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Abstract
In the present study, the effect of calcination temperature on the structure and performance of mesoporous CaO/TiO2–ZrO2 
catalyst fabricated by sol–gel method used in the esterification reaction was assessed. Then, CaO/TiO2 catalyst was also 
synthesized via the same method to evaluate the effect of zirconia cations on its properties and activity. The samples were 
characterized by X-ray Diffraction (XRD), Fourier transmittance infra-red (FT-IR), Brunauer–Emmett–Teller (BET)–Barrett-
Joyner-Halenda (BJH), scanning electron microscope (SEM) and transmission electron microscopy (TEM) analyses. Moreo-
ver, Hammett indicator method was utilized to assess the acidity and basicity of the samples. It was found that zirconium was 
clearly incorporated in CaO/TiO2 lattice and transformed that from amorphous phase to crystalline structure. In addition, the 
basicity and acidity of CaO/TiO2 was clearly increased by zirconia loading. Evaluation of the samples’ activity presented that 
CaO/TiO2 catalyst exhibit no activity in the esterification reaction, while all CaO/TiO2–ZrO2 catalysts showed high ability 
to convert oleic acid to its ester. Moreover, the catalyst calcined at 400 °C showed the highest activity in the esterification 
reaction with desirable properties such as high crystallinity, acidity, basicity and surface area along with well-distribution of 
particle size and pore size. The best catalyst converted around 90% of oleic acid to ester at optimized conditions of 150 °C, 
12:1 molar ratio of methanol/oleic acid, 3 wt% of catalyst for 4 h of reaction time. Moreover, the sample was successfully used 
for five runs without significant reduction in activity that makes it a suitable choice as a catalyst for industrial applications.
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Introduction

Energy and environmental issues push the governments to 
allocate a lot of research funding to search for alternative 
fuels. Biomass-derived fuels such as methane, ethanol, and 
especially biodiesel are well-accepted alternatives. Among 
them, the properties of biodiesel are similar to those of fossil 
fuels which can be utilized in the engine with less modifi-
cation. Biodiesel is composed of fatty acid methyl esters 
(FAMEs) and is usually produced via the transesterification 
of plant oils or animal fats with low molecular weight alco-
hols in the presence of a catalyst. To economically produce 
biodiesel, low cost oils such as waste cooking oil, and ined-
ible oils must be utilized to reduce the biodiesel production 
cost [1, 2]. However, these oils contain a high amount of free 
fatty acids (FFAs) which react with homogeneous catalysts 
such as NaOH and KOH to form soap, which can reduce 
yield, increase the purification and neutralization steps and 
produce large amounts of waste water [3, 4]. Therefore, 
FFAs must be eliminated or converted before transesterifi-
cation where the homogeneous acid catalysts such as  H2SO4 
are utilized for conversion of these materials to biodiesel 
(ester). However, the drawbacks of acid catalysts such as 
requirement of high reaction temperature and time, corro-
sion and acidic waste water persuade the researches to utilize 
heterogeneous catalysts instead of homogeneous catalyst [5, 
6].

Due to some attractive properties of heterogeneous cata-
lysts such as its easily recoverability, reusability, and non-
corrosivity, various kinds of them have been developed in 
the last decades. These catalysts are classified in the basic 
and acidic classes, which can participate simultaneously 
in the esterification and transesterification reactions [7, 8]. 
Each of acidic and basic heterogeneous catalysts was used, 
so that titanium dioxide  (TiO2) and zirconium dioxide  (ZrO2) 
single oxides exhibit excellent catalytic properties as support 
or modifier.  ZrO2 is well-known in heterogeneous catalysts 
due to its chemical and thermal stability and simultaneous 
presence of both acidic and basic surface sites [9, 10].  TiO2 
is unique for its photo-catalytic and strong metal support 
interaction properties [11, 12]. Moreover, the alkaline earth 
metal oxides were extremely assessed for active site in the 
surface of base catalysts. Calcium oxide is well-known for 
biodiesel production due to its low price, high basic strength 
and good catalytic performance. However, leaching of  Ca2+ 
ions from catalyst’s surface into reaction media and easy 
deactivation by  H2O or  CO2 are its two major drawbacks 
[13–15].

