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The role of surface Zn
2+
 ions in the transesterification 

of vegetable oils over ZnO supported on Al2O3 and 

Fe2O3 

K. Thirunavukkarasu*,a T.M. Sankaranarayanana, b, A. Panduranganb, R. Vijaya 
Shanthia  and S. Sivasankera,  

Samples of ZnO-Al2O3 and ZnO-Fe2O3 with different loadings of ZnO (5 – 20 wt%) were 

prepared by impregnation of the supports (γ-Al2O3 and α-Fe2O3) with ZnNO3 and calcining at 

873 K. XRD of the calcined samples revealed that the ZnO had reacted with the support to 

form the corresponding spinels, ZnAl2O4 and ZnFe2O4. The catalytic activity of the supported 

spinel samples, and samples of stoichiometric ZnAl2O4 and ZnFe2O4 prepared by co-

precipitation were examined for the transesterification of sunflower, waste cooking oil and 

jatropha oil. A linear relationship between the spinel content, estimated by XRD, and surface 

Zn concentration estimated by XPS and transesterification activity of the samples is obtained. 

XVB (x-ray valence band) studies provide evidence to suggest that Zn 3d electrons may take 

part to a major extent in the electronic excitation of the spinels (ZnAl2O4 and ZnFe2O4) and, 

presumably, their catalytic activity.. 

 

 

 

 

 

 

 

 

1. Introduction: 
Fatty acid methyl esters (FAME; biodiesel), the key product of 
transesterification of vegetable oils, are among the important 
renewable transportation fuels in use today. Their increased use 
is expected to decrease the rate of CO2 build up in the 
atmosphere. The transesterification of vegetable oils is at 
present mostly carried out using soluble alkali catalysts. The 
disadvantages of using alkali catalysts are soap formation, poor 
quality of byproduct glycerol, wastewater generation and non-
suitability for oils containing free fatty acids (FFA). Though 
many solid catalysts were reported1-5 as alternative for the 
homogeneous acid catalyst, a ZnAl2O4 based catalyst was 
developed for transesterification by the Institut Francais du 
Petrole (IFP) and was commercialized by Axens6,7.  
ZnAl2O4 belongs to AB2O4 spinel oxides and possess good 
thermal stability, no/least leaching during reactions, 
hydrophobicity and ease of preparation with large external 
areas. Apart from transesterification, ZnAl2O4 is known to be 
active as a heterogeneous catalyst for reactions like 
dehydration, hydrogenation, dehydrogenation, cracking, 
synthesis of fine chemicals8-13 and in photocatalytic 
reactions14,15. ZnFe2O4, another important candidate in the 
AB2O4 spinel oxides, is reported to be active heterogeneous 
catalyst for N-alkylation reactions16,17, water gas shift 

reaction18, O-acylation19, and oxidative dehydrogenation n-
butane20,21, and as a photocatalyst for water splitting reactions22, 
decomposition of organic pollutants23 and hydrogen 
production24. In AB2O4 spinel oxides, more of octahedral sites 
are exposed on the surface than the tetrahedral sites according 
to Low Energy Ion Scattering (LEIS) studies25,26, i.e., more B 
atoms are present in the surface than A atoms. 
After Axens process, many reports on ZnAl2O4 catalysts for 
transesterification of vegetable oils started to emerge in the 
literature27-31. Many of them mainly deal with the engineering 
aspects of the process and reveal the importance of large 
surface area and pores. Jiang et al29 observed that the 
transesterification reaction on Zn/Al mixed oxide catalysts was 
more feasible due to its basic sites. Liu et al30 reported that 
strong basicity and large pores were beneficial for the La-
loaded ZnAl2O4 catalysed transesterification reaction. They 
found that La-loading of 5.5 wt% showed highest activity 
though they had strongly basic catalysts with higher La-
loadings. To contradict these studies, a recent literature report 
on transesterification reaction reveals that ZnAl2O4 surface 
contains more acidic sites than basic sites31. 

Interaction of ZnO with the γ-Al2O3 or α-Fe2O3 supports is 
reported in the literature. Strohmeier and Hercules32  observed 
that Zn2+ ions interact strongly with γ-Al2O3 support for >20% 
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loadings of ZnO to form surface spinels. An electronic 
interaction between Zn2+ and Fe3+ ions of ZnFe2O4-ZnO 
catalysts was observed through Mossbauer spectroscopy by 
Armendariz et al21 though Zn2+ ions were not involved directly 
in the oxidative dehydrogenation reaction of n-butane. 
Unfortunately, the authors could not find the same with Fe2O3-
ZnFe2O4 catalysts as Zn is inactive in Mossbauer spectroscopy. 
The role of Zn ions in the spinel catalysis is recognised in the 
following studies. Sreekumar et al studied alkylation reactions 
Zn-Co mixed ferrites and observed that the catalyst with a ratio 
with more Zn2+ content is more active and selective for the N-
methylation reaction of aniline17. Vijayaraj et al16 observed an 
active spacer role of Zn2+ ions for the N-methylation reaction 
on Zn-Cu mixed ferrites and stabilizing Cu2+ ions during 
reaction by Zn2+ from XPS studies.  
We now present our studies on the catalytic activity of ZnO 
supported on γ-Al2O3 and α-Fe2O3 in the transesterification of 
vegetable oils, viz. sunflower oil, waste (used) sunflower oil 
and jatropha oil, carried out as part of our ongoing research on 
the transesterification of vegetable oils with solid oxide 
catalysts and spinel oxides33,34. Samples of ZnO/Al2O3 and 
ZnO/Al2O3 containing different amounts of ZnO were prepared 
by impregnation, characterized by physicochemical methods 
and their activity for the transesterification with methanol of 
sunflower oil, waste cooking oil and jatropha oil were evaluated 
in a batch reactor.  XPS studies reveal the active role of Zn-ions 
in the transesterification reactions. 

 

2. Experimental Section 
2.1. Materials used and preparation of catalysts 

Cooking grade sunflower oil, waste (used) sunflower oil and 
jatropha oil were procured locally. Their fatty acid 
compositions are reported in Table 1. Methanol (AR  Grade;  
SRL,  India) was  distilled  and dried  over  molecular  sieve  (4 
Å)  prior  to  use. 

Table 1 Composition of the vegetable oils. 

Fatty acid 

composition 

[%] 

Sunflower 

oil 

Waste cooking 

oil 
Jatropha oil 

Palmitic acid 

(C16:0) 
6.5 6.3 17.9 

Stearic acid 

(C18:0) 
0.5 0.5 7.3 

Oleic acid 

(C18:1) 
22.5 21.9 41.8 

Linoleic acid 

(C18:2) 
70.5 68.8 25.0 

Free Fatty 

acids (FFA) 
- 

2.5 / [C16, 0.2; 

C18:1, 0.9; 

C18:2, 1.4] 

8.0 / [C16, 2.0; 

C18:1, 3.2; 

C18:2, 

2.4; C18, 0.4] 
 

Samples of ZnO-Al2O3 and ZnO-Fe2O3 with different loadings 
of ZnO (5 – 20 wt%) were prepared by impregnation of the 
supports (γ-Al2O3 and α-Fe2O3) with ZnNO3, drying in air 
(353 K; 12 h) and calcining at 873 K (6 h). Additionally, the 
spinels ZnAl2O4 and ZnFe2O4 were prepared by mixing 
stoichiometric amounts of the required metal nitrate solutions 
(1:2 mole ratio; 40 ml) and adding rapidly to a solution of 
NH4OH (25 wt%; vol. 25 ml) at room temperature (300 K) 
under constant and vigorous stirring. The precipitates were 

aged for 12 hours and dried at 353 K in an air oven for about 12 
hours. The dried materials were powdered and calcined at 873 
K for 6 h. The stoichiometric spinels are represented by the 
general formula ZnB2O4, where B is Al or Fe, and the non-
stoichiometric mixed oxides are represented by nZnB, where n 
represents wt% of ZnO loading in the support. 
2.2. Characterization of supports and catalysts 

X-ray diffraction (XRD) patterns of the calcined materials were 
obtained using a Rigaku Miniflex II with Cu Kα radiation. The 
phases were identified by matching of the peaks with JCPDS 
(Joint Committee on Powder Diffraction Standards) data files. 
Surface area determination was performed by the BET method 
(Micromeritics ASAP 2020). Before analysis the samples were 
degassed at 623 K for 8 to 10 h. The acidity of the samples was 
measured by temperature-programmed desorption (TPD) of 
ammonia (AutoChem 2910, Micromeritics, USA). The standard 
procedure for the TPD measurements involved the activation of 
the sample in flowing He at 873 K (1 h), cooling to 323 K, 
adsorbing NH3 from a He-NH3 (10 %) mixture, desorbing in He 
at 323 K for 30 min, and finally carrying out the TPD 
experiment by raising the temperature of the catalyst in a 
programmed manner (10 K min–1). The areas under the TPD 
curves were converted into meq NH3 per gram of catalyst based 
on injection of known volumes of the He-NH3 mixture under 
similar conditions.   
Diffuse reflectance UV-Vis. spectra of the powder samples 
were recorded on a Thermoscientific Evolution-600 
spectrometer. BaSO4 (spectral grade) was used as a reference 
material. XPS measurements were carried out using a multi-
probe system (Omicron Nanotechnology, Germany) equipped 
with a dual Mg/Al X-ray source and a hemispherical analyzer 
operating in constant analyzer energy (CAE) mode. The spectra 
were obtained with 50 eV pass energy for survey scan and 20 
eV for individual scans. The Mg Kα X-ray source was operated 
at 300 W and 15 kV. The base pressure in the analyzing 
chamber was maintained at 1x10-10 mbar. The data were 
processed with the Casa XPS program (Casa Software Ltd., 
U.K.). The peak areas were determined by integration 
employing a Shirley-type background. Peaks were considered 
to be a mix of Gaussian and Lorentzian functions in a 70/30 
ratio. The peaks were calibrated by taking the adventitious 
carbon’s C 1s line as 284.9 eV. Fourier transform infrared (FT-
IR) spectra for the samples were recorded using a Bruker 
Tensor-27 instrument. 
2.3. Transesterification of vegetable oils 

The catalytic activity of the samples was evaluated in a SS 
batch reactor (Parr, USA; 300 ml) at different run durations (2-
10 h) and at different temperatures (393 – 453 K) using 1 g of 
finely ground catalyst (passing through ASTM 200 Mesh). The 
amount of oil used was 20 g; the amount of methanol used 
depended on the required oil/methanol mole ratio. The stirring 
speed for all the runs was maintained at 600 rpm.  At the end of 
the desired reaction time, the autoclave was cooled to room 
temperature, the product was diluted with water (100 ml), and 
the catalyst was removed by filtration.   The two liquid layers 
were separated using a separating funnel, the lower layer 
consisting of water, glycerol and methanol and the upper one 
containing fatty acid alkyl esters, unreacted oil and intermediate 
products.   
2.4. Product analysis 

The product composition was determined by analyzing the oil 
layer in a gas chromatograph (Perkin-Elmer Clarus 500) 
equipped with a FID detector using a high temperature metallic 
capillary column (PDMS; 6m x 0.53mm, 1µm film thickness). 
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Conversion and selectivity values are expressed as wt % in all 
the tables and figures. 

 

3. Results and Discussion 
3.1. Physicochemical properties  

 

3.1.1. Surface area and acidity  

Table 2 Textural properties and acidity of the samples. 

Sample 

Spinel 

Content 

(%) 

SBET 

(m2/g) 

Pore volume 

(ml/g)a 

[av. Pore 

size; nm]b 

Acidityc 

(µmol/g) 

(350 - 800 

K) 

ZnAl2O4 100.0 62 0.22 [12] 138.7 

ZnFe2O4 100.0 12 0.10 [21] 40.3 

ZnO - 29 0.10 [15] 69.6 

γ- Al2O3 - 168 0.35 [8] 626.6 

5ZnAl 11.3 133 0.40 [12] 465.5 

10ZnAl 22.5 116 0.36 [12] 385.8 

20ZnAl 45.0 99 0.30 [12] 292.0 

α-Fe2O3 - 6 0.06 [40] 21.1 

5ZnFe 14.8 7 0.06 [34] 24.4 

10ZnFe 29.6 10 0.08 [32] 27.8 

20ZnFe 59.2 11 0.10 [32] 28.6 
a: From N2 adsorption at liquid N2 temperature, p/po = 0.98; b: 
by BJH method; c: µmoles of NH3 desorbed/g of sample in the 
range, 350 - 800 K. 

 
Surface area and acidity of the various oxides and mixed oxides 
including the two spinels, ZnAl2O4 and ZnFe2O4 are presented 
in Table 2. The surface areas of mixtures of Al2O3 and ZnO 
after calcination at 873 K are smaller than those expected for 
physical mixtures of Al2O3 and ZnO. In fact, they are slightly 
closer to the values expected for mixtures of Al2O3 and 
ZnAl2O4 suggesting that ZnO and Al2O3 have reacted to form 
ZnAl2O4 spinel and the mixtures are probably ZnAl2O4 
supported on Al2O3. In the case of ZnFe2O4 it is difficult to 
analyze the data with reasonable accuracy due to the small 
areas involved. Even so, the values are close to those expected 
for mixtures of Fe2O3 and ZnFe2O4. XRD results (Section 
3.1.2) also confirm the formation of ZnAl2O4 and ZnFe2O4 in 
the mixtures.  
The pores in ZnAl2O4 are broadened compared to γ-Al2O3 
support with increasing Zn loading in the ZnO-Al2O3 system 
(Table 2). The pore volume/size values of Fe2O3 suggest that it 
has almost a flat surface. But increasing ZnO loading creates 
broad pores in the ZnO-Fe2O3 system. ZnO has an intermediate 
pore distribution between ZnAl2O4 and ZnFe2O4.  

 

Figure 1.  NH3-TPD of A) ZnO-Al2O3 with different ZnO loadings 
and ZnAl2O4; and B) ZnO-Fe2O3 with different ZnO loadings and 
ZnFe2O4. 

The acidities of the samples as measured by TPD of NH3 are 
also presented in Table 2. In order to understand the acidity 
characteristics of the samples better, the contributions from 
physical adsorption (if any) and from very weak acid sites (NH3 
desorbing below 350 K) were excluded and the amount of NH3 
that desorbed in the temperature range of 350 – 800 K is 
presented in the last column of Table 2.  The acidities of 
ZnAl2O4, ZnFe2O4 are 139 and 40 meq/g. The acidities of the 
supports, γ-Al2O3, Fe2O3 and ZnO are 627, 21 and 40 meq/g, 
respectively. Though the acidity of ZnAl2O4 decreases 
drastically compared to γ-Al2O3, ZnAl2O4 contains almost 
equal distribution of medium (peak at ~375 K) and strong (peak 
at ~475 K) acidic sites (Fig. 1.). But in γ-Al2O3, medium acidic 
sites are dominant than the strong acidic sites. The acidities of 
the supported samples are intermediate to those of the oxides 
and ZnO); acidity decreases in the case of Al2O3 and increases 
in the case of Fe2O3 with increasing ZnO loading. The less than 
proportionate change in acidity of the supports with ZnO 
loading suggests that ZnO has interacted strongly with the 
supports and the supported samples are not physical mixtures of 
the two oxides.   
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3.1.2. Powder X-ray diffraction 

 

Figure 2.  XRD patterns of A) ZnO-Al2O3 with different ZnO 

loadings and ZnAl2O4; and B) ZnO-Fe2O3 with different ZnO 

loadings and ZnFe2O4. 

The XRD-patterns of supported ZnO (5 to 20 wt% of ZnO) 
samples prepared by impregnation of Zn(NO3)2 on γ-Al2O3 and 
Fe2O3 and calcination at 873 K are presented in Figure 1. γ-
Alumina exhibits a diffraction pattern with broad, diffuse lines, 
typical of a microcrystalline material. With progressively 
increasing loading of ZnO, the lines due to γ-Al2O3 decrease in 
intensity along with a corresponding increase in the intensity of 
the spinel phase. A similar behavior is also seen in the patterns 
of the Fe2O3 supported ZnO samples (Fig. 1 B).  The XRD 
patterns of ZnAl2O4 and ZnFe2O4 are typical of the expected 
spinel phases and are in agreement with JCPDS data (78-1601 
and 86-2267). All the diffraction peaks matched well with the 
reported patterns. Lines due to individual oxides were barely 
discernible in the patterns.  
3.1.3. UV-Vis spectroscopy 

  

Figure 3.  UV-visible spectra of A) ZnO, Al2O3, ZnO-Al2O3 
samples and ZnAl2O4, and B) Fe2O3, ZnO-Fe2O3 samples and 
ZnFe2O4. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 Assignement of the major bands in UV-vis. spectra 

(Fig. 3) of spinels and oxides  

Sample 

Absorpti

on 

maximaa 

(nm) 

Assignment/Geometry Reference(s) 

ZnAl2O4 

215 - 

225(s) 

 

~360 

Filled O2p orbitals � 

empty Al3s orbitals 

Filled O2p�empty Zn4s 

orbitals (due to defects) 

[34,35] 

ZnFe2O4 

~275,~36

0(b) 

400-700 

(b) 

Ligand to metal and 

L�M charge transfer for 

Oh Fe3+ 

[36] 

Al2O3 
215-

225(b) 

Filled O2p orbitals � 

empty Al3s orbitals 
[34,35] 

Fe2O3 

250(b) 

~350, 

~500 and 

~550 

O2- to Fe3+ charge transfer 

Metal to metal charge 

transfer 

[36] 

ZnO 
200-

400(b) 

Filled O2p�empty Zn4s 

orbitals 

[34,35] 

 
a: Letters in brackets refer to nature of the absorption lines: s, 
strong and b, broad. 
 
UV-vis. spectra of ZnO impregnated on Al2O3 and Fe2O3 along 
with those of ZnO, Al2O3 and Fe2O3 are presented in Figure 3. 
Assignments of the spectral bands (Figure 3) of the oxides and 
spinels based on published literature are presented in Table 3. 
Examining the spectra presented in Figure 3A, a band at ≤ 215 
nm is seen for the ZnO-Al2O3 samples, while ZnAl2O4 exhibits 
a band at ~215 nm. A band noticed at ~ 250 nm in the spectra 
of Al2O3 and ZnO-Al2O3 samples has been attributed by earlier 
workers to be due to electronic excitations (O 2p � Al3+ 3s)35, 

36. Additionally, with increasing Zn content, the band at ~360 
nm attributed to defect Zn2+ sites in ZnAl2O4 is found to 
increase with Zn loading confirming the presence of increasing 
amounts of the spinel structure in the samples. The spectrum of 
ZnO shows a very strong and broad absorption below 380 nm 
with a peak maximum at ~360 nm. The similarity in the 
absorption band is presumably because Zn2+ ions in both ZnO 
and the spinel are both in a coordination of O2- ions35. 
Increasing spinel content in the ZnO-Fe2O3 system does not 
considerably alter the absorption spectra significantly due to the 
broad absorption of α-Fe2O3 (Figure 3B) in the entire UV-
visible region (the samples are brown-black). However small 
changes are still seen. The broad absorption at ~250 nm is due 
to O2- � Fe3+ charge transfer in α-Fe2O3. The weak band at 
~350 becomes broader and more intense with increasing Zn 
loading due to O2- � Zn2+ charge transfer. Octahedral Fe3+ 
exhibits a weak band at ~500 nm due to crystal field transition 
which is more clearly observed in the case of ZnFe2O4 
compared to other samples of the series. Intense absorption in 
the visible region of α-Fe2O3 is mainly due to various types of 
CT transitions like metal to metal charge transfer (MT) 
transitions (2Fe3+

� Fe2+ + Fe4+). As Zn atoms are introduced in 
to α-Fe2O3, the decrease in Fe−O−Fe linkages between adjacent 
Fe3+ cations gradually reduces the intensity of the band at ~550 
nm along with increasing formation of ZnFe2O4

37.  
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3.1.4. X-ray photoelectron spectroscopy  

  

Figure 4. XP spectra of Zn 2p3/2 (left panels) and Zn LMM 
transitions from XAES (right panels) ZnO-Al2O3 and ZnAl2O4 (top 
panels) and ZnO-Fe2O3 catalysts and ZnFe2O4 (bottom panels). In 
top and bottom panels, XPS of Zn 2p3/2 (left panels) and XAES of 
Zn LMM transitions (right panels) of ZnO samples are also 
presented for comparison. 

Table 4 Binding energies (in eV) of Zn in ZnO-Al2O3 and 

ZnO-Fe2O3, ZnAl2O4 and ZnFe2O4 (values in the parentheses 

are FWHM+ of the peaks in eV) 

Sample 
Zn 2p3/2

a
 

eV 

Zn LMMc 

eV 

Auger 

Parameter, 

α eV 

5ZnAl 1021.0 (3.8)b 987.7 2008.7 

10ZnAl 1021.6 (3.1) 987.8 2009.4 

20ZnAl 1021.8 (2.6) 987.8 2009.6 

ZnAl2O4 1021.4 (2.7) 987.9 2009.3 

ZnO 1021.5 (2.0) 988.5 2010.0 

5ZnFe 1021.5 (2.3) 989.2 2010.7 

10ZnFe 1021.4 (2.0) 989.2 2010.6 

20ZnFe 1021.3 (2.1) 989.2 2010.5 

ZnFe2O4 1021.4 (2.0) 989.0 2010.4 
a: Binding energy; b: Full width at half maximum; c: Kinetic 
energy. 

 
X-ray photoelectron spectroscopy (XPS) was used to further 
investigate ZnAl2O4, ZnFe2O4, and samples of ZnO-Al2O3 and 
ZnO-Fe2O3 with different ZnO loadings. Zn 2p3/2 core level 
(XPS) and Zn LMM transitions (XAES) of ZnO-Al2O3 and 
ZnO-Fe2O3 samples are presented in Figure 4. Though the 2p 
core level binding energy (BE) of Zn is insensitive to 
differentiate the chemical states, its modified Auger parameter 
(α) derived from Zn 2p3/2 BE and Zn LMM Auger lines 
differentiates Zn2+ and Zn0 states37. From table 4, α values of all 
the catalysts prepared come around ~2009±1 eV characteristric 
of Zn2+ ions38.  The Full width at half maximum (FWHM) 
value for Zn 2p3/2 peak of ZnO is the least due to an unique –O–
Zn– environment compared to all the catalysts presented in 
table 4 and therefore, in the other catalysts, Zn2+ ions should be 
present in spinel or supported spinel phase where different 
environments around Zn are possible as evidenced with XRD 
results (Section 3.1.1.). With increasing loading of ZnO in both 
the systems, the difference in environment vanishes till it 
reaches stoichiometric spinel composition. Moreover, at lower 
loadings of ZnO, the spinels might be present as smaller 
crystallites and this may be the reason for the higher FWHM 
values. Zn LMM transition is observed at the kinetic energy of 
987.8±0.1 eV for ZnO-Al2O3, at 989.0±0.1 eV for ZnO-Fe2O3 
and 988.5 eV for ZnO. The higher value for ZnO-Fe2O3 shows 
that Zn2+ ions in the ferrite are richer in electrons than in the 
aluminates and ZnO. A shoulder in the Zn LMM transition at 
~991 eV for ZnO-Al2O3 samples and ~992 eV for ZnO-Fe2O3 
samples is found to emerge with increasing Zn loading in both 
the systems. Strohmeier and Hercules32 have suggested that this 
is due to l-s coupling of the Zn atom in oxide environment. The 
l-s coupling is strong in case of ZnO than other catalysts. 

 

Figure 5. Valence band (VB) spectra from XPS studies of a) ZnO-

Al2O3 and b) ZnO-Fe2O3 samples with corresponding stoichiometric 

spinels. VB spectra of γ- Al2O3 and Fe2O3 have been rescaled (÷ 10) 

to fit in the figure. 
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XP spectra in the valence band (VB) region of the ZnO-Al2O3 
and ZnO-Fe2O3 samples are presented in Figure 5. The main 
VB appearing at 11 eV and 10 eV, respectively, in the top and 
bottom panels in the figure is associated with Zn 3d; the Zn 3d 
band of ZnO appears at 10.3 eV. Note that LMM Auger 
transition of Zn involves Zn 3d (L) and Zn 2p (M) electrons. In 
ZnO systems, the lowest valence band lies below the Zn 3d 
level.38 Other bands at 7eV in the top panel and 8 eV in both 
the panels are due to Fe 3d and O 2p levels16. Particularly, Fe 
3d band appears to be very weak in all the catalysts of ZnO-
Fe2O3 system including α-Fe2O3 probably due to the spin-
forbidden transition of Fe3+ ions d5 configuration. The band for 
O 2s orbital appears at ~23 eV for ZnO-Al2O3 samples and at 
~22 eV for ZnO-Fe2O3 samples. The higher binding energy of 
O 2s band of ZnO-Al2O3 compared to ZnO-Fe2O3 is due to the 
greater ionic nature of Al-O bonds than Fe-O bonds40-42. From 
the XVB spectra it is clear that the surface valence band is 
dominated by the Zn 3d orbitals in both the systems and the 
intensity of the Zn 3d peak increases with increasing Zn content 
in both the systems. From the valence band spectra, it is 
concluded that Zn 3d electrons are actively involved in the 
spinel formation for both the systems and likely to take part to a 
major extent in the electronic excitation of the spinels (ZnAl2O4 
and ZnFe2O4) and, presumably, their catalytic activity.  
 

 

Figure 6. O 1s spectra from XPS studies of A) ZnO-Al2O3 and B) 
ZnO-Fe2O3 samples with corresponding stoichiometric spinels. O 1s 
spectrum of ZnO is also given in the figure for comparison. 

XP spectra of O 1s region of ZnO/Al2O3 and ZnO/Fe2O3 

samples are presented in Figure 6. At Zn loadings up to 20%, O 
1s peak is observed at 531.2±0.2 eV for ZnO/Al2O3 and at 
530±0.2 eV for Zn/Fe2O3 samples. O 1s peak of adsorbed water 
(–OH2) and basic hydroxide (–OH) generally observed at 

533.2±0.1 eV and 532.2±0.1 eV, respectively43,44, are also seen 
in the spectra (Figure 6B). 
These peaks are, however, relatively less intense in ZnO/Al2O3 
samples and it might probably due to relatively small BE 
difference between the basic hydroxide group with the main O 
1s peak of support Al2O3. From Figure 6B, it is clear that the 
intensity of peaks due to adsorbed water and basic hydroxide 
group decreases as the spinel phase is increasing. It might be 
due to the hydrophobic nature of the stoichiometric spinels. 
 
 

3.1.5. IR Spectroscopy in DRIFTS mode 

 

Figure 7.  DRIFT IR spectra of A) ZnO, Al2O3, ZnO-Al2O3 samples 

and ZnAl2O4, and B) Fe2O3, ZnO-Al2O3 samples and ZnFe2O4. 

The IR spectra in DRIFT mode for spinels were recorded at a 
sample temperature of 673 K under nitrogen atmosphere in 
order to avoid the interference of -OH vibrations due to 
moisture and presented in Figure 7. As the evolution of spinel 
phase with increasing ZnO loading could be clearly observed 
XRD, UV-Vis and XPS spectra, we concentrate in the –OH 
group region (4000-3000 cm–1) of the IR spectra to understand 
the nature of surface hydroxyl groups in the spinel-type oxides 
in the present study. For γ-Al2O3 (Figure 7A), three distinct 
bands were observed around 3728, 3678 and 3560 cm–1 
respectively in the “–OH” region. The first peak corresponds to 
terminal –OH group mainly located on octahedrally 
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coordinated Al3+ and the other two distinct bands were assigned 
for bridging –OH and triply-bridging –OH45. A new band 
appeared at ~3680 cm–1 (ZnAl2O4) must be due to the hydroxyl 
group on tetrahedrally coordinated Zn2+ with increase in Zn 
wt% loading on alumina46. However, a new band forming at 
3580 cm–1 because of the merging of bands at 3678 and 3560 
cm–1 might be attributed to the formation of Zn containing 
spinels and new bridging group Zn-O-Al surface. In the case of 
Fe2O3, IR spectra in Figure 7B exhibit multiple bands due to 
different types of –OH groups. The bands at 3660 and 3675 cm–

1 are attributed to the hydroxyl groups on octahedral Fe3+. A 
weak band at ~3719 cm–1 is observed for the terminal –OH 
group which lies on tetrahedral Fe3+ either non vacant or near 
cation vacancy for pure Fe2O3

46. The bands for bridging and 
triply bridging –OH group appear at ~3550 cm–1 and at ~3450 
cm–1 (a broad peak) respectivly46. Similar to ZnAl2O4 samples, 
the intensity of the band at ~3680 cm–1 increases with 
increasing ZnO content as the result of newly formed –OH 
groups on tetrahedral Zn2+. Consequently, in ZnAl2O4 and 
ZnFe2O4, the intensity of the various hydroxyl groups decreases 
with increase in the ZnO percentage i.e formation of spinel 
phase. This indicates the formation of new hydrophobic sites on 
the spinel type oxide surface.  
 

