °C for 24 h [32]. Catalysts 
that have been synthesized were labeled as 0.3 M SO4

2–

/ZrO2 60 °C; 24 h, 0.5 M SO4
2–/ZrO2 60 °C; 24 h, and 0.7 

M SO4
2–/ZrO2 60 °C; 24 h. The catalysts were then 

characterized using FTIR and acidity tests. 
The Na2O/ZrO2 catalysts were synthesized by a 

similar method using NaOH 1, 2, 3, and 4 M. The mixture 
was then heated at a temperature of 60 °C for 12 h in an 
autoclave. The catalysts were denoted as 1 M Na2O/ZrO2 
60 °C; 12 h, 2 M Na2O/ZrO2 60 °C; 12 h, 3 M Na2O/ZrO2 
60 °C; 12 h, and 4 M Na2O/ZrO2 60 °C; 12 h then 
characterized using FTIR and basicity test. 

Characterization of SO4
2–/ZrO2 solid acid and 

Na2O/ZrO2 solid base catalysts 
Each catalyst was characterized using Fourier 

Transform Infrared Spectrophotometer (FTIR, Shimadzu 
Prestige-21). Catalyst powder was diluted to an 
appropriate concentration of dry KBr with a ratio of 1:10 
(catalyst:KBr) and pressed into a pellet using a 
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compressor. The infrared spectrum was collected at 400–
4000 cm–1. 

The acidity test of the acid catalyst was carried out 
using the gravimetric method. First, the empty crucible 
was weighed as W0. Next, a sample of 0.1 g was put into a 
crucible, heated at a temperature of 105 °C for one hour, 
then cooled and weighed as W1. The crucible containing 
the sample was placed into a desiccator and then 
vacuumed. Ammonia was heated then flowed the vapor 
into a desiccator. The sample was allowed to stand for 24 
h and then weighed as W2 [17]. The acidity test was 
determined using NH3 as a basic probe molecule. The 
total amount of adsorbed ammonia was calculated using 
the following equation: 

1 2 1

1 0 3

W W
Total acidity  (mmol  g ) 1000

(W W ) Mr NH
− −

= ×
− ×

 (1) 

The catalyst basicity test was carried out using an 
acid-base titration method. A sample of 0.1 g was mixed 
with 10 mL of distilled water. The mixture was stirred 
using a magnetic stirrer for one hour. 3–5 drops of 
phenolphthalein indicator were added and titrated using 
0.01 M HCl. The titration was carried out until it reached 
the equivalence point and was repeated three times. The 
total volume of HCl in mL has been obtained was entered 
into Eq. (2) to obtain the total basicity of the catalyst [33]. 

1 HCl HClV (mL) M (M)
Total basicity  (mmol  g )

mass of  catalyst (g)
− ×

=  (2) 

The SO4
2–/ZrO2 catalyst with the highest total acidity 

and the Na2O/ZrO2 catalyst with the highest total basicity 
calcined at various temperatures of 400, 500, 600, 700, and 
800 °C, then characterized using X-Ray Diffractometer 
(XRD, X PHILIPS XPert MPD). The catalyst was ground 
to a fine powder then placed into a sample holder. 
Diffractogram was recorded at 2θ = 10–45° using XRD 
with an X-ray source of Cu Kα radiation (λ = 1.5406 Å). 

The calcined catalyst with the highest total acidity 
and basicity was characterized using SEM combined with 
EDX and Surface Area Analyzer (SSA). The analysis of 
surface topography and composition of the catalyst was 
carried out with SEM (JEOL JSM-6510) equipped with an 
EDS (JED-2300 Analysis Station) spectrometer. Carbon 
tape was attached on the sample stage, and the catalyst  
 

powder was placed on the carbon tape then vacuumed. 
The energy resolution was 200 eV. The pressure of the 
SEM chamber was about 10–3 Pa. The accelerating 
voltage was set to 15 kV. The probe current was set to  
10 nA. The SEM-EDX analysis was set to 300 sec. The 
specific surface area and pore size analysis were 
performed using Quadrasorb EVO Model QDS-30. The 
catalyst was loaded into analysis stations. The catalyst 
was degasified to free surfaces from contaminants such 
as water and oils under a vacuum. The sample was 
brought to a constant temperature. Then, nitrogen gas 
flowed to the sample chamber. 

