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ion of residual raw material into
biodiesel using a superior magnetic solid acid
catalyst based on Zn–Fe ferrite: thermodynamic
and kinetic studies

Matheus Arrais Gonçalves, Hiarla Cristina Lima dos Santos, Paula Maria Melo da Silva,
Ana Paula da Luz Corrêa, Thaissa Saraiva Ribeiro, Izadora de Araújo Sobrinho,
Geraldo Narciso da Rocha Filho and Leyvison Rafael Vieira da Conceição *

This study investigates the potential and applicability of a novel solid magnetic catalyst constructed by

incorporating molybdenum oxide (MoO3) into zinc ferrite (ZnFe2O4) to biodiesel production using Waste

Frying Oil (WFO) as the residual raw material. The molybdenum amounts (5, 15, 25, 35 and 45%) present

in the catalyst were studied and the catalyst demonstrated great characteristics and high acid properties,

as well as superior magnetic and catalytic attributes. The one variable at time (OVAT) optimization

method revealed that the application of the MoO3/ZnFe2O4 catalyst resulted in obtaining a biodiesel with

97.6% ± 0.727 conversion to fatty acid methyl esters (FAME) under the following optimized reaction

conditions: temperature of 165 °C, methanol : WFO molar ratio of 40 : 1, catalyst amount of 6 wt% and

reaction time of 3 h. In addition, the catalyst showed high reusability after six reaction cycles, with

conversion to esters above 90%. Besides, the activation energy (Ea) calculated in the kinetic study was

25.3 kJ mol−1. Moreover, the properties of the synthesized biodiesel met the standards set by the ASTM

D6751 and EN 14214, which indicates the high MoO3/ZnFe2O4 potential for industrial application with

low energy consumption as well as minimal negative environmental impact.
1 Introduction

The increase in fuel demand and efforts to reduce pollution
caused by greenhouse gas emissions have caused countries
around the world to seek new alternative sources of clean and
renewable energy, such as biodiesel. Biodiesel emerges as
a clean energy alternative with great potential, due to the fact
that it is obtained from the conversion of biomass into alkyl
esters and has similar characteristics to petroleum diesel oil.1–3

Biodiesel is commonly produced by the transesterication
reaction, consisting of the reaction of a short chain alcohol with
a triglyceride source to obtain biodiesel (esters from fatty acids)
and glycerol as co-product.4,5

The cost of the biodiesel production could be reduced by the
use of residual feedstocks, with low quality and low added
value, such as waste frying oil (WFO), animal fats, etc. WFO
stands out among these residual raw materials studied due to
its abundance and to the fact that it is obtained from various
sources, such as restaurants, fast food places and food pro-
cessing industries.6 However, low quality raw materials have
act and Natural Sciences, Graduate in
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the Royal Society of Chemistry
a high percentage of free fatty acids (FFA), which makes it
impossible to use basic catalysts due to the occurrence of
parallel and unwanted reactions, such as saponication.7,8

In this respect, catalysts with acidic properties have gained
prominence due to the fact that they are versatile and do not
generate inconveniences when applied together with rened or
residual rawmaterials.7 In addition, specically heterogeneous acid
catalysts have beenwidely studied due to the fact that they aremore
easily separated from the catalytic process. This does not occur with
homogeneous catalysts, which cause problems such as corrosion
and are hardly recovered at the end of the catalytic process.9,10

Heterogeneous catalysts such as zeolites, sulfonated carbons,
mixed oxides, heteropolyacids andmagnetic materials are widely
applied and studied in the biodiesel production process.11–19

Among the wide range of heterogeneous catalysts reported in the
literature, catalytic solids withmagnetic properties have attracted
attention because they reduce the costs of biodiesel production
since they can be separated at the end of the process by applying
a magnetic eld, to the detriment of more expensive separation
methods used, such as centrifugation.7,18

Thus, magnetic materials such as magnetite (Fe3O4) and
ferrites (MFe2O4, M being a divalent metal), dened as magnetic
mixed oxides, have been reported as promising catalysts for the
transesterication reaction, especially when they are together with
RSC Adv., 2024, 14, 20743–20756 | 20743
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other oxides with catalytic properties (active phases), such as
calcium oxide (CaO), potassium oxide (K2O), magnesium oxide
(MgO), tungsten oxide (WO3) andmolybdenum oxide (MoO3).7,20–22

Among the other oxides reported in the literature, MoO3 stands
out due to its Brønsted acid property, as well as being applied
industrially in several catalytic processes.11 The study reported by
Cardoso et al.23 studied the use of the heterogeneous acid catalyst,
composed ofMoO3 impregnated in KIT-6mesoporous silica, in the
production of biodiesel and obtained 68.51% conversion into fatty
acidmethyl esters (FAME) under the following reaction conditions:
temperature of 150 °C, reaction time of 3 h, catalyst amount of
3 wt% and methanol :WFO molar ratio of 20 : 1. In the study re-
ported by Torkzaban et al.,24 it was studied the application of the
magnetic catalyst composed of CaO impregnated in ZnFe2O4 in
the production of biodiesel and a biofuel with ester conversion
content of 98% was obtained under the following reaction condi-
tions: temperature of 65 °C, reaction time of 3 h, catalyst amount
of 6 wt% and methanol :WFO molar ratio of 12 : 1.

