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oxide (NiO, CuO, ZnO)-doped
calcium oxide catalysts derived from eggshells for
the transesterification of refined waste cooking oil

Nur Fatin Sulaiman,ab Nurul Izzaty Ramly,a Mohamad Helmi Abd Mubinc

and Siew Ling Lee *ab

This paper reports the synthesis of new transition metal oxide-modified CaO catalysts derived from

eggshells for the transesterification of refined waste cooking oil. CaO is a well-known base catalyst for

transesterification. However, its moderate basicity and low surface area have restricted its catalytic

performance. Therefore, a new attempt was made to modify the CaO catalyst with transition metal

oxides, including Ni, Cu and Zn oxides, via simple wetness impregnation method. The catalytic

performance of the resulting modified CaO-based catalysts was evaluated through the transesterification

reaction using refined waste cooking oil. The results showed that the NiO/CaO(10 : 90)(ES) catalyst

calcined at 700 �C, demonstrated being highly potential as a catalyst. It gave the highest biodiesel

production (97.3%) at the optimum conditions of 1 : 18 oil-to-methanol molar ratio, 6 wt% catalyst

loading and 180 minutes reaction time as verified by response surface methodology (RSM). The high

catalytic activity of NiO/CaO(10 : 90)(ES)(700 �C) was attributed to its high basicity (8.5867 mmol g�1)

and relatively large surface area (7.1 m2 g�1). The acid value and free fatty acids of the biodiesel

produced under optimal process conditions followed the EN 14214 and ASTM D6751 limit with 0.17 mg

KOH per g (AV) and 0.09 mg KOH per g (FFA), respectively.
1. Introduction

Researchers are seeing new solutions to replace the reliance on
petroleum fuel through increasing environmental concerns and the
fastest depletion of fossil fuel in the world. In search of renewable
sources as the replacement, biodiesel was introduced as a substitute
source to fossil fuels. Since biodiesel has very similar physico-
chemical properties to petroleum diesel, no engine modication is
neededwhen biodiesel became the substitution. Biodiesel is a green
fuel based on fats and plant oils that can be used in diesel engine. In
addition, biodiesel has been recognized as a clean renewable and
sustainable fuel that produces 78% less gaseous pollutant emission,
such as SOx, NOx, CO and HC, and particulate matter or soot than
petrol diesel.1,2 The application of biodiesel as a renewable fuel does
not increase the atmospheric carbon dioxide as most feedstocks
used in biodiesel production are environmentally friendly.

The possibility of using vegetables oils and their derivatives
is recognized as a substitute fuel for replacing petroleum diesel.
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In spite of that, the direct utilization of plant oils in a petroleum
diesel engine was found to be impractical without a modica-
tion process due to the high viscosity of the oil possibly
damaging the vehicle's engine. Undergoing a transesterication
reaction is the most favourable method for decreasing oil's
viscosity and producing biodiesel fuel.3 However, replacing
fossil fuels with vegetable oil leads to a high cost of biodiesel for
its commercialization. Therefore, the idea of using waste vege-
table oil, which is commonly known as waste cooking oil, has
been introduced in the biodiesel production due to its low cost
and gives a waste management solution.4 In addition, it is
possible to avoid the sensitive “food versus fuel” debate by using
rened waste cooking oil for the production of biodiesel.5

Generally, biodiesel is known as a long chain fatty acid alkyl
ester (FAAE) synthesized from the transesterication reaction of
vegetable oil with alcohol in the presence of a catalyst. A
homogeneous catalyst is a base catalyst from alkali metal
methoxides and hydroxides, such as NaOCH3, KOH and NaOH,6

while a heterogeneous catalyst comes from alkali earth oxides,
such as CaO, MgO, SrO and BaO, alkali metal oxide, supported
alkali metal and zeolite.2,7 In fact, homogeneous catalysts have
some drawbacks, including the difficulty of separating the
catalyst from the reaction mixture, high water consumption for
washing the catalyst residues, and the formation of soap as an
unwanted product.2,8 Therefore, heterogeneous catalysts are
now more popular. Unlike the homogenous catalyst, these
RSC Adv., 2021, 11, 21781–21795 | 21781
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Table 1 Preparation of the modified calcium oxide-based catalysts by
doping transition metal oxides (NiO, CuO, ZnO) at different dopant-
to-based ratios

Catalysts Dopant-to-based ratios (wt%)

NiO/CaO(ES) 10 : 90
20 : 80
30 : 70

CuO/CaO(ES) 10 : 90
20 : 80
30 : 70

ZnO/CaO(ES) 10 : 90
20 : 80
30 : 70

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/4
/2

02
6 

9:
22

:3
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
heterogeneous catalysts could be easily recovered from the
reaction mixture and possibly reusable for several times.

Calcium oxide (CaO) is the most promising heterogeneous
base catalyst for the development of biodiesel because of the
benets, such as its low solubility in methanol, cheaper price,
low toxicity, and it is not harmful to the environment. In
addition, calcium sources for preparing the CaO catalyst can
easily be obtained from a waste shell, like chicken eggshell,
cockle shell, mussel shell, river snail shell and golden apple
snails shell.9,10 As studied by Kaewdaeng et al.,11 the CaO derived
from waste shell was demonstrated as a good heterogeneous
catalyst in the biodiesel production because it gave higher
catalytic activity, as well as being environmentally friendly in
the production process. Moreover, the heterogeneous catalyst
can be modied either by incorporation with an alkaline metal,
alkaline earth metal and transition metal oxides via co-
precipitation, sol–gel, hydration dehydration and chemical
vapor deposition.

Despite the fact that CaO is a well-known catalyst for bio-
diesel production, the single CaO catalyst was reported to be not
stable under certain reaction conditions. Moreover, CaO has
a low surface area, which restricts the number of active basic
sites on the catalyst surface, and it sometimes suffered from the
leaching of Ca species during the transesterication process.12

As a result, the catalytic performance of CaO in producing the
maximum biodiesel yield was greatly affected. Therefore, many
efforts have beenmade to modify the CaO catalyst in an attempt
to improve the physicochemical properties of the CaO catalyst,
including its catalytic activity, stability and basic strength.13

This improvement in the physicochemical properties signi-
cantly affected the efficiency of biodiesel production. Doping
with selective elements such as copper oxide would increase the
basicity, surface area and reduce the particle size of the based
catalyst. As explained by Yoo et al.,14 the ZnO-basedmetal oxides
were good basic solid catalysts for the transesterication of
vegetable oils upon modication using alkaline or alkaline
earth metals. Moreover, nickel oxide (NiO) has received
considerable attention in different elds due to its signicant
catalytic, optical, electrical and magnetic properties.15

This study presents a new attempt to improve the catalytic
performance of CaO derived from eggshell by transition metal
doping via a simple wetness impregnation method. The main
purpose of developing these mixed metal oxide catalysts was to
enhance their physicochemical properties in terms of the
stability, catalytic activity and basic strength of the catalysts.
According to Gayakhe et al.,16 transition metal oxides (such as
NiO, CuO and ZnO) tend to become a co-catalyst because of
their characteristics, including variable oxidation state, ion
complex formation and high catalytic efficiency. To our best
knowledge, the synthesis of the new mixed metal oxides by
incorporation of transition metal oxides (NiO, CuO and ZnO)
into calcium oxide-based catalysts derived from waste eggshells
in the transesterication of rened waste cooking oil has not
been explored. For this purpose, the effect of catalyst prepara-
tion parameters (such as calcination temperatures, types of
dopants and ratios of dopant loading) was investigated in order
produce an efficient catalyst for biodiesel production.
21782 | RSC Adv., 2021, 11, 21781–21795
Moreover, the catalytic performance of the transition metal-
doped CaO catalyst was further improved by varying the catalyst
loading, reaction time and oil-to-methanol ratio. The catalytic
results were veried using response surface methodology (RSM)
coupled with Box–Behnken Design (BBD) to achieve the
optimum biodiesel production parameters. Toward this objec-
tive, a linear or square polynomial function was employed to
describe the experimental design, and thus to explore the
modeling for the optimization.
2. Materials and methods
2.1. Chemicals and materials