The esterification reaction using SO4
2–/ZrO2 solid 

acid catalyst 
The raw material of LGCPO was heated at 105 °C 

to vaporize water and filtered to remove impurities. The 
molecular weight of LGCPO was determined by 
saponification, while the concentration of FFA in LGCPO 
was determined by titration method using a KOH solution 
[34-35]. The SO4

2–/ZrO2 solid acid catalyst has the 
highest total acidity applied in the esterification reaction. 

Optimization of esterification conditions was 
carried out on three different parameters on wt.% 
catalyst, the molar ratio of LGCPO to methanol, and 
reaction time. The SO4

2–/ZrO2 solid acid catalyst on 1, 3, 
5, and 7 wt.% of the total mass of LGCPO and methanol 
with the molar ratio of LGCPO: methanol = 1:9 inserted 
into a three-necked round-bottom flask, followed by 
methanol at the molar ratio LGCPO: methanol = 1:9. 
The mixture was magnetically stirred at 600 rpm in an 
oil bath, maintaining a constant temperature of 45 °C for 
10 min. Then 25 g LGCPO was added to the mixture, 
and the reaction was continued at 55 °C for 20 min. The 
study of the effect of the molar ratio of LGCPO to 
methanol on %FFA LGCPO was conducted on ratios of 
1:3, 1:6, and 1:12, and reaction times varied for 40 and 
60 min. Free Fatty Acid concentrations contained in 
esterified oil were determined, and the reduction of FFA 
(%) was calculated using Eq. (3) [36]. 
FFA Reduction (%)

%FFA LGCPO %FFA esterified oil       100%
%FFA LGCPO

−
= ×  (3) 
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Transesterification reaction using Na2O/ZrO2 solid 
base catalyst 

The Na2O/ZrO2 solid base catalyst with 7 wt.% of the 
total mass of LGCPO and methanol with the molar ratio 
of LGCPO: methanol = 1:24 inserted into a three-necked 
round-bottom flask, followed by methanol at the molar 
ratio LGCPO: methanol = 1:24. The mixture was 
magnetically stirred at 600 rpm in an oil bath, 
maintaining a constant temperature of 45 °C for 10 min. 
Then, 20 g esterified oil was added to the mixture, and the 
reaction was continued at 55 °C for 20 min. 

The transesterification compound was 
characterized using FTIR and analyzed using Gas 
Chromatography-Mass Spectrometer (GC-MS, 
Shimadzu QP2010S). The formed methyl ester was 
analyzed using Proton Nuclear Magnetic Resonance 
Spectrometer (1H-NMR, NMR JEOL NMR 500 MHz) to 
identify the %conversion of methyl ester (CME), which was 
calculated based on the proton integration of proton 
between triglycerides (ITAG) with a methoxy (IME) using 
Eq. (4) [37]. 

ME
ME

ME TAG

5 I
C 100

5 I 9 I
×

= ×
× + ×

 (4) 

■ RESULTS AND DISCUSSION 

Synthesis and Characterization of SO4
2–/ZrO2 Solid 

Acid Catalysts 

Catalyst synthesis studies on various H2SO4 
concentrations were conducted to determine the effect of 
the concentration of H2SO4 on the acidity properties of 
the catalyst. Characterization using FTIR explains the 
existence of a functional group owned by a material. Fig. 
1 gives information on the differences in the absorption 
peaks for each catalyst. The absorption of the functional 
sulfate group belongs to the wavenumber of 750– 
1350 cm–1. Absorption at that wavenumber is 
characteristic of inorganic chelate formation where 
sulfate ions bidentate coordinate with metal cation [38]. 

The sharpness of the peak for the three catalysts at 
wavenumbers between 1000–1300 cm–1 looks fluctuating. 
The absorption peak of catalyst at a concentration of 0.5 
M H2SO4 looks sharper than the others, but the decline in 
transmittance is followed by a decrease in transmittance 

at other wavenumbers. These indications do not show 
the catalyst acidity with a concentration of H2SO4 0.5 M 
greater than 0.7 M due to decreased transmittance on the 
spectra. On the other hand, the absorption of ZrO2 
catalyst with a concentration of H2SO4 0.7 M appears 
blunter than other catalysts. It can be analyzed that the 
vibrations which tend to be detected are sulfate groups 
dispersed on ZrO2. Pavia et al. [39] explained that the 
vibration of the S–O bond of the sulfonate group was in 
the absorption band 1000–750 cm–1, which was marked 
by the appearance of several peaks, whereas the S=O 
bond had asymmetric and symmetry stretch vibrations 
detected at 1350 and 1175 cm–1, respectively. 