In that regard, this study aims to fabricate a new magnetic
acid catalyst by incorporatingMoO3 into ZnFe2O4 and apply it in
the transesterication reaction of WFO for biodiesel produc-
tion. As far as we know, zinc ferrites as support for acid catalyst
has not been applied in the process of transesterication reac-
tion. The optimization of the catalytic process variables, such as
temperature, methanol : WFO molar ratio, catalyst amount and
time was performed using the OVAT methodology.

2 Methodology
2.1 Materials

The WFO used as feedstock for biodiesel production was
collected from a local market and its physicochemical proper-
ties are shown in Table 1 below. Zinc nitrate (Zn(NO3)2$6H2O,
99.8%) and iron III chloride (FeCl3, 99.8%) were acquired from
Sigma-Aldrich and Synth, respectively. Ethyl alcohol (99.8%,
C2H6O), methyl alcohol (99.8%, CH3OH) and nitric acid (37.0%
HNO3), were acquired from Vetec. Besides, sodium hydroxide
(97.0%, NaOH) and ammonium heptamolybdate ((NH4)6-
Mo7O24$4H2O) and were acquired from Dinamica. Finally,
heptane (99%, C7H16) and hexane (99%, C6H14) were purchased
from Êxodo as well as methyl heptadecanoate (99%, C18H36O2)
was purchased from Sigma-Aldrich. All materials applied in this
study were used as received.

2.2 Preparation of zinc ferrite (ZnFe2O4)

The coprecipitation methodology was used for the synthesis of
zinc ferrite according to the procedure adopted by Torkzaban
Table 1 Physicochemical properties of WFO used

Properties Value

Acid value, (mg KOH per g) (AOCS Cd 3d-63) 4.2
Saponication value, (mg KOH per g) (AOCS Tl 1a-64) 188.3
Viscosity at 40 °C, (mm2 s−1) 34.4
Moisture content (%) (AOCS Ca 2b-38) 0.1
Molecular weight, (g mol−1) 856

20744 | RSC Adv., 2024, 14, 20743–20756
et al.,24 with adaptations. The synthesis process was performed
in four steps, as shown in Fig. 1(a). In step 1, a certain mass of
Zn(NO3)2$6H2O and FeCl3 was added to 80mL of distilled water,
considering the molar ratio Fe : Zn= 2, followed by the addition
of a certain amount of HNO3 until pH = 3 and subsequently
NaOH (4.0 mol L−1), as a precipitating agent, until pH = 12 is
reached. Then, the system was kept under mechanical agitation
and heating for 4 h at 85 °C. In step 2, the precipitated material
obtained was washed with distilled water until pH = 7, followed
by drying thematerial in an oven at 80 °C overnight, as shown in
step 3. Finally, in step 4, the material was calcined at 700 °C/3 h
in order to obtain ZnFe2O4.

2.3 Preparation of heterogeneous acid magnetic catalyst
(MoO3/ZnFe2O4)

The wet impregnation methodology over three steps, according to
the methodology adopted by Dos Santos et al.20 was used to
synthesized the MoO3/ZnFe2O4 catalyst, as can be seen in Fig. 1(b).
In step 1, 1.0 g of ZnFe2O4 and a certain amount of (NH4)6-
Mo7O24$4H2O was added to a beaker containing 50mL of water, in
order to obtain catalysts with molybdenummetal contents of 5, 15,
25, 35 and 45%. The system was kept under mechanical agitation
for 3 h at room temperature. In step 2, the material was dried in an
oven at 75 °C overnight and calcined at 450 °C/2 h (step 3), in order
to obtain the catalyst m-MoO3/ZnFe2O4, where m corresponds to the
content of molybdenum present in the catalyst composition.

2.4 Materials characterization

The surface acidity of the materials was identied by using
Boehm25 methodology, with adaptations. This method consists
of a suspension, in a solution of NaOH (0.1 mol L−1), of 0.1 g of
the sample, keeping the system stirring at 25 °C for 4 h.
Subsequently, the suspension is separated magnetically and the
supernatant is titrated with a solution of HCl (0.1 mol L−1),
using phenolphthalein as an indicator.

The MoO3, ZnFe2O4 and MoO3/ZnFe2O4 were analyzed using
X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), energy dispersion
X-ray spectroscopy (EDS) and vibrating sample magnetometer
(VSM) to determine their composition, surface morphology and
magnetic properties, respectively. XRD was performed using
a BRUKER diffractometer, model D8 ADVANCE. The radiation
used was Cu Ka (1.541874 Å) with 40 kV and 30 mA and the scan
interval was from 8° to 90°, with an angular step of 0.02 and
a time per step of 0.01 seconds. In addition, Fourier transform
infrared spectroscopy (FTIR) was performed from 2000 cm−1 to
400 cm−1, with 32 scans resolution of 4 cm−1 using a BRUKER
spectrometer, model Vertex 70 V. The scanning electron
microscopy (SEM) was performed using a Vega 3 LMU tescan
microscope as well as the analysis of the surface elemental
composition of the materials was performed by energy disper-
sion X-ray spectroscopy (EDS) using an Oxford Microanalysis
system®, Aztec Energy X-Act model, with 129 eV resolution.
Finally, the VSM was performed in a magnetic eld in the range
of −20 000 oersted (Oe) at 20 000 Oe, at room temperature, by
using a model MICROSENSE magnetometer EZ9.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of (a) ZnFe2O4 and (b) MoO3/ZnFe2O4 synthesis.
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2.5 Transesterication experiments