Rened waste cooking oil has been collected from the local
market. For catalyst production, waste chicken eggshells were
collected from a seafood restaurant in Kulai, Johor. Chemicals,
such as zinc nitrate hexahydrate (Zn(NO3)2$6H2O), nickel(II)
nitrate hexahydrate (Ni(NO3)2$6H2O) and copper(II) nitrate tri-
hydrate (Cu(NO3)2$3H2O), were acquired fromMerck. Methanol
(CH3OH) as the reactant and n-hexane as the solvent were used
for the transesterication process.
2.2. Synthesis of the calcium oxide-based catalyst

Waste chicken eggshells were rinsed with distilled water to
remove dust and impurities. The shells were then dried overnight
at a temperature of 105 �C. Aer drying, the shells were grounded
into powder and calcined at 900 �C by heating at a ramping rate of
5 �C min�1 for 5 hours to obtain the CaO catalyst.17 Next, the
modication of the CaO-based catalyst with the addition of tran-
sition metal oxides as dopants was achieved using the wetness
impregnation method. About 5 g of prepared CaO derived from
waste chicken eggshells was dissolved into 50 mL of distilled
water. Transition metals (nickel(II) nitrate hexahydrate, copper(II)
nitrate trihydrate and zinc nitrate hexahydrate) as dopants were
prepared by dissolved an appropriate amount of the salt solution
into a based catalyst solution, according to the ratios 10 : 90,
20 : 80, 30 : 70 wt%, as stated in Table 1. Both solutions were then
mixed into a beaker under stirring at room temperature for acti-
vation. Aer 30 minutes, the mixture was ltered and aged in the
oven for 24 hours at 90 �C before the calcination process at 700,
800 or 900 �C for 5 hours.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.3. Determination of the acid value (AV) and free fatty acid (FFA)

The analyses of rened waste cooking oil, especially acid value and
free fatty acid, were carried out before the transesterication reaction
in order to identify the properties of the feedstock. Thus, a simple
titration method was carried out in accordance with the American
Society for Testing Materials (ASTM D6751) and European Standard
(EN 14214). A sample of about 5.00 g of renedwaste cooking oil was
placed in a dried conical ask. Then, 25 mL of ethanol was added
with 2 to 3 drops of phenolphthalein. The mixture solution was
heated and stirred for 10 minutes. The solution was titrated with
0.1 N KOH until the pink color appeared. The acid value was
calculated using eqn (1), where A.V. is the acid value in (mg KOH per
g), mL is the amount of potassium hydroxide (KOH) consumed by
the sample, N is the normality of KOH andW is the weight of the oil
in grams, while the FFA value was calculated using eqn (2):

A:V: ¼ mL�N � 56:1

W
(1)

FFA ¼ A:V:

2:19
(2)

2.4. Catalyst characterization

The characterization techniques used to identify the effect of physi-
cochemical characteristics on the catalytic activity in transesterication
for biodiesel were nitrogen adsorption–desorption analysis, X-ray
diffraction spectroscopy (XRD), CO2-temperature programmed
desorption (CO2-TPD), eld emission scanning electron microscopy
(FESEM) and energy dispersive X-ray (EDX) analyses. Nitrogen
adsorption–desorption analysis was used for the measurement of the
textural properties for the prepared catalyst by Micromeritics ASAP
2010. About 0.5 g of sample was degassed at 120 �C to remove the
adsorbed gases. The specic surface area was determined from the
adsorption curve in accordance with the Brunauer–Emmett–Teller
(BET) method. For XRD study, the sample was placed in a glass
plate of 10–15mmdiameter and approximately 1mmdepth in the
sample holder. The XRD patterns were obtained using Cu-Ka
radiation (l ¼ 1.54060 Å) for 2q values from 20� to 80� by
a Diffractometer D5000 Siemens Crystalloex. The crystallite size
of the prepared catalysts was determined by Scherrer's equation.

The surface morphology of the samples was examined via
FESEM (Hitachi SU8020) coupled with an EDX analyzer. The
prepared samples were coated with gold before the analysis, as the
samples could be exposed to electron bombardment without any
charging effect. CO2-TPD analysis was carried out utilizing Micro-
meritics Autochem 2920. About 0.05 g of the sample was placed in
a quartz U-tube of 10mm internal diameter, and cleaned for 1 hour
under heliumow for 20mLmin�1 at 150 �C. Next, the temperature
was decreased to 40 �C for 1 hour to ow the CO2 gas continuously
through the sample in order to pre-saturate the active sites with CO2.
Finally, the helium gas was owed at 80 �C for 1 hour to remove the
weak physisorbed CO2 from the surface of the samples.
2.5. Transesterication reaction for biodiesel production

For this process, rened waste cooking oil was reuxed at 65 �
5 �C with methanol in the presence of the prepared catalyst.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Next, the methanol removal process was continued by distilla-
tion process. The product was then centrifuged at 5000 rpm for
10 minutes in order to separate the used catalyst from the
solution. Two layers consisting of the top layer (biodiesel) and
bottom layer (catalyst and glycerol) were formed. Further anal-
ysis of the biodiesel product was carried out using a gas
chromatography-ame ionization detector (GC Agilent 6890N
model) equipped with a DB-HeavyWAX (30 m � 0.255 mm �
0.25 mm). The oven temperature was set at 250 �C, while the
injector and detector temperatures were xed at 250 �C. The
initial column temperature was programmed at 60 �C for 2
minutes with a ramp rate of 5 �C min�1 up to 240 �C for 7
minutes. Helium was used as a carrier gas. A sample of 10 : 1
ratio (n-hexane to biodiesel) was injected from the diluted bio-
diesel. Biodiesel production was calculated using eqn (3), in
accordance with EN 14103:2011.

Y ¼
P

A� AEI

AEI

� WEI

W
� 100 (3)

where
P

A is the total peak area from the methyl ester in C6 : 0
to that in C24 : 1. AEI is the peak area corresponding to nano-
decanoic acid methyl ester, while WEI is the weight (mg) of the
nanodecanoic acid methyl ester being used as an internal
standard and W is the weight (mg) of the sample.
2.6. Optimization parameters of the transesterication
reaction

The effect of the reaction parameters, including the catalyst
loadings with respect to the oil weight (2, 4, 6 and 8 wt%), oil-to-
methanol mol ratios (1 : 16, 1 : 18, and 1 : 20) and the reaction
times (30, 60, 120, 180 and 240 minutes), was studied over the
best performing modied CaO-based catalyst. The reusability of
the used prepared catalyst was examined in multiple cycles.
2.7. Regression model and statistical analysis

In order to verify the statistical experimental design and then
achieve the best model equation, the biodiesel production
parameters were generated and validated using the Response
Surface Model (RSM) given by the Design-Expert 7.1.6. The
design is a polynomial empirical model in the second order,
and describes the response surface (eqn (4)).