Kawashima et  al. [16] investigated thirteen different 
calcium-containing catalysts and reported that  CaTiO3, 

 CaMnO3,  Ca2Fe2O5,  CaZrO3, and CaO–CeO2 showed high 
activities in the transesterification reaction. It was found 
that  CaZrO3 shows high durability and has the potential to 
be used in biodiesel production processes as heterogeneous 
base catalyst. Xia et al. [17] studied on the preparation of 
CaO–ZrO2 via combustion method with various amounts 
of urea as fuel. They reported that formation of  CaZrO3 can 
increase the activity of esterification reaction rate by raising 
the strength of basic sites. The same result was obtained by 
Liu et al. [18] when the birch template method was utilized 
for fabrication of Ca/Zr mixed metal oxide and the yield of 
92.6% was obtained at catalyst mass fraction of 8%, 72:1 M 
ratio of methanol to rapeseed oil, reaction temperature 
120 °C and a reaction time of 6 h.

Mesoporous propyl sulfonic acid supported on  TiO2 
was also examined in the transesterification reaction and 
98.3% of FAME was obtained after 9 h of reaction time 
with 1:15 molar ratio of oil to methanol, 60 °C reaction 
temperature and 4.5 wt% catalyst loading [19]. Gardy et al. 
[20] fabricated magnetic  SO4/Fe–Al–TiO2 to transesteri-
fied waste cooking oil. The anatase structure of  TiO2 was 
used as support and achieved 96% yield after 2.5 h of reac-
tion at 90  °C, using 3 wt% of the magnetic catalyst, and a 
methanol:oil molar ratio of 10:1. Kesic et al. [21] evalu-
ated the catalytic activity of  CaTiO3 as heterogeneous base 
catalysts. Although, they reported high stability of this cata-
lyst for methanolysis of sunflower oil, no catalytic activity 
was observed at 60 °C. However, FAME yield of 90% was 
reached after 2 h at 165 °C. Furuta et al. [22] only examined 
the activity of amorphous zirconia solid catalysts supported 
by  TiO2 and  Al2O3. They reported that titanium-doped 
amorphous zirconia is a promising catalyst for production of 
biodiesel fuels due to amphoteric nature of zirconia and high 
activity in both transesterification and esterification reaction.

Based on the results of studies, titanium cations can 
increase the stability of the catalyst and zirconia can accel-
erate the activity of the sample. However, according to our 
best knowledge, the use of calcium oxide/titania–zirconia as 
a mixed metal oxide for the esterification reaction has not 
yet been studied.

In this study, the production of biodiesel (ester) from 
esterification of oleic acid as FFA using CaO/TiO2 sup-
ported/incorporated by zirconia as a heterogeneous nano-
catalyst was investigated. The catalyst was prepared by a cit-
rate sol–gel method and the effect of calcination temperature 
on its physicochemical properties was assessed. Finally, the 
reaction conditions such as reaction temperature, reaction 
time, methanol/oleic acid molar ratio and catalyst amount 
were optimized using the sample calcined at desirable tem-
perature and the reusability was assessed.
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Experimental

Materials

Zirconyl nitrate anhydrous (ZrO  (NO3)2·xH2O, 99%, Sigma-
Aldrich), calcium nitrate tetrahydrate  (CaN2O6·4  H2O, 99%, 
Merck) and titanium dioxide  (TiO2, 98%, Merck) were used 
as Zr, Ca and Ti precursors without further purification, 
respectively. Meanwhile, methanol, ethanol, oleic acid, citric 
acid and nitric acid synthesized in Merck co. were purchased 
from local supplier.

Catalyst preparation

CaO/TiO2–ZrO2 catalyst was synthesized by modified 
sol–gel method where citric acid was used as complex agent. 
For this purpose, 0.8 g  TiO2 was first dissolved in 30 ml of 
14 M  HNO3 solution. In another beaker, 0.472 g calcium 
nitrate and 0.231 g zirconyl nitrate were homogeneously 
mixed in a small quantity of deionized water. Finally, the 
mixtures were added to each other and were mixed vigor-
ously for approximately 20 min. Afterwards, citric acid was 
slowly added to the metal nitrate solution under constant 
stirring to control pH around 3. The solution was refluxed 
at 80 °C for 1 h and poured in the beaker and was subse-
quently heated for 30 min at 60 °C to remove excess water 
and become a highly viscous gel. The obtained gel was dried 
overnight in an oven at 110 °C and calcined at different tem-
peratures in the range of 100–500 °C for 4 h. The samples 
were labeled as CTZ-100, CTZ-200, CTZ-300, CTZ-400, 
CTZ-500, respectively (see Fig. 1). The CaO/TiO2 catalyst 
calcined at 400 °C (CT-400) was also synthesized with same 
procedure without adding zirconia precursor and labeled as 
CT-400.

Catalyst characterization

The crystalline phases of the samples were identified by 
XRD (UNISANTIS/XMD 300) using Cu  Kα radiation 
(λ = 1.5406 Å) over 2θ range of 20°–80°. Moreover, the 
crystalline size of the samples was determined by Scher-
er’s equation. FT-IR spectrum (Thermo Nicolet-AVATAR 
370) in the range of 400–4000 cm−1 was used to determine 
the surface functional groups of catalysts. The specific 
surface area, mesoporous volume and mean pore size were 
determined by  N2 adsorption–desorption at − 196 °C using 
Belsorp mini II (BelJapan) system by the BET–BJH meth-
ods. Before analyzing, the samples were heated at 80 °C 
overnight to degas the porosities. SEM (LEO 1450 VP) 
and TEM (LEO 912AB) were utilized for assessment of 
the morphology and dimension of the samples. The acidic 

and basic properties of the samples were determined by 
mixing 300 mg of the each sample with 1 mL of a solu-
tion containing Bromothymol blue (H_ = 7.2), phenol-
phthalein (H_ = 9.8), and 2,4-dinitroaniline (H_ = 15.0) as 
basic indicators and methyl red (H0 = 4.8), methyl orange 
(H0 = + 3.3) and violet crystal (H0 = 0.8) as acidic indica-
tors diluted in 10 mL of methanol as seen in the Hammett 
indicators method. The mixture was left for 2 h until no 
further color changes were observed. The acidic or basic 
strengths are quoted as being stronger than the weakest 
indicator that exhibits a color change, but weaker than the 
strongest indicator that produces no color change. Finally, 
benzene carboxylic and n-butylamine solutions were used 
to measure basicity and acidity of the samples, respec-
tively [9, 23].

Catalyst testing

The esterification reaction was carried out for assessment 
of the catalytic activity of samples at 150 ± 2 °C for 4 h 
in constant stirring speed at 600 rpm. In each run, 10 g 
of oleic acid, 0.3 g of catalyst and 13 mL methanol (9 
molar ratios to feedstock) were poured into 100 cm3 stain-
less steel reactor equipped by thermocouple (Type K) and 
manometer. After the reaction, the reactor was cooled to 
room temperature and the mixture phases including ester, 
water and catalyst layers were separated using centrifug-
ing (Sahand Universal co., Iran) at 2500 rpm for 20 min. 
Finally, pure biodiesel was obtained by heating the upper 
layer to remove excess methanol and water via heating at 
90 °C for 2 h. The conversion was calculated by reduction 
of acidity index of oleic acid compared to its ester using 
titration with potassium hydroxide (0.1 M) as shown in the 
following equation [24].

The acid value (AV) of the sample was obtained accord-
ing to the suggested procedure. First, 0.5 g of sample was 
mixed with 50 mL methanol and two drops of phenol-
phthalein solution as indicator was added. The mixture was 
titrated with a solution of potassium hydroxide (0.1 M) to 
change the mixture color from colorless to purple. The AV 
was calculated as follows [25]:

where V is mL of standard potassium hydroxide solution, N 
is normality of the potassium hydroxide solution and W is 
weight in g of sample.

(1)
Conversion (%) = 100

(

AVoleic acid− AVmethyl ester

)

∕ AVoleic acid.

(2)AV =
56.11 × V × N

W
,
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Results and discussion

Effect of calcination temperature 
on the performance and properties of CTZ

The researchers have reported that the calcination temper-
ature largely affects the structure and catalytic properties 
of the resultant catalysts [26–28]. The temperature in the 
range of 300–600 °C was usually suggested as optimum for 
supported catalyst used in the biodiesel production process 
[29, 30]. The nanocatalyst calcined at different temperatures 
(100–500 °C) was tested in the esterification reaction to 
evaluate the effect of calcination temperature on the activity 
of fabricated catalyst. The results are illustrated in Fig. 2 and 
the sample calcined at 400 °C (CTZ-400) shows the highest 

catalytic activity that converted 86.2% of oleic acid to ester. 
The conversion enhanced from 60.6 to 86.2% by increasing 
the calcination temperature from 100 to 500 °C. By raising 
the calcination temperature more, the activity was reduced 
that can be found in the structural changes.

The CT-400 catalyst converted 15.3% of oleic acid to bio-
diesel at the same conditions that is much lower than CTZ-
100 catalyst. It can prove the effect of zirconia as support for 
increasing the activity of a catalyst even at low calcination 
temperature.

XRD analysis

The XRD patterns of the samples are presented in Fig. 3. 
Figure  3a shows CT-400 catalyst with an amorphous 

TiO2Aq. Solution of HNO3

Ca(NO3)2.4H2O ZrO(NO3)2.xH2OMixing for  1 hour

Aqueous solution of Ca/Ti/Zr with molar ratio 1:0.5:0.5

Refluxing at 80 oC to form Sol

Citric acidpH≈3

Heating at 80 oC to form gel

Drying at 110 oC overnight

Aging for 24 h

Nanocatalyst: CaO/ZrO2-TiO2
CTZ-100, CTZ-200, CTZ-300, CTZ-400, CTZ-500

Calcination at 100-500 oC for 4 hours at air 
ambient

Fig. 1  Flowchart of preparation of CaO/TiO2–ZrO2 nanocatalyst
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structure. Atitar et al. [31] reported that  TiO2 calcined at 
500 °C showed the highest anatase phase and the sample 
calcined at temperature lower 400 °C had less crystallinity 
along with amorphous structure. However, when zirconia 
was loaded on CaO/TiO2 catalyst it caused titanium oxide 
to transform from amorphous to crystalline form that was 
observed for all the samples calcined at different tempera-
tures. The effect of zirconia on the reduction in the calci-
nation temperature for formation of titania phases can be 
proved. Li et al. [32] presented that  ZrO2 can diffuse in the 
 TiO2 matrix and no diffraction of zirconia was observed. 
Moreover, they reported the anatase phases of  TiO2 were 
detected by doping the zirconium cations in the titania 
lattice.

The crystalline structure of anatase phase of titania 
(JCPDS no. 21–1272) is clearly observed for all CaO/
ZrO2–TiO2 nanocatalysts at 2θ = 25.3, 37, 37.8, 38.6, 48.1, 
54, 55.1, 62.1, 62.8, 68.8, 70.3, 74.2, 75.1 and 76.1o related 
to [101], [103], [004], [112], [200], [105], [211], [213], 
[204], [116], [220], [107], [215] and [301] crystallogra-
phy, respectively [26, 33]. Some characteristic diffraction 
peaks of monoclinic and tetragonal phases of zirconia can be 
detected whereas these structures disappeared in CTZ-400 
sample (Fig. 3e). This corresponded to high incorporation 
of  ZrO2 in CaO and/or  TiO2 lattice to form  CaZrO3 (JCPDS 
no. 35-0645), or  ZrTiO4 (JCPDS no. 34-0415) [34].

However, peaks of zirconia phases again appeared in 
CTZ-500 catalyst due to reduction of the interaction between 
zirconia and titanium at higher temperature which resulted 
in a decrease in the catalytic activity of CTZ-500 in com-
parison with CTZ-400, which is in consistency with other 
researches [27, 32, 35]. Mongkolbovornkij et al. [36] inves-
tigated the activity of zirconia modified by titania in the 
esterification of palm fatty acid distillate and reported that 
the phase of  TiO2–ZrO2 was transformed from amorphous 

to crystalline phase above 500 °C. The results indicated that 
the citrate sol–gel method has high ability to synthesize the 
catalysts with high crystallinity and activity even in low 
temperature in spite of other catalyst preparation methods.

The crystallite size of the samples estimated by Scherer’s 
equation at 2θ = 25.5° and their relative crystallinity are 
listed in Table 1. The crystalline size of samples increased 
from 31.4 nm for CTZ-100 and CTZ-200 to 34.6 nm for 
CTZ-300 and then sharply decreased to 21 nm for CTZ-400. 
It was reported that zirconia has greater crystal size than 
those for titania. Therefore, the crystal size by rising the 
temperature was increased due to formation of more crystal 
form of titania and zirconia [31, 32]. However, due to well-
perching of zirconia in the titania lattice and no formation 
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Fig. 2  The activity of CaO/TiO2–ZrO2 nanocatalyst calcined at differ-
ent temperatures in the esterification reaction

Fig. 3  XRD patterns of a CaO/TiO2 nanocatalyst calcined at 400 °C 
and CaO/TiO2–ZrO2 nanocatalysts calcined at b 100, c 200, d 300, e 
400 and f 500 °C
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of individual crystal of zirconia, the crystalline size was 
sharply reduced. Formation of zirconia phases resulted in 
increase of the crystalline size and CTZ-500 presented a 
greater crystalline size compared to CTZ-400 [34]. The 
same phenomenon was observed for the relative crystallinity 
where the relative crystallinity was increased by increasing 
the calcination temperature due to creation of appropriate 
medium to grow the crystals. However, the intensity of tita-
nia was clearly decreased when the sample was calcined at 
400 °C because of incorporation of zirconia in the titania 
lattice.

Hammett indicators analysis

To evaluate the acidic and basic strengths of the sample, they 
were characterized by Hammett indicators. For example, it 
is well-known that the amount of acid on a solid is usu-
ally expressed as the number or mmol of acid sites per unit 
weight or per unit surface area of the solid. Two main meth-
ods are usually utilized for the determination of strength and 
amount of a solid acid including an amine titration method 
(n-butylamine titration) using Hammett indicators and a 
gaseous base adsorption method (ammonia and pyridine 
adsorption). In the amine titration method using indicators, 
the color of suitable indicators adsorbed on the surface will 
give a measure of its acid strength. If the color is that of the 
acid form of the indicator, then the value of the H0 function 
of the solid is equal to or lower than the pKa of the conjugate 
acid of the indicator. The amount of acid sites on a solid sur-
face can be measured by amine titration immediately after 
determination of acid strength by the above given method 
such that a solid acid suspended in benzene is titrated with 
n-butylamine, using an indicator. This method gives the sum 
of the amounts of both Bronsted and Lewis acid [37]. The 
same method with different indicators and titration solu-
tion, as described in the catalyst characterization section, 
was used for measuring the base strength of the samples. The 
results are presented in Table 1. It is observed that CT-400 
exhibited the lowest acidity and basicity strength while these 

