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Copper ferrite spinel oxide (CuFe,04) samples with calcination temperatures ranging from 500 to 900 °C
were synthesized using the sol-gel combustion method with citric-nitrate precursors. Each calcined sam-
ple was further characterized and carefully analyzed for its structure, morphology, porosity, magnetic
property and reducibility. For the first time, the catalytic performance of the ferrite spinels was exam-
ined for palm oil methanolysis. The characterization results from X-ray diffraction (XRD), extended X-ray
absorption fine structure (EXAFS) and X-ray absorption near edge structure (XANES) analyses revealed
that the major part of the active species was divalent ions of Cu?* and Fe?* and that they played a crucial
role in the activity of the considered spinel catalysts. The catalytic behaviors strongly depended on the
Copper ferrite spinel oxide crystallinity of spinel structures and operating parameters, such as the catalyst loading and methanol
Sol-gel combustions to oil molar ratio. The CuFe,04 calcined at 700°C was the most active and selective for methanolysis
XAFS with palm oil. No activity decline was observed over the catalyst after it was reused for 5 cycles without
any post-treatment. Easy and effective catalyst separation could be obtained when magnetization was
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applied to the magnetic spinel catalysts.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Biodiesel is among the important alternative transportation
fuels in use today. It has been used by blending it with a petroleum-
based fuel to be used in a diesel engine. The combustion of this
blend is expected to generate low-toxicity compounds (CO, NOx)
and reduce greenhouse gases (CO, ) compared to traditional fossil
fuels. Currently, biodiesel is industrially produced through triglyc-
eride transesterification with methanol or ethanol in the presence
of soluble alkali NaOH or KOH catalysts. This process can achieve
FAME contents higher than 98% within 30 min under a mild condi-
tion of 60-65°C [1,2]. However, the disadvantages of using alkali
solution catalysts are waste water generation, poor quality of the
glycerol by-product and soap formation [3]. More importantly, it
is hard to recover the catalyst from the reaction media. There-
fore, heterogeneous catalysts have been developed to overcome
these limitations [4-6]. The alkaline earth oxides and methoxides
have been widely developed for heterogeneous transesterification;
however, their lack of stability is a reason to imagine new heteroge-
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neous catalysts [4]. Stern and co-workers reported that the spinel
mixed oxide of Al and Zn was active as a potential catalyst when
operated at a reaction temperature of 200°C and 60 bar of pres-
sure [7]. The first heterogeneous catalyst industrial process was
revealed by the French Institute of Petroleum (IFP) using ZnAl,04
at a reaction temperature of 180-220°C and 30-80 bar of pressure
in 2005 [8]. In this regard, there has been increasing interest in the
use of spinel catalysts as heterogeneous catalysts for biodiesel pro-
duction. Many research groups, those of including Pugnet [9] and
Alves [10], have described that the activity of spinel ZnAl, 04 for the
transesterification of vegetable oil can achieve approximately 80%
FAME content at reaction temperature of 200 °C and methanol:oil
ratio of 27:1, and >95% FAME content with reaction temperature
above 150°C and methanol: oil ratio of 40:1 in a batch reactor.
More recently, Sankaranarayanan and co-workers discovered that
spinel-type mixed oxides prepared by co-precipitation were active
for the transesterification of cooking oil and Jatropha oil [11]. The
results indicated nearly 100% of triglyceride conversion and 100%
selectivity of the FAME content within 10 h at a reaction tempera-
ture of 180°C. It should also be considered that the application of
the spinel catalysts can advance the recovery process due to their
magnetic property [12-14].