The results of the acidity test on various H2SO4 
concentrations are listed in Table 1 to strengthen the 
analysis. The total acidity is obtained from the number 
of ammonia bases absorbed in the catalyst. Total acidity 
is defined as the total number of sites of Brønsted and 
Lewis acids in mmol g–1. Catalysts synthesized using 
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Fig 1. FTIR spectra of (a) ZrO2 and SO4

2–/ZrO2 60 °C; 24 
h catalyst on various H2SO4 concentration (b) 0.3 M, (c) 
0.5 M, and (d) 0.7 M 

Table 1. The result of the acidity test of SO4
2–/ZrO2 

catalyst on various H2SO4 concentrations 
Catalyst Total acidity (mmol g–1) 
0.3 M SO4

2–/ZrO2 60 °C; 24 h 0.68 
0.5 M SO4

2–/ZrO2 60 °C; 24 h 1.35 
0.7 M SO4

2–/ZrO2 60 °C; 24 h 1.86 
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H2SO4 0.7 M has a total acidity of 1.86 mmol g–1. That 
acidity value is higher than ZrO2, with a total acidity of 
0.06 mmol g–1. The results show that a greater 
concentration of sulfuric acid increases the total acidity. 
Increased total acidity correlated with the formation of 
the number of acid sites. The addition of H2SO4 will 
initiate the formation of sulfate ion coordination to the Zr 
site. The coordination of sulfate groups on ZrO2 adds 
acidic sites to the surface. The super acidic properties of 
this material can be related to the formation of S=O, 
which is naturally formed in the complex due to the 
interaction between ZrO2 and sulfate ions so that the S=O 
group provides a strong induction effect [21]. 

The study of the effect of calcination temperature 
aims to determine the ZrO2 crystal phase transformation. 
The results of FTIR characterization of 0.7 M SO4

2–/ZrO2 
60 °C; 24 h catalyst on various calcination temperatures 
are shown in Fig. 2. The absorption bands at the 
wavenumbers of 429, 518, 585, 740, 1633, and 3426 cm–1 
are detected on each catalyst. The FTIR spectra of the 
catalyst after sulfonation can be observed with the 
appearance of an absorption band at the wavenumber 
1045 cm–1, which is the vibration of the O=S=O group 
[40]. The vibration of the –SO3H group is detected at  
1149 cm–1. The absorption band at 1237 cm–1 is the 
vibration of S–O [41]. The appearance of absorption at 
3426 cm–1 is suspected of the vibration from the –SO2OH 
group [42]. The absorption bands at 990, 1050-1060, 
1130–1140, and 1220–1230 cm–1 indicate the coordination 
of sulfate bidental ion in Zr4+. The FTIR spectra do not 
show that the existence of that group significantly changes 
after being calcined. 

The results of the acidity test of the catalysts in 
various calcination temperatures are displayed in Table 2. 
The total acidity of the catalyst decreases as the 
calcination temperature increases. These changes indicate 
a strong interaction between sulfate anion with ZrO2 [43]. 
Sulfur is estimated to reach the highest oxidation level of 
S6+ as SO4

2– as the main species when heated. The increase 
in heat energy will break the bond between sulfate and 
ZrO2, so catalyst acidity decreases. 

The catalyst phase structure influences the 
selectivity of chemical reactions. Zirconium dioxide in the 

tetragonal phase is more sensitive than ZrO2 in the 
monoclinic phase. In addition, the specific surface area 
and appropriate pore size also affect the performance of 
catalysts in reaction. Sulfate anions that enter the 
zirconia framework can increase the thermal stability of 
the material. Incorporating a functional acid group can 
improve the catalytic acid site to be used as a catalyst in 
biodiesel production [16]. 

Adsorption of oxygen ions on the surface of ZrO2 
can trigger phase transformation [23]. Shi et al. [38] 
explained that the monoclinic crystal phase is very 
influential in impregnating sulfate groups on the 
zirconia surfaces. This influence is related to the 
inhibition of Zr3+ formation in the monoclinic phase. 
The formation of Zr3+ can occur in the presence of an 
oxygen vacancy in the tetragonal phase. Thus, more 
sulfate groups can bind to the surface of the zirconia. 
The more sulfate groups that can be impregnated, the 
acidity site will increase along with the increased 
catalysis activity [38]. 
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Fig 2. FTIR spectra of 0.7 M SO4

2–/ZrO2 60 °C; 24 h 
catalyst on various calcination temperature (a) 400, (b) 
500, (c) 600, (d) 700, and (e) 800 °C 

