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Abstract
The present study reports the effective combination of zirconia superacid and zirconia-impregnated CaO in biodiesel manu-
facturing through the utilization of used coconut cooking oil. The acid catalyst was synthesized by the wet impregnation 
method combined with H2SO4 0.9 M. This mixture was calcined at 500 °C and yielding the highest catalyst acidity of 
3.60 mmol g−1. The free fatty acid (FFA) levels of UCCO then was reduced through the esterification process by varying the 
catalyst weight, UCCO-to-methanol mole ratio, calcination temperature, and reaction time. Optimum FFA level was achieved 
with 5% catalyst weight, 1:15 UCCO/methanol ratio, and 1.5 h reaction time with reduced FFA level to 0.42%. The Zr–CaO 
catalyst was synthesized using the reflux method through heating at 80 °C for 4 h, achieving the highest catalyst basicity, 
27.78 mmol g−1, at a condition of 1% (w/w) Zr–CaO and calcination temperature of 800 °C. This catalyst was then used in 
the transesterification reaction to produce biodiesel. Transesterification reaction was carried out by 5% catalyst weight and 
esterification product to methanol mole ratio of 1:20 for 1.5 h, yielding a conversion value of UCCO into biodiesel of 55.35%.
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Introduction

Energy security in Indonesia is expeditiously declining due 
to an imbalance in energy availability with the needs of its 
citizens. The same is also the case in most countries in the 
world. The exploration and exploitation of energy sources 
are still very dependent on petroleum resources, which are 

now increasingly scarce, and their reserves are depleting. 
Furthermore, the burning of fossil fuels produces pollutant 
gases such as SOx, NOx, etc. Thus, new alternative energy, 
which is more environmentally friendly and renewable, is 
needed to solve this energy problem [1]. Biodiesel poses 
itself as one of the said alternatives, having many advan-
tages of being non-toxic, biodegradable, has a high flash 
point, has good lubrication, containing no sulfur and carci-
nogenic components [2, 3]. Biodiesel is made from renew-
able sources such as vegetable oils or animal fats and more 
easily decomposed compared to animal fossil fuels [4, 5].

Generally, biodiesel production involves homogeneous 
catalysts, but this treatment is susceptible to corrosion and 
difficulty of product separation [6]. Hence, the heterogene-
ous catalyst is more suitable for biodiesel production with 
the benefit of desirable economic value and profitability, 
as it can be easily separated, is non-corrosive, and can be 
regenerated [7]. Sulfated zirconia (SZ) or SO4/ZrO2 is an 
excellent material to be applied in making biodiesel. This is 
mainly related to its high catalytic activity and selectivity to 
esters when fatty acids react with various alcohols [8]. The 
SZ shows results that imply it is the most potent solid super-
acid [9]. CaO is a solid base catalyst that is often used for 
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transesterification in the manufacture of biodiesel. Several 
studies claim CaO combined with metal oxides such as MgO 
and ZnO can produce biodiesel with a higher % yield than 
the use of pure CaO, wherewith the selection of the suitable 
carrier largely determines the efficiency of heterogeneous 
catalysts in their application [10, 11]. Zirconia can be used 
as a catalyst for heterogeneous acids and bases because it is 
amphoteric [12]. Zirconia is, thus, considered appropriate 
to be combined with CaO as a heterogeneous base catalyst. 
Studies on the use of zirconia as acid and base catalyst com-
binations have previously been reported [1].

Therefore, the concept of using those combinations by 
using another precursor and raw material for UCCO con-
version to biodiesel should provide a solution to increase 
the economic value of UCCO into biodiesel as well as a 
manifestation of support for green chemistry. This method 
is suitable for use in the conversion of UCCO into biodiesel 
because it is known that UCCO has a high FFA content. 
Raw materials with a fairly high content of free fatty acids 
(FFA) are not suitable for conventional biodiesel production 
processes due to the possibility of saponification reaction. 
By doing an esterification reaction at an early stage using 
SZ catalyst, FFA levels of raw oil material can be reduced 
as prevention toward potential saponification reactions in the 
transesterification reaction using a basic catalyst. By avoid-
ing the saponification reaction, the conversion of UCCO into 
biodiesel in the second step reaction (transesterification) can 
be maximized because all the fatty acid content in UCCO 
can be converted into biodiesel. In this study, the heteroge-
neous acid catalyst SZ synthesized through wet impregna-
tion method will be combined with the heterogeneous base 
catalyst ZCa synthesized via reflux method. Each of cata-
lyst then consecutively used for the application of esterifica-
tion reaction to reduce the FFA levels in UCCO to be less 
than 1%, followed by transesterification reaction to convert 
UCCO produced by esterification to biodiesel product.

Experimental

Instrumentation and materials

The materials used were ZrO2 produced by Jiaozou Huasu 
Chemical Co., Ltd., chemicals produced by E-Merck, 
namely ZrOCl2·8H2O, methanol, H2SO4, ammonium sul-
fate, oxalic acid, PP indicator, NaOH, and 37% HCl. Other 
materials were technical CaO and UCCO. The types of 
equipment used in this research were an analytical balance 
(KERN ABT 220-4 M, weighing capacity: 220 g, resolu-
tion: 0.1 mg), oven (Memmert), furnace (Carbolite), centri-
fuge (Thermo Scientific SL 16R, max speed: 15,200 rpm, 
min speed: 300 rpm), hot plate stirrer (AS ONE Magnetic 

REXIM RSH-1D, max temperature setting: 250 °C, rotation 
speed: 100–1500 rpm), and 1 set of reflux tool (Pyrex).

Identification and characterization supporting instruments 
used were Fourier Transform Infrared spectrophotometer 
(FTIR, Shimadzu Prestige-21, high signal-to-noise ratio: 
40,000:1 or better, high sensitivity DLATGS Detector), 
X-Ray Diffraction diffractometer (X'Pert PRO PANalytical, 
elimination of Kβ (Ni filter), angle range from 0.2°, angular 
precision 0.001°), Scanning Electron Microscope combined 
with Energy Dispersive X-Ray (JEOL JSZ-6510 LA, resolu-
tionHV mode: 3.0 nm (30 kV); 8 nm (3 kV); 15 nm (1 kV), 
Magnifications: × 5 to × 300,000 on 128 mm × 96 mm image 
size, Eucentric large specimen stage: X: 80 mm, Y: 40 mm, 
Z: 5 mm to 48 mm, Tilt: -10° to 90°, Rotation: 360°), Sur-
face Area Analyzer (QUADROSORBTM-evo-MP/Kr, 
Surface Area Range: 0.01 m2g−1 to no known upper limit 
(nitrogen), 0.0005 m2g−1 to no known upper limit (krypton) 
Kr/MP model, Pore Size Range: 3.5 – 4000 Å, Minimum 
P/P0 (N2): 4 × 10–5), Gas Chromatography Mass Spectros-
copy (GC–MS Shimadzu QP2010S, mass range: m/z 1.5 to 
1000, El scan sensitivity:: 1 pg octafluoronaphthalene m/z 
272 S/N > 200, column flow: up to 4 mL/min), and Proton 
Nuclear Magnetic Resonance (1H-NMR, JEOL ECZR 500, 
Frequency: 500 MHz, Magnetic strength: 11.5 T).

Synthesis of SZ catalyst

The SZ catalyst was synthesized using the wet impregna-
tion method by mixing 10 g of ZrO2 with 150 mL of H2SO4 
solution with concentrations of 0.3, 0.6, and 0.9 M for 24 h. 
The mixture was then centrifuged for 15 min at 2000 rpm. 
The obtained solid was dried at 105 °C for 24 h, sieved with 
a size of 150 mesh, and calcined at 500 °C. The catalyst was 
labeled as 0.3 SZ, 0.6 SZ, and 0.9 SZ. Catalyst characteriza-
tion was carried out using FTIR and acidity tests. Calcina-
tion at 400, 500, 600, and 700 °C to the SZ sample with 
maximum acidity was later performed for 4 h. The samples 
were labeled as SZ 400, SZ 500, SZ 600, and SZ 700. The 
XRD, FTIR, and acidity analysis were completed for each 
sample. The catalyst with maximum acidity was then char-
acterized by Surface Area Analyzer and SEM–EDX to be 
used in the esterification stage.

UCCO preparation

The UCCO was heated at 105 °C to evaporate water and then 
filtered using filter paper. The determination of saponifica-
tion number was done to obtain information on the molec-
ular weight of the oil. The FFA level was determined by 
titration with three repetitions where 1 g of oil was added 
with 10 mL of methanol, heated to a temperature of 45 °C, 
added with PP indicator, and titrated using KOH that had 
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been standardized with oxalic acid (H2C2O4). The equation 
is shown in Eq. (1) where sample mass is represented as Wspl

Esterification of UCCO

The SZ catalyst with the highest acidity value was used in 
the esterification stage. Esterification was done to reduce 
free fatty acid content. At the esterification stage, there were 
several variations, namely variation in the weight of the cata-
lyst to the total weight of methanol and UCCO (1, 5, and 5% 
(w/w), variation in the mole ratio of UCCO: methanol (1:5, 
1:10, 1:15), and variation in reaction time (0.5, 1.0, 1.5 h). 
The fixed variable applied was UCCO weight, at 25 g. The 
reflux system was applied to the esterification process at 
45 °C for 10 min, and then refluxed at 55 °C after the addi-
tion of UCCO.

Synthesis of base catalyst (Zr–CaO)

The Zr–CaO (ZCa) catalyst was made using reflux method 
with a concentration variation of 1, 5, 10, and 15% (w/w). 
The synthesis was carried out by refluxing ZrO2 in the form 
of its precursor, namely ZrOCl2·8H2O with CaO and 100 mL 
aquabidest. The resulting products were evaporated to 
remove water, heated for 24 h at 120 °C, followed by sieving 
process to 150 mesh. The synthesized materials were labeled 
as 1 ZCa, 5 ZCa, 10 ZCa, and 15 ZCa and were character-
ized by FTIR and basicity test. Calcination for 4 h at 600, 
700, 800, and 900 °C was performed to the catalyst with 
the highest basicity. The samples attained were labeled as 
ZCa-600, ZCa-700, ZCa-800, and ZCa-900. Subsequently, 
the catalysts were analyzed using XRD, FTIR, and basicity 
test. The material with maximum basicity underwent Sur-
face Area Analyzer and SEM–EDX characterizations to be 
further applied to the esterification reaction.

Transesterification of the esterification product

The esterification product was transformed into biodiesel 
over the transesterification stage consuming the ZCa cata-
lyst with maximum basicity. A total of 5% catalyst from 
methanol and UCCO mass was blended with methanol. By 
a ratio of 1:20, the mixture refluxed for 10 min at 45 °C, 
combined with the esterification product as much as 20 g, 
and reflux was continued at 55 °C for 90 min. To isolate the 
biodiesel product from the mixture, a centrifugation process 
at 3000 rpm was done for 15 min. The transesterification 
product was then cleaned from impurities using distilled 

(1)FFA Level(%) =
VKOH × NKOH ×Mrlauric acid

Wspl × 1000
× 10

water and anhydrous Na2SO4 to bind the remaining water. 
Transesterification results were analyzed using GC–MS to 
determine whether methyl esters had been formed along 
with 1H-NMR to verify the amount of methyl ester conver-
sion calculated based on the comparison between protons 
integration in triglycerides to the methoxy groups employing 
the Knothe equation [13].

where CME conversion of triglyceride compounds into 
methyl esters (biodiesel) in the form of percentage; IME: the 
integration of methyl esters in H1-NMR spectra; ITG: the 
integration of triglyceride in H1-NMR spectra.

Results and discussion

In this research, the synthesis of heterogeneous acid and 
base catalysts was done in which each catalyst played a role 
in the esterification and transesterification reaction, respec-
tively, in the making of biodiesel from used coconut cooking 
(waste) oil. The zirconia-based catalysts consisting of SZ 
acid catalyst used in the esterification reaction and ZCa base 
catalyst used in the transesterification reaction were applied 
to produce biodiesel products. The SZ catalyst was synthe-
sized by the wet impregnation method, while ZCa catalyst 
was synthesized by the reflux method.

Characterization of SZ heterogeneous acid catalyst

FTIR analysis

The SZ catalyst was synthesized by wet impregnation 
method at various H2SO4 concentrations, which were 0.3, 
0.6, and 0.9 M. Furthermore, characterization was carried 
out with FTIR to determine changes in functional groups 
before and after the addition of H2SO4.

Figure 1 shows that in the ZrO2 and SZ catalysts, there 
was a sharp absorption in the region of wavenumber 
3448–3425 cm−1 denoted the stretching vibration of –OH 
group [4] and the water bending vibration (H–O–H) syn-
chronized into the substance at wavenumber 1635 cm−1 [14]. 
At the absorption band of 748–501 cm−1, the existence of 
Zr–O–Zr stretching vibrations was shown [15]. Some typical 
absorption bands that show the presence of sulfate groups 
appeared at wavenumbers 1226, 1157, 1080, and 1002 cm−1 
which, respectively, represent the asymmetric vibration of 
S=O group, symmetrical vibration of S=O, SO asymmetric 

(2)CME = 100 x
5 x IME

5 x IME + 9 x ITG
,
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vibration, and S=O symmetric vibration that indicates the 
binding of sulfate ions to the zirconium cation (Zr4+) [1].

The analysis results of FTIR showed that the sharpest 
sulfate ion absorption band occurred at 0.9 SZ. This indi-
cated that the highest H2SO4 concentration of 0.9 M is the 
optimum sulfate impregnation condition. Furthermore, an 
acid test was performed to determine the acidity value of 
the SZ catalyst using the gravimetric method. The catalyst, 
which had the highest acidity value, demonstrated that it 
had the best Brønsted acid and Lewis acid sites based on 
the amount of ammonia gas adsorbed by the catalyst [16]. 
Table 1 shows the ZrO2 catalyst having an acidity value of 
1.42 mmol g−1 originating from the zirconium cation Zr4+. 
Zirconia impregnated with varying H2SO4 concentrations of 
0.3, 0.6, and 0.9 M experienced an increase in acidity value, 
with the uppermost acidity of 2.87 mmol g−1 found in 0.9 M 
H2SO4 catalyst. This indicates that greater sulfate concentra-
tion impregnated on the zirconia surface can further increase 
the acid site on the catalyst [4].

Figure 2 shows the change in functional group absorbance 
in ZrO2 and SZ after acidity testing at various concentrations 
of H2SO4. Absorbance at wavenumber 1118 cm−1 indicated 
the presence of NH3 coordinated with the Lewis acid site, 

while a stretching vibration of 1404 cm−1 indicated the pres-
ence of ��+

4
 ions formed through proton relocation from 

the Brønsted acid site to NH3. The intensity of the ammonia 
absorption band found at the Lewis acid site, and the Brøn-
sted acid site continued to increase at the 0.3 SZ, 0.6 SZ, 
and 0.9 SZ catalysts. Based on the FTIR data and acidity 
test, it was known that the 0.9 SZ catalyst was the catalyst 
that showed the highest acidity value. Thus, the sample was 
later given the calcination treatment with temperatures of 
400, 500, 600, and 700 °C.
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Fig. 1   FTIR spectra of a ZrO2, b 0.3 SZ, c 0.6 SZ, and d 0.9 SZ

Table 1   Acidity value results 
of SZ catalyst at various H2SO4 
concentrations

Catalyst Acidity value 
(mmol g−1)

ZrO2 1.42
0.3 SZ 1.90
0.6 SZ 2.18
0.9 SZ 2.87
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Fig. 2   FTIR spectra after acidity test of catalyst with concentration 
variation of a ZrO2, b 0.3 SZ, c 0.6 SZ, and d 0.9 SZ
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The effect of calcination temperature on the coordinated 
sulfate ion absorption bands on zirconium cations Zr4+ 
can be observed in Fig. 3. The intensity of sulfate group 
absorbance increased at calcination temperatures of 400 and 
500 °C as can be observed through the sharp absorption at 
wavenumbers 1226, 1157, 1080, 1002 cm−1. At temperatures 
of 600 and 700 °C, there was a decrease in the absorption of 
sulfate groups due to the desulfation or the release of sulfate 
from the zirconia surface under the influence of calcination 
heating [17].

This is reinforced by the results of the catalyst acidity test 
shown in Table 2.

The highest acidity value was demonstrated by the SZ 
500 catalyst, with a value of 3.60 mmol g−1. After the acidity 
test was done using ammonia, the SZ 500 catalyst showed 
the optimum NH3 uptake, as shown by the FTIR spectra in 
Fig. 4. Optimum NH3 absorption indicated that the catalyst 
had the most amount of acid sites. The FTIR analysis con-
firmed the results of the acidity test on the catalyst.

XRD analysis

The influence of temperature variation in calcination of the 
0.9 SZ crystallinity is presented in Fig. 5. There were two 
peaks with the highest intensity, which were at 2Ɵ = 28.22° 
and 31.52° with respective dhkl values of (d−111) and (d111) 
[18, 19].

The analysis showed that all samples still had the same 
crystalline phase, which was monoclinic. Changes occurred 
in intensities indicating the degree of material crystallin-
ity. The decrease in intensity occurred at the SZ 500 where 
the intensity of the monoclinic peak was lower than that 
of the SZ 400. This phenomenon showed that sulfate ions 
were successfully impregnated and had covered the zirco-
nia surface, causing the intensity of the monoclinic peak to 
decrease. However, as calcination temperatures increased 
at 600 °C and 700 °C, the intensity tended to increase. 
Increased temperatures at 600 °C and 700 °C caused sulfate 
ion decomposition, causing the monoclinic peak of ZrO2 to 

again increase in intensity. Data related to 2Ɵ angles and dhkl 
from the ZrO2 monoclinic peaks are presented at ICSD PDF 
number 01–089-9066.

SEM–EDX analysis

SEM analysis results, presented in Fig. 6 did not show signif-
icant differences in the surface morphology of the ZrO2 and 
SZ 500 catalysts. However, from these results, it appeared 
that the SZ 500 particle size looked larger than ZrO2. This 
can be caused by the formation of sulfate agglomeration 
on the surface of the ZrO2 catalyst [20]. The EDX analysis 
results in Table 3 show that the amount of S and O elements 

Table 2   Acidity test results 
of SZ catalyst at various 
calcination temperatures

Catalyst Acidity value 
(mmol g−1)

SZ 400 2.77
SZ 500 3.60
SZ 600 2.96
SZ 700 2.68
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had increased after the sulfation of ZrO2. This indicated that 
the sulfate ion was successfully impregnated onto ZrO2.

SAA (surface area analyzer) analysis

The SZ 500 catalyst showed a smaller surface area than 
ZrO2. This is in accordance with the results of SEM anal-
ysis which displayed a larger particle size on the catalyst 
surface. Reductions in the surface area of catalysts with 
higher sulfur content can also occur due to the migra-
tion of sulfates into bulk solids [21]. The average pore 

diameter and total pore volume experienced increases, 
possibly due to the damage to the opening of the zirconia 
pores due to acid treatment. The results of the Surface 
Area Analyzer analysis are shown in Table 4.

Despite the decrease in surface area, the SZ 500 cata-
lyst had a large average pore diameter of 29.37 nm, mean-
ing that it can easily adsorb fatty acid molecules which 
have a pore diameter of around 2.50 nm. Under these con-
ditions, the reaction can take place at the entire active site 
of the catalyst, both on the external and internal surfaces 
of the catalyst [22]. Modeling using the DFT method was 
recommended for use in SAA analysis to perform pore 
analysis. From the modeling, it was known that ZrO2 had 

Fig. 6   SEM Analysis results of a ZrO2 with magnification of 5000× , b ZS-500 with magnification of 5000×

Table 3   Results of EDX analysis for ZrO2 and SZ 500

Catalyst Mass (%)
Zr O S

ZrO2 70.53 29.04 0.43
SZ 500 59.44 38.93 1.62

Table 4   Results of surface area analyzer analysis

Catalyst Surface Area 
(m2 g−1)

Average Pore 
Diameter (nm)

Total Pore 
Volume (cm3 
g−1)

ZrO2 5.89 22.43 0.03
SZ 500 4.86 29.37 0.03
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Fig. 7   FTIR spectra of a CaO, b 1 ZCa, c 5 ZCa, d 10 ZCa, e 15 ZCa



International Journal of Energy and Environmental Engineering	

1 3

a cylindrical shape, and there was a gap that allowed the 
impregnation of sulfate ions.

Characterization of ZCa heterogeneous catalyst

FTIR analysis

The ZCa catalyst was synthesized using the reflux method 
with heating at 80 °C for 4 h with varying ZCa weights of 
1, 5, 10, and 15% (w/w). The synthesized catalyst materi-
als were then characterized by FTIR. Figure 7 shows the 
CaO and ZCa catalyst absorbance at various concentrations. 
Absorption in the regions of 3643, 1640, and 870 cm−1, 
respectively, represented -OH stretching vibration, OH 
bending vibration, and vibration of water adsorbed on the 
surface of CaO [23]. FTIR spectra showed the same pattern 
in each variation of concentration but demonstrated a change 
in intensity. The higher concentration of Zr used caused the 
intensity of the absorption band typical of CaO to decrease. 
The higher concentration of Zr onto CaO impregnated 
resulted in a decrease in the characteristic of the absorption 
bands possessed by CaO.

Basicity test with the titration method was carried out to 
determine quantitatively the number of basic sites found on 
the ZCa catalyst at various concentrations. Table 5 shows 
that CaO had an alkaline site of 20.20 mmol g−1, originating 
from the O2− Lewis base.

The addition of ZrOCl2·8H2O precursor to CaO can 
produce new crystals including monoclinic ZrO2, CaZrO3 
(orthorhombic) phases, and tetragonal ZrO2. The formation 
of CaZrO3 crystal contributed to the basicity of the catalyst. 
Compared with monoclinic and tetrahedral ZrO2 crystals, 
CaZrO3 crystal has higher basicity. The basic nature of 
CaO-ZrO2 is a result of the free CaO aggregate base site 
and the surface of CaZrO3 [24]. The highest total alkalin-
ity was found in catalyst 1 ZCa, with a total alkalinity of 
27.78 mmol g−1. At higher Zr concentrations, the basicity of 
catalyst decreased since the growth of ZrO2 crystal inhibited 
the formation of CaZrO3, which contributes to the basicity 
of solids [23].

The consequence of calcination observed by FTIR analy-
sis and the absorption band can be seen in Fig. 8. The region 
at the wavenumber 750–509  cm−1 showed the vibration 

absorption of Zr–O. FTIR results show that as the calcina-
tion temperature increased from 600 to 800 °C, the charac-
teristic of the CaO absorption band decreased in intensity 
and later returned at 900 °C. Impregnation of Zr in CaO can 

Table 5   ZCa catalyst basicity 
test results at various Zr 
concentrations

Catalyst Sample Total Basicity 
(mmol g−1)

CaO 20.20
1 ZCa 27.78
5 ZCa 22.73
10 ZCa 16.84
15 ZCa 15.99
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Fig. 8   FTIR spectra of a ZCa-600, b ZCa-700, c ZCa-800, d ZCa-
900

Table 6   ZCa catalyst basicity 
test results of catalyst with 
various calcination temperatures

Catalyst Sample Total Basicity 
(mmol g−1)

ZCa-600 20.62
ZCa-700 22.72
ZCa-800 23.99
ZCa-900 21.46
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form Ca-O-Zr hetero-linkage bonds or is stable for CaZrO3 
species [1].

From the results of the FTIR characterization and basicity 
test, the optimum catalyst was ZCa-800. Basicity test results 
are shown in Table 6.

XRD

The effect of calcination temperature variation on the crys-
tallinity of 1 ZCa is presented in Fig. 9.

The structure of the catalyst material was studied using 
the X-ray Diffraction method. The effect of calcination tem-
perature on the structure of the catalyst material was studied 
through variation in calcination temperature in the range of 
600–900 °C using a reaction condition at a concentration of 
1%. Figure 9 demonstrate that there was a decrease in peak 
intensity of Ca(OH)2 and also the formation of new peaks 
in the diffraction pattern. At 600 °C, a new peak was formed 
at 31.98° which is characteristic to the CaZrO3 crystal and 
increased significantly at 700 °C. Quantitative data of XRD 
analysis showed that the relative intensity of the peak dis-
played the highest value at 800 °C. This supports the results 
of basicity analysis, where the temperature variation of the 
catalyst had the highest basicity value.

SEM–EDX analysis

The presence of zirconia impregnated onto CaO might cause 
agglomeration on the CaO surface and thus resulting in 
larger particle size after impregnation as shown in Fig. 10.

Fig. 10   SEM Analysis results of a CaO with magnification of 1000× , b ZCa-800 with magnification of 1000×

Table 7   Results of EDX analysis for CaO and ZCa-800

Catalyst Mass (%)
Ca O Zr

CaO 42.30 53.09 4.61
ZCa-800 42.49 51.50 6.01

Table 8   Results of surface area analyzer analysis

Catalyst BET Surface 
Area (m2 g−1)

Average Pore 
Diameter (nm)

Total Pore 
Volume (cm3 
g−1)

ZrO2 122.39 7.87 0.24
ZCa-800 107.50 7.87 0.21

Fig. 11   FFA values obtained based on the catalyst weight variation of 
1%, 3%, and 5%



International Journal of Energy and Environmental Engineering	

1 3

The successful impregnation of Zr4+ cations on CaO cata-
lysts was further proven by the results of the EDX analysis 
presented in Table 7 which showed that the Zr content of 
ZCa catalysts had increased.

SAA (surface area analyzer) analysis

The ZCa-800 catalyst showed a smaller surface area than 
CaO as presented in Table 8 and in line with to the results 
of SEM analysis which showed a larger particle size of ZCa. 
However, this catalyst had a higher basicity value than CaO. 
It was known that the catalytic activity of the base catalysts 
was more influence by its basic nature rather than the surface 
area of the catalyst.

Esterification application

The FFA level suitable for transesterification to be carried 
out without causing a saponification reaction to take place 
is under 1% [25]. The results of FFA reduction using cata-
lysts from several variations are shown in Fig. 11, Fig. 12, 
and Fig. 13.

FTIR analysis results of esterification products

The FTIR analysis results in Fig. 14 showed several peaks 
of UCCO and transesterification product. The vibration at 
1373 cm−1 appeared in all three samples. This vibration 
indicated the presence of the O − CH2 group derived from 
triglycerides in UCCO.

Fig. 12   FFA values obtained based on the variation of oil molar ratio 
to methanol

Fig. 13   FFA values obtained based on the variation of reaction time
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Fig. 14   FTIR spectra of a Used cooking oil, b Esterification product, 
and c Transesterification Product

Table 9   Area and retention time of GC analysis

Peak number Compound Molar 
weight (g 
mol−1)

Reten-
tion Time 
(min)

Area (%)

1 Methyl 
Octanoate

158 16.68 7.19

2 Methyl 
Decanoate

186 22.95 5.56

3 Methyl Laurate 214 28.47 48.41
4 Methyl 

Myristate
242 33.33 18.55

5 Methyl Palmi-
tate

270 37.73 10.82

6 Methyl Palmi-
toleate

266 41.12 0.47

7 Methyl Oleate 296 41.25 5.71
8 Methyl Stearate 298 41.74 3.28
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Though, on the transesterification product, this vibration 
indicated the presence of the O − CH2 group in glycerol 
which was a byproduct of the reaction. The success in mak-
ing biodiesel was shown by the emergence of a new peak at 
wavenumber 1034 cm−1 which is typical of the O–CH2–C 
vibration of the biodiesel compound [26].

GC–MS Analysis

The GC–MS chromatogram in Fig. 15 shows the composition 
of compounds making up the product of the transesterification 
reaction. The chromatogram shows that there were eight peaks 
identified as methyl ester compounds representing that there 
were eight methyl esters included in the biodiesel, which is 
presented in Table 9. From the results of GC analysis, it was 
known that the dominant compounds in the transesterifica-
tion product were methyl laurate (48.41) and methyl myristate 
(18.55).

1H‑NMR Analysis

Figure 16 shows that there was doublet of doublet peaks that 
appeared at δ = 4.1 and 4.3 ppm. The peak in this area indi-
cated the existence of triglycerides proton [27], with an inte-
gration value of 1.38. In Fig. 17 protons from triglycerides did 
not reappear at all. This change indicated that the triglycerides 
had been transformed to methyl esters.

At the chemical shift δ = 3.62 ppm, there was a singlet 
peak with a large relative abundance belonging to the proton 
from the methoxy group (–OCH3). The characteristic peak 
in biodiesel is methoxy peak, existing at 3.62 ppm with an 
integration value of 3.08. In this study, the Knothe equation 

(Eq. 2) was used, incorporating the integrations of triglyc-
erides and methyl esters from the 1H-NMR, and a biodiesel 
conversion of 55.35% was calculated. Biodiesel conversion 
can be influenced by several factors including the kind and 
precursor of catalyst, catalyst weight, ratio of oil to alcohol, 
time, and reaction.

Conclusion

The heterogeneous acid catalyst SZ was successfully synthe-
sized using a wet impregnation process of ZrO2 and H2SO4 
at room temperature (27–28 °C). The highest total acidity 
was 3.60 mmol g−1, found on 0.9 M SZ 500 catalyst. Fur-
thermore, the heterogeneous base catalyst ZCa was com-
pletely synthesized via a reflux method by employing CaO 
and ZrOCl2·8H2O pro analytical grade as a precursor. The 
optimum condition was reached using 1% weight of catalyst 
and calcination temperature of 800 °C (ZCa-800), yielding 
the total basicity of 27.78 mmol g−1.

The SZ-500 catalyst was successfully applied in the 
esterification reaction of UCCO under the reaction con-
dition: 5% weight of the catalyst, the mole ratio of oil to 
methanol of 1:15, the reaction time of 1.5 h, and tem-
perature of 65 °C. By those reaction conditions, the FFA 
level was effectively reduced from 1.17% to 0.42%. In 
addition, the transesterification reaction was carried out 
by 5% ZCa-800 catalyst weight and esterification product 
to methanol mole ratio of 1:20 for 1.5 h. The high FFA 
UCCO, previously considered unused waste, has been 
successfully converted into biodiesel by 55.35%.

Fig. 15   Chromatogram of transesterification product
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Fig. 16   1H-NMR spectra of 
UCCO

Fig. 17   1H-NMR spectra of 
biodiesel
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