The transesterication experiments of WFO were performed in
a PARR 5000 series reactor, with constant agitation at 900
revolutions per minute (rpm). The inuence of molybdenum
content (5, 15, 25, 35 and 45%) on biodiesel production was
initially studied. Aer the study of molybdenum concentrations
and the choice of catalyst, the parameters of the trans-
esterication reaction were studied using OVAT technique in
the following ranges: reaction temperature (120–180 °C),
methanol : WFO molar ratio (10 : 1–50 : 1), catalyst amount (2–
10 wt%) and reaction time (1–5 h). The catalytic performance of
only ZnFe2O4 as well as the reaction performed without the
presence of the catalytic solid were also evaluated.

The products obtained, at the end of each reaction, were
separated from the catalyst magnetically, and the mixture was
transferred into a 500 mL separatory funnel for separation of the
esters (upper phase) from glycerol (lower phase). The glycerol was
removed, and the ester phase was washed with portions of hot
distilled water (80 °C) in order to promote the removal of residual
glycerol and unreacted alcohol. This procedure was carried out
ve times to assure total glycerol removal. Finally, the residual
water from the washing stage was removed by drying the ester
phase in an oven at 60 °C for 24 h. Then, synthesized biodiesel
was stored under refrigeration and analyzed by gas chromatog-
raphy (GC) in order to determine the FAME (%).
2.6 Determination of biodiesel properties

The methodology adapted from the European Standard EN14103
described by Dos Santos et al.20 was used to determine FAME
percentage in the biodiesels produced. In that regard, it was used
the Varian chromatograph, model CP-3800, equipped with ame
ionization detector (FID) and capillary column CPWAX 52 CB (30
m long, 0.32 mm diameter and 0.25 mm lm). Besides, helium
© 2024 The Author(s). Published by the Royal Society of Chemistry
gas was used as a mobile phase with a ow of 1.0 mL min−1 and
initial oven temperature programming of 170 °C, with heating
rate of 10 °C min−1 up to 250 °C (same temperature as FID and
injector). Methyl heptadecanoate as internal standard, with
injection volume of 1.0 mL and heptane was used as solvent. The
FAME (%) was calculated according to eqn (1):

FAME ð%Þ ¼ ðP dTÞ � dIS

dIS
� bIS

bB100

� 100 (1)

where: bB100 is biodiesel's concentration aer dilution (mg L−1);
bIS is the internal standard solution concentration (mg L−1); dIS
is the peak area of the internal pattern and

P
dT is the sum of

the peaks total area.
2.7 Kinetic study

The kinetic study was performed in order to evaluate the effect of
time and temperature variables on the catalytic process. According
to Olubunmi et al.,26 the transesterication reaction mechanism
can be represented in three steps, according to eqn (2), below:

TGþMeOH/FAMEþDG
DGþMeOH/FAMEþMG

MGþMeOH/FAMEþ glycerol

(2)

being MeOH (methanol), FAME (fatty acid methyl esters), MG
(monoacylglycerides), DG (diacylglycerides) and TG
(triacylglycerides).

The eqn (3) shows the rate law of the transesterication
reaction assuming that it occurs in a single step.

�r ¼ �d½TG�
dt

¼ k½TG�½MeOH�3 (3)

Due to the excess of methanol employed in the present study,
the methanol concentration was assumed to be constant, and in
RSC Adv., 2024, 14, 20743–20756 | 20745
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Fig. 2 Influence of molybdenum concentration (reaction conditions:
reaction temperature of 150 °C, molar ratio methanol : WFO of 30 : 1,
catalyst amount of 6 wt% and reaction time of 3 h).
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this case, the process is assumed to be of pseudo rst order (eqn
(4)) despite the previous eqn (3) has order 2.

�r ¼ �d½TG�
dt

¼ k½TG� (4)

Aer reordering and integrating eqn (4), we obtainðt
0

�d½TG�
½TG� ¼ k

ðt
0

dt

�ln ½TG�t
½TG�0

¼ kt

½TG�t
½TG�0

¼ 1� XFAME

and, consequently, from the origin to eqn (5), below:

−ln(1 − XFAME) = kt (5)

where XFAME is the fatty acid methyl ester of the biodiesel
produced in time ‘t’.

The thermodynamic parameters of the catalytic process will
also be studied. The activation energy (Ea) for the trans-
esterication of WFO with methanol will be estimated by means
of the linearized Arrhenius equation (eqn (6)), below.

ln k = −Ea/RT + lnA (6)

where R is the constant of the gases (8.31 J K−1 mol−1) and T is
the temperature in kelvin.

In addition, the enthalpy thermodynamic parameters (DH)
and entropy (DS) will be determined by means of the Eyring–
Polanyi eqn (7) as well as Gibbs free energy (DG) will be calcu-
lated by means of eqn (8), as follows:

ln

�
k

T

�
¼ �DH

RT
þ ln

�
kB

ħ

�
þ DS

R
(7)

DG = DH − TDS (8)

where kB and ħ are the Boltzmann (1.38 × 10−23 J K−1) and
Planck (6.63 × 10−34 J s) constants, respectively.

