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Abstract A magnetic catalyst with composition ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 was synthesized by a

combustion reaction on a pilot-scale and applied in the conversion of residual oil into biodiesel by

simultaneous transesterification and esterification reactions (TES). For that, statistical analysis of

the factors that influence the process (catalyst concentration, alcoholic route, and temperature)

was evaluated by 23 factorial experimental design. The ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic cat-

alyst was characterized in terms of the structure, morphology, magnetic, TPD-NH3 acidity analysis

and catalytic properties. The results indicate the formation of a catalyst with a surface area of 52.9

m2g�1, and density of the sample was 4.8 g/cm3 which is consisted of a mixture of the phases con-

taining 55.87% Fe2O3, 36.96% Ni0.5Zn0.5Fe2O4, and 7.16% ZnO. The magnetic characterization

indicated that the synthesized catalyst is ferromagnetic with magnetization 6.12 emu/g and coercive

field of 5.3 G. In the TES reactions, the residual oil was active showing conversion to 96.16% ethyl

esters and with a long useful life maintaining sustained activity after two consecutive reuse cycles

with the conversion of 95.27%, 93.07% and 76.93%, respectively. The experimental design was sig-

nificant and presented a 95% reliability level. The statistical analysis identified (+1) and (�1) as

higher and lower level variables, respectively. The amount of catalyst used was equal to 5%, at
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200 �C in methyl alcohol (alcoholic route). In summary, a new catalyst composed of a mixture of

magnetically active phases was developed and successfully applied in biodiesel’s synthesis from

residual oil. Undoubtedly these results have a positive and significant impact on the environment

and to society as a whole.

� 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, researches on renewable and sustainable fuels
have been highly prioritized around the world to create alter-
natives to fossil fuels. In this way, different types of biofuels

have gained evidence due to their biodegradable, non-toxic,
and physical–chemical properties, which allow the total or par-
tial replacement of diesel (Li et al., 2014). Biofuels also are

interesting under economic viewpoint since they can be synthe-
sized from vegetable oils, animal fats, and raw materials rich in
free fatty acids, such as residual oils (Lam et al., 2010).

The improper disposal of the residual oils can cause envi-
ronmental problems since each liter of oil poured into the
drain can pollute about 20 thousand liters of water
(Georgogianni et al., 2009; Al-Hamamre and Yamin, 2014;

Baskar et al., 2018). Indeed, it is possible to find in the litera-
ture several works (Widayat et al., 2019; Dai et al., 2017; Corro
et al., 2016; Gan et al., 2010, Ashok et al., 2019) which the

cook oils are used to synthesize biodiesel, and it is undoubtedly
an eco-friendly and sustainable strategy for the next genera-
tions (Aghbashlo and Demirbas, 2016).

Biodiesel is synthesized via transesterification or esterifica-
tion chemical reactions. In some cases, depending on the origin
of the raw material (such as the presence of triglycerides and

free fatty acids), the reaction kinetics can be directed by simul-
taneous transesterification and esterification. On an industrial
scale, biodiesel can be produced by both homogeneous and
heterogeneous catalysis. Homogeneous catalysis has several

disadvantages, such as the formation of soaps and their by-
products, corrosion of the reactors, in addition to requiring
several purification steps during the production process (Lee

et al., 2014; Avhad and Marchetti, 2015; Mardhiah et al.,
2017). On the other hand, the synthesis of biodiesel via hetero-
geneously catalyzed reactions has been the subject of promis-

ing studies being a viable solution to replace homogeneous
catalysis, since it is possible to significantly reduce the number
of purification steps and the possibility of separating and reus-

ing the catalyst (Correia et al., 2014; Rashtizadeh et al., 2014;
Paiva et al., 2015; Kim et al., 2016).

In the heterogeneous catalysis, several types of catalysts
stand out; however, ceramic compounds in the form of oxides

(Baskar et al., 2018; Xie and Zhao, 2014; Gurunathan and
Ravi, 2015; Sun et al., 2015; Sulaiman et al., 2019), have been
extensively investigated in recent years for their high catalytic

activity, excellent thermal and chemical stability, high corro-
sion resistance and environmentally optimized properties
(Pradhan and Parida, 2012), and can be recovered and reused

without significant loss efficiency in synthesis (Dantas et al.,
2013).

Several chemical synthesis techniques can be used to obtain
ceramic oxide catalysts, among them stand out the sol–gel

route (Kesavamoorthi and Raja, 2016), co-precipitation
(Zaharieva et al., 2015), Pechini method (Gerasimov et al.,

2015) and combustion reaction (Dantas et al., 2020). The com-
bustion reaction, which is the chemical synthesis techniques
used in this work, has stood out for being a simple, effective,

economical method (it uses low-cost reagents, less reaction
time), it allows control of stoichiometry and morphology,
besides promoting the obtaining of high crystallinity ceramic

powders (Costa and Kiminami, 2012). Due to its various
advantages, numerous studies have reported the use of the
combustion reaction in the production of materials applied
in several areas, such as photocatalysis (Das et al., 2019;