Table 2. The result of the acidity test of 0.7 M SO4
2–/ZrO2 

60 °C; 24 h catalyst on the various calcination temperature 
Catalyst Total acidity (mmol g–1) 
0.7 M SO4

2–/ZrO2-400 0.67 
0.7 M SO4

2–/ZrO2-500 0.46 
0.7 M SO4

2–/ZrO2-600 0.24 
0.7 M SO4

2–/ZrO2-700 0.12 
0.7 M SO4

2–/ZrO2-800 0.11 
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The result of the catalyst characterization using the 
XRD is shown in Fig. 3. Based on PDF 01-089-9066, the 
entire peaks appear on the XRD patterns showing a 
monoclinic ZrO2. Increasing temperature up to 800 °C 
does not change the catalyst phase 0.7 M SO4

2–/ZrO2. No 
significant changes can be observed at 2θ = 28.21° and 
31.46° [44]. 

Morphology of ZrO2 and 0.7 M SO4
2–/ZrO2 60 °C; 24 

h catalyst are shown in Fig. 4. ZrO2 has an irregular shape. 
The size of the material becomes smaller and uniform, 
with an imperfect round shape after sulfation. Spherical 
particles tend to have good reactant transport properties. 
The use of strong acids triggers framework shrinkage and 
damage some bonds, resulting in smaller particle sizes 
and changes in passageways between materials. Based on 
the results of the EDS compiled in Table 3, the sulfur on 
the surface of ZrO2 reached 1.07%. The dot mapping 
results show that the sulfur element is evenly distributed 
and does not show clumping on any particular side. 

The performance of this catalyst is determined by 
the strength and accessibility of the active acid site to large 
compounds such as triglycerides and FFA [45]. The 
physical properties of the catalyst obtained using N2 

adsorption and pore size analysis of the catalyst are 
summarized in Table 3. Based on these results, it can be 
seen that the incorporation of sulfuric acid groups in  
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Fig 3. The XRD patterns of catalyst (a) ZrO2, (b) 0.7 M 
SO4

2–/ZrO2 60 °C; 24 h at the calcination temperature (c) 
400, (d) 500, (e) 600, (f) 700, and (g) 800 °C 

 
Fig 4. SEM images of catalyst (a) ZrO2 at magnification 5000×, (b) 0.7 M SO4

2–/ZrO2 60 °C; 24 h at magnification 
10.000×, the dot mapping element of (c) zirconium (d) oxygen and (e) sulfur 
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Table 3. The elemental composition and surface area analysis of the acid catalyst 

Catalyst 
% of Element mass Properties 

Zr O S 
SBET a 

(m2 g–1) 
Vp b 

(cm3 g–1) 
Dp c 
(Å) 

ZrO2 69.67 25.20 - 13.95 1.74 × 10–2 25.02 
0.7 M SO4

2–/ZrO2 60 °C; 24 h 64.52 28.48 1.07 9.21 1.25 × 10–2 27.19 
a Specific surface area 
b Pore diameter 
c Pore volume taken at P/Po = 0.90 

 
zirconia decreases the pore volume and surface area of the 
sulfated zirconia catalyst. The surface area of the catalyst 
decreased to 9.21 m2 g–1. The sulfur element has a diameter 
of 1.02 Å. An increase in pore diameter is possible due to 
damage to the structure by acids and the formation of 
bonds between S and ZrO2. The interaction between sulfate 
ions and ZrO2 protects the catalyst from sintering [21]. 

The pore size of the synthesized catalyst is around 
27.19 Å. Triglyceride molecules have a dimension of  
2.5 nm and can easily fit into the internal surface of the 
catalyst so that the reaction can take place on the entire 
catalyst's active site. Large reactants such as triglycerides 
are not restricted to access catalytic sites. Catalytic activity 
occurs on external and internal surfaces [31]. 

Application of SO4
2–/ZrO2 Solid Acid Catalyst on 

Esterification Reactions 

Esterification is part of an organic reaction that aims 
to form an ester of a mixture of acid and alcohol. In this 
research, biodiesel was made from the raw material of 
LGCPO. LGCPO was produced from the palm oil 
industry, so it needs to be filtered and evaporated. A 
heterogeneous catalyst is easily degraded by H2O [3]. The 
presence of water acts as an impurity. Water will block the 
active site of the catalyst, which causes its catalytic activity 
to diminish. Triglycerides will be hydrolyzed to form 
glycerol and FFA. FFA in LGCPO will react with a basic 
catalyst to form soap which deactivates the catalyst and 
makes the separation process more difficult. The scheme 
of triglycerides hydrolysis is illustrated in Fig. 5. 

Effect of wt.% catalyst on %FFA LGCPO 
The concentration of FFA is denoted in %FFA. The 

FFA concentration in the LGCPO is 1.40%. %FFA of each 
reaction at various conditions is presented in Table 4. There 
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Fig 5. Schematic of triglycerides hydrolysis 

is a tendency that shows an increase in wt.% of the 
catalyst inversely with %FFA. The more amount of 
catalysts used, the lower the acidity of the oil. The lowest 
%FFA is obtained when the wt.% of catalyst used is 7%. 
The esterification reaction that took place using 7 wt.% 
of catalyst can reduce acidity by 58.01%. Decreasing oil 
acidity can be attributed to the conversion of FFA to 
ester. The greater the number of catalysts, the more 
catalytic's active sites are available for the reaction. 

Effect of the molar ratio of LGCPO to methanol on 
%FFA LGCPO 

The molar ratio of LGCPO to methanol is a factor 
that influences the reduction of FFA concentration. The 
addition of excess alcohol can accelerate the reaction and 
is preferred in the formation of biodiesel. Theoretically, 
the formation of one mole Fatty Acid Methyl Esters 
(FAME) and one mole of water requires one mole of 
methanol and one mole of FFA. Excess methanol is 
needed so the reaction equilibrium shifts towards the 
product, updating the catalyst surface by removing 
water molecules from surfaces and regenerating catalytic 
sites [10,31]. 

The reduction of %FFA is directly proportional to 
the molar ratio of methanol. A significant reduction in 
%FFA is observed at a molar ratio of 1:6. At larger ratios, 
the FFA decreases until it reaches a maximum reduction  
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Table 4. The results of %FFA LGCPO in the esterification reaction on various parameters 

Catalyst type 
Reaction parameters 

FFA concentration 
(%) wt.% Catalyst 

(%) 
Molar ratio 

LGCPO:methanol 
Reaction time 

(min) 
Without catalyst - 1:12 20 1.24 
ZrO2 7 1:12 20 1.08 
0.7 M SO4

2–/ZrO2 60 °C; 24 h 1 1:9 20 1.10 
0.7 M SO4

2–/ZrO2 60 °C; 24 h 3 1:9 20 0.85 
0.7 M SO4

2–/ZrO2 60 °C; 24 h 5 1:9 20 0.81 
0.7 M SO4

2–/ZrO2 60 °C; 24 h 7 1:3 20 1.24 
0.7 M SO4

2–/ZrO2 60 °C; 24 h 7 1:6 20 0.68 
0.7 M SO4

2–/ZrO2 60 °C; 24 h 7 1:9 20 0.59 
0.7 M SO4

2–/ZrO2 60 °C; 24 h 7 1:12 20 0.44 
0.7 M SO4

2–/ZrO2 60 °C; 24 h 7 1:12 40 0.58 
0.7 M SO4

2–/ZrO260 °C; 24 h 7 1:12 60 0.58 
0.7 M SO4

2–/ZrO2 60 °C; 24 h-500 7 1:12 20 1.01 
 
of 68.87% when the molar ratio was 1:12. The more 
methanol used, the more the formation of methoxy 
species will be, the reaction will eventually shift towards 
the product. At low ratios, the produced methoxy ions are 
also low, so the yield is slight. If the molar ratio is too low, 
the oil volume fraction in the mixture is high. Then it 
greatly allows the catalyst to be at the oil phase. The oil 
covers the catalyst surface then reduces the formation of 
methoxy ions so that the yield decreases. The oil and 
methanol interface areas depend on the dispersion of 
these solutions with each other [46]. Improved interface 
area makes it easier to transfer methoxy ions faster from 
the aqueous phase to the organic phase. 

Effect of reaction time on %FFA LGCPO 
The influence of time reaction was carried out for 

20, 40, and 60 min. The addition of reaction time does not 
give a significant reduction. The best reduction of %FFA 
lasts for 20 min, giving a decline of 68.87%. Mass transfer 
between oil and alcohol will increase when the given 
residence time is longer [10]. The optimum time needed 
in this reaction is 20 min. The mixture is sufficiently 
dispersed during this time. Increasing the reaction time 
will shift the equilibrium towards the reactants because 
the reaction is reversible and triggers the deactivation of 
the –SO3H acid site due to bonds with a polar molecule 
from reaction mixtures such as H2O [42]. The prediction 

of the mechanism of esterification reaction on SO4
2–

/ZrO2 solid acid catalyst are shown in Fig. 6 and 7. 
The esterification reaction is carried out under 

different conditions to examine the performance of the 
catalyst [47]. The reaction within 20 min without a 
catalyst resulted in an 11.24% reduction. Sulfated 
zirconia can reduce FFA up to 68.87%. This value shows 
that SO4

2–/ZrO2 catalyst has better performance than 
ZrO2. Therefore, it can be confirmed that modification 
using H2SO4 improves catalyst performance. The %FFA 
test results show that the performance of the SO4

2–/ZrO2 
catalyst calcined at 500 °C decreased. This data supports 
that the acidity of the catalyst greatly influences the 
catalyst performance. 
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Fig 6. Prediction of the esterification reaction mechanism 
on Brønsted acid site of SO4

2–/ZrO2 solid acid catalyst 
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Fig 7. Prediction of the esterification reaction mechanism 
on Lewis acid site of SO4

2–/ZrO2 solid acid catalyst 

Synthesis and Characterization of Na2O/ZrO2 Solid 
Base Catalysts 

Characterization of the catalyst using FTIR on 
various NaOH concentrations is shown in Fig. 8. This 
study is carried out to determine the effect of the amount 
of NaOH on the basic properties of the base catalyst. The 
FTIR spectra show that each catalyst has absorption at 
wavenumbers 422, 500, 583, 745, 871, 1455, 1637, and 
3432 cm–1. The Na2O/ZrO2 catalyst can absorb CO2 from 
the environment. The greater concentration of base that 
is given in the reaction, the more CO2 will be absorbed. As 
a result, the CO3

2– absorption band appears even sharper. 
There are several changes observed in Fig. 8. The 
sharpness of the vibration of Zr–O–Na asymmetry 
detected at 1637 cm–1 decreases with the increasing 
concentration of NaOH. This is possibly due to the large 
addition of Na covering the substrate surface. Based on 
Table 5, the catalyst that uses NaOH 4 M has the highest 
total basicity value. The addition of sodium ions triggers 
the formation of strong basic sites. Active sites increase 
with the increasing number of alkali metals on ZrO2 [28]. 

The FTIR spectra of 4 M Na2O/ZrO2 60 °C; 12 h 
catalyst on various calcination temperatures are shown in 
Fig. 9. Absorption bands at wavenumbers 423, 500, 576, 
750, 865, 1446, 1577, 2852, 2918, and 3420 cm–1 are 

detected on each catalysts. In general, there is a tendency 
that shows a decrease in the sharpness of vibration CO3

2. 
These results are confirmed by the basicity test results 
given in Table 6, which show that the basicity of the  
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Fig 8. FTIR spectra of (a) ZrO2 and Na2O/ZrO2 60 °C; 12 
h catalyst on various NaOH concentration (b) 1 M, (c) 2 
M, (d) 3 M, and (e) 4 M 

Table 5. The result of basicity test of Na2O/ZrO2 catalyst 
on various NaOH concentrations 
Catalyst Total basicity (mmol g–1) 
1 M Na2O/ZrO2 60 °C; 12 h 0.56 ± 0.01 
2 M Na2O/ZrO2 60 °C; 12 h 1.43 ± 0.04 
3 M Na2O/ZrO2 60 °C; 12 h 1.83 ± 0.02 
4 M Na2O/ZrO2 60 °C; 12 h 3.75 ± 0.12 
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Fig 9. FTIR spectra of 4 M Na2O/ZrO2 60 °C; 12 h 
catalyst on various calcination temperature (a) 400, (b) 
500, (c) 600, (d) 700, and (e) 800 °C 
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catalyst tends to decrease after calcination. The result of 
catalyst characterization using XRD is shown in Fig. 10. 
The existence of the monoclinic ZrO2 phase is 
characterized by the appearance of peaks at 2θ = 28.21° 
and 31.46°. Temperature rising to 800 °C does not change 
the catalyst phase. 

Fig. 11 shows the SEM image of 4 M Na2O/ZrO2 60 °C; 
12 h at a magnification of 1000× and 3000×. The size of 
the material becomes smaller and uniform with the forms 
of granules that overlap each other. Based on the results of 
EDS compiled in Table 7, Na dispersed on the surface of 
ZrO2 reached 8.41%. The results of the physical properties 
characterization of catalysts are reported in Table 7. Based 
on these results, it can be seen that modified zirconia has 
decreased pore volume and surface area. The surface area 
of the modified catalyst has decreased to 10.38 m2 g–1. 
These changes are related to changes in the surface of the 
catalyst. Na covers the surface of the pore of the catalyst 
[48]. The detected pores are pseudo pores. 

Application of Na2O/ZrO2 Solid Base Catalyst for 
Transesterification Reaction 

At this stage, the esterified LGCPO with the lowest 
FFA concentration is used as a source of triglycerides. The 
reaction temperature is chosen at the optimum temperature 
of 55 °C. The optimum temperature is the temperature that 
closes to the boiling point of methanol, where methanol is  

Table 6. The result of basicity test of 4 M Na2O/ZrO2  
60 °C; 12 h catalyst on the various calcination temperature 

Catalyst Total basicity (mmol g–1) 
4 M Na2O/ZrO2-400 3.07 ± 1.06 
4 M Na2O/ZrO2-500 3.03 ± 0.06 
4 M Na2O/ZrO2-600 2.98 ± 0.05 
4 M Na2O/ZrO2-700 2.68 ± 0.49 
4 M Na2O/ZrO2-800 2.58 ± 0.07 
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Fig 10. The XRD patterns of catalyst (a) ZrO2, (b) 4 M 
Na2O/ZrO2 60 °C; 12 h at the calcination temperature (c) 
400, (d) 500, (e) 600, (f) 700, and (g) 800 °C 

 
Fig 11. (a) SEM image of 4 M Na2O/ZrO2 60 °C; 12 h 
catalyst at magnification 3000×, the dot mapping 
element of (b) zirconium (c) oxygen and (d) sodium 

Table 7. The elemental composition and surface area analysis of the base catalyst 

Catalyst 
% of Element mass Properties 

Zr O Na SBET 
a 

(m2 g–1) 
Vp 

b 

(cm3 g–1) 
Dp c 

(Å) 
ZrO2 69.67 25.20 - 13.95 1.74 × 10–2 25.02 
4 M Na2O/ZrO2 60 °C; 12 h 42.65 38.28 8.41 10.38 1.35 × 10–2 25.97 

a Specific surface area 
b Pore diameter 
c Pore volume taken at P/Po = 0.90 
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in the liquid phase. At temperatures above the boiling 
point, the methanol is evaporated to reduce the contact 
interface [46]. Fig. 12 presents the results of FTIR 
characterization of LGCPO and transesterification 
compound. According to Pavia et al. [39], C–O vibrations 
in esters are indicated by strong absorption at 1300– 
1000 cm–1, while C=O is at 1850–1650 cm–1. This shift is 
affected by the dipole moment. Oxygen on the ester 
triggers an increase in frequency in that area. The results 
of the interpretation of functional groups are summarized 
in Table 8. The biodiesel content is determined using gas 
chromatography. The chromatogram of the transesterified 
compound is presented in Fig. 13. The results of the 
transesterified compound are listed in Table 9. 

Transesterification and LGCPO compounds 
analyzed by a 1H-NMR spectrometer are shown in Fig. 14 
and 15. The results of the analysis are used to confirm the 
presence of compounds based on the proton 
environment. An indication that shows the success of 
transesterification is the appearance of an ester group 
from triglycerides or FFA. 

Based on the results of the LGCPO 1H-NMR in Fig. 
15, there is a peak that appears in the chemical shift δ = 
4.3 ppm indicating the presence of triglycerides [49]. The 
characteristic chemical shift of esters compound shows at 
2.1 to 2.5 ppm and 3.5 to 4.8 ppm [39]. The presence of 
peak with triplet integrated at 0.88 ppm indicates the 
proton of methyl groups. The peak is in the most upfield 
area, which shows the proton in the least protected 
environment and is not affected by the induction of other 
protons. 

The methoxy group shows a peak at 3.66 ppm with 
a singlet pattern. The peak is in a shifting area that is more 

downfield than the other peaks. The shift is influenced 
by the pull of electron clouds of carbonyl groups and 
induction of methoxy groups (–OCH3 δ = 3.66 ppm is 
2.59), while triglycerides in LGCPO have integration of 
0.66. Methyl ester conversion is calculated from the 
integration  of  triglycerides  and  methyl  esters [37]. The  
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Fig 12. FTIR spectra of (a) LGCPO dan (b) transesterified 
compound 

 
Fig 13. Chromatogram of transesterified compounds 

Table 8. Interpretation of FTIR spectra of LGCPO and transesterified compound 
Functional 
group Vibration type Wavenumber (cm–1) 

