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 Abstract: Biodiesel production from non-edible oil is an alternative way to reduce edible 
oil dependency and reduce the competition for feed and food. Candlenut oil (Aleurites 
moluccana L.) is one of the non-edible oils which can be used as feedstock for biodiesel 
production since they have a high oil content. Herein, the biodiesel production from 
candlenut oil has been conducted using zinc oxide (ZnO) synthesized by the polyol 
method. Polyol methods facilitated the formation of ZnO nanoparticles with various 
shapes, including spherical, rod, and hexagonal. Besides, ZnO showed a mesoporous 
characteristic, facilitating the conversion of fat fatty acid to fatty acid methyl ester 
(FAME) of 61%. Increasing ZnO dosage led to enhancing the FAME yield. Similarly, the 
FAME yield was also improved by increasing the reaction time. The results of 
esterification of candlenut oil and methanol yielded 70.76% FAME with 2% nano-ZnO 
polyol catalyst at 180 min reaction time at room temperature whilst being stirred 
constantly at 400 rpm. A good FAME conversion using ZnO at room temperature 
provides good information to produce biodiesel with a simple method. Apart from that, 
photocatalytic promoted transesterification at room temperature, which is beneficial for 
reducing energy consumption. 
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■ INTRODUCTION 

The development of renewable energy has been 
investigated in order to meet the energy demand. Biodiesel 
is an alternative fuel among various renewable energy 
which non-toxic, biodegradable, and environmentally 
friendly [1-2]. As reviewed by Tabatabaei et al. [3], various 
method has been developed to yield biodiesel, including 
direct use and blending, microemulsion, pyrolysis, and 
transesterification. Direct use and blending showed a high 
viscosity and free fatty acid due to the incomplete 
reaction, even though this method offered a low-cost 
production. Microemulsion methods facilitated biodiesel 
production with lower viscosity and higher liquidity. 
However, the obtained biodiesel using the microemulsion 
method has a heavy deposition of carbon and inadequate 
combustion. Pyrolysis exhibited satisfactory physical and 
chemical properties of the yielded biodiesel. Nevertheless, 

the production cost of pyrolysis is very high. The 
transesterification method is a common method for 
biodiesel production. The transesterification method is 
carried out at 60–70 °C to convert the oils and fats into 
biodiesel in the presence of a suitable catalyst [4-5]. 
Besides, biodiesel production via transesterification 
methods can be conducted using various types of 
feedstocks that contain free fatty acids and/or 
triglycerides [6]. Various edible oil was used for 
biodiesel production, including canola oil [7-8], 
rapeseed oil [9], peanut oil [10], sunflower oil [11-12], 
coconut oil [13], palm oil [14-15], and safflower oil [16]. 
However, utilizing edible sources for biodiesel 
production led to ecological imbalances and 
deforestation. Therefore, non-edible oil can be used as 
an alternative feedstock for biodiesel production. The 
usage of non-edible oil decreases the edible oil 
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dependency and reduces the competition for feed and 
food [17]. Various non-edible oils have been successfully 
converted into biodiesel, including jatropha oil [18], 
karanja oil [19], mahua oil [20], and moringa oil [21]. 
Among all the potential non-edible oil, candlenut oil is a 
potentially new feedstock for biodiesel generation. 
Candlenut (Aleurites moluccana L.) is a type of plant that 
contains a fairly high oil content, approximately 55–65% 
oil in its seeds. Candlenut oil is flammable making it able 
to be used as a fuel. Previous research has shown that A. 
moluccana could produce biodiesel with superior 
properties when combined with an ester content of more 
than 99% [22]. Generally, biodiesel production via an 
esterification reaction is carried out using a homogeneous 
catalyst such as sulfuric acid [23-24], potassium 
hydroxide [25], and sodium hydroxide [26]. However, the 
use of homogeneous catalysts still has several 
disadvantages, such as being less economical since they 
are only used once and require a lot of solvents to wash 
the reaction products [27]. Therefore, using 
heterogeneous catalysts can be an alternative to overcome 
these problems. 