2.8 Catalyst recovery study

The catalyst was recovered by applying a magnetic eld and
washed several times with polar and apolar solvents to remove
impurities. Then, the catalyst was dried in an oven at 80 °C
overnight and reused in the transesterication experiments.

3 Results and discussion
3.1 Impact of active phase incorporated amounts

The impact of different molybdenum contents (active phase) on
the nal catalyst composition, concentrations of 5, 15, 25, 35
and 45%, were evaluated in the FAME values of the biodiesels
20746 | RSC Adv., 2024, 14, 20743–20756
produced, as shown in Fig. 2. All reactions involved in this step
were performed under non-optimized conditions: reaction
temperature of 150 °C, methanol : WFO molar ratio of 30 : 1,
catalyst amount of 6 wt% and reaction time of 3 h.

It is observed that the conversion into esters using catalysts
containing 5, 15, 25, 35 and 45% molybdenum were 45.2% ±

1.75, 75.4% ± 1.65, 87.5% ± 1.98, 92.6% ± 1.98 and 92.8% ±

1.75, respectively. In this regard, it is noticed the linear rela-
tionship between molybdenum content present in the catalyst
composition and the availability of acidic sites in the catalysts,
which results in increased conversion to methyl esters, since it
is at the surface that ion exchange occurs throughout the
transesterication reaction.7,22 Furthermore, it is observed,
from Fig. 2, a linear relationship between the surface acidity
values determined in catalysts with different molybdenum
concentrations, since catalysts with molybdenum concentra-
tions of 5, 15, 25, 35 and 45%, led to surface acidity values of 3.4
± 0.332, 6.9 ± 0.354, 8.2 ± 0.332, 9.4 ± 0.296 and 11.5 ±

0.319 mmol H+ per g, respectively. It is trustworthy mentioning
that the surface acidity of ZnFe2O4 was found to be considerably
lower (1.5 mmol H+ per g ± 0.157) in relation to the acidity of
the catalysts, since the increase in acidity in the catalysts is
related to the acidic Brønsted sites of the impregnated MoO3.27

In this regard, the catalyst containing 35% molybdenum in its
composition was chosen due to its superior catalytic perfor-
mance in the biodiesel production process studied. The catalyst
was named 35-MoO3/ZnFe2O4.
3.2 Characterization of the 35-MoO3/ZnFe2O4 catalyst

The X-ray diffraction patterns provide a valuable information
about the phases present in the materials according to the
intensity and diffraction angles. In that sense, the Fig. 3 shows
the X-ray diffraction patterns referring to MoO3 (in blue) and it
is perceived the presence of characteristic peaks of MoO3 in
19.9°, 33.4°, 36.4°, 38.6°, 41.4°, 45.8°, 46.7°, 48.9°, 53.3°, 61.9°,
62.6°, 66.4°, 73.9° and 78.5°.27–29 Besides, the diffractogram
referring to ZnFe2O4 (in red) shows the presence of peaks
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XDR patterns of MoO3, ZnFe2O4 and catalyst 35-MoO3/
ZnFe2O4.
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characteristic of the spinel structure of ZnFe2O4 at 41.7°, 48.5°,
58.2°, 71.1°, 75.7° and 82.7°.24,30 Finally, in the diffractogram for
the 35-MoO3/ZnFe2O4 catalyst (in black) it is perceived the
occurrence of peaks characteristics of both MoO3 (19.9°, 33.5°,
36.5°, 38.5°, 46.7°, 53.4°, 61.9° and 66.5°) and ZnFe2O4 (41.9°,
48.6°, 58.3°, 71.5°, 75.8°, and 82.9°) structures, suggesting that
the catalyst composition consists of both materials.

The FTIR technique is very useful to investigate and identify,
qualitatively, the functional groupings present in the materials.
In that regard, the Fig. 4 shows the FTIR spectra of MoO3 (in
blue) and it is realized the presence of bands at 435, 804, 833
and 974 cm−1, characteristics of Mo–O and O–Mo–O stretch
Fig. 4 FTIR spectra of MoO3, ZnFe2O4 and catalyst 35-MoO3/
ZnFe2O4.

© 2024 The Author(s). Published by the Royal Society of Chemistry
bond vibrations.11,31 In the ZnFe2O4 spectrum (in red), a band
characteristic of the octahedral and tetrahedral sites of the
spinel phase of ferrite is identied at 528 cm−1.24,30 Further-
more, in the spectrum referring to the 35-MoO3/ZnFe2O4 cata-
lyst (in black), the bands identied in 528 cm−1 are related to
the spinel phase of ferrite, used as a catalytic support as well as
the bands identied at 435, 804, 833 and 974 cm−1 indicate the
presence of MoO3 in the catalyst.

The surface morphology of the materials are shown in Fig. 5.
The micrographs regarding MoO3 (Fig. 5(a)–(c)) present
a material formed by a rod cluster with characteristic
morphology of the MoO3 structure synthesized at temperatures
around 400 °C.32 In Fig. 5(d)–(f), the micrographs referring to
ZnFe2O4 suggest that there is no dened morphology for this
ferrite, according to what is reported in the literature.30 Besides,
In Fig. 5(g)–(i), the micrographs referring to the 35-MoO3/
ZnFe2O4 catalyst show the presence of rods characteristic of the
MoO3 coating the surface of the ZnFe2O4 ferrite, which suggests
the efficiency of the wet impregnation method adopted.