3.2. Studies on transesterification of vegetable oils 

Evaluation of the catalytic activity of the different ZnO loaded 
Al2O3 and Fe2O3 samples in the transesterification of vegetable 
oils with methanol was carried out in a SS batch reactor using 
the three different vegetable oils, sunflower, and jatropha and 
waste oils.  

.  

 

Figure 8. Influence of ZnO loading on transesterification activity of 
[A] ZnO/Al2O3 samples: a) sunflower oil, b) waste cooking oil and 
c) jatropa oil (conditions: catalyst, 1 g; 453 K; oil, 20 g; MeOH/oil 
(mole), 9; run duration, 10 h). [B] ZnO/Fe2O3 samples: a) sunflower 
oil, b) waste cooking oil and c) jatropa oil (conditions: catalyst, 1 g; 
453 K; oil, 20 g; MeOH/oil (mole), 9; run duration, 10 h). 

 
The transesterification activities of the supported spinel 
catalysts are given in Figure 8. Conversion of sunflower oil 
(triglycerides, TG) and the individual selectivity for the 
intermediates, the di and monoglycerides (DG and MG), and 
the final product FAME are presented in the figures as a 
function of % ZnO loading.  The last point in the figures is for 
the stoichiometric spinel prepared by the coprecipitation 
method. It is seen that activity increases linearly with ZnO 
content, the linearity being more in the case of ZnO-Fe2O3 
samples. In the case of the pure spinels, the (nearly) only 
product of the reaction is the mixture of fatty acid methyl esters 
(FAME). The other expected products, viz. the diglycerides 
(DG) and monoglycerides (MG) were together less than 0.5 
wt% in the product.  More of these intermediates, especially the 
MG, are found in the case of the less active samples. Even so, 
the amounts of these compounds are less than 4 % in all the 
products. It appears from these studies that Zn spinel phase is 
mainly responsible for activity of these calcined mixed oxides. 
The imaginary lines drawn in figure 8 clearly indicate that the 
transesterification activity is better for 5, 10 and 20 % loadings 
of ZnO of ZnO-Fe2O3 samples than ZnO-Al2O3 samples. Both 
the catalysts can be used for at least 5 cycles without noticeable 
loss in activity and can be used for fixed bed run for at least 48 
hrs, according to our present study. The detailed results of the 
transesterification activity studies on ZnFe2O4 spinel catalyst 
with other spinel catalysts is discussed elsewhere33. 
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3.3. Structure-Activity Correlations 

 

Figure 9. Relationships between ZnO loading, transesterification 
activity, relative spinel-content from XRD peak (311) intensity and 
relative intensity of Zn 2p peak in XPS  for A) ZnO-Al2O3 and B) 
ZnO-Fe2O3 (conditions: catalyst, 1 g; 453 K; sunflower oil, 20 g; 
MeOH/oil (mole), 9; run duration, 10 h). 

 
Characterization studies reported earlier revealed the formation 
of spinel-type phases in the samples, making them essentially 
spinels supported on Al2O3 and Fe2O3. XRD studies revealed 
the formation of increasing amounts of the spinel species with 
increasing Zn-loading, while UV-vis. and XPS studies also 
provided indirect evidence for the formation of the spinel 
phases. The information on the surface hydroxyl groups of the 
mixed spinel-type oxides in the present study with XPS (O 1s 
region) and DRIFT-IR studies reveals the creation of 
hydrophobic sites with increasing ZnO content. Indeed, these 
hydrophobic sites facilitate the rapid adsorption of TG, which is 
also hydrophobic47. 
Plots of amount of Zn loaded in ZnO-Al2O3 and ZnO-Fe2O3 
samples vs. their catalytic activity, relative bulk spinel content 
(as established by intensity of 311 peak in XRD) and relative 
intensity of Zn 2p measured by XPS are presented in Figure 9. 
Nearly linear relationships between Zn-loading, spinel-content, 
surface Zn-intensity (XPS) and activity (sunflower oil 
conversion) are noticed (Figure 9) confirming the role of the 
spinel phase in catalytic activity. Relative intensity values 
(XRD and XPS) were calculated with respect to the 
stoichiometric spinels prepared by the co-precipitation method 
(the last point in the figures). In case of ZnO-Fe2O3 samples 
relative surface Zn concentrations from XPS closely follow the 
transesterification activity than ZnO-Al2O3 samples, suggesting 
direct involvement of spinel phase to the activity in the former 
compared to the later. From the characterization studies, it is 
clear that ZnO-Al2O3 catalysts are highly porous with high 
surface area and ZnO-Fe2O3 catalysts are almost flat with low 
surface area. Therefore more transesterification activity of 
ZnO-Al2O3 catalysts than the surface Zn concentrations must be 
due to the higher surface area and porous nature of them; on the 
other hand, the activity of ZnO-Fe2O3 catalysts can be 
attributed to the surface concentrations of Zn2+ ions. 