were significantly increased by addition of zirconia. This is 
because of two reasons: (1) the catalyst transforming from 
amorphous to crystal form and (2) amphoteric properties of 
zirconia. Formation of strong interaction between  Ti4+ and 
 Zr4+ and incorporation of Zr cations in calcium oxide lattice 
caused the acidic and basic strength of a catalyst to increase 
significantly [31, 35]. It is known that the activity of the 
catalysts may be strongly affected by the strength of base and 
acid together. By increasing the calcination temperature to 
400 °C, basic and acidic strength are also get increased while 
further rising calcination temperature to 500 °C results in 
decrease in basic and acidic strength, which is in good agree-
ment with other findings [30, 38]. It can be related to reduc-
tion in the bonding between Ti and Zr cations and the growth 
of titania crystals that reduced the interaction between solid 
acid surface and Hammett indicators solutions.

FT‑IR analysis

The FT-IR spectra of catalysts calcined at various tempera-
tures are shown in Fig. 4. It was reported that the Ti–O bonds 
can be observed in the range of 500–750 cm−1 while a broad 
peak (400–900 cm−1) appeared in the samples. Li et al. [39] 
reported that the broad absorption peaks below 900 cm−1 in 
Zr/Ti mixed metal oxide structure can be assigned to Ti–O 
and Zr–O stretching vibrations. The weak peaks at 920 and 
1080 cm−1 can be corresponding to stretching vibration 
bonds of Zr–O and Zr=O, respectively [9, 40]. The weak 
band at 1100–1200 cm−1 represents M–OH deformation 
(where M represents Ca, Zr or Ti metal ions) [41]. With 
increasing calcination temperature up to 400 °C, the peaks 
at 1300–1400 cm−1 which were assigned to the asymmetric 
and strong stretching vibrations of  NO3 ions disappeared, 
providing additional evidence for transformation of the 
sample from amorphous to crystal form and higher activity 
of calcined catalysts over 300 °C. The band that appeared 
at 1420 cm−1 is attributed to the carbonate groups due to 
adsorption of  CO2 on the catalyst surface [42]. The peak 
at 1600–1680 cm−1 belongs to (–C=O) stretching vibration 

Table 1  Physicochemical 
properties of the samples

a Relative crystallinity: XRD relative peak intensity at 2θ = 25.5°
b Crystallite size estimated by Scherre’s equation at 2θ = 25.5°

Nanocatalyst Acidity Basicity Relative 
 crystallinitya

Crystallite 
 sizeb (nm)

H0 Strength 
(mmol/g)

H_ Strength 
(mmol/g)

CT-400 0.8–3.3 0.036 7.2–9.8 0.135 – –
CTZ-100 0.8–3.3 0.253 7.2–9.8 0.225 82.8 31.4
CTZ-200 0.8–3.3 0.321 7.2–9.8 0.286 87.4 31.4
CTZ-300 0.8–3.3 0.379 7.2–9.8 0.313 100 34.6
CTZ-400 0.8–3.3 0.402 7.2–9.8 0.321 48.5 21.0
CTZ-500 0.8–3.3 0.371 7.2–9.8 0.318 78.9 32.9
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from citric acid and also may be bending vibration of  H2O 
molecules which overlapped and cannot be observed with 
increasing calcination temperature. The presence of broad 
bands around 3400–3600 cm−1 is related to the symmetric 
and asymmetric stretching of O–H that occur owing to the 
reaction between air moisture and surface of catalysts and/
or metal ions with OH groups such as Ca–OH [43].

SEM and TEM analyses

To evaluate the effect of calcination temperature on the 
growth of particle and transformation of metal oxides from 
amorphous to crystal form, CTZ-100 and CTZ-400 nanocat-
alysts were characterized by SEM analysis. The SEM images 
are presented in Fig. 5. It could be obviously observed that 
calcination of the sample at higher temperature made sig-
nificant changes in the surface and crystalline shape and size 
of the catalyst. CTZ-400 has uniform particle in compari-
son with CTZ-100 along with large external pores, which 
caused well permeation of large molecules of reactants to 
internal surfaces. Moreover, the particles shape of CTZ-400 

nanocatalyst is closed to spherical form, while CTZ-100 
showed a bulky and layered structure, which is related to 
lack of calcination treatment.