The composition and elemental maps relating to the
components of the catalyst are shown in Fig. 6. The catalyst
composition (Fig. 6(a)) indicates the presence of 36.36%
molybdenum in its composition, a value similar to the desired
percentage of 35%. In addition, the percentages of iron
(22.85%) and zinc (11.02%) obtained indicate a Fe : Zn ratio of
2.07, a value close to that of the Fe : Zn = 2 ratio that was
intended to be obtained in the synthesis step of ZnFe2O4 ferrite.
Finally, in Fig. 6(b), the elemental map of the catalyst indicate
the high dispersion of all elements present in the 35-MoO3/
ZnFe2O4 catalyst as there is a high intensity of colors repre-
senting each element throughout the image.

The magnetic properties of the zinc ferrite and the catalyst
were measured using the VSM technique, by obtaining
magnetization (M) and applied magnetic eld (H) plots, as
shown in Fig. 7. The values of saturation magnetization (Ms),
obtained for ZnFe2O4 was 2.6 emu g−1, while for 35-MoO3/
ZnFe2O4 was 1.7 emu g−1.

The heat treatment for the formation of MoO3 may have
affected the orientation of the zinc ferrite spins and conse-
quently the magnetic moment of the material which could
explain the decrease in the Ms value from ZnFe2O4 to 35-MoO3/
ZnFe2O4.7,20 However, the Ms value obtained for the catalyst is
sufficient for separation of the catalyst through the application
of a magnetic eld as depicted in the Fig. 7. Besides, the Ms

value of the catalyst developed in his study is superior to theMs

value of other catalytic magnetic solids applied to the produc-
tion of biodiesel reported in the literature, as shown in Table 2.
3.3 Effect of catalyst use on FAME

The OVAT methodology was used to optimize the parameters of
the transesterication reaction, such as reaction temperature,
methanol : WFOmolar ratio, catalyst amount and reaction time.
The results arising from the effects of each variable on the ester
content of biodiesels are shown in Fig. 8.

The study of optimization of the reaction temperature,
shown in Fig. 8(a), was conducted in the range of 120 °C to 180 °
RSC Adv., 2024, 14, 20743–20756 | 20747
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Fig. 5 SEM images of (a) MoO3 5000× magnification, (b) MoO3 100 00× magnification, (c) MoO3 150 00× magnification, (d) ZnFe2O4 5000×
magnification, (e) ZnFe2O4 100 00× magnification, (f) ZnFe2O4 150 00× magnification, (g) 35-MoO3/ZnFe2O4 5000× magnification, (h) 35-
MoO3/ZnFe2O4 100 00× magnification and (i) 35-MoO3/ZnFe2O4 200 00× magnification.
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C, keeping constant the variables of methanol : WFO molar
ratio, catalyst amount and reaction time, in 30 : 1, 6 wt% and
3 h, respectively. The results show an increase in conversion to
esters as the reaction temperature rises, with the highest
conversion to esters of 95.1% ± 0.765 obtained in the reaction
performed at 180 °C. This tendency is similar to that reported by
Torkzaban et al.,24 in which the authors evaluated the applica-
tion of the CaO/ZnFe2O4 catalyst in the methyl trans-
esterication of WFO. Such results are due to the fact that the
increase in temperature provides an increase in the collision of
the reactant molecules and favors an increase in miscibility and
mass transfer, which, in turn, leads to a bond breaking and
cleavage as well as it causes an increase in the FAME of the
synthesized biodiesels.14,16,17 However, the reaction temperature
at 165 °C was selected as the optimal value, since the biodiesel
produced at this temperature presented an ester content of
20748 | RSC Adv., 2024, 14, 20743–20756
94.8% ± 0.727, a value extremely close to the biodiesel synthe-
sized at 180 °C, but with lower energy expenditure.

The effect of varying methanol : WFO molar ratio on
conversion to biodiesel via transesterication reaction is shown
in Fig. 8(b). This study was conducted in the methanol : WFO
molar ratio range from 10 : 1 to 50 : 1, keeping constant the
variables reaction temperature, catalyst amount and reaction
time at 165 °C, 6 wt% and 3 h, respectively. From the analysis of
the results, there is a linear relationship between the FAME and
methanol : WFO molar ratio value used in the reaction in the
range of 10 : 1 to 40 : 1. This is due to the excess of methanol
used, considerably higher than the reaction stoichiometry of 3 :
1, leading the reaction in the direction of product formation, as
well as increasing the miscibility of the catalyst in the reaction
medium and providing greater opportunity for collisions
between the reactant molecules.20,22 However, at a certain point,
the high excess of methanol used causes saturation of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 EDS composition of (a) catalyst 35-MoO3/ZnFe2O4 and (b) elemental maps of each component of the catalyst 35-MoO3/ZnFe2O4.

Fig. 7 Hysteresis curves of ZnFe2O4 and the catalyst 35-MoO3/
ZnFe2O4.