The use of heterogeneous catalysts with specific magnetic prop-
erties for biodiesel production via transesterification would be
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improved by the rapid and easy separation after applying an exter-
nal magnet. Among the many magnetic spinel oxide catalysts,
copper ferrite (CuFe,04) is an interesting material due to its unique
properties, such as its good catalytic activity, high thermal stabil-
ity and superior magnetization. CuFe,04 has been explored for
its high catalytic performance in applications such as hydrogen
fabrication [15,16], gas sensors [17,18], and glycerol hydrogenol-
ysis [19,20]. Typically, CuFe,04 nanoparticles have been prepared
by co-precipitation [21], electrospinning [14], mechanical milling
[22,23] and sol-gel methods [24]. The CuFe,04 structure is an
inverse spinel structure at room temperature, in which eight Cu2*
and eight Fe?* cations occupy octahedral sites and the other eight
Fe3+ are located in the tetrahedral sites [25,26]. To the best of our
knowledge, no comprehensive data are available on CuFe, 04 for the
methanolysis of palm oil, where the CuFe, 04 samples were used as
a promising catalyst in terms of their ease of reuse and separation
by applying an external magnetic field.

In this context, magnetic copper ferrite samples were obtained
by a sol-gel combustion method using a citric-nitrate precursor
route. It has been established that this method could produce
the envisaged product with a good homogeneity and low syn-
thetic temperatures [16]. Consequently, this work was intended
to elucidate the relationship between the structural properties
and catalytic activities of catalyst samples. The effects of thermal
annealing on the structure with respect to different temperatures
were examined, and the samples were further characterized by
various techniques for their physicochemical properties. The influ-
ences of the catalyst loading, methanol to oil molar ratio and
reusability of the catalyst on the biodiesel activity were also inves-
tigated.

2. Experimental
2.1. Catalyst preparation

The CuFe,04 spinel was prepared by a sol-gel combustion
method as described elsewhere [20]. Corresponding amounts of
one mole of Cu(NO;3);-2.5H,0 (Ajax, 98%) and two moles of
Fe(NOs3)3-9H,0 (Ajax, 98%) were first dissolved in deionized (DI)
water at 80 °C for 2 h. Subsequently, excess citric acid (Ajax, 99%)
as a fuel source was added into the mixture, which was contin-
uously stirred for 1h. Thereafter, the solution was evaporated at
100°C until a dried precursor was obtained. The dried precursor
was further combusted at 200 °C. Finally, the combusted catalysts
were calcined under an air atmosphere at 500,700 and 900 °C for4 h
with heating rate of 200°Ch~1 and labelled as CuFe500, CuFe700
and CuFe900, respectively.

2.2. Catalyst characterization

The phase and structure were identified with powder X-ray
diffraction (XRD; D8 ADVANCE, Bruker) using Cu Ka radiation. The
instrument was operated at 40kV and 40 mA with increments of
0.02°s~! and a step time of 0.5s over the range of 20°<26<70°.
The specific surface area and pore volume were determined by
the nitrogen adsorption-desorption technique (Nova2000e, Quan-
tachrome Instruments). The pore size distribution was calculated
by the Barrett-Joyner-Halenda (BJH) desorption method using
the cylindrical pore model. The morphology of the particles was
obtained by transmission electron microscopy (TEM; JEM-2100
Jeol). Temperature programmed reduction (TPR) was conducted
using a CHEMBET-Pulsar (Quantachrome Instruments). Magnetic
hysteresis loops were recorded at room temperature using vibrat-
ing sample magnetometry (VSM; LAKE SHORE VSM 7404, Lake
Shore Cryotronics) with a maximum magnetic field of 10kg. The

degree of metal leaching was evaluated by atomic absorption
spectroscopy (AAS; PerkinElmer’s PinAAcle 900F). The geometry,
oxidation state, and local structural were solved by X-ray absorp-
tion spectroscopy (XAS) in the transmission mode. The XAS spectra
were collected at the Fe and Cu K-edges on the SUT-NANOTEC-SLRI
XAS Beamline (BL-5.2) of the Synchrotron Light Research Institute
(Public Organization). Energy calibrations have been carried out
with the Fe and Cu metal foils with ring currents of 100-120 mA.
A Ge(220) monochromator crystal was used to scan the X-ray
energy for the spectroscopic data. In the X-ray absorption near
edge structure (XANES) region, the step sizes were 0.02 eV with
a second of integration time. The extended X-ray absorption fine
structure (EXAFS) curve fitting and data reduction were performed
using the Athena and EXAFSPAK programs. In addition, the val-
ues for the reduction amplitude factor (S¢2) were not calculated in
the fitting. The basic property of the catalyst was evaluated using
the temperature-programmed desorption of CO;, (CO,-TPD; Quan-
tachrome ChemBET Pulsar Automatic Chemisorption Analyzer).
Before CO, adsorption, the sample was outgassed and purged
with helium with at 150°C for 60 min. After the saturation of
CO, on the sample, the CO,-TPD was carried out under a helium
flow at a flow rate of 30 mLmin~!, while the temperature was
ramped from room temperature to 900 °C with a ramping rate of
10°Cmin~!. The acidic property of the catalyst was measured using
the temperature-programmed desorption of ammonia combined
with the infrared absorption spectrometry and mass spectrometry
(IRMS-TPD of NHs; MicrotracBEL, Japan). Briefly, the sample was
pretreated at 550°C under oxygen atmosphere for 2 h, and then
cooled down to 100 °C. After the saturation of NH3 on the sample,
the measurement was conducted by increasing the desorption tem-
perature from 100 to 530 °C with a heating rate 2°Cmin~! under a
helium flow.

2.3. Evaluation of catalytic properties

The methanolysis reactions with CuFe, 04 catalysts were carried
out in a 130mL stainless steel autoclave with a magnetic stirrer.
In a typical experiment, 10-20% by weight of CuFe,04 catalyst to
oil was added into an autoclave containing a mixture of methanol
(Carlo Erba Reagenti) and a refined palm olein with molar ratios of
9:1, 13:1 and 18:1. The fatty acid composition of the palm olein is
lauric acid (C12:0) 0.4%; myristic acid (C14:0) 0.8%; palmitic acid
(C16:0) 37.4%; palmitoleic acid (C16:1) 0.2%; steraric acid (C18:0)
3.6%; oleic acid (C18:1) 45.8%; linoleic acid (C18:2) 11.1%; linolenic
acid (18:3) 0.3%; arachidic acid(C20:0) 0.3%; and eicosenoic acid
(C20:1)0.1%. Then, the reactor was heated to the required tempera-
ture (200-220°C), while the pressure was in a range of 3.0-5.0 MPa.
The zero minute of the reaction time was set when the temperature
reaches the set point. After completing the reaction, the autoclave
was cooled down to ambient temperature in an ice-water bath.
The liquid phase was separated by centrifugation and further evap-
orated to remove the excess amount of methanol. The percent
of fatty acid methyl ester (¥FAME) content of biodiesel products
was analyzed by gas chromatography (GC-2010, Shimadzu) with
a flame ionization detector (FID) using DB-WAX (30 m in length
with a 0.25 mm i.d. and 0.25 pm film thickness) as a capillary col-
umn (Agilent Technologies).Methylheptadecanoate was used as an
internal standard for quantification according to the EN14103 stan-
dard method. After the first run, each catalyst was recovered by
centrifugation and used for the next run without any reactivation
to investigate the reusability. The¥FAME content was calculated
from GC peak integrations derived in Eq. (1):

A-A
%FAME content = u X

Cer Ve o
e T < 100% (1)
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Fig. 1. XRD patterns of CuFe,04 calcined for 4 h at 500 (CuFe500), 700 (CuFe700)
and 900 °C (CuFe900): tetragonal CuFe,0,4 (®) and Fe;03 (v).

where ZA and Ag are the integration peaks of methyl ester
(C14-Cy4) and methylheptadecanoate respectively; Cg is the
concentration of methylheptadecanoate; Vg is the volume of
methylheptadecanoate; mis the mass of sample. It should be noted
that only FAME along with methanol, mono-, di-, and triglyceride
were detected in the reaction media.

3. Result and discussion
3.1. Phase identification

The distinct phase compounds of the CuFe500, CuFe700 and
CuFe900 were observed through the peak intensity and position
of XRD patterns (Fig. 1). It is clearly seen that some secondary
Fe,03 phase was found in the CuFe500, and those peaks overlapped
with the ones corresponding to CuFe;04, showing broad peaks
and low crystallinity. This result is in good agreement with the
data in the literature [16,27]. Moreover, it was found that the Cu-
containing phase could not be observed in the XRD diffractograms.
In contrast, the XRD analysis of CuFe700 and CuFe900 exhibited
the well-crystallized phase with unit cell parameters correspond-
ing to a tetragonal lattice (PDF# 01-072-1174). By evaluating the
XRD patterns of CuFe700 and CuFe900, the spectra clearly showed
the appearance of tetragonal phase at 26 =29.9°, 30.8°, 34.5°, 36.0°,
37.2°,41.4°,44.0°,54.1°,55.0°, 57.1°, 58.2°, 62.1° and 64.1°, which
are attributed to the reflections of the (112), (200), (103), (211),
(202),(004),(220),(312),(105),(303),(321),(224) and (400) planes,
respectively [23].

3.2. Morphology, pore structures and surface areas

The specific surface area, pore diameter and total pore vol-
ume of the CuFe,0,4 catalyst showed significant decreases with
increasing calcination temperatures from 500 to 900 °C, as shown in
Table 1. The surface area decreased from 16.0 to 2.1 m2 g~! when

Table 1
BET surface areas, BJH pore sizes and pore volumes of samples.

Catalyst ~ BET surface area(m?g~') dgu(nm) Mesopore volume(cm?g~')
CuFe500 16.0 27.6 0.1319
CuFe700 2.1 3.6 0.0101
CuFe900 <1 3.2 0.0024

CuFe900

100 nm

CuFe700

3

CuFe500 | 4

Fig. 2. TEM images of CuFe,04 calcined for 4 h at 500 (CuFe500), 700 (CuFe700) and
900°C (CuFe900).

the temperature increased from 500 to 700°C. Similar behaviors
were observed with the pore diameter and pore volume. The effect
of the temperature became less significant when the temperature
increased from 700 to 900°C. The changes in the properties were
ascribable to the sintering effect at high temperature, as confirmed
by the TEM image in Fig. 2. The particles of CuFe500 were the small-
est in size, whereas the CuFe700 and CuFe900 samples seem to be
strongly agglomerated to a large grain size and became a densifi-
cation of crystallites. It is interesting to note that the spinel grains
were enlarged by crystal growth and the sintering of particles when
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Fig. 3. Magnetic hysteresis loops of CuFe,04 calcined for 4 h at 500 (CuFe500), 700
(CuFe700) and 900 °C (CuFe900).

calcined at higher temperature, resulting in a higher crystallinity as
well as deceases in the surface area, pore diameter and pore volume.

3.3. Magnetization property

Determination of the magnetic field dependence of the mag-
netization of the calcined CuFe,04 catalysts at room temperature
was carried out using a VSM with a field range from +10,000 Oe.
The magnetic hysteresis loops of samples with different calcination
temperatures are illustrated in Fig. 3. The magnetic hysteresis loops
of calcined CuFe, 04 samples exhibited a perfect deviation from typ-
ical “S” shaped ferromagnetic curves at room temperature, which
was due to the increasing nanocrystallite size [27].

Obviously, different calcination temperatures affected the mag-
netic properties of the copper ferrite spinel samples. From the
hysteresis curves, the saturation magnetization (Ms) values were
17.89,19.22, and 23.62 emu/g for the samples calcined at 500, 700,
and 900°C, respectively. It should be noted that with increasing
crystallite size, the spin order of the existing elements on the sur-
face is predominant, and this corresponds to the affirmation of their
magnetic and electrical properties [2,16]. It was observed that the
catalysts were rapidly separated from the biodiesel product by a
small magnet, and the catalyst recovery was completed within a
few minutes, as depicted in Fig. 3. These results demonstrated that
the efficient separation of the CuFe,04 catalysts from biodiesel
could be achieved using a magnetic field.

3.4. Structural analysis with XAFS

To investigate the electronic and local structures of calcined cat-
alysts, the X-ray absorption fine structure (XAFS) was performed
for both the Cu and Fe elements. The Cu and Fe K-edges in the
XANES region of the reference compounds are shown in Fig. 4 and
Fig. 5, respectively. Prior to the XANES spectra of samples at the
Cu K-edge in Fig. 4, it is exhibited that the shape, energy position
and white line feature were similar to those of standard CuFe; 04,
and no remarkable pre-edge features appeared. This in turn reveals
that Cu is in the +2 oxidation state and occupies only the octahedral
coordination site.

In the case of Fe-coordination compounds, the absorption fea-
tures of standard CuFe,04 and Fe304 show an intense pre-edge
with similar centroids at 7113.5eV attributed to 1s— 3d elec-
tronic transition that is electronic dipole forbidden but quadrupole
allowed [28]. It is generally seen that this feature is characteris-
tic of the Fe3* cation in the tetrahedral site [29]. Consequently, a
series of Fe K-edges of calcined samples is shown along with FeO,
Fe304, CuFe;04 and Fe, 03 in Fig. 5. The shapes of the spectra were
similar for all of the calcined samples. However, the centroid posi-
tion of the white line peaks of calcined samples reveals a gradual
shift to approximately 0.60 eV lower in energy, indicating the exis-
tence of Fe ions in the tetrahedral and octahedral sites, which is
due to the presence of Fe2* and Fe3* oxidation states and agreed
with the XRD studies. To identify iron species in the samples, the
linear combination fit (LCF) of different spectra was attempted to
match the experimental spectrum by summing different percent-
ages of standard spectra. The result is the qualified proportions of
different identifiable iron species in samples. The LCF results are
tabulated in Table 2. To illustrate the LCF approach, Fig. 6 displays
XANES data for the sample with the best-fit combination of stan-
dards used in the overlaid fitting. The LCF data provided a mixing
fraction of Fe2* and Fe3* in the calcined samples. The major phase
was CuFe,04 along with minor phases of Fe30,4 and Fe,03. There-
fore, at maximum calcination, only the spinel of iron oxides was
obtained. It should be pointed that XANES analyses could provide
unique information of unknown phases and about the formation of
metastable, intermediate and disordered phases toward the forma-
tion of Fe oxide species, which explains why they were not observed
by XRD [30]. The EXAFS analyses were also performed to comple-
ment the results obtained from XANES studies. The experimental
and theoretical EXAFS function on k-space and their Fourier trans-
forms in R-space for the calcined samples are illustrated in Fig. 7.
The corresponding structural parameters are listed in Table 3.In the
evaluation of the EXAFS results, analysis of the first peak exhibits
two distinct Fe-O shells at approximately 1.9 and 2.0 A in tetrahe-
dral and octahedral sites, respectively. It was found that the second
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Fig. 4. Normalized XANES Cu K-edge spectra of standard copper oxides (A) and calcined samples (B) at 500 (CuFe500), 700 (CuFe700) and 900 °C (CuFe900).
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Fig. 5. Normalized XANES Fe K-edge spectra of standard iron oxides (A) and calcined samples (B) at 500 (CuFe500), 700 (CuFe700) and 900 °C (CuFe900).