Photocatalytic-assisted transesterification has been 
developed to generate biodiesel. Photocatalytic-assisted 
transesterification was carried out at room temperature, 
which is beneficial to reduce energy consumption since 
the transesterification process was normally done at 
various temperatures. Previously, Corro et al. [28] 
developed photocatalytic-assisted transesterification to 
yield biodiesel from waste frying oil. They combined 
chromium (Cr) and silica (SiO2) as a heterogeneous 
photocatalyst to produce biodiesel. Interestingly, the 
addition of Cr on SiO2 facilitated the photoreaction to 
yield the biodiesel with a fatty acid methyl ester (FAME) 
percentage of ~98%. TiO2 has also been reported for 
biodiesel production via a photocatalytic process. As 
reported by Ambrosio et al. [29], FAME percentages were 
achieved at 95% using TiO2/H2O2 system under Hg lamp 
vapor irradiation. 

Apart from that, zinc oxide (ZnO) was also 
developed for biodiesel production [4,30]. ZnO has a 
strong acid site which makes this oxide being able to be 
applied as a catalyst in reactions that require acidic 

properties, such as esterification reactions to produce 
biodiesel, which composed of FAME [31]. The strong 
Lewis acid of ZnO was generated by the appearance of 
Zn2+ at the outermost layer of the ZnO surface [32]. In 
addition, ZnO can easily form nano-sized particle, 
which plays a crucial role and resolve various bottleneck 
problems associated with the esterification process in 
biodiesel production. The nano-sized ZnO also 
increases the selectivity and catalytic activity [33]. Due 
to its hexagonal wurtzite nature, nano-sized ZnO also 
possesses a higher affinity and oxygen vacancy [34-35]. 

Various methods have been used to obtain nano-
sized ZnO, including coprecipitation [36], hydrothermal 
[37], solvothermal [38], solid-state [39], electrochemical 
[40], and precursor thermal decomposition [41]. 
However, the mentioned synthesis methods have 
disadvantages to the synthesis of nano-sized ZnO. 
Coprecipitation requires a stabilizer and needs post-
treatment to remove the impurities. Hydrothermal and 
solvothermal require autoclave reactors and are 
challenging to control the size of ZnO. Solid-state is a 
simple method to synthesize ZnO. However, this process 
must be carried out several times in order to yield a 
nanoparticle of ZnO. The electrochemical method is 
very suitable for generating ZnO with controlled size 
and morphology. However, the equipment for the 
electrochemical process is expensive. Thermal 
deposition is an excellent method to prepare a high 
purity of nano-ZnO. Despite its advantages, the 
equipment is very expensive, and the source material 
may be limited. In order to overcome the disadvantages, 
the polyol method has been designed to generate a nano-
sized ZnO. The polyol technique is a nanoparticle 
synthesis method that utilizes different types of diols as 
reaction media [42]. Polyols also act as stabilizing agents 
and regulate particle growth. This method has many 
advantages due to the process being easy, simple, and 
flexible. Furthermore, the polyol technique offers the 
ability to form nanoparticles directly, does not require a 
calcination process, and the growth of nanoparticles can 
be controlled both in shape and size [43]. 

As proposed in this work, the production of 
biodiesel has been done at room temperature using 
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nano-sized ZnO. ZnO was prepared by polyol methods. 
The polyol methods facilitated the formation of nano-
sized ZnO. In addition, polyol methods also promoted the 
formation of mesoporous ZnO, which is very 
advantageous to attach the precursor to obtain biodiesel. 
The optimization of photocatalyst dosage and reaction 
time were investigated to provide the optimum condition 
for biodiesel production using ZnO at room temperature. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were sodium 
hydroxide (NaOH, Sigma-Aldrich, 99%), zinc acetate 
dihydrate (Zn(CH3COO)2·H2O, Sigma-Aldrich, 99.5%), 
diethylene glycol (DEG, Sigma-Aldrich, 99%), ethanol 
(EtOH, Full time, 96%), acetone (Full time, 99%), 
methanol (Merck, 99%), and demineralized water. The 
candlenut oil was bought from SIPA, Sidoarjo, Indonesia. 

Instrumentation 

In this study, several instruments were used to 
investigate the properties of ZnO. The crystallinity and 
structural phase of the synthesized ZnO nanocatalyst was 
verified through X-ray diffraction (XRD, Philips 
PW1140/90) with Cu-Kα radiation (λ) of 0.15406 nm and 
0–80° scanning angle range at room temperature. The 
surface morphologies and the particle sizes were analyzed 
through the field emission scanning electron microscope 
(FESEM, Themo Scientific Quattro S) and transmission 
electron microscope (TEM Hitachi HT7700). The total 
surface area and the pore size distributions were 
measured using the nitrogen (N2) physisorption 
(Quantachrome Nova 4200e) at 77 K using the NLDFT 
analysis method with a degassing temperature of 120 °C 
for 8 h. The resulted photo-transesterification was 
analyzed using Gas chromatography-mass spectrometry 
(GC-MS, Agilent Technologies 7890A GC-5975MS) 

Procedure 

Synthesis of ZnO nanocatalyst 
ZnO nanoparticles were synthesized by polyol 

technique using a reflux system as shown in Fig. 1(a), the 
same technique used in the previous study carried out by 
Hosni et al. [42]. The concentration of Zn2+ (z) was 

0.5 mol L−1, the ratio of H2O:Zn2+ concentration (h) was 
5:1, and the ratio of NaOH:Zn2+ (b) was 1:1. The 
synthesis mixture was prepared by dissolving 21.95 g of 
Zn(CH3COO)2·H2O, 4 g of NaOH, and 5.4 mL of 
demineralized water in 194.6 mL of DEG. The mixture 
was subsequently refluxed for 2 h at 161 °C whilst being 
stirred at 600 rpm until a white mixture was obtained. 
The mixture was then centrifuged at 10,000 rpm for 
5 min in order to separate the white suspension from the 
solvent. Next, the white suspension obtained was 
washed several times with EtOH (Full time, 96%) and 
acetone (Full time, 99%). Subsequently, the product was 
dried at 80 °C for 48 h until the white powder was 
obtained. 

Esterification of candlenut oil 
The esterification reaction of candlenut oil was 

carried out with a ratio of oil to methanol of 1:3. Initially, 
100 g (108.13 mL) of candlenut oil and 43.25 mL of 
methanol were prepared in a batch reactor as depicted in 
Fig. 1(b). Thereafter, the various amounts of ZnO 
nanocatalyst were added and the running times were 
started. The reactions were carried out for 60, 120, and 
180 min with continuous stirring at 400 rpm. During the 
reaction, the UV-LED lamp was turned on to drive the 
photocatalytic reaction. After the reaction times had 
finished, each phase of the mixture was separated using 
a centrifuge at 10,000 rpm for 5 min. The mixture was 
separated into three phases, the upper phase was the 
excess of the methanol, the middle phase was the main 
product, and the lower phase was the catalyst. 
Subsequently, the composition of the main product was 
further analyzed with GC-MS. 

■ RESULTS AND DISCUSSION 

Morphologies and Properties of ZnO 

The phase structure, crystallinity, and pore 
properties of the ZnO catalyst were synthesized using 
the polyol technique, as illustrated in Fig. 1. The XRD 
results in Fig. 2(a) signified that the synthesized ZnO had 
similar characteristic peaks with a standard ZnO (JCPDS 
No. 36-1451), indicating that the synthesized ZnO had a 
hexagonal (wurtzite) structure. The characteristic peaks 
of ZnO synthesized by the polyol technique were observed  
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Fig 1. (a) Reflux system for polyol method and (b) batch photocatalytic reactor for biodiesel production 
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Fig 2. (a) XRD pattern of ZnO, (b) N2 adsorption-desorption and pore size diameter of ZnO 

 
at 2θ = 31.67°, 34.40°, and 36.17° associated with the 
(100), (002), and (101) plane, which is in line with 
previous studies [36,44] using coprecipitation methods 
and gelatine templates, respectively. The sharp peaks with 
high intensity hinted that the synthesized ZnO had a 
crystalline structure without any post-synthesis heat 
treatment. In addition, the absence of impurities was 
observed, indicating that the polyol method promotes the 
formation of ZnO with good purity. The intensity of (101) 
peak is higher compared to other peaks, revealing that 
ZnO grows to the (101) direction [45]. Additionally, those 

peaks are shifted approximately 0.08° compared to the 
JCPDS standard, indicating the enhancement of 
interplanar spacing due to the formation of oxygen 
vacancy [46]. This result is in agreement with the previous 
study by Bi et al. [47], showing that the formation of 
oxygen vacancy enhances the interplanar spacing and 
results in the decrease of (101) diffraction angle. 

The porosity of the synthesized ZnO nanocatalyst 
was investigated using the N2 adsorption-desorption 
isotherm. The surface area and pore size distribution 
were also calculated by implementing the NLDFT 
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calculation method, and the results are shown in Fig. 2(b). 
The total surface area of the synthesized ZnO is 
15.5 m2 g−1. The prepared ZnO shows a low amount of N2 
adsorption at P/P0 of 0–0.7 and subsequently enhanced 
until P/P0 of 0.99. The obtained isotherm signifies a type 
IV isotherm according to IUPAC recommendation, 
revealing that the prepared ZnO is a mesoporous material 
[44]. The hysteresis loop is also generated in ZnO due to 
the condensation process during the desorption process 
[48]. The yielded hysteresis loop in ZnO is associated with 
H3-type hysteresis, corresponding to interconnected 
mesopores with non-uniform shape and size [49], which 
is confirmed by FESEM and TEM analysis. The type of 
hysteresis demonstrates the mesopores materials with 
agglomerate or aggregates characteristic of nanoparticles 
forming slit-shaped pores with non-uniform size and 
shape [50]. The hysteresis loop at P/P0 ~0.85–0.99 
indicates the formation of interparticle voids caused by 
textural porosity between the particles [51]. Based on the 
pore size distribution calculation, it is exhibited that the 
pore sizes of synthesized ZnO are mostly around 12 nm. 

FESEM and TEM are shown in Fig. 3. Based on the  
 

FESEM result in Fig. 3(a), the polyol technique used in 
this study has successfully produced ZnO with 
nanoparticle sizes. The ZnO nanoparticles agglomerate 
and generate a big particle size in micrometer. This 
result is in line with the previous study by Mahamuni et 
al. [52] that reported the agglomeration of nanoparticle 
ZnO synthesized by the polyol method. In order to 
obtain better imaging information in relation to the size 
and shape of the synthesized ZnO nanoparticles, TEM 
analysis was carried out, as depicted in Fig. 3(b). In terms 
of the shapes of the particles, they are relatively hexagonal, 
rod, and spherical. The particle size of ZnO is confirmed 
using particle size distribution by estimating 100 
individual particles of the projected area in the TEM 
images, as shown in Fig. 4. The average diameter size of 
ZnO is found in the range of 10–210 nm. The average 
diameter of 20–80 nm shows a high frequency of ZnO, 
indicating that most of the synthesized ZnO size is under 
100 nm. Compared to the previous study by Chieng and 
Loo [53], the obtained ZnO has a similar size (under 
100 nm) which confirmed that the polyol method can 
promote the generation of nano-sized ZnO. 

 
Fig 3. (a) FESEM, (b) TEM images of ZnO, and the (c) hexagonal, (d) rods and (e) sphere morphology of ZnO 



Indones. J. Chem., 2023, 23 (5), 1304 - 1314    

 

Hendro Juwono et al. 
 

1309 

0 50 100 150 200

0

5

10

15

20

25

F
re

q
u

e
n

cy

Pore size (nm)  
Fig 4. Pore size distribution of ZnO 

0

5

10

15

20

25

30

35

40

5.
9

0.
3

2

24
.9

31
.2

3
Alco

ho
l

Aro
m

at
ics

Alka
ne

s

FAM
E

 

%
 C

o
m

p
o

n
e

n
t

FFA

3
7.

0
6

 
Fig 5. Component of candlenut oil 

 
Photo Esterification of Candlenut Oil 

Fig. 5 shows the components of candlenut oil used 
in this study. The main components were FFA, FAME, 
and alkanes compounds. Candlenut oil also contains a 
small number of aromatic compounds and alcohol. The 
GC-MS results showed that the candlenut oil contained a 
high amount of FFA of approximately 31.23%. The main 
FFA compounds in the candlenut oil were linoleic acid 
(9(Z),12(Z)-octadecadienoic acid) and palmitic acid (n-
hexadecanoic acid). The candlenut oil itself initially 
contains approximately 37.06% FAME compounds. In 
this study, the FFA content of candlenut oil was converted 
into FAME compounds through an esterification reaction 
with methanol and ZnO polyol nanocatalyst. 

Fig. 6(a) displays the effects of ZnO polyol 
nanocatalyst amount (%w/w ZnO/candlenut oil) to the 
FAME percentage results for 180 min esterification time 
with an oil: methanol ratio of 1:3 at room temperature 
whilst being stirred at 400 rpm. The results signified that 
the addition of ZnO polyol nanocatalyst to the reaction 
was able to increase the FAME yield. The plot also 
revealed that the amount of FAME percentage increased 

with increasing the amount of ZnO polyol nanocatalyst 
(0.5, 1.5, and 2.0%). Increasing the amount of ZnO led 
to enhancing the active surface for the photo-
transesterification process. Consequently, the amount of 
generated FAME is increased [54]. An optimum FAME 
yield can be obtained after adding 2.0% of ZnO polyol 
nano catalyst to the reaction, with FAME percentage 
result obtained is approximately 70.76%. This result also 
demonstrated that the synthesized ZnO nano through 
the polyol method was successfully performed as a 
catalyst to convert FFA into FAME in the esterification 
reaction of candlenut oil. However, the percentage of 
FAME is slightly reduced compared to the previous 
study by Zhang et al. [55], reporting that the FAME 
conversion from waste cooking soybean oil was 100% 
using graphitic carbon nitride supported molybdenum 
catalyst. This result is very reasonable since only ZnO is 
used as a photocatalyst, yielding a fast recombination 
process compared to modified photocatalysts [56]. As a 
result, the transesterification process promoted by the 
photo-redox reaction is low compared to modified 
photocatalysts. 
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Fig 6. (a) Effect of catalyst dosage (b) Effect of esterification time 

 
Fig 7. Proposed mechanism of oil and methanol photo-esterification through ZnO catalyst 

 
Fig. 6(b) displays the effects of esterification time 

(60, 120, and 180 min) with respect to the FAME 
percentage result in the presence of 2.0% ZnO polyol 
nanocatalyst with oil: methanol ratio of 1:3 at room 
temperature whilst being stirred at 400 rpm. The result 
hinted that the reaction time highly affected the FAME 
percentage result. A small increase in FAME percentage 
was obtained after the reagent was being reacted for 
60 min. Increasing the reaction time significantly 
increased the FAME percentage result, which was around 
47% and 70% for 120 and 180 min reaction time, 
respectively. It can be seen that increasing the time 
temperature enhanced the time of the transesterification 

reaction via the photocatalysis process. According to the 
process, the photocatalytic process promotes the 
transesterification process to yield biodiesel. During the 
UV light irradiation, electrons on the valence band (VB) 
of ZnO were excited to the conduction band of ZnO. At 
the time, holes were also generated on the VB of ZnO. 
The electrons would react with the FFA molecule to 
form a radical compound of FFA (compound a) [28]. 
Besides, holes would react with methanol to form 
methanol radicals and protons. Methanol radical would 
react with FFA methanol to form compound b, followed 
by attacking H+ to yield compound c. Since the oxygen 
atom has a lone pair electron, it is possible to attack the 
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hydrogen atom of a hydroxyl group in compound d, 
which has the lowest electronegativity. Thus, the oxygen 
atom of the hydroxyl group reacted with the hydrogen 
atom of another hydroxyl group and yielded a water 
molecule and methyl ester group, as illustrated in Fig. 7. 

■ CONCLUSION 

The production of biodiesel from candlenut oil 
using ZnO via photocatalytic-assisted transesterification 
has been successfully carried out. ZnO was prepared via 
the polyol method and exhibited a nanoparticle size of 
20–200 nm and a surface area of 15.5 m2 g−1. The pore size 
distribution of ZnO was mostly around 10–20 nm. Besides, 
various morphologies were generated by polyol methods, 
including spherical, rods, and hexagonal. The GC-MS 
result reported that the application of the candlenut oil 
esterification reaction was successfully carried out. The 
FFA content in candlenut oil has been converted into 
FAME with the assistance of nano-ZnO polyol as the 
catalyst. The effect of ZnO percentage and esterification 
time revealed that the FAME percentage increased either 
along with the increasing ZnO percentage (0.5, 1.5, and 
2.0% w/w) or with the increasing reaction time (0, 60, 120, 
and 180 min). The yield of FAME percentage was 
approximately 70.76%, which was obtained in the reaction 
using 2.0% nano-ZnO polyol under 180 min reaction 
time at room temperature whilst being stirred constantly 
at 400 rpm. The photocatalytic process promotes the 
transesterification process at room temperature, which is 
beneficial for reducing energy consumption. Apart from 
that, a moderate FAME percentage is obtained due to the 
limitation of ZnO in charge carrier transfer and 
separation as a single photocatalyst. 
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