Table 2 Comparison of Ms over different magnetic catalysts reported
in literature

Catalysts Ms (emu g−1) References

Sulfonated cellulose-magnetite 0.045 33
MgO/MgAl0.4Fe1.6O4 1.5 34
KOH/Fe3O4@Al2O3 1.25 35
CaFe2O4–CaFe2O5–Fe3O4 0.217 36
CaO/ZnFe2O4 1.4 24
35-MoO3/ZnFe2O4 1.7 This study
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catalytic surface, which deactivates the catalyst, reducing the
efficiency of transesterication, as can be seen with a meth-
anol : WFO molar ratio of 50 : 1.13 Among the biodiesels
produced by varying the methanol : WFO molar ratio, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
highest recorded value was an ester content of 97.6% ± 0.727
using the molar ratio of 40 : 1. However, it should be noted that
the reaction using a molar ratio of 50 : 1 led to a biodiesel with
a slight decrease in conversion to esters (FAME = 96.5% ±

0.755), since the excess methanol causes saturation of the
catalytic surface, which can cause catalyst deactivation and lead
to a decrease in the catalytic efficiency of the transesterication
reaction.37 In this regard, the optimized methanol : WFO molar
ratio was of 40 : 1 (FAME = 97.6% ± 0.727).

The effect of varying the catalyst amount employed in the
reaction process is shown in Fig. 8(c). This study was conducted
in the catalyst amount range of 2 to 10 wt%, keeping the other
RSC Adv., 2024, 14, 20743–20756 | 20749
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Fig. 8 Effect of (a) reaction temperature, (b) molar ratio methanol : WFO, (c) catalyst amount and (d) reaction time.
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variables constant at a reaction temperature of 165 °C, meth-
anol : WFO molar ratio of 40 : 1 and reaction time of 3 h. From
the results presented, it can be seen a linear relationship
between the FAME of the biodiesel produced and the catalyst
amount employed in the process, especially when using catalyst
amount up to 6 wt%, value that led to the biodiesel with the
highest conversion value to esters (FAME = 97.6% ± 0.727).
This tendency is related to the increase of acid sites present in
the catalysts providing the increase of conversion to esters into
biodiesels. However, when employing catalyst amounts with
8 wt% and 10 wt%, biodiesels are produced with values of FAME
= 95.7% ± 0.693 and FAME = 95.5% ± 0.808, respectively. This
slight decrease in conversion to esters when compared to the
value obtained by using the catalyst amount of 6 wt% is due to
the limitations of mass transfer and saturation of the active
sites caused by the increase in the mass of catalyst used in the
reaction medium.26 Thus, the optimized catalyst amount value
selected was of 6 wt%.

The study of the reaction time in the biodiesel synthesis
process is shown in Fig. 8(d). The studied range of reaction time
was from 1 to 5 h, while the other variables were kept constant
at: reaction temperature of 165 °C, methanol : WFO molar ratio
of 40 : 1 and catalyst amount of 6 wt%. It is observed from the
data presented an increase in the ester content values of the
biodiesels produced as an increase in the reaction time is
provided, with a maximum ester content value of 97.6%± 0.727
for the synthesized biodiesel with a reaction time of 3 h.
However, the biodiesels synthesized in the reaction times of 4 h
and 5 h demonstrate certain stability with a slight decrease in
the ester contents, FAME = 96.6% ± 0.534 and FAME = 96.8%
20750 | RSC Adv., 2024, 14, 20743–20756
± 0.759, respectively. This may be related to the reversibility of
both esterication and transesterication reaction, since
excessively long reaction times may contribute to the reaction
proceeding in the opposite direction, thus disadvantaging the
formation of products.27
3.4 Characterization of the biodiesel produced

The characterization of the biodiesel produced was performed
by analysing its physico-chemical properties in order to inves-
tigate its safe application in engines, according to the ASTM
D6751 and EN 14214 standards, were: density at 15 °C, kine-
matic viscosity at 40 °C, copper corrosivity, ash point, cold
lter plugging point, acidity and FAME (Table 3).

The recorded values of density and viscosity were
0.879 g cm−3 and 4.29 mm2 s−1, respectively. These values are
within the limits stipulated by international standards and
suggest that the biodiesel will not cause problems in the
lubrication of pumps and injectors by deposition of residues in
the internal parts of the engine, to its atomization and in the
process of burning in the combustion chamber.8,37 In addition
to these properties, copper corrosivity is also related to the
corrosion process on metal surfaces present in storage tanks
and engine parts. The determined value of this property was 1a
and complies with international standards, suggesting that the
use of the biodiesel will not lead to corrosion problems,
corroborating the recorded values of the density and viscosity
properties. In addition, the other properties of the biodiesel,
such as ash point, cold lter plugging point and acid value of
159 °C, 0 °C and 0.24 mg KOH per g, respectively, and were
found to be adequate to international standards.38
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Physicochemical properties of the biodiesel synthesized