Table 2
Linear combination fitting of the calcined CuFe,04 samples along with the Fe K-edge reference compounds.
Name Absorption edge Paths % Weight R-factor x> reduced x?
CuFe500 7125.68 Fe;04 20.5+0.8 7.3x107° 8.35x 103 6.33x 10>
Fe,03 139+ 1.2
CuFe;04 65.6 + 1.4
CuFe700 7125.91 Fe;04 16.7 £ 0.8 6.7x10°° 7.73x 103 5.86x 10>
Fe,0;3 112+ 1.1
CuFe;04 721 +13
CuFe900 7125.28 Fe;04 23,5+ 0.0 7.4x 107° 8.42x 1073 6.38x 10>
CuFe;04 76.5 £ 0.0
R-factor is a measure of the mean squared sum of the misfit at each data point.
X2 is the degree of misfit as the value of the measurement uncertainty.
reduced x? is a factor of two, suggesting a substantive improvement in the fit quality.
Table 3
Obtained EXAFS structural parameters for the calcined CuFe; 04 catalysts.
Name Paths N R(A) o? AE (eV) F-factor
CuFe500 Fe-Otetra 3.64 1.94 0.0059 2.64 22.37%
Fe-Fetetra 10.37 3.03 0.0161
Fe-Oocta 0.86 2.09 0.0011
Fe-Feocta 4.88 3.49 0.0039
Fe-Cugcta 1.28 3.46 0.0037
CuFe700 Fe-Otetra 2.04 1.88 0.0039 3.44 18.62%
Fe-Fetetra 9.41 3.04 0.0191
Fe-Oocta 2.17 2.01 0.0056
Fe-Feocta 6.02 3.32 0.0032
Fe-Cuocta 1.02 3.38 0.0032
CuFe900 Fe-Otetra 2.20 1.89 0.0031 3.26 18.04%
Fe-Fetetra 9.39 3.03 0.0133
Fe-Oocta 1.72 2.02 0.0060
Fe-Feocta 11.61 3.27 0.0366
Fe-Cugcta 222 3.28 0.0041

octa: atom backscatterers occupying the octahedral sites; tetra: atom backscatterers occupying the tetrahedral sites; N: coordination number; R: interatomic distance; X:

Debye-Waller factor with its calculated deviation; and AE: Fermi energy deviation.

peak is broad and overlapped a wide range, resulting in the exis-
tence of the second and third shells. Because the results indicated
the presence of Fe atoms in both the tetrahedral and octahedral
sites, the Cu atoms occupy only the third shell in the octahedral
site, and their occupancy could not be validated in the tetrahe-
dral site, which agrees with the XANES results. Using these values,
the interatomic distance of the Fe—0 bond decreases with increas-
ing calcination temperatures. However, the interatomic distance
of the Fe—Fe bond was not different for each calcination tempera-
ture.

3.5. Catalytic performance

The catalytic activity was evaluated for the transesterification
of palm olein oil. Prior to the catalytic testing, a blank test with-
out catalyst was carried out under these conditions: methanol/oil
molar ratio of 9:1 at a 200 °C reaction temperature for 3 h, yielding
a FAME content of 16.1%. The biodiesel product from the catalyst
calcined at 500 °C was not analyzed because a dark green solution
was obtained that resulted from a catalyst degradation. The FAME
content was achieved at 54.6 and 33.8% for the catalysts calcined
at 700 and 900 °C, respectively. According to the results, it can be
concluded that the decrease in the catalytic activity occurred when
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Fig. 6. Fits of the experimental spectra of the catalyst samples calcined for 4 h by
linear combination fitting of the Fe,03, Fe304 and CuFe,04 spectra.

the catalyst was calcined at higher temperature. This suggested
that a good copper ferrite catalyst could possess a small crystallite
size with a high surface area and pore volume. Thus, the calcina-
tion temperature should not be greater than 700°C. The degree
of ion leaching was quantified by the AAS technique. The CuFe500
catalyst provided the highest degree of Cu?* and Fe3* leaching com-
pared to the other catalysts. The degree of leaching of the Cu%* and
Fe3* decreased with increasing the calcination temperature from
500 to 900°C, as shown in Table 4. Interestingly, these leaching
ions might be coming from the metaphase and/or disordered phase
of Fe;03 and Fe30y, as indicated by the XANES technique. How-
ever, a small amount of Cu ions was also observed, possibly due
to the re-dissolving during the reaction. Considering the leaching
problem and catalytic activities of these three catalysts, CuFe700
was selected for further investigation. The CuFe700 spinel catalyst
was soaked in methanol at 200°C for 3 h, and then the solid cata-
lyst was removed from the methanol. The transesterification test
was then carried out using the resultant methanol and palm oil. It
turned out that the FAME content was comparable to that obtained
from the blank test. Therefore the homogeneous transesterifica-
tion catalyzed by the possible leaching species was insignificant. As
shown in the Supplementary Material, NH3-TPD result suggested
that no acidity was found on the catalyst, while a small amount
of basic site of 54 pmol/g was observed as evidenced by CO,-TPD.