The TEM analysis of CTZ-400 was done to obtain its 
particle size and shape, accurately (Fig. 5c). The CTZ-400 
catalyst exhibited relatively uniform particle with hexagonal 
shape. The average particle size of CTZ-400 is lower than 
100 nm that can be classified in the nanoscale materials. In 
addition, each grain can be considered as a single crystallite 
that caused an increase in the surface area that lead to an 
increase in the interaction between reactants and catalyst 
surface.

BET and BJH analysis of CTZ‑400 as the best catalyst

The textural properties of CTZ-400 as optimum nanocata-
lyst such as BET surface area, mean pore size and pore vol-
ume were, respectively, obtained as 274.5 m2/g, 4.8 nm and 
0.826 cc/g. It is noteworthy that the sample possessed pore 
diameters greater than 2 nm revealing that it is mesoporous 
material. The prepared nanocatalyst has very high surface 
area, and two ways were proposed for influence of a higher 
surface area on the catalytic activity: (a) formation of the 
highly dispersed active phase; and (b) easy accessibility of 
the reactants to surfaces [44].

The nitrogen adsorption–desorption isotherms and pore 
size distribution of the as-synthesized sample are presented 
in Fig. 6a. The nanocatalyst presented characteristic type IV 
curves with hysteresis loop of H1 type, which is related to 
cylindrical and spherical pores [45]. The pore size distribu-
tion of CTZ-400 nanocatalyst is shown in Fig. 6b. The wide 
range of pore size observed from the figure, especially the 
pores greater than 3 nm has significant volume. It was sug-
gested that the porosity of the nanocatalyst must be greater 
than 3 nm for fast permeation of reactants into porosity and 
overcoming the diffusion problems [43, 46].

Optimization of the esterification reaction 
conditions

The effect of reaction parameters in the esterification reac-
tion was examined using CTZ-400 as optimum nanocata-
lyst. The optimization results of reaction conditions includ-
ing reaction temperature, reaction time, methanol/oleic 
acid molar ratio and catalyst loading are summarized in 
Table 2. The results showed that the conversion continuously 
increased from 40.3 to 87.5% by rising the reaction tempera-
ture from 90 to 180 °C. It is a fact that the esterification reac-
tion is endothermic and a higher conversion will be reached 
when higher temperatures are used [47]. However, insig-
nificant increase in the reaction conversion was observed 
when the temperature raised over 150 °C. Therefore, due to 
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reduction of the cost of energy and equipment, 150 °C was 
selected as the optimum temperature.

Assessing the effect of reaction time showed that the 
conversion increases quickly within the first 4 h and then 
remains nearly constant. Thus, 4 h was the suitable reaction 
time.

Since the esterification reaction is a reversible reaction, a 
greater methanol/oleic acid molar ratio than stoichiometric 

molar ratio (3:1) required to shift the equilibrium towards 
the direction of ester formation. According to Table 2, a 
12:1 molar ratio of methanol/oleic acid is quite enough for 
achieving a good conversion. The conversion decreased by 
excess methanol over 12 molar ratios of methanol/oleic acid 
due to occupation of catalyst’s pores, decreasing the active 
sites and deactivation of the catalyst and increasing the sepa-
ration problem [23, 48].

Fig. 5  SEM images of a CaO/
TiO2–ZrO2 calcined at a 100 
and b 400 °C and c TEM 
images of CaO/TiO2–ZrO2 
calcined 400 °C
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40 nm64 nm
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(b) CTZ-400
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The effect of catalyst loading on the conversion was 
evaluated with various catalyst loadings over the range of 
1–5 wt%. The conversion increased from 18.5 to 89.5% 
with an increase in the catalyst loading from 1 to 3 wt%. 
However, the conversion increased slightly to 90.4% with a 
further increase which shows using more amount of catalyst 
does not distinctly change the conversion. Therefore, results 
revealed that the optimum catalyst loading amount is 3 wt%.

Reusability of CTZ‑400 in the esterification reaction 
under optimum conditions

The reusability of solid catalyst is an important factor to 
determine its economical application and industrial produc-
tion of catalyst [49]. In this regard, the catalyst was filtered 
from the product mixture after each reaction and washed 
twice with methanol. The recovered catalyst was then dried 
in oven for overnight and subsequently reused in next run. 
The results are illustrated in Table 3. The CTZ-400 nano-
catalyst preserved its catalytic activity after five runs without 
any remarkable decrease in the conversion which indicated 
its excellent property for industrial usage. Increasing the sta-
bility of CTZ-400 can be corresponded to Ti cations, which 
increased the stability of the catalyst as reported by other 
researchers [19–21].

Conclusions

In this study, the novel sol–gel citrate method was presented 
for fabrication of CaO/ZrO2–TiO2 nanocatalyst. The sample 
was calcined at different temperatures and its effect was eval-
uated on the physicochemical properties and catalytic perfor-
mance in the esterification of oleic acid. The result showed 
that zirconia had significant effect on the structure of CaO/
TiO2 structure such that the sample was transformed from 
amorphous structure to crystalline structure. The new phases 
of  CaZrO3 were successfully formed by zirconia loading, 
which had significant influence on the basicity of sample. 
Moreover, zirconia increased the acid strength of the CaO/
TiO2 due to its amphoteric properties. Assessment of calci-
nation temperature showed that the highest conversion was 
obtained with using CTZ-400 nanocatalyst, whereas other 
samples exhibited a desirable activity to convert greater 
than 60% of feedstock to ester as compared to CT-400. The 
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Fig. 6  a Hysteresis loop of  N2 adsorption–desorption isotherms and b 
BJH plot of pore size distribution of CTZ-400

Table 2  Optimization of the esterification reaction conditions cata-
lyzed by CaO/ZrO2–TiO2 nanocatalysts calcined at 400 °C

Run Tem-
perature 
(°C)

Reaction 
time (h)

Methanol/
oleic acid 
molar ratio

Catalyst 
amount 
(wt%)

Conversion 
(%)

1 90 4 9:1 3 40.3 ± 6.5
2 120 4 9:1 3 62.8 ± 4.7
3 150 4 9:1 3 86.2 ± 4.3
4 180 4 9:1 3 87.5 ± 3.8
5 150 1 9:1 3 23.4 ± 6.3
6 150 2 9:1 3 55.0 ± 4.1
7 150 3 9:1 3 74.7 ± 4.8
8 150 5 9:1 3 86.3 ± 3.4
9 150 4 6:1 3 61.6 ± 5.2
10 150 4 12:1 3 89.5 ± 3.1
11 150 4 15:1 3 75.4 ± 5.2
12 150 4 12:1 1 18.5 ± 2.5
13 150 4 12:1 2 55.9 ± 4.7
14 150 4 12:1 4 90.4 ± 2.8

Table 3  Reusability of CaO/TiO2–ZrO2 nanocatalysts calcined at 
400 °C

Run First Second Third Forth Fifth

Conversion 
(%)

89.5 ± 3.1 88.6 ± 2.8 87.5 ± 3.4 85.7 ± 4.0 84.2 ± 3.7
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calcination temperature caused excellent growth of CTZ-
400 particles and uniform particles with uniform size were 
obtained. After choosing the best temperature for calcination 
of CaO/TiO2–ZrO2 nanocatalyst, the esterification reaction 
conditions using the catalyst were optimized. The optimum 
reaction conditions were obtained at 150 °C, 12 molar ratio 
of methanol/oleic acid, 3 wt% of catalyst and 4 h of reaction 
time. The results of stability of the CTZ-400 showed that the 
nanocatalyst can preserve its activity at least for five times 
for several usages that can be refer to presence of titanium 
cations in the structure of nanocatalyst.
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