Y ¼ b0 + SbiXi + SbiiXi
2 + SbijXiXj + 3 (4)

where Y is the response, b0, bi, bii and bij are the coefficients for
the intercept, linear, square and interaction effect, respectively,
while Xi and Xj are designated as the independent factors and 3

represents the error detected in the response Y.
There were three identied independent factors, including

catalyst loading (X1), oil-to-methanol ratio (X2) and reaction
time (X3), while the percentage of the biodiesel yield was
selected as the response (Y). Independent factors were calcu-
lated for the maximum response for biodiesel production,
ranging from low to high levels codied as�1, 0, and +1. A Box–
Behnken design (BBD), with a total of 17 experiments
randomized to reduce errors from orderly factors patterns,
RSC Adv., 2021, 11, 21781–21795 | 21783
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Table 2 The Box–Behnken design of the independent factors on the transesterification reaction

No. Independent factors

Run order X1: catalyst loading (wt%) X2: oil-to-methanol ratio (mol ratio) X3: reaction time (min)

1 8 1 : 18 240
2 4 1 : 20 180
3 6 1 : 18 180
4 4 1 : 18 120
5 8 1 : 18 120
6 8 1 : 20 180
7 6 1 : 18 180
8 6 1 : 18 180
9 6 1 : 18 180
10 8 1 : 16 180
11 6 1 : 20 120
12 6 1 : 20 240
13 4 1 : 18 240
14 6 1 : 16 120
15 6 1 : 18 180
16 6 1 : 16 240
17 4 1 : 16 180

Fig. 1 Percentage of biodiesel production over the NiO/CaO (ES),
CuO/CaO (ES) and ZnO/CaO (ES) catalysts with 10 : 90 wt% dopant-
to-based ratio calcined at different calcination temperatures for 5
hours.
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followed the second order surface response model. Table 2
presents the independent factors-coded level BBD. In the
analysis of variance (ANOVA), the validity for response to the
model was generated. The signicant designmust be referred to
as the F-value (Fischer variation ratio) and p-value (signicant
probability value), in which the p-value of the selected design
must be less than 0.05 and insignicant due to lack of t. In
addition, the determination coefficient (R2) must be >0.94,
indicating the right correlation between the experiment and the
predicted values. The relationship between the two indepen-
dent factors were examined using 2D contour plots and 3D
response surface plots, while the third factor remained
constant.

3. Results and discussion
3.1. Catalytic testing

The catalytic performances on the transesterication reaction
of rened waste cooking oil using different transition metal
oxides (NiO, CuO, ZnO)-impregnated calcium oxide-based
catalysts derived from waste chicken eggshells were investi-
gated under the following reaction conditions: 65 �C reaction
temperature, 6 wt% catalyst loading, 1 : 18 oil-to-methanol mol
ratio and 60min reaction time. The effects of different synthesis
parameters, including calcination temperatures, types of
dopants and dopant-to-based ratios, were studied and opti-
mized to obtain the highest catalytic activity for the modied
CaO-based catalysts in the production of biodiesel.

3.1.1. Effect on the types of dopants. The biodiesel
production over the NiO/CaO (ES), CuO/CaO (ES) and ZnO/CaO
(ES) catalysts with a 10 : 90 wt% dopant-to-based ratio calcined
at different temperatures of 700, 800 and 900 �C are presented
in Fig. 1. It was observed that at a temperature of 700 �C, the
NiO/CaO(10 : 90)(ES) catalyst showed the highest biodiesel
production of 97.30%, followed by the ZnO/CaO(10 : 90)(ES)
21784 | RSC Adv., 2021, 11, 21781–21795
catalyst (96.38%) and CuO/CaO(10 : 90)(ES) catalyst (94.93%).
Moreover, at 800 �C, the higher biodiesel production of 96.46%
was obtained using the NiO/CaO(10 : 90)(ES) catalyst. Overall, it
was found that the addition of the NiO species led to the highest
biodiesel production in the transesterication reaction of
rened waste cooking oil compared to CuO and ZnO. As
mentioned by Dawood et al.,15 nickel oxide has received
considerable attention as a good heterogeneous catalyst due to
its high surface area and possible porous nature.

3.1.2. Effect on the calcination temperatures. Fig. 2 shows
the effect of the calcination temperature over the NiO/CaO (ES),
CuO/CaO (ES) and ZnO/CaO (ES) catalysts with a 10 : 90 wt%
dopant-to-based ratio towards the percentage of biodiesel
production. For the NiO/CaO(10 : 90)(ES) catalyst, its catalytic
activity decreased with increasing temperature from 700 �C
(97.30%) to 900 �C (90.55%). This phenomenon was mainly due
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Percentage of biodiesel production over NiO/CaO(10 : 90)(ES),
CuO/CaO(10 : 90)(ES) and ZnO/CaO(10 : 90)(ES) calcined at 700, 800
and 900 �C for 5 hours.

Fig. 3 Percentage of biodiesel production over the NiO/CaO (ES),
ZnO/CaO (ES) catalysts calcined at 700 �C and CuO/CaO (ES) catalyst
calcined at 800 �C for 5 hours with different dopant-to-based ratios
(10 : 90, 20 : 80, 30 : 70 wt%).
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to the sintering effect and recrystallization of the metal oxide,
resulting in low dispersion of the catalysts and poor catalytic
materials.18

Meanwhile, the catalytic performance of the CuO/
CaO(10 : 90)(ES)(700 �C) catalyst had resulted in 94.93% of
biodiesel yield since the catalyst particles were agglomerated, as
shown in Fig. 6(c), and subsequently reduced the active species
on the catalyst surface. Interestingly, the catalytic performance
increased signicantly to 96.19% of biodiesel production for the
CuO/CaO(10 : 90)(ES) catalyst calcined at 800 �C. However, the
biodiesel percentage was reduced to 94.58% upon increasing the
calcination temperature to 900 �C. It was believed that the reduc-
tion was due to the sintering effect, where the solid catalyst has
undergone the process of compacting and forming a solid mass of
material by heating at high temperature, and hence led to an
increase in the particle size and decrease in the surface area. For
the ZnO/CaO(10 : 90)(ES) catalyst calcined at 700 �C, a higher
percentage biodiesel production was achieved at 96.38%.

As shown in Fig. 2, the current ndings revealed that the
optimum calcination temperature for NiO/CaO(10 : 90)(ES)
(97.30%), ZnO/CaO(10 : 90)(ES) (96.38%) and CuO/
CaO(10 : 90)(ES) (96.19%) catalysts were 700 �C, 700 �C and
800 �C, respectively. These modied catalysts prepared at the
optimum calcination temperature were used to further study the
effect of dopant loading towards catalytic activity. As suggested by
Yan et al.,19 the calcination temperature was a critical aspect in
controlling the surface defects and the interaction between the
metal oxides. Moreover, the catalytic activity and thermal stability of
the catalyst increased with the addition of an appropriate amount of
dopant due to the high dispersion of the metal on the catalyst.20

3.1.3. Effect on the dopant loadings. The effects of the
dopant loadings on the transesterication process for biodiesel
over the NiO/CaO (ES) and ZnO/CaO (ES) catalysts calcined at
700 �C and the CuO/CaO (ES) catalyst calcined at 800 �C were
investigated with modifying the dopant-to-based ratios for 10 : 90,
20 : 80 and 30 : 70 wt%, as illustrated in Fig. 3. For the NiO/CaO
(ES)(700 �C) catalyst, the highest biodiesel production (97.30%)
was obtained when the dopant-to-based ratio used was
10 : 90 wt%. However, the catalytic activity was reduced with
increasing Ni loadings to 20 wt% (97.10%) and 30 wt% (91.52%).
As stated by Sulaiman et al.,21 excessive dopant loading caused
© 2021 The Author(s). Published by the Royal Society of Chemistry
agglomeration on the catalyst surface, blocking pores and the
number of active sites. A similar trend was observed for the CuO/
CaO (ES)(800 �C) and ZnO/CaO (ES)(700 �C) catalysts when the
optimum dopant-to-based ratio was 10 : 90 wt%, exhibiting
96.19% and 96.38%, respectively, for the biodiesel production.
3.2. Properties of the rened waste cooking oil and biodiesel
product

The physicochemical fuel properties of the rened waste
cooking oil and biodiesel produced over the NiO/
CaO(10 : 90)(ES) catalyst calcined at 700 �C were calculated in
accordance with the American Society for Testing Materials
(ASTM D6751) and European Standard (EN 14214), as listed in
Table 3. The density of the rened waste cooking oil was higher
(950 kg m�3) compared with the biodiesel produced (870.6 kg
m�3) due to the changes in the chemical properties, where the
triglycerides undergo several processes to form the fatty acid
methyl ester. Moreover, the viscosity of the biodiesel produced
at 40 �C was 4.9 mm2 s�1, which is in accordance with the range
specied by ASTM D6751 and EN 14214. The high viscosity
recorded for the rened waste cooking oil (20.8 mm2 s�1) causes
poor ow of the fuel in the engine combustion chamber during
the intake stroke. This causes it to take a long time to mix with
air, and thus delays the combustion.

The acid value for rened waste cooking oil was 0.39 mg
KOH per g, which is well within the range of both standards and
suitable for the transesterication of oil. Aer the reaction, the
acid values of the biodiesel product over the NiO/
CaO(10 : 90)(ES)(700 �C) catalyzed reaction were reduced to
0.17 mg KOH per g. Overall, the ndings for the AV and FFA
under optimal process conditions met the standard value of
ASTM D6751 and EN 14214. Hence, the rened waste cooking
oil employed in this study seems to have the capability for large-
scale biodiesel production with a suitable catalyst.
3.3. Catalyst characterizations

3.3.1. Nitrogen adsorption–desorption analysis. The
surface area and porosity of four different transition metal-
RSC Adv., 2021, 11, 21781–21795 | 21785
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Table 3 Physicochemical fuel properties of refined waste cooking oil and biodiesel produced using the NiO/CaO(10 : 90)(ES)(700 �C) catalyst

Parameter Test method EN 14214 ASTM D6751
Rened waste
cooking oil

Biodiesel
(FAME)

Acid value (mg KOH per g) EN 14104 Max. 0.5 Max. 0.8 0.39 0.17
Free fatty acid (mg KOH per g) EN 14104 Max. 0.25 Max. 0.4 0.20 0.09
Density at 15 �C (kg m�3) ASTM D1298 860–890 860–890 950 870.6
Kinematic viscosity at 40 �C (mm2 s�1) ASTM D445 3.5–5.0 1.9–6.0 20.8 4.9

Table 4 Textural properties of the NiO/CaO(10 : 90)(ES) catalyst calcined at 700 �C and 800 �C, and the CuO/CaO(10 : 90)(ES) and ZnO/
CaO(10 : 90)(ES) catalysts calcined at 700 �C for 5 hours

Catalysts
Calcination temperature
(�C)

BET surface
area (m2 g�1)

Average pore
diameter (nm)

Total pore volume
(cm3 g�1)

NiO/CaO(10 : 90)(ES) 700 7.1 14.26 0.0135
800 5.7 17.68 0.0110

CuO/CaO(10 : 90)(ES) 700 7.0 14.27 0.0130
ZnO/CaO(10 : 90)(ES) 700 5.6 17.86 0.0101

Fig. 4 Pore size distribution of the NiO/CaO(10 : 90)(ES) catalyst
calcined at 700 �C and 800 �C, CuO/CaO(10 : 90)(ES) and ZnO/
CaO(10 : 90)(ES) catalysts calcined at 700 �C.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/4
/2

02
6 

9:
22

:3
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
modied catalysts of NiO/CaO(10 : 90)(ES) calcined at 700 �C
and 800 �C, CuO/CaO(10 : 90)(ES)(700 �C) and ZnO/
CaO(10 : 90)(ES)(700 �C) were measured via nitrogen adsorp-
tion–desorption analysis. As presented in Table 4, the BET
surface area of the NiO/CaO(10 : 90)(ES) catalyst was affected by
calcination temperature. It was observed that the surface area of
the NiO/CaO(10 : 90)(ES) catalyst reduced from 7.1 m2 g�1 to 5.7
m2 g�1 as the calcination temperature increased from 700 �C to
800 �C. Meanwhile, the pore volume also decreased from 0.0135
cm3 g�1 (700 �C) to 0.0110 cm3 g�1 (800 �C) with an increase in
the calcination temperature. The decrease in the surface area
and pore volume at higher calcination temperature was possibly
due to the structural modication of the catalyst, whereby the
catalyst particles began to agglomerate.22 In contrast, the pore
diameter of the catalyst increased from 14.26 to 17.68 nm by
increasing the calcination temperature from 700 to 800 �C.

On the other hand, the BET surface area, average pore
diameter and pore volume recorded by the CuO/
CaO(10 : 90)(ES) catalyst calcined at 700 �C were 7.0 m2 g�1,
14.27 nm and 0.0130 cm3 g�1, respectively. Meanwhile, for the
ZnO/CaO(10 : 90)(ES) catalyst, the surface area, average pore
diameter and pore volume were 5.6 m2 g�1, 17.86 nm and 0.0101
cm3 g�1, respectively. Although the overall structural properties
possessed by the modied catalysts did not show a signicant
difference, the NiO/CaO(10 : 90)(ES) catalyst calcined at 700 �C
exhibited the largest value of surface area and pore volume, as well
as achieved a maximum biodiesel production of 97.30%. As
mentioned by Dawood et al.,15 NiO has attracted extensive interest
as a good heterogeneous catalyst because of its large specic
surface area and possible porous nature.

Meanwhile, the pore size distribution curves of the series of
modied catalysts, NiO/CaO(10 : 90)(ES) calcined at 700 �C and
800 �C, CuO/CaO(10 : 90)(ES)(700 �C) and ZnO/
CaO(10 : 90)(ES)(700 �C), are represented in Fig. 4. The results
showed that the pattern of all series of modied catalysts
illustrated relatively broad pore size distributions with a pore
21786 | RSC Adv., 2021, 11, 21781–21795
size of less than 50 nm, signifying a mesoporous structure.
According to Melero et al.,23 the mesopores of the solid catalyst
are signicant to minimize the diffusional constraints of bulky
free fatty acid molecules and long alkyl chain molecules.
Obviously, the NiO/CaO(10 : 90)(ES) catalyst calcined at 700 �C
presented a higher pore volume and smaller pore diameter
compared to the others. This nding is in close alliance with
Ljupković et al.,24 who demonstrated that the pore diameter and
pore volume play an essential role in exhibiting the catalytic
productivity.

3.3.2. X-ray diffraction (XRD) analysis. Fig. 5 displays the X-
ray diffractograms of the NiO/CaO(10 : 90)(ES) catalyst calcined
at 700 �C and 800 �C, and the CuO/CaO(10 : 90)(ES) and ZnO/
CaO(10 : 90)(ES) catalysts calcined at 700 �C. As can be seen in
Fig. 5, all modied catalysts exhibited intensive peaks of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XRD diffractograms of the catalysts: (a) NiO/
CaO(10 : 90)(ES)(700 �C), (b) NiO/CaO(10 : 90)(ES)(800 �C), (c) CuO/
CaO(10 : 90)(ES)(700 �C), and (d) ZnO/CaO(10 : 90)(ES)(700 �C).
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CaO phases and crystallinity peaks of the transition metal oxide
phases. The major peaks of the CaO cubic phase appeared at 2q
values approximately equal to 37.38� (I100), 53.89� (I50), 32.22�

(I42), 64.19� (I12) and 67.42� (I11) at plane hkl values of (200),
(220), (111), (311) and (222), respectively, according to the
JCPDS 77-2376 crystallographic le. Moreover, minor peaks of
the hexagonal shape portlandite Ca(OH)2 were detected for all
of the modied catalysts at 2q values equal to 34.17� (I100),
50.91� (I31) and 28.74� (I22) attributed to hkl planes of (101),
(110) and (100), respectively, according to JCPDS 44-1481. This
trace impurity was probably due to the exposure of the catalyst
with atmospheric air before analysis. The NiO/CaO(10 : 90)(ES)
catalysts calcined at 700 �C and 800 �C showed similar patterns
of XRD peaks, where the diffraction reections assigned to the
NiO cubic crystalline phase were observed at 2q values equal to
43.25� (I100), 37.23� (I64) and 62.83� (I52) attributed to the hkl
planes of (111), (200) and (220), respectively, corresponding to
JCPDS 73-1523. In addition, there was an overlapping peak
between NiO cubic and CaO cubic at a 2q value equal to 37.23�

(I64) at the hkl plane of (200).
For the CuO/CaO(10 : 90)(ES) catalyst calcined at 700 �C,

there were three peaks assigned to the monoclinic CuO
Table 5 Crystallite size of the NiO/CaO(10 : 90)(ES) catalysts prepared
CaO(10 : 90)(ES) and ZnO/CaO(10 : 90)(ES) catalysts prepared at a calcin

Catalyst Calcination temperature (�C)

Crystalli

CaO

Ni/CaO(10 : 90)(ES) 700 36.44
Ni/CaO(10 : 90)(ES) 800 40.32
Cu/CaO(10 : 90)(ES) 700 55.24
Zn/CaO(10 : 90)(ES) 700 43.93

© 2021 The Author(s). Published by the Royal Society of Chemistry
corresponding to JCPDS 89-2531. One peak was found at 2q ¼
38.99� (I2) at the hkl plane of (200). Another two peaks were
overlapped with CaO cubic at 32.18� (I39) and 67.33� (I11) attrib-
uted to the hkl planes of (110) and (220), respectively. Moreover, the
formation of new phases was detected referring to tetragonal
CaCuO2 at around 2q ¼ 32.82� (I33), 28.03� (I15) and 43.69� (I4),
which were attributed to the hkl planes of (110), (220) and (200),
respectively, according to JCPDS 88-0568. This new phase forma-
tion was probably due to the large interaction between CuO and
CaO, leading to the formation of the CaCuO2 compound.

Meanwhile, the ZnO/CaO(10 : 90)(ES) catalyst calcined at
700 �C displayed the presence of a hexagonal ZnO peak at 2q
values of 36.26� (I100), 31.77� (I58), 34.42� (I42), 56.60� (I32), 62.86�

(I29), 47.54� (I22), 67.95� (I24) and 69.09� (I12) attributed to the hkl
planes of (101), (100) (002), (110), (103), (102), (112) and (201),
respectively, corresponding to JCPDS 79-0206. The overall
results had suggested that the Ni2+, Cu2+ and Zn2+ cations from
the transition metal oxides-doped CaO were not displaced into
either the interstitial positions or the substitutional sites of the
CaO crystal structure due to the coexistence of the transition
metal oxides, and CaO peaks were observed in the XRD dif-
fractogram. Therefore, the impregnation of 10 wt% transition
metal oxides into the CaO (ES)-based catalyst was successfully
done, as the formation of transition metal oxides and CaO were
detected segregated by the XRD analysis.

Table 5 presents the crystallite sizes for the modied cata-
lysts that were determined by Debye Scherer's equation. It was
noted that the crystallite sizes of these catalysts were affected by
the introduction of different transition metal oxides (NiO, CuO
and ZnO) doped into the CaO (ES) catalyst. The smallest crys-
tallite size was recorded for the NiO/CaO(10 : 90)(ES) catalyst
calcined at 700 �C with 36.44 nm (CaO) and 28.27 nm (NiO).
However, the crystallite sizes of CaO and NiO were slightly
increased to 40.32 nm and 32.91 nm, respectively, as the calci-
nation temperature was increased to 800 �C. According to Roy
et al.,25 a higher calcination temperature would promote cluster
agglomeration and reduce the surface area. This statement is
aligned with the BET surface area, which decreased with the
increase of the calcination temperature. The crystallite size was
inversely proportional to the BET surface area, in which a large
crystallite size could reduce the surface area of the catalyst.26

Moreover, the CuO/CaO(10 : 90)(ES) catalyst calcined at
700 �C recorded the highest crystallite size of CaO (55.24 nm),
CuO (41.91 nm) and CaCuO2 (41.81 nm), followed by the crys-
tallite size of the ZnO/CaO(10 : 90)(ES) catalyst calcined at
at calcination temperatures of 700 �C and 800 �C, and the CuO/
ation temperature of 700 �C

te size (nm)

Ca(OH)2 NiO CuO CaCuO2 ZnO

20.98 28.27 — — —
16.39 32.91 — — —
18.70 — 41.91 41.81 —
16.30 — — — 34.09

RSC Adv., 2021, 11, 21781–21795 | 21787
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Fig. 6 FESEM micrographs of the catalysts: (a) NiO/CaO(10 : 90)(ES)(700 �C), (b) NiO/CaO(10 : 90)(ES)(800 �C), (c) CuO/CaO(10 : 90)(ES)(700
�C) and (d) ZnO/CaO(10 : 90)(ES)(700 �C) with a magnification of 60k�.
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700 �C, which achieved 43.93 nm (CaO) and 34.09 nm (ZnO).
The inuences of these types of transition metal oxide catalysts
toward the crystallite size of the CaO (ES) catalyst were observed
in this study. It was found that the smallest crystallite size of
CaO was 36.44 nm when doped with NiO, followed by ZnO
(43.93 nm) and CuO (55.24 nm). As reported by Kamal et al.,27

a larger crystallite size could lower the catalytic performance of
the catalyst toward biodiesel production.

3.3.3. Field emission scanning electron microscopy
(FESEM) analysis. Fig. 6 illustrates the FESEM micrographs of
the NiO/CaO(10 : 90)(ES) catalysts calcined at 700 �C and
800 �C, and CuO/CaO(10 : 90)(ES) and ZnO/CaO(10 : 90)(ES)
catalysts calcined at 700 �C captured at 60k� magnication.
Overall, the micrographs showed an irregular shape with varied
particle size on the surface of the catalysts. Based on the FESEM
micrograph in Fig. 6(a), the NiO/CaO(10 : 90)(ES) catalyst
calcined at 700 �C showed the formation of an irregular
spherical shape with smaller particle sizes ranging from
38.70 nm to 74.20 nm. Certain particles are bonded together as
aggregated with various grain sizes distributed on the catalyst
surface. According to Niju et al.,28 the smaller grain size could
provide a greater surface area, which then enhanced the catalyst
efficiency. However, when increasing the calcination tempera-
ture to 800 �C, the micrographs showed a slightly densely-packed
structure with spherical size in the range of 56.30 nm to 72.50 nm
distributed on the catalyst surface, as observed in Fig. 6(b). This
morphology exhibited a less porous network and this is in
21788 | RSC Adv., 2021, 11, 21781–21795
accordance with the study by Sulaiman et al.,29 which stated that
the porosity of the catalyst decreases as the temperature increases.
The smaller number of pores at higher heat treatment is probably
due to the fracturing of the porous wall.

The morphology of the CuO/CaO(10 : 90)(ES) catalyst
calcined at 700 �C shown in Fig. 6(c) exhibited uneven shapes
with the agglomeration of particles. The agglomerated particles,
which are larger with particle sizes ranging from 66.2 nm to
116.0 nm, possibly had blocked some pores of the catalyst
surface. Thus, they hindered the access of the reactant to the
active sites and decreased the catalytic activity. For the ZnO/
CaO(10 : 90)(ES) catalyst calcined at 700 �C, the catalyst
exhibited a mixture of irregular spherical and rod-shaped
particles that bonded together, producing a densely-packed
arrangement of crystallites, as observed in Fig. 6(d). The
irregular-shaped particles with larger sizes of 93.5 nm to
97.3 nm were distributed on the catalyst's surface, forming an
agglomerated structure.

3.3.4. Energy dispersive X-ray (EDX) analysis. Fig. 7
displays the results of EDX analysis for the NiO/CaO(10 : 90)(ES)
catalysts calcined at 700 �C and 800 �C, and the CuO/
CaO(10 : 90)(ES) and ZnO/CaO(10 : 90)(ES) catalysts calcined at
700 �C. It was found that all elements, including Ni, Cu, Zn, Ca
and O, were present in the mixed metal oxide catalysts. These
elements existed on the surface of the catalysts, and their
elemental compositions conrmed the weight percentages. As
can be seen, the composition of Ca was high over all of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Elemental compositions of the catalysts: (a) NiO/CaO(10 : 90)(ES)(700 �C), (b) NiO/CaO(10 : 90)(ES)(800 �C), (c) CuO/
CaO(10 : 90)(ES)(700 �C), and (d) ZnO/CaO(10 : 90)(ES)(700 �C).
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modied catalysts around 44.7 to 54.1 wt% due to the higher
ratio of CaO (90 wt%) used as a based catalyst. Furthermore, the
composition of O was detected to be around 36.6 to 49.5 wt% in all
modied catalysts due to the oxide from metal elements on the
catalyst surface. For the NiO/CaO(10 : 90)(ES) catalyst calcined at
700 �C, it was noted that the elemental compositions present in
this catalyst were 44.7 wt% of Ca, 47.3 wt% of O and 1.8 wt% of Ni.
However, aer calcination at 800 �C, the weight percentage of the
detected Ca, O and Ni in the catalyst increased to 46.8 wt%,
49.5 wt% and 3.8 wt%, respectively. This was possibly due to the
growth of catalyst particles, which led to the sintering of a ne
crystal when it was exposed to the higher temperature.

Meanwhile, the CuO/CaO(10 : 90)(ES) catalyst calcined at
700 �C showed the elemental composition of Ca (54.1 wt%), O
Fig. 8 CO2-TPD profiles of the NiO/CaO(10 : 90)(ES) catalysts calcined a
catalysts calcined at 700 �C for 5 hours.

© 2021 The Author(s). Published by the Royal Society of Chemistry
(49.5 wt%) and Cu (9.3 wt%). Apparently, this catalyst consisted
of the highest weight percentage of Ca, as compared to other
synthesized catalysts. This was supported by the XRD analysis
result, in which the CuO-doped CaO (ES) catalyst recorded more
peaks related to the copper dopant, which were monoclinic CuO
and tetragonal primitive CaCuO2, as well as possess the highest
crystallite size of cubic CaO, monoclinic CuO and tetragonal
primitive CaCuO2. Next, for the ZnO/CaO(10 : 90)(ES) catalyst
calcined at 700 �C, the EDX analysis revealed an elemental
composition of 45.8% of Ca, 48.4% of O and 5.8% of Zn. Overall,
it was concluded that all of the modied catalysts do not have
any impurities or contaminations, as they only consist of the
elements Ni, Cu, Zn, Ca and O.
t 700 �C and 800 �C, CuO/CaO(10 : 90)(ES) and ZnO/CaO(10 : 90)(ES)

RSC Adv., 2021, 11, 21781–21795 | 21789
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Table 6 The quantity of desorbed peak CO2 and total basicity over the modified CaO (ES) catalysts

Catalysts
Temperature of
desorbed peak CO2 (�C)

Quantity of desorbed
peak CO2 (mmol g�1)

Total basicity
(mmol g�1)

NiO/CaO(10 : 90)(ES)(700 �C) 438.80 6.9984 8.5867
639.80 1.5883

NiO/CaO(10 : 90)(ES)(800 �C) 421.10 6.7964 6.7964
ZnO/CaO(10 : 90)(ES)(700 �C) 412.10 3.1830 3.5911

607.10 0.4081
CuO/CaO(10 : 90)(ES)(700 �C) 398.20 1.5387 1.6918

576.80 0.1531

Fig. 9 Percentage of biodiesel production with different catalyst
loadings over the NiO/CaO(10 : 90)(ES)(700 �C) catalyst.
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3.3.5. CO2-temperature programmed desorption (CO2-
TPD) analysis. Fig. 8 presents the CO2-TPD proles of the NiO/
CaO(10 : 90)(ES) catalysts calcined at 700 �C and 800 �C, and the
CuO/CaO(10 : 90)(ES) and ZnO/CaO(10 : 90)(ES) catalysts
calcined at 700 �C for 5 hours. The CO2 desorption peaks can be
divided into three groups, exhibiting weak basic sites at
a temperature ranging from 50 �C to 200 �C that corresponded
to the surface hydroxyl groups (OH�); moderate basic sites at
a temperature from 200 �C to 400 �C, which can be attributed to
the oxygen of the metal–oxygen ion pairs (Me+–O2�); and strong
basic sites at a temperature between 400 �C and 800 �C, which
referred to the isolated surface O2� anions that possess Lewis
base character, as explained by Sulaiman et al.29 From the TPD
prole shown in Fig. 8, most of the CO2 desorption peaks
exhibited by all catalysts were observed at a temperature above
400 �C that were assigned to strong basic sites. It was observed
that only this catalyst possessed two types of basic sites;
medium and strong basic sites. The details on the total basicity
of each modied catalyst are tabulated in Table 6.

From the data illustrated in Table 6, the calcination
temperature and type of dopants affected the basicity of the
catalyst. For the NiO/CaO(10 : 90)(ES) catalysts, the result
showed that the total basicity decreased with increasing calci-
nation temperature from 8.5867 mmol g�1 (700 �C) to
6.7964 mmol g�1 (800 �C). As reported by Yan et al.,30 the
calcination temperature mostly affects the basicity of the cata-
lyst, surface area and catalytic performance towards the trans-
esterication reaction. As the specic surface area decreased,
the basicity was decreased from the amount of exposed basic
sites per unit volume. This phenomenon was due to the
diminished amount of basic sites, thus reducing the catalytic
efficiency in biodiesel production, as suggested by Kamal et al.27

Compared to other dopants, it was found that the NiO/
CaO(10 : 90)(ES)(700 �C) catalyst possessed the highest amount
of basic sites of 8.5867 mmol g�1, followed by the ZnO/
CaO(10 : 90)(ES)(700 �C) and CuO/CaO(10 : 90)(ES)(700 �C)
catalysts with 3.5911 mmol g�1 and 1.6918 mmol g�1, respec-
tively. The total basicity of the modied catalysts increases in
the order of Cu < Zn < Ni. Therefore, it was proved that the NiO/
CaO(10 : 90)(ES)(700 �C) catalyst exhibited excellent catalytic
activity with 97.3% of biodiesel production. As explained by
Kamal et al.,31 the addition of the nickel species would improve
the Lewis basicity of the catalyst and increase the basic strength
that could enhance the biodiesel production. Therefore, it can
21790 | RSC Adv., 2021, 11, 21781–21795
be concluded that the NiO/CaO(10 : 90)(ES) catalyst calcined at
700 �C gave excellent transesterication catalytic efficiency
since it has: (i) the best catalytic texture (i.e., the highest surface
area and highest pore volume), (ii) the smallest crystallite size of
cubic NiO and cubic CaO, (iii) possible porous nature, and (iv)
the highest total basicity with strong basic site, as compared to
other prepared catalysts.

3.4. Optimization of the process parameters

3.4.1. Catalyst loading. The effect of catalyst loading (2 to
8 wt%) towards the catalytic performance of NiO/
CaO(10 : 90)(ES)(700 �C) was examined. The reaction was
carried out at the conditions of 65 �C reaction temperature for
60 minutes with a 1 : 18 oil-to-methanol ratio. The reaction
temperature was xed at 65 �C due to the boiling point of
methanol as a reactant being 64.7 �C. As studied by Ngadi
et al.,32 the percentage conversion increased with increasing
temperature up to 65 �C, and slightly dropped with further
increment in temperature. As can be seen in Fig. 9, the yield of
biodiesel obtained was 81.2% at 2 wt% catalyst loading. This
was due to the insufficient amount of catalyst leading to
incomplete reaction, as suggested by Niju et al.33 Meanwhile, as
the amount of catalyst loading increased to 6 wt%, the
percentage of biodiesel yield was maximized (96.9%). This was
probably due to a sufficient amount of catalyst with a high
surface area obtained by the NiO/CaO(10 : 90)(ES)(700 �C)
catalyst, supplied high interaction between oil and methanol
molecules to produce the highest biodiesel yield. Moreover, this
maximum yield was achieved due to the availability of active
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Percentage of biodiesel production over the NiO/
CaO(10 : 90)(ES)(700 �C) catalyst using different oil-to-methanol mol
ratios in the transesterification reaction.

Fig. 11 Percentage of biodiesel production using the NiO/
CaO(10 : 90)(ES)(700 �C) catalyst at different reaction times.

Fig. 12 Reusability testing over the NiO/CaO(10 : 90)(ES)(700 �C)
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sites being increased at the optimum catalyst loading condition
in biodiesel production, and this result is in accordance with
a study by Arumugam and Sankaranarayanan.34 However, as the
catalyst loading was increased to 8 wt%, the biodiesel yield
decreased slightly to 96.0%. This phenomenon was due to the
increase in the catalyst loading, which caused the mixture to
become too dense and led to reactants and solid catalyst
dispersion problems, as stated by Farooq et al.35 Based on this
result, 6 wt% of the NiO/CaO(10 : 90)(ES)(700 �C) catalyst
loading was selected for further study on the effect of other
reaction parameters.

3.4.2. Oil-to-methanol ratio. The effect of the oil-to-
methanol ratios (1 : 16, 1 : 18, 1 : 20) in the presence of the
NiO/CaO(10 : 90)(ES) catalyst towards biodiesel production was
studied. The reaction was conducted at the conditions of 65 �C
reaction temperature for 60 minutes with 6 wt% of catalyst
loading. Fig. 10 shows that the percentage of biodiesel yield
increased as the oil-to-methanol ratio increased. A maximum
biodiesel yield of 96.9% was attained by using 1 : 18 of oil-to-
methanol ratio. However, beyond this optimum value, the bio-
diesel yield was slightly decreased to 95.3%. As stated by Tauq-
Yap et al.,36 the separation of biodiesel and glycerol would be
difficult due to the excessive addition of methanol, hence
affecting the nal biodiesel product by shiing the equilibrium
in the reverse direction. Moreover, the presence of alcohol in
the biodiesel product would have an effect on the fuel quality by
reducing its density, viscosity and ash point.37 Hence, 1 : 18 of
oil-to-methanol ratio was selected for the optimization of the
reaction time.

3.4.3. Reaction time. In order to examine the effect of the
reaction time on the biodiesel yield, the reaction time was
varied from 30 to 240 minutes (reaction conditions: 65 �C
reaction temperature, 6 wt% catalyst loading and 1 : 18 oil-to-
methanol mol ratio), as presented in Fig. 11. The result showed
that the biodiesel yield increased with increasing reaction time
from 30 to 180 minutes, and subsequently decreased at 240
minutes. This could be due to the biodiesel production being
increased in the rst stages of the transesterication reaction
until it reached equilibrium at 180 minutes, giving the
maximum production of 97.30%. However, further increasing
the reaction time reduced the biodiesel yield to 97.18%. The
© 2021 The Author(s). Published by the Royal Society of Chemistry
reduction of the catalytic performance was probably due to the
occurrence of a backward reaction, producing more glycerol
than methyl ester, as suggested by Yaşar.38 Therefore, 180
minutes of reaction time was selected as the optimum reaction
time for the transesterication reaction of biodiesel production
using the NiO/CaO(10 : 90)(ES) catalyst.

3.4.4. Reusability testing. A catalyst is identied as the best
catalyst if it can be reused multiple times by maintaining its
efficiency. Reusability testing of the potential catalyst, NiO/
CaO(10 : 90)(ES)(700 �C), was carried out to determine the
reusability of the catalyst in the transesterication reaction
(conditions: 65 �C reaction temperature, 6 wt% catalyst loading,
180 min reaction time and 1 : 18 oil-to-methanol mol ratio). The
testing was carried out by repeating the transesterication
reaction three times using the used NiO/CaO(10 : 90)(ES)(700
�C) catalyst under optimized conditions. As shown in Fig. 12,
the biodiesel production gave 94.4% and 93.4% in the second
and third run, respectively. Previous research by Kaur and Ali39

suggested that the gradual loss in catalytic activity aer each
run might be caused by the blocking of active sites either due to
the organic molecule adsorption or atmospheric O2, H2O and
CO2 contamination. In addition, during the catalytic process,
the structural changes oen deactivate the catalyst and thereby
decrease the activity. Overall, it could be seen that aer being
used for 3 times, the catalyst still yielded more than 93% of the
biodiesel production, strongly suggesting high reusability of
this potential NiO/CaO(10 : 90)(ES)(700 �C) catalyst. Therefore,
catalyst.

RSC Adv., 2021, 11, 21781–21795 | 21791
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Table 7 ANOVA data of the response surface quadratic model over the NiO/CaO(10 : 90)(ES)(700 �C) catalyzed reaction

Source Freedom degree Sum of squares Mean squares F-value p-value

Model 9 17.59 1.95 5654.05 <0.0001a

X1 1 1.43 1.43 4130.72 <0.0001
X2 1 1.26 1.26 3656.34 <0.0001
X3 1 0.024 0.024 70.00 <0.0001
X1X2 1 0.0036 0.0036 10.41 0.0145
X1X3 1 0.31 0.31 907.11 <0.0001
X2X3 1 1.17 1.17 3373.88 <0.0001
X1

2 1 5.36 5.36 15 496.63 <0.0001
X2

2 1 5.26 5.26 15 223.08 <0.0001
X3

2 1 1.48 1.48 4282.81 <0.0001
Residual 7 0.0024 0.0003
Lack of t 3 0.0019 0.0006 4.87 0.0801b

Pure error 4 0.0005 0.0001
Total 16 17.59
Std. Dev. 0.019 R-squared 0.9999
Mean 95.96 Adj. R-squared 0.9997
C.V. % 0.019 Pred. R-squared 0.9982

a Signicant. b Not signicant.
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the resulting catalyst is proven as an effective solid base catalyst
with high reusability.
3.5. Optimization of the NiO/CaO(10 : 90)(ES)(700 �C)
catalyzed reaction by RSM

A three-level-three-factor Box–Behnken design was developed to
verify the optimization of the NiO/CaO(10 : 90)(ES)(700 �C)
catalyzed reaction over the biodiesel production parameters.
The model expressed by eqn (5) represents the biodiesel
production (Y) as a dependent response towards the catalyst
loading (X1), oil-to-methanol ratio (X2) and reaction time (X3).
The ANOVA data for the determination of signicance on the
quadratic model over NiO/CaO(10 : 90)(ES)(700 �C) catalysis is
presented in Table 7. The F-value for the terms incorporated in
the model was 5654.05 with p-values < 0.0001, suggesting that
the model was signicant. As stated by Hassan et al.,40 the p-
value represents the probability of error in order to verify the
signicance of each regression coefficient. The main design
indicates that the terms signicantly affecting the production of
biodiesel corresponded to X1, X2, X3 and the relationship
between the main factors (X1X2, X1X3, and X2X3), while there
were no insignicant quadratic terms (X1

2, X2
2, and X3

2) on
biodiesel production. Thus, it was found that the p-value of the
model was very signicant as the p-values were less than 0.05.

Y ¼ 97.30 + 0.42 � X1 + 0.40 � X2 + 0.055 � C � 0.03 � X1

� X2 � 0.28 � X1 � X3 + 0.54 � X2 � X3 � 1.13 � X1
2

� 1.12 � X2
2 � 0.59 � X3

2 (5)

Moreover, the p-value of the lack-of-t test for the NiO/
CaO(10 : 90)(ES)(700 �C) catalyzed reaction was found to be
0.0801, which veried that the model was acceptable for
experimental results. Moreover, a lower number of coefficient
variation (CV, 0.019%) indicates the high accuracy and
21792 | RSC Adv., 2021, 11, 21781–21795
reliability of the experimental values in the reaction models.
The t of the developed regression equation could be measured
by the determination coefficient (R2), which was 0.9999. The
predicted R2 value of 0.9982 corresponded to the adjusted R2

value of 0.9997, indicating that the data matched well with the
model, and the results were convincingly good in their range.
From the ANOVA data, it can be inferred that the most impor-
tant parameter was the catalyst loading, which had a F-value of
4130.72, followed by the oil-to-methanol ratio (3656.34) and
reaction time (70.00).

The effects of the catalyst loading and oil-to-methanol ratio
towards biodiesel production over the NiO/CaO(10 : 90)(ES)(700
�C) catalyzed reaction are depicted in 3D and 2D contour plots
(Fig. 13(a)). The reaction time was kept constant at 180 minutes.
The red point in the middle of the surface plot showed the
designed center point, indicating ve times replication and
the designed space were in a good predictability. The
production of biodiesel increased until the maximum
production was reached with increasing oil-to-methanol ratio
and catalyst loading. As the oil-to-methanol ratio and catalyst
loading reached a high level, the biodiesel production was
moderately decreased. It can be inferred that the reaction
achieved an equilibrium at optimum conditions and shied
to a reverse reaction.

Moreover, Fig. 13(b) shows the interaction of the reaction
time and catalyst loading on biodiesel production, while the
oil-to-methanol mol ratio was xed at 1 : 18. The increased
reaction time and catalyst loading contributed to the
maximum production of biodiesel. Fig. 13(c) also illustrates
the impact on biodiesel production over the reaction time
and oil-to-methanol ratio, while the catalyst loading
remained constant at 6 wt%. It was observed that the
production of biodiesel increased to more than 97% with
a 1 : 18 oil-to-methanol ratio at 180 minutes. Thus, the
interaction from the elliptical contour plots displayed in
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra02076e


Fig. 13 3D surface plots and 2D contour plots of the NiO/CaO(10 : 90)(ES)(700 �C) catalyzed reaction as a function of the (a) oil-to-methanol
ratio and catalyst loading, (b) reaction time and catalyst loading, and (c) reaction time and oil-to-methanol ratio.
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Fig. 13 for these three independents factors in biodiesel
production was signicant and successful.

The optimum design conditions were identical to the
experimental ndings. The experimental results achieved
97.3% of maximum biodiesel production, while the predicted
biodiesel yield was estimated at 97.3%. Therefore, as the
experimental and predicted values were closely aligned, the
model is highly recommended and reliable for producing bio-
diesel from rened waste cooking oil.

4. Conclusion

New heterogenous catalysts for the transesterication of the NiO,
CuO and ZnO-modiedCaO-based catalysts derived fromwaste shell
were successfully synthesized viawetness impregnationmethod. The
catalytic testing results demonstrated that the NiO/CaO(10 : 90)(ES)
catalyst, which was calcined at 700 �C, appeared as the catalyst with
© 2021 The Author(s). Published by the Royal Society of Chemistry
themost potential for the transesterication of renedwaste cooking
oil. The optimization over the NiO/CaO(10 : 90)(ES) catalyzed reac-
tion was veried by RSM using the Box–Behnken design. It was
found that the NiO/CaO(10 : 90)(ES)(700 �C) catalyst showed the
highest activity (97.3%) at the optimum reaction conditions of 65 �C
of reaction temperature, 6 wt% of catalyst loading, 1 : 18 of oil-to-
methanol molar ratio, and 180 minutes of reaction time. Charac-
terizations suggested that the relatively high surface area of 7.1 m2

g�1 andbasicity of 8.5867mmol g�1 both contributed to the excellent
catalytic activity of the NiO/CaO(10 : 90)(ES)(700 �C) catalyst. The
research ndings indicated that the acid value and free fatty acids of
the biodiesel produced from rened cooking oil using the synthe-
sized NiO modied CaO catalyst at optimal process conditions fol-
lowed the EN 14214 and ASTMD6751 limit with 0.17 mg KOH per g
(AV) and 0.09 mg KOH per g (FFA), respectively. The NiO/
RSC Adv., 2021, 11, 21781–21795 | 21793
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CaO(10 : 90)(ES)(700 �C) catalyst showed good reusability for 3
consecutive reaction cycles.
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