 

Figure 10. The linear relationship of Zn LMM (XAES) transitions 

with the specific transesterification activities of ZnAl2O4, ZnO and 

ZnFe2O4. The inset shows the corresponding Zn LMM transitions of 

ZnAl2O4, ZnO and ZnFe2O4. 

 

Table 5 Comparison of activity of different spinels and oxides. 

Sample 

Surface 

areaa 

(m2/g) 

Acidity 

µmol/g 

(350 - 

800 K) 

Activity 

(% conversion) 

at run time 

Specific 

activityb 

(µmol/m2/h) at 

run time 

10 h 2 h 10 h 2 h 

ZnAl2O4 62 138.7 100 20 35 37 

ZnFe2O4 12 40.3 100 21 190 191 

ZnO 29 69.6 98 17 79 72 

γ-Al2O3 168 626.6 2 - 0.2 - 

α-Fe2O3 6 21.1 9 2 33 38 
 

a:From N2 adsorption, using BET equation; b:TG converted per 
mol per unit surface area per gram of catalyst (conditions: 
catalyst, 1 g; 453 K; sunflower oil, 20 g ; MeOH/oil (mole), 9. 

 
The activity of the different oxides and the two spinels are 
compared (on wt and area basis) in Table 5. The conversions 
recorded on the two spinels, ZnAl2O4 and ZnFe2O4, at a run 
time of 10 h are similar, being about 100%. However, their 
activities are different when they are calculated on area basis. 
There is no direct relationship with surface area and acidity 
with the transesterification activity as can be seen in Table 5. 
Comparing the specific activities calculated on surface area 
basis at a run time of 2 h, it is found that ZnFe2O4 is much more 
active (191 µmol/m2/h) than ZnAl2O4 (37 µmol/m2/h).  Though 
the activity of ZnO is also fairly large (72 µmol/m2/h), it is, 
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however, found to leach into the reaction medium during, and 
hence not suitable as a catalyst. It is interesting to point out here 
that the specific activities of ZnAl2O4, ZnFe2O4 and ZnO for 
transesterification reaction increase in the same order of Zn 
LMM values, i.e., the electron density on Zn2+ ions. (ZnAl2O4 
(987.7±0.1 eV) < ZnO (988.5 eV) < ZnFe2O4 (990±0.1 eV), 
Section 3.1.4.) (see, Figure 10). The activity of the pure oxides 
are much lower, sunflower oil conversion being 9 and 2 % at 10 
h, respectively, over Fe2O3 and Al2O3, though due to the low 
surface area of Fe2O3, its specific activity is, however, large (35 
µmol/m2/h). 
Activation energy values based on biodiesel conversion gave an 
Ea value of 14.5 kCal/mole for ZnAl2O4 and 14 kCal/mole for 
ZnFe2O4 for sunflower oil (Figure S1, in supplementary 
information) suggesting the absence of diffusion effects at the 
experimental conditions used. Similar values have been 
reported by earlier workers during acid catalyzed 
transesterification of vegetable oils48. This further proves that 
the ZnFe2O4 surface considerably reduces the activation energy 
of the reaction than ZnAl2O4 even though it has a flat surface 
and lower surface area but electron rich Zn-ions. 

 

4. Conclusions 
The studies reveal that when Zn(NO3)2 is impregnated on Al2O3 
and Fe2O3 and calcined at 873 K, crystalline spinel phases of 
ZnAl2O4 and  ZnFe2O4 are readily formed on the surface. Both 
ZnAl2O4 and ZnFe2O4 are active in the tranesterification of 
vegetable oils (sunflower, jatropa and waste cooking oils). A 
linear relationship between Zn-spinel content and 
transesterification activity is obtained for the supported 
catalysts. XVB (x-ray valence band) studies reveal that the 
surface valence bands of the two spinels are dominated by the 
Zn 3d orbitals and the intensity of the Zn 3d peak increases 
with increasing Zn content in the supported samples; this 
suggests that Zn 3d electrons are likely to take part to a major 
extent in the electronic excitation of the spinels (ZnAl2O4 and 
ZnFe2O4) during the reaction and, presumably, their 
transesterification activity. The electron densities of Zn-ions 
play a crucial role in the activity of the examined spinel 
samples. 
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