Table 4
The leaching value of each catalyst as analyzed by the AAS technique.

Catalyst Cu?* Conc. (ppm) Fe3* Conc. (ppm)
CuFe500 33 33.8
CuFe700 1.7 12.2
CuFe900 1.6 14.6

The acidity of the spinel is relatively low as compared with that
of Ca0 (1547 umolg~! [31] or SrO (3700 wmol g~ [32]) which is
highly active for the transesterification at 60-65 °C. Therefore the
transesterification over the spinel is considered to proceed via base-
catalyzed mechanisms at the high temperature. The high loading
of the catalyst and high reaction temperature are required due to
the low basicity of the spinel.

The influence of the catalyst loading on the transesterification of
palm olein oil was also examined over 10 and 20% CuFe700 catalyst
loading under these conditions: methanol/oil molar ratio of 9:1 at
a reaction temperature of 200 °C (Fig. 8). The results revealed that
the presence of a high catalyst loading could enhance the FAME
content in short reaction times (within 6 h). This could be described
as follows: alarge amount of the catalyst provided more active sites
and led to the initiation of catalytic activity in a short reaction time.
However, for reaction times longer than 6h, the increase in the
catalyst loading had no effect on the FAME content. The maximum
FAME content reached 81% for both catalysts within 7 h. Even when
the reaction temperature was increased to 220 °C with 20% catalyst
loading, a small increase in the FAME content of approximately 2%
was obtained.

The transesterification is an equilibrium reaction that requires a
large excess of alcohol or removal of the glycerol produced in order
to achieve a 100% yield of biodiesel. Therefore, the molar ratio of
alcohol to oil is one of the important factors that influence the pro-
duction of biodiesel. The influence of the molar ratio of methanol
and oil was evaluated at 9:1, 13:1 and 18:1 (Fig. 9) with a catalyst
loading of 20% at areaction temperature of 220 °C for 7 h. The results
revealed that the FAME content was slightly increased with increas-
ing the methanol to oil molar ratio. The maximum FAME content of
90.7% was reached when using the 18:1 molar ratio of methanol and
oil. This result agrees with reports on biodiesel production, which
indicated that excess amounts of methanol can enhance the mis-
cibility of reactants and the rate of the transesterification reaction
over a heterogeneous catalyst [31].

3.6. The study of reusability

One of the key advantages of heterogeneous catalysts is the
reusability and recovery of the catalyst. The reusability of the cata-
lyst can also reduce the operating costs. To evaluate the reusability,
the CuFe700 was spent at 200 °C for 7 h with a catalyst loading of
20% and a methanol/oil molar ratio of 9:1. After completing the
reaction, the spent catalyst was recovered by centrifugation, dried
in air and used without any further treatment. The results are pre-
sented in Fig. 10. The FAME content was retained after repeating
5 cycles, confirming that the catalyst is highly stabile without the
loss of activity.

4. Conclusions

Copper-ferrite spinel catalysts have been developed for the het-
erogeneous transesterification of palm olein oil to biodiesel. The
calcination temperature played a crucial role in determining the
catalyst properties. The X-ray analysis results demonstrated that
the major part of the active species was divalent ions of Cu?* and
Fe2*, which played a significant role in the activity. Leaching and
the dissolution of the spinel was observed over the catalyst with
a low degree of crystallization calcined at 500 °C, while the high
calcination temperature of 900 °C gave insufficient surface area for
the reaction. CuFe;04 calcined at 700 °C having tetragonal spinel
phase with excellent crystallinity and good ferromagneticity was
the most active catalyst without any deactivation under the testing
conditions. High FAME contents (above 90%) were obtained using
a methanol:oil molar ratio of 18:1 at 220°C for 7 h.
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