LGCPO Transesterified compound 
–OH Stretching 3474 3474 
–CH2 Asymmetry stretching 2923 2923 
–CH2 Symmetry stretching 2849 2849 
–C=O Stretching 1749 1749 
–CH2 Shear-type 1462 1462 
–CH3 Bending 1366 1366 
C–O–C Symmetry stretching 1170 1170 
–CH2 Plane rocking 723 723 
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Table 9. The interpretation of the chromatogram of transesterified compound 

Peak 
Retention time 

(min) 
Compound 

Molecular 
formula 

Molecular weight 
(g mol–1) 

Selectivity 
(%) 

1 34.6 Methyl Miristate C15H30O2 242 0.56 
2 39.2 Methyl Palmitate C17H34O2 270 43.36 
3 42.7 Methyl Oleate C19H36O2 296 51.51 
4 43.1 Methyl Stearate C19H38O2 298 4.57 

 
Fig 14. 1H-NMR spectra of LGCPO 

 
Fig 15. 1H-NMR spectra of transesterified compound 
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Table 10. Calculation of methyl esters conversion 
Integration of triglycerides 

(ITAG) 
Integration of methyl esters 

(IME) 
% of Methyl ester 
conversion (CME) 

0.66 2.59 68.55% 
 

 
Fig 16. The design of Na2O/ZrO2 solid base catalyst 
formation as a composite material 
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Fig 17. The prediction of the mechanism of 
transesterification reaction on Na2O/ZrO2 solid base 
catalyst 

conversion of methyl ester was 68.55%. After being 
calculated using the Knotee equation referring to Table 
10, the conversion of methyl ester is 68.55%. 

Base catalysts that were synthesized have 
characteristics as composite materials. The composition 
design of the composite material of Na2O/ZrO2 is 
illustrated in Fig. 16. Zirconia dioxide has a function as 

supporting material. The prediction of the mechanism 
of transesterification reaction on Na2O/ZrO2 solid base 
catalyst is shown in Fig. 17. Na2O tends to be in the 
aqueous phase (methanol) because it is hydrophilic. 
Na2O polarized CH3OH to form methoxide ions  
(–OCH3) [50]. Sodium methoxide (NaOCH3) is on the 
surface of Na2O. NaOCH3 transfers the methoxy group 
to carbonyl triglycerides to form insoluble organic salts. 
The alkoxy triglyceride group binds to sodium to form 
sodium alkoxy and methyl ester. Alkoxy sodium with 
excess methanol produces sodium methoxide and 
glycerol (after all stages have been reached). 

■ CONCLUSION 

This work demonstrates the synthesis of a solid 
acid-base catalyst based on ZrO2 for biodiesel 
conversion. In summary, the design concept of this 
catalyst synthesis is to maintain a mixture of ZrO2 with 
NaOH or H2SO4 under a certain temperature and 
pressure. The focus is to understand the influence of 
several parameters in this reaction system on the 
catalyst's acidity/basicity properties. The evidence has 
demonstrated the successful preparation of catalysts. 
The solid acid catalyst of SO4

2–/ZrO2 60 °C; 24 h had the 
highest total acidity of 1.86 mmol g–1 using 0.7 M H2SO4. 
The solid base catalyst of Na2O/ZrO2 60 °C; 12 h has the 
highest total basicity of 3.75 ± 0.12 mmol g–1 using 4 M 
NaOH. The acidity and basicity of the catalyst increase 
with the increasing concentration of H2SO4 or NaOH. 
The total acidity of the 0.7 M SO4

2–/ZrO2 60 °C; 24 h solid 
acid catalyst and the basicity of 4 M Na2O/ZrO2 60 °C;  
24 h solid base catalyst decreases with increasing 
calcination temperature. The release of functional 
groups on the catalyst causes the acidity and basicity of 
the catalyst to decrease. 

Since we are interested in investigating the 
performance of these catalysts, some important 
parameters for biodiesel conversion are conducted. The 
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concentration of FFA decreased to 68.87% after being 
processed using an optimized acid catalyst. The solid base 
catalyst of 4 M Na2O/ZrO2 60 °C; 24 h successfully 
converted LGCPO into biodiesel by 68.55% through a 
transesterification reaction. The spectroscopic analysis 
helped to investigate the product. 1H-NMR revealed the 
presence of triglycerides (δ = 4.3 ppm) and methoxy 
groups (δ = 3.66 ppm). The conversion of methyl ester 
that was obtained is 68.55%. Methyl oleate is the major 
product, accompanied by other methyl ester compounds, 
including methyl palmitate, methyl stearate, and a small 
amount of methyl myristate. 
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