Properties Test methods

Limits

This studyASTM D6751 EN 14214

Density, at 15 °C (g cm−3) ASTM D6850 — 0.86–0.90 0.879
Kinematic viscosity, at 40 °C (mm2 s−1) ASTM D445 1.9–6.0 3.5–5.0 4.29
Copper strip corrosion ASTM D130 <3 1 1a
Flash point (°C) ASTM D93 >130 >120 159
Cold lter plugging point (°C) ASTM D6371 NSa — 0
Acid value (mg KOH per g) ASTM D664 <0.8 <0.5 0.21
FAME (%) EN 14103 — >96.5 97.6

a NS = not specied.
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The FAME is the main property related to biodiesel, as it
indicates the degree of purity of the biofuel produced and is
directly related to the efficiency of the production process used.
This property was determined by gas chromatography and the
recorded value was FAME = 97.6% ± 0.727. In addition, the
methyl ester composition of the biodiesel produced from WFO
was obtained, as shown in Fig. 9. Through the analysis of the
Fig. 9 (a) GC chromatogram and (b) biodiesel composition using the ca

© 2024 The Author(s). Published by the Royal Society of Chemistry
chromatogram present in Fig. 9(a), it is possible to perceive the
presence of ve peaks related to the composition of biodiesel
from 1 to 5, and one relative to the internal standard used (*).
Analyzing Fig. 9(b), the predominance of peak number 5 refer-
ring to methyl linoleate (43.98%) and peak number 4 referring
to methyl oleate (18.28%) can be observed. Both values reported
are in agreement with the data presented in the literature, given
talyst 35-MoO3/ZnFe2O4.

RSC Adv., 2024, 14, 20743–20756 | 20751
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Fig. 10 Reusability study of the catalyst 35-MoO3/ZnFe2O4.

Fig. 11 EDS composition of (a) recovered catalyst 35-MoO3/ZnFe2O4

and (b) magnetic hysteresis loop of the recovered catalyst 35-MoO3/
ZnFe2O4.
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the predominance of linoleic and oleic acids in the composition
WFO.21

3.5 Reusability study

Aer the optimization of the catalytic process, the catalytic
stability of the catalyst when employing it in several reaction
cycles was analyzed. In this regard, Fig. 10 shows the reusability
study of the 35-MoO3/ZnFe2O4 catalyst performed under the
following optimized conditions: reaction temperature of 165 °C,
methanol : WFO molar ratio of 40 : 1, catalyst amount of 6 wt%
and reaction time of 3 h.

It is possible to obtain 97.6% ± 0.727 FAME for biodiesel
produced in the rst cycle and maintain the ester content above
90% over 6 reaction cycles, which indicates the high catalytic
performance of the catalyst developed. In addition, the effi-
ciency of the 35-MoO3/ZnFe2O4 catalytic solid is proven when
comparing the results obtained in the reactions performed only
with the ZnFe2O4 support and in the blank reaction, with FAME
of 11.9% ± 0.844 and 11.4% ± 0.675 respectively, since the
presence of the 35-MoO3/ZnFe2O4 catalyst increases process
performance considerably by more than 85%.

Fig. 11 shows the composition and magnetic behavior of the
catalyst aer the reaction cycles. Despite the high catalytic
stability of the 35-MoO3/ZnFe2O4 catalyst, there is a slight
decrease in FAME (about 7%) over the six reaction cycles,
probably due to the decrease in molybdenum content (36.36%
to 31.1%), shown in Fig. 11(a), because of the leaching
phenomenon, since the active phase is slightly soluble in
methanol.39,40 In that regard the leaching of the active phase
decrease the quantity of active phase available which reduce the
ability of the catalyst the speed up the reactions.1,40 This fact is
corroborated by the decrease in the acidity of the catalyst
surface from 9.4 mmol H+ per g ± 0.147 to 8.6 mmol H+ per g ±

0.228. In addition, the obstruction of the acid sites of the
catalyst, due to the deposit of organic material (carbon content
= 10.87%), shown in Fig. 11(a), is another factor that corrobo-
rates the slight decrease in catalytic performance.

The magnetic property of the catalyst, aer the sixth reaction
cycle, shows, through the analysis of Fig. 11(b), a slight decrease
20752 | RSC Adv., 2024, 14, 20743–20756
in the value of saturation magnetization (Ms= 1.4 emu g−1), but
it doesn't represent an obstacle and the catalyst can be sepa-
rated without difficulty by applying a magnet as depicted in
Fig. 11.

3.6 Feedstock evaluation

The robustness and applicability of the catalyst was evaluated
for different feedstocks, such as soybean oil, waste frying oil
(WFO), palm kernel oil (PKO), andiroba oil (Carapa guianensis),
buriti oil (Mauritia exuosa), and waste frying oil (WFO). In that
regard, the Fig. 12 depicts that the tests performed with all
feedstocks presented FAME above 90%, which indicates the
robustness of the catalyst studied when applied in the trans-
esterication reactions, since the catalyst is also efficient in the
presence of both rened (with an acid value of less than 0.5 mg
KOH per g, such as soybean oil and PKO) and low-quality
feedstocks (with an acid value of 4.2, 33.8 and 18.8 mg KOH
per g, for WFO, buriti and andiroba oil, respectively).

3.7 Kinetic study

The kinetic study for the WFO transesterication process using
the 35-MoO3/ZnFe2O4 catalyst was performed under the opti-
mized reaction conditions, in the reaction time interval of 1 to
5 h, at four different temperatures: 120 °C, 135 °C, 150 °C and
165 °C, as shown in Fig. 13.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03580a


Fig. 12 Evaluation of several feedstocks.
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A linear behavior is perceived, from the analysis of the
Fig. 13(a), typical of a (pseudo) rst order reaction, as previously
assumed. The activation energy (Ea) value for the trans-
esterication of WFO with methanol estimated from the plot
‘ln k’ vs. ‘1/T’ (eqn (6)), as shown in Fig. 13(b) was 25.3 kJ mol−1.
The Ea value is similar to that reported in the literature for
biodiesel production reactions.41–44

The enthalpy (DH), entropy (DS) and Gibbs free energy (DG)
thermodynamic parameters for the transesterication reaction
were calculated using the Eyring–Polanyi eqn (7) and (8). The
values obtained (Fig. 13(c)) for DH, DS and DG, for different
temperatures, were 21.84 kJ mol−1; −0.235 kJ mol−1 k−1;
114.27 kJ mol−1; 117.79 kJ mol−1; 121.32 kJ mol−1 and
124.85 kJ mol−1, respectively.

The DH > 0 indicates the endothermic nature of the reaction
carried out.38 A higher ordering in the transition state when
compared to the reactants is indicated by the DS < 0.40,44

Furthermore, DG > 0 indicates the endergonic nature and lack
of spontaneity of the transesterication reaction performed.41,45
Fig. 13 Plot of (a) −ln(1 − X) versus reaction time (t) at different
temperatures, (b) Arrhenius for activation energy determination and (c)
ln(K/T) versus 1/T.
3.8 Comparative study of developed catalyst

The comparison of 35-MoO3/ZnFe2O4 catalyst with other solid
acid catalysts applied to biodiesel production reported in the
literature is shown in Table 4. Through the analysis of Table 4,
the catalytic tests performed in this study present values of the
reaction variables lower than reported in the literature, as in the
case of reactions catalyzed by HPMo/TiO2, Nb2O5/SO4, HPM/
Nb2O5, WO3/CuFe2O4 which used higher temperatures,
increasing energy expenditure, compared to that performed in
this study and presented similar catalytic conversion.9,10,16,20 In
addition, it is worth mentioning that some studies used
temperatures lower than reported in the present study, but with
signicantly higher reaction times, as in the case of studies
using 25% MoO3/ZSM-5 and 5Mo/ZSM-22 catalysts with reac-
tion times of 6 h and 12 h, respectively.11,12 Besides, it is worth
noting that this study has an optimized molar ratio value
considerably lower than that of other acid catalytic solids re-
ported in the literature, as well as an equal or higher number of
reaction cycles, such as FAME above 90% in the last cycle, which
© 2024 The Author(s). Published by the Royal Society of Chemistry
shows the stability and robustness of the 35-MoO3/ZnFe2O4

catalyst studied. In this regard, the 35-MoO3/ZnFe2O4 catalyst
has high potential for use in the biodiesel production process,
generating lower costs, considering its high catalytic perfor-
mance and its easy separation through its magnetic property.
RSC Adv., 2024, 14, 20743–20756 | 20753
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Table 4 Performance comparison between the solid acid catalysts reported in the literature and the magnetic catalyst developed in this study

Catalyst Feedstocks

Reaction conditions

FAME (%)
Number of
cycles ReferenceT (°C) Molar ratio Catalyst amount (wt%) t (h)

MoO3/graphene WCO 140 35 6 5 95.6 5 1
MoO3/SrFe2O4 WCO 164 40 10 4 95.4 8 7
Nb2O5/SO4 Macaw 250 120 30 4 99.2 5 9
HPMo/Nb2O5 Macaw 210 90 20 4 99.65 4 10
25% MoO3/ZSM-5 Oleic acid 160 20 3 6 98.0 6 11
5Mo/ZSM-22 WCO 140 9 2 12 78.2 4 12
HPMo/TiO2 WCO 190 90 5 4 94.5 4 16
WO3/CuFe2O4 WCO 180 45 6 3 95.2 6 20
MoO3/KIT-6 Soybean 150 20 3 3 68.51 — 23
MoO3 Soybean 150 45 0.5 4 93.0 8 27
Fe2O3–MnO–SO4/ZrO2 WCO 180 20 3 6 96.0 6 46
a-MoO3 Soybean 200 15 4 1 99.0 7 47
35-MoO3/ZnFe2O4 WFO 165 40 6 3 97.6 6 Present study
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4 Conclusion

This work studied the application of the new magnetic acid
solid catalyst in the transesterication reaction for biodiesel
synthesis. From the characterization analyzes, the robustness of
the synthesized catalyst was veried, which provided the
production of a biodiesel with 97.6% ± 0.727 FAME under the
following optimized reaction conditions: reaction temperature
of 165 °C, methanol : WFO molar ratio of 40 : 1, catalyst amount
of 6 wt% and reaction time of 3 h. In the recyclability study, the
catalyst showed stability over six reaction cycles, with FAME of
90.4% ± 1.115 in the last cycle. When evaluating the reaction
process for different feedstocks, it was noticed the maintenance
of catalytic efficiency, which proves the high versatility of the 35-
MoO3/ZnFe2O4 catalyst. In addition, the transesterication
reaction showed pseudo rst order behavior, according to the
kinetic study carried out, as well as ease of separation through
the application of a magnetic eld, which highlights that the
high catalytic activity of the 35-MoO3/ZnFe2O4 catalyst in mild
reaction conditions and together with its easy recyclability
provide a process and production of biodiesel at lower cost and
without high environmental damage.
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