Hermosilla et al., 2020), electronic materials (Vieira et al.,
2014; Shanmugavani et al., 2015; Tholkappiyan et al., 2015;
Diniz et al., 2017), heterogeneous catalysis (Manikandan

et al., 2014; Alaei et al., 2018; Dantas et al., 2020; Kombaiah
et al., 2019; Mapossa et al., 2020), and biomaterials (Araújo
et al., 2018; Khot et al., 2013; Kombaiah et al., 2018; Leal

et al., 2018).
Among the oxides already reported in the literature with cat-

alytic potential, the hematite (a-Fe2O3) with binary structure
type AnXp is widely used in several catalysis reactions because

it is stable in ambient conditions and easy to process by different
methods (Aghbashlo and Demirbas, 2016; Gurunathan and
Ravi, 2015; Tholkappiyan et al., 2015; Kombaiah et al., 2019;

Widayat et al., 2019). Widayat et al. (2019) used hematite (a-
Fe2O3) synthesized by chemical co-precipitation in residual oil
esterification/transesterification reactions and obtained

87.88% conversions in methyl esters. Studies conducted by Shi
et al. (2017) showed the efficiency of hematite (Fe2O3) also as
the support of oxides (CaO) in the production of biodiesel, in

transesterification reactions of soybean oil andmethanol, show-
ing conversion to esters of 98.80%.

Iron-based catalysts, such as ternary oxides of the type
(AB2X4), have also attracted attention from the scientific com-

munity due to their properties and new technological applica-
tions, especially when the particle size approaches the
nanoscale, which allows the control of properties such as mag-

netic characteristic and anisotropy (Dantas et al., 2020,
Mapossa et al., 2020; Dai et al., 2017). In heterogeneous catal-
ysis (Dantas et al., 2013, Dantas et al., 2017), the Ni0.5Zn0.5-

Fe2O4 and Ni0.7Zn0.3Fe2O4 ferrites synthesized by
combustion reaction and tested the catalytic behavior in trans-
esterification and esterification using methyl and ethyl routes,

obtaining conversions in esters above 94%.
Another heterogeneous catalyst that has a consolidated cat-

alytic activity in the literature is zinc oxide (ZnO). According
to Lamba et al. (2019), which synthesized the ZnO by combus-

tion reaction and tested catalytically against methanol and
madhuca oil, obtaining about 80% in conversion into esters.
Baskar et al. (2018) also revealed the efficiency of the ZnO

phase as support for biodiesel production, presenting conver-
sions of 95.20% in methyl esters.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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In this work, the combustion reaction was used to synthe-
size a new magnetic catalyst with composition equal to ZnO-
Ni0.5Zn0.5Fe2O4-Fe2O3. The material was synthesized in a

pilot-scale (Costa and Kiminami, 2012) and characterized in
terms of its structure, morphology, magnetic and catalytic
properties. Also, its catalytic capacity was investigated on

the synthesis (TES reaction) of biodiesel from residual oil.

2. Materials and methods

2.1. Raw materials

In this research, the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic cat-
alyst was synthesized via a combustion reaction from the fol-
lowing chemical reagents, nickel nitrate hexahydrate (Ni

(NO3)26H2O), hexahydrate zinc nitrate (Zn(NO3)2�6H2O),
iron (III) nitrate nonahydrate (Fe(NO3)3�9H2O) and urea.
All chemical reagents used were purchased on the Dinâmica
(Brazil) with purities between 98 and 99%. The performance

of the catalyst was evaluated on the conversion of residual
oil into biodiesel via simultaneous transesterification and ester-
ification reactions (TES). The residual oil used was collected in

pastry shops in the city of Campina Grande, located in Paraı́ba
state - Brazil. The physicochemical parameters of the residual
oil were accomplished in agreement with AOCS Cd 3d-63 stan-

dard, and the result showed a value of 14.8 ± 0.005 mg of
KOH/g of sample, methyl alcohol (CH3OH)-purity 99.8%
(Dynamic) and ethyl alcohol (CH3CH2OH) - purity 99.5%

(Dynamic).

2.2. Catalyst synthesis

The combustion reactions were accomplished in a pilot plant,

which was built in the agreement of the patent BR 10 2012
002181–3 (Costa and Kiminami, 2012), see Fig. 1. The pilot-
plant is constituted of the stainless-steel container, which is

connected to a conical reactor with a capacity of 200 g/batch.
The system reaches a maximum temperature equal to 350 �C
after 60 min.

Before the synthesis of the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3

magnetic catalyst, the initial composition of the precursor
solution was calculated based on the total valence of oxidizing
Fig. 1 Shows (1) pilot plant in which the combustion reaction was

heating curve.
agents and reducing reagents using the propellants and explo-
sives chemistry concepts (Jain et al., 1981). The auto-ignition
(combustion) of a stoichiometric mixture of metallic nitrates

and urea allocated in a stainless-steel container in a conical
reactor with a production capacity of 200 g/batch (see
Fig. 1). The temperature of the combustion reaction was mea-

sured every 5 s with the aid of an infrared pyrometer (Raytek,
model RAYR3I ± 2 �C).

2.3. Catalytic test

The performance of the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic
catalyst was evaluated in the synthesis of biodiesel from resid-

ual oil via TES reaction. Before biodiesel synthesis, the resid-
ual oil was filtered (filter paper ₵15,000�0,15 cm) to remove
the suspended particulate matter. The catalytic tests were con-
ducted in duplicates and a pressurized stainless-steel reactor

equipped with a pressure gauge, a thermocouple inlet duct, