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Abstract
Uses of nanocatalysts have become more useful in optimizing catalytic reactions. They are known to enhance the rate of reac-
tion by offering a greater number of active sites by possessing a high surface-to-volume ratio. In the present work, calcium 
oxide nanocatalysts were synthesized through the sol–gel method. The particle size of the nanocatalyst prepared ranged up to 
8 nm. Soybean oil was used as the raw material for the synthesis of biodiesel. The synthesized nano-CaO was characterized 
through scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier 
transform infrared spectroscopy (FTIR) and BET (Brunauer–Emmett–Teller). Average BET surface area analysis of the 
nanocatalyst was calculated to be 67.781 m2/g and pore diameter was 3.302 nm. Nano-CaO catalyst was used to synthesize 
biodiesel and optimize the reaction variables through optimization processes to achieve a high yield of biodiesel. The reaction 
variables that were optimized were catalyst amount, oil to methanol molar ratio and reaction temperature. Upon optimization, 
the conversion of biodiesel was found to be 97.61%. The optimized value of the reaction variables was: catalyst amount of 
3.675 wt% with respect to oil, molar ratio (alcohol to oil) of 11:1, and reaction temperature of 60 °C for 2 h.

Graphic abstract

Keywords Biodiesel · Calcium oxide (CaO) · Nanocatalyst · Response surface methodology

Introduction

Renewable energy has attracted the interest of researchers 
worldwide owing to diminishing fossil fuel reserves and 
environmental concerns [1]. Biodiesel composed of fatty 
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acid alkyl esters is one of the prominent renewable fuels that 
is considered clean, non-toxic, sulfur and aromatic free when 
compared with petroleum-based diesel fuel [2]. Biodiesel 
can be produced from a variety of vegetable oil, algal oil, or 
animal fat in combination with an alcohol (e.g., methanol) 
in the presence of a catalyst. A by-product, glycerol, is also 
obtained in the process. Currently, plant oil is the conven-
tional feedstock currently used in the production of biodiesel 
owing to its availability worldwide. The catalyst used in the 
reaction may be either homogeneous or heterogeneous. 
Homogeneous catalysts commonly used for the reaction are 
sodium hydroxide and potassium hydroxide owing to their 
low cost [3]. Several heterogeneous catalysts have also been 
explored in the synthesis of biodiesel by researchers. Het-
erogeneous catalysts are advantageous over homogeneous 
catalysts because they can be reused. Calcium oxide-based 
heterogeneous catalysts have been commonly used in the 
synthesis processes for biodiesel production because of their 
high catalytic activity, low cost, non-toxicity, and easy avail-
ability [4–6]. CaO is also environmentally friendly. CaO-
based catalysts can be extracted from various compounds in 
which calcium is present as oxides, hydroxides, carbonates, 
and alkoxides. The catalytic activity, basicity and surface 
area of CaO have been reported to be enhanced by calcina-
tion, hydration, and dehydration process. A high fatty acid 
methyl ester (FAME) yield of 95% has been reported at 5 
wt% of catalyst loading, methanol to oil molar ratio of 12:1 
for 5 h at room temperature (30 ± 2 °C) [7]. A recent study 
done by Todorovic et al. [8] reported optimization of reac-
tion variables in the production of biodiesel using CaO as a 
catalyst and crude biodiesel as a co-solvent. Optimum reac-
tion conditions of methanol to oil molar ratio 7.1:1, catalyst 
concentration of 0.74 mol/L, and reaction temperature of 
52 °C were reported to yield a high FAME conversion of 
99.8%. The catalyst was reused for four times under the reac-
tion conditions of methanol to oil molar ratio, 6:1; catalyst 
concentration, 0.642 mol/L; reaction temperature, 50 °C; 
and reaction time, 1.5 h, which gave a FAME conversion of 
97.7% in 5 h at the second cycle [8].

Degirmenbasi et al. [9] reported that higher conversion 
rate could be achieved if CaO nanoparticles possessing a 
high surface to volume ratio are used. The nano-CaO with 
high basicity was reported to functionalize with  K2CO3. The 
use of nanocatalyst impregnated with  K2CO3 was reported 
to enhance the rate of transesterification reaction that was 
attained at a moderate temperature of 65 °C. The reaction 
order was reported to be 0.98. A low value of activation 
energy of 25.34 ± 2.48 kJ/mol was an indication of the reac-
tion being mass controlled.  CuFe2O4-doped CaO nanocata-
lyst prepared by chemical precipitation method has been 
reported by Seffati et al. [10] to produce biodiesel with a 
high yield of 94.52% at moderate reaction conditions of 
methanol to oil molar ratio of 15:1, reaction time of 4 h, 

and catalyst content of 3% at 70 °C. The advantage offered 
by the nanocatalyst reported is high porosity that offers a 
greater number of active sites. Incorporating  CuFe2O4 with 
CaO magnetic properties was helpful in its easy separation 
from the product. Hu et al. [11] have reported porous struc-
ture of KF/CaO-Fe3O4 used as nano-magnetic catalyst for 
synthesis of biodiesel. The catalyst was reported to possess 
particle diameter of about 50 nm. The BET surface area 
was 20.08 m2/g compared to only 4.6 m2/g for CaO. Salimi 
and Hosseini [12] reported that using magnetic nanocata-
lyst could be helpful in its easy separation from the reac-
tion products by applying magnetic field. The ZnO/BiFeO3 
nanocatalyst showed a high catalytic activity with a bio-
diesel yield of 95.43 and 95.02% in first and second run, 
respectively.

Badnore et al. [13] reported that nano-crystalline CaO 
has a specific surface area that is 1.54 times higher than 
commercial calcium oxide. Owing to high surface area of 
97.63 m2/g, the nano-sized catalyst showed 18.81% higher 
conversion than the commercially available CaO catalyst 
(with a surface area of 74.64 m2/g) at similar operating 
conditions. The high surface area has been attributed to the 
small crystallite and particle size of the catalyst. A large 
surface area increases the reaction rate. The conversion of 
soybean oil to biodiesel was obtained at moderate reaction 
conditions of methanol to oil molar ratio of 6:1 and catalyst 
content of 4% at 60 °C for 80 min. With a small diameter and 
high specific surface area of nano-CaO, Hebbar et al. [14] 
have reported a high yield (96.2%) of biodiesel at moderate 
reaction conditions of 10.37:1 molar ratio of methanol to 
oil, 1.5 wt % catalyst amount, at 65 °C with a mixing speed 
of 600 rpm. The activation energy was 35.99 kJ/mol. Hsiao 
et al. [15] reported that nano-CaO was highly effective as 
compared to larger sized CaO for production of biodiesel 
using microwave irradiation. A high conversion of 71.6% 
was reported with nano-CaO compared to only 2.3% with 
larger-sized CaO when the same amount of catalyst (1 wt %) 
was used with 6:1 methanol to oil molar ratio at 60 °C for 
30 min.

Banković–Ilić et al. [16] gave an excellent review of the 
application of nano-sized CaO in the synthesis of biodiesel. 
It has been reported that nano-CaO could be used in neat, 
doped (with other compounds using CaO as carrier) and 
loaded form (immobilization of CaO onto a different car-
rier). The advantages offered by nano-CaO are its reusability 
and restraint to leaching. Neat nano-CaO can be reused for 
three and eight cycles, respectively, without any significant 
decline in catalytic activity. Nano-CaO consists of numerous 
crystallites with well-defined edges. Upon reuse of the cata-
lyst, these well-defined edges are converted to aggregates 
of polycrystals with edges that are less well defined. The 
kinetics of reaction while using nano-CaO has been reported 
to follow a pseudo-first-order kinetic model. The activation 
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energy using neat-CaO is usually high but is lowered when 
loaded or doped with another compound.

Apart from synthesis of biodiesel, extensive work has 
been reported by researchers worldwide in the use of nano-
particles, i.e., treatment of harmful organic compounds 
through adsorption, etc. [17–37]. It is expected that having a 
small particle pore size and a high specific surface area using 
nano-CaO will be effective in reducing energy consumption 
by lowering the reaction time and temperature.

This study investigates using nano-CaO to achieve a 
higher conversion of oil to biodiesel in a shorter reaction 
time (2 h). Soybean oil will be catalyzed by synthesized 
nano-CaO to produce biodiesel. The effect of various reac-
tion conditions on the conversion of biodiesel will be done 
using 15 random reactions. The influence of different reac-
tion parameters (molar ratio, catalyst concentration, and 
reaction temperature) will be evaluated using Response Sur-
face Methodology (RSM) through the Box–Behnken model.

Materials and methods

Materials

Edible grade refined soybean oil (Brand: Fortune) was pur-
chased from a local market. Methanol (≥ 99%), calcium 
nitrate tetrahydrate (≥ 98%), and sodium hydroxide pellets 
(≥ 97%) were purchased from Merck India, while ethylene 
glycol (98%) was purchased from Thermo Fisher.

Catalyst synthesis

Calcium oxide nanocatalyst was synthesized through sol–gel 
method using the method described by Tahvildari et al. [38]. 
A known amount of Calcium nitrate tetrahydrate was dis-
solved in distilled water to which 25 mL of ethylene glycol 
was added under continuous stirring. A small amount of 
sodium hydroxide pellets was dissolved in distilled water 
and added to the latter solution drop-by-drop. The mixture 
was stirred for 2 h. The gel was initially heated at 105 °C for 
2 h for the vaporization of the aqueous layer and was later 
kept still for 1 h. The gel was filtered using Whatman filter 
paper (Grade 3) and washed four times with distilled water 
to reduce the basicity of the medium. The washed gel was 
dried in a hot air oven at 105 °C for 4 h. The dried gel was 
ground to a fine powder using a mortar pestle. The dried 
powder calcium oxide nanocatalyst was calcined at 850 °C 
for 1 h and stored in a desiccator.

Catalyst characterization

The functional groups present on the catalyst surface were 
identified with the help of Fourier Transform Infrared 

Spectroscopy (FTIR) on IR-Prestige 21(Shimadzu Corpn, 
Japan) in the IR range of 500–4000 cm−1. The X-ray dif-
fractogram (XRD) pattern of nanocatalyst was recorded 
on a Proto A-XRD automated diffractometer between  10o 
and  80o at a ramping rate of  10o  min−1. The morphologi-
cal structure of nanocatalyst was studied through Scanning 
Electron Microscopy (SEM) on LEO 435 VP, while the 
particle dimensions of nanocatalyst were obtained through 
transmission electron microscopy (TEM) on FEI Technai 
G2 20 S-Twin. Brunauer–Emmett–Teller (BET) surface 
area characterization of CaO nanocatalyst was performed 
on Quantachrome/AUTOSORB-1.

Transesterification of soybean oil

The transesterification reaction was performed in a conical 
flask equipped with a reflux condenser on a temperature-
controlled magnetic stirrer with hot plate. The soybean oil 
was preheated at 105 °C to eliminate the influence of mois-
ture. Methanol and catalyst (nano-CaO) were initially mixed 
in a conical flask at 65 °C under constant stirring for 15 min. 
The soybean oil at the desired reaction temperature was later 
added to the methanolic solution of the catalyst. The above 
mixture was allowed to react for 2 h. Afterward, the contents 
of the flask were transferred to a separating funnel for the 
separation of the biodiesel and glycerol layers based on their 
density and solubility differences.

Glycerol was decanted from the separatory funnel. The 
crude biodiesel was heated to remove the excess methanol 
present. The conversion of biodiesel was estimated by 1H 
nuclear magnetic resonance (NMR) spectroscopy as per the 
relationship provided in Eq. 1 [39]:

 where C is the content of fatty acid methyl ester, AME is the 
integration value of methoxy protons (appears at 3.6 ppm) 
and ACH2 is the integration value of methylene protons 
(appears at 2.3 ppm)

Design of experiments

RSM is widely used in the optimization of the reaction 
conditions for biodiesel production [40]. The optimization 
of reaction variables was achieved with the help of RSM 
based Box–Behnken Design using the statistical package 
of Minitab-18. The independent variables, their designated 
symbols, and analyzed levels are shown in Table 1. All reac-
tions were conducted for 2 h.

The experimental design consisted of a total of 15 experi-
ments comprising 12 factorial point experiments with 3 rep-
licates at the center point (Table 2). To analyze the effect of 
individual factors and their analyzed levels, the experimental 

(1)C (%) = 100 × (2AME∕3ACH2
),
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response was fitted to a second-order polynomial model 
(Eq. 2):

where Y is the conversion of the soybean oil to biodiesel (in 
percentage); βo, βi, βii and βij represent the regression coef-
ficient for the intercept, linear term, quadratic term, and the 
interactive term, respectively; xi, and xj are the independent 
variables; and ε is the model error. The statistical analysis of 
the model was performed through ANOVA and fit statistics 
[41]. The effect of the independent variables was assessed 
with the help of contour and response surface plots.

Results and discussion

Characterization of the catalyst

The FTIR spectra of CaO are shown in Fig. 1. The Ca–O 
vibrations appeared at around 500 cm−1. The absorption at 
1438 cm−1 marks the presence of carbonate species while 
the vibrations of hydroxide appear at 3641 cm−1. Because 

(2)Y = �o +

3
∑

i=1

�ixi +

3
∑

i=1

�iix
2
i
+

2
∑

i=1

3
∑

j=i+1

�ijxij + �,

the hygroscopic nature of Ca–O is well recognized, the 
appearance of Ca(OH)2 spectra is justified; the presence of 
 CaCO3 is due to the absorption of atmospheric  CO2. The 
characteristic signals at 500 cm−1 suggested the synthesis 
of Ca–O. Hebbar et al. [14] have reported a strong peak at 
wavenumber 703.23 cm−1, which was attributed to stretch-
ing vibrations of Ca–O bonds. The broad peaks at 1790 
and 3423 cm−1 were due to the presence of −OH stretching 
and deformation, respectively. This could be attributed to 
absorption of water by the catalyst.

XRD pattern of synthesized nano-CaO showed peaks 
characteristic for cubic CaO (Fig. 2). The powder form of 
catalyst was scanned in the range of 10°–90°. The diffrac-
tion peaks observed were at 2θ = 31°, 34°, 37°, and 54° 
that exhibited a high degree of similarity with the stand-
ard ICDD (The International Centre for Diffraction Data) 
file for CaO (JCPDS 37-1497). The XRD and FTIR spectra 
confirmed high purity and crystallinity of CaO. The average 
crystallite size of the CaO nanocatalyst was determined by 
the Debye–Scherrer equation (Eq. 3) and was estimated to 
be ~ 8 nm with cubic structure.

(3)
D = K × Wavelength (in nanometers)∕FWHM cos �,

Table 1  Independent variables 
for the transesterification of 
soybean oil using Box–Behnken 
model

Variables Symbols Levels

Low value Mid value High value

Catalyst concentration (wt.%) A 2.850 3.675 4.500
Methanol/oil molar ratio B 10 11 12
Reaction temperature (°C) C 55 60 65

Table 2  Experiment design of 
various reaction parameters, 
their conversion percentage and 
predicted values

Base runs A: Catalyst 
amount (%)

B: Methanol/oil 
ratio

C: Reaction tem-
perature (°C)

Biodiesel conver-
sion (%)

Predicted 
value (%)

1 3.675 12 65 97.44 94.40
2 3.675 11 60 97.61 90.64
3 4.500 12 60 96.42 97.82
4 2.850 12 60 89.40 87.00
5 4.500 11 55 94.89 89.45
6 3.675 12 55 59.44 63.47
7 4.500 11 65 78.04 79.67
8 4.500 10 60 96.22 98.61
9 2.850 11 65 84.91 90.34
10 2.850 11 55 64.95 63.31
11 3.675 10 65 80.00 75.96
12 3.675 11 60 97.61 90.64
13 3.675 10 55 86.60 89.64
14 2.850 10 60 95.35 93.94
15 3.675 11 60 96.61 90.64
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Fig. 1  FTIR spectrum of 
synthesized calcium oxide 
nanocatalyst

Fig. 2  XRD pattern of synthe-
sized calcium oxide nanocata-
lyst
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where K is the crystalline shape factor (0.9), FWHM is the 
full width at half maximum, and θ is the Bragg’s angle.

A similar XRD high intense peak at 2θ = 37.42° was 
reported by Badnore et al. [13].

The morphological nature of grain observed shows spher-
ical shape of particles in the form of agglomerates (Fig. 3). 
The particles are densely agglomerated with each other with 
a regular shape. The surface micrograph of synthesized 
nanocatalysts appeared as rough surface and fracture. The 
particles were observed to be uneven. Image shows high 
porosity and material is amorphous in nature and structure. 
There is a nodule formation that indicates the binding of 
CaO–CaO. A neat blocky structure (from mixed CaO and 
MgO) is reported to offer better water resistance to the cata-
lyst as compared to pure structure offered by neat CaO [42]. 
A regular and ordered shape offers an advantage of having a 
better interconnected regular pore distribution system [43].

Transmission electron microscopy images are useful 
in identifying the mesporous structure of the compound. 
A hexagonal array of mesopores in this study indicated a 
highly ordered mesoporous structure [44]. The TEM image 
of synthesized nanoparticles is shown in Fig. 4. The par-
ticles observed were spherical in nature. The synthesized 
nanocatalyst showed a uniform particle size with the aver-
age particles size ranging from 5.68 to 8.33 nm. Some 
scattered particles were 100  nm diameter. The particle 
size observed by TEM is in good agreement with the aver-
age crystallite size as estimated by XRD. The bonding of 

CaO nano-particles results in the formation of aggregates 
as explained by the TEM micrograph. The small size and 
aggregations of the particles created a high specific surface 
area to the nano-CaO.

The specific surface area of the synthesized CaO nano-
catalyst was 67.781 m2 g−1 and the average pore diameter 
was 3.302 nm. The surface area of CaO has been reported 
to be 13 m2 g−1, which is significantly lower than that 

Fig. 3  Scanning electron micro-
graph of synthesized calcium 
oxide nanocatalyst

Fig. 4  Transmission electron micrograph of synthesized calcium 
oxide nanocatalyst
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of nano-CaO [45]. A high surface area of 97.63 m2 g−1 
for nano-CaO and comparatively lower surface area of 
74.64 m2 g−1 for commercial CaO has been reported by 
Badnore et al. [13]. Pandit and Fulekar [46] reported a spe-
cific surface area of 15.73 m2 g−1 and average pore diameter 
of 3 nm with nano-CaO. A high specific surface area and 
smaller pore diameter impart mesopores in the catalyst that 
make the catalyst suitable for reaction through adsorption. 
A high surface area is characteristic of high porosity and 
high functionality of the compound. With high surface area, 
a greater number of active sites are available [47]. Awual 
et al. [48] reported that spherical nano-sized cavities possess 
a large surface area as compared to other particles. Nano-
particles have an improved surface morphology in the form 
of surface area, pore size, and pore volume as compared to 
larger particles. A large surface area and pore size have bet-
ter adsorption capability for trace metal ions [49]. A similar 
advantage could also be attributed for conversion of oil to 
FAME through adsorption by nanocatalyst.

Optimization of reaction variable 
for transesterification

RSM was utilized to study the effect of different reaction var-
iables on the conversion of oil to FAME. The Box–Behnken 
design is an effective tool of response surface methodology 
that can be used to optimize a response that is dependent 
on multiple factors. At a low catalyst concentration (2.850 
wt.%), molar ratio (11:1; methanol to oil), and reaction tem-
perature (55 °C), the conversion was low (64.95%). With 
an increase in temperature (65 °C), the conversion reached 
84.91%. The lowest conversion was recorded for run num-
ber 6, which involved a catalyst loading of 3.675%, molar 
ratio of 12:1 (methanol to oil), and reaction temperature of 
55 °C. The highest conversion of 97.61% was attained at a 
catalyst loading, molar ratio (methanol to oil), and reaction 
temperature of 3.675%, 11:1, and 60 °C, respectively (run 
numbers 2 and 12). At the highest catalyst concentration 
(4.500 wt.%), the conversion was slightly lower. A catalyst 
loading of 3.675 wt.% is the most efficient concentration 
for the reaction as it led to a high degree of conversion irre-
spective of the settings for the remainder of the factors. The 
response surface and contour plots were generated while 
holding one factor constant at the center point while the 
other two were varied over their entire range of operation.

The response surface plots for conversion were plot-
ted against catalyst concentration and reaction tempera-
ture (Fig. 5a); catalyst concentration and the molar ratio 
(Fig. 5b); and molar ratio and temperature (Fig. 5c).

The response surface plot of conversion plotted against 
catalyst concentration and temperature (Fig. 5a) resulted in 
a conversion of > 70% between a temperature of 60–65 °C 

and catalyst concentration of 3.675–4.500 wt.%. At a molar 
ratio (methanol to oil) of 12:1 and catalyst concentration of 
4.500 wt.%, the conversion reached > 96%. At molar ratio 12:1 
(methanol to oil) and temperature of 65 °C, > 97% conversion 
was attained (Fig. 5c).

The contour plots for conversion were plotted against BC 
(Fig. 5d), AB (Fig. 5e) and AC (Fig. 5f). These plots were 
generated while holding one variable constant while the other 
two were varied over their entire range. The quadratic model 
for conversion is shown in the form of Eq. 4:
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Fig. 5  a Response surface plot of conversion vs. temperature and 
catalyst concentration. b Response surface plot of conversion vs. 
molar ratio and catalyst concentration. c Response surface plot of 
conversion vs. temperature and molar ratio. d Contour plot of conver-
sion vs.temperature and molar ratio. e Contour plot of conversion vs. 
molar ratio and catalyst concentration. f Contour plot of temperature 
vs. catalyst concentration
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(4)

Y (conversion;%) = 96.41 + 3.9 × A − 1.93 × B + 4.31

× C + 1.54 × A2 − 1.12 × B2 − 0.95

× C2 − 14.66 × AB − 9.20 × AC

− 11.15 × BC − 1.12.

The coefficient of determination (R2) value of 80.39% 
shows good fit of the model and suggested that a good 
degree of explanation exists for the observed variation in 
responses. This model was used to predict the value of 
responses for all the experimental runs (Table 2).

The regression coefficients, p value, and other parameters 
for the model terms are shown in Table 3. The highest coef-
ficient was for the constant (96.41), which was statistically 
significant (p < 0.05). Among the model terms, only the 
squared term of reaction temperature (C2), and the inter-
action terms AC (Catalyst × Temperature) and BC (Molar 
ratio × Temperature) were statistically significant.

The ANOVA done for the quadratic model are shown 
in Table 4. The F value and the p value for the regression 
model were 2.53 and 0.160 (insignificant), respectively. This 
indicates that the model could not explain the variability in 
response under different settings for the model terms. The 
F value of the linear, squared, and interaction effects was 
low and insignificant (p > 0.05). The model lack of fit was 
insignificant (p = 0.794) and thus it could be assumed that 
the model fits the data.

The 1H NMR spectra of soybean oil after transesterifica-
tion gave a conversion value of 97.61% (run number 2 & 
12, Fig. 6). The characteristic peak of methoxy protons of 
biodiesel appears at 3.6 ppm. However, a conversion greater 
than 96.5% is desired for biodiesel to meet the interna-
tional specification of EN 14,214:2003 [50]. A conversion 
of 96.61% was achieved in run number 15 with variables 
at same levels as in run number 2 & 12. The standard devia-
tion and standard error of the three replicates (run number 
2, 12, & 15) were 0.5773 and 0.3333, respectively. We con-
clude that a molar ratio of 11:1 (methanol to oil, catalyst 
concentration of 3.675 wt% (with respect to oil) at 60 °C in 
2 h is the optimum condition for synthesis of biodiesel with 
acceptable quality.
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Fig. 5  (continued)

Table 3  Regression coefficients and their significance levels

Coefficient Value SE T value p value

Constant 96.41 2.95 32.65 0.00
Linear
 A 3.87 1.81 2.14 0.085
 B − 1.93 1.81 − 1.07 0.334
 C 4.31 1.81 2.39 0.063

Square
 A2 − 1.12 2.66 − 0.42 0.692
 B2 − 0.95 2.66 − 0.36 0.737
 C2 − 14.660 2.66 − 5.48 0.003

Interaction
 AB 1.54 2.56 0.60 0.574
 AC − 9.20 2.56 − 3.60 0.016
 BC 11.15 2.56 4.36 0.007
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Nanomaterials have been shown to exhibit high adsorp-
tion capacity as compared to conventional adsorbents [51]. 
In the process of catalysis, the mechanism involved is 
adsorption. With a small particle size, a greater number of 
active sites would be available for transesterification. Hence, 
the prepared nanocatalyst can be assumed to offer a better 
catalytic activity. Nanomaterials also offer a lower second-
ary pollution issues and a better simplicity in its usage [52].

Leaching studies were not conducted in the present 
study. However, Badnore et al. [13] reported that leaching 
of nano-CaO was negligible during synthesis of biodiesel 
by ultrasound mode of reaction. In terms of material bal-
ance, only 0.313 mg of catalyst was reported to be lost 
after decantation. The reuse of nano-CaO with a loss of 
20% efficiency in the third consecutive run was reported by 
Banković–Ilić et al. [16]. Precursors and carriers can be used 
to further enhance the catalytic activity and reusability of the 

nano-CaO as catalyst. 80% of the total cost of biodiesel pro-
duction is attributed to the feedstock [53]. The cost of nano-
CaO will not be significantly higher than the other routes of 
preparation of CaO. The reusability of the heterogeneous 
catalyst (CaO and nano-CaO) will make the overall cost of 
catalyst less significant compared to other cost attributes 
(feedstock, energy consumption, manpower, etc.).

This study indicates environmental as well as economic 
significance for synthesis of biodiesel at moderate reaction 
conditions that meets international specifications. Most prior 
studies reported that a high reaction temperature and long 
reaction time were needed for similar conversion of biodiesel. 
Sharma et al. [54] have reported a conversion of biodiesel 
from Pongamia pinnata oil at a reaction temperature of 
65 ± 0.5 °C for 2.5 h using 2.5 wt% catalyst and 8:1 (alcohol 
to oil) molar ratio. Although a higher molar ratio was used 
in our study, the excess methanol can be separated from the 

Table 4  Analysis of variance 
(ANOVA) for the quadratic 
model

Source DF AdjSS AdjMS F value p value Remarks

Regression 9 1703.23 189.248 2.53 0.160 Insignificant
Linear 3 298.60 99.533 1.33 0.363
Square 3 559.14 186.380 2.49 0.175
Interaction 3 845.49 281.830 3.76 0.094
Error 5 374.49 74.897
Lack of fit 3 130.81 43.605 0.36 0.794
Pure error 2 243.67 121.836
Total 14 2077.71

Fig. 6  1H NMR spectra of transesterified soybean oil
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product and reused for further reaction. Similarly, the cata-
lyst (CaO) is widely available through waste products from 
any material composed of calcium carbonate such as chicken 
eggshells. High reaction temperature and longer reaction time 
contribute significant cost to the commercial production of 
biodiesel. Thus, synthesis of biodiesel using a moderate reac-
tion temperature and reaction time should make commercial 
production of biodiesel more economically viable.

Conclusion

The transesterification of soybean oil using a nano-CaO cat-
alyst synthesized via sol–gel method was optimized through 
response surface methodology. A high conversion of 97.61% 
was obtained at a catalyst loading of 3.675 wt% (with respect 
to oil), molar ratio of 11:1 (methanol to oil) at 60 °C for 2 h. 
The synthesized calcium oxide nanocatalyst exhibited a high 
conversion efficiency of soybean oil to biodiesel under mod-
erate reaction conditions. The catalyst had a higher conver-
sion rate compared to other CaO-based catalysts. The higher 
conversion can be attributed to the higher surface area of the 
nano-CaO compared to the larger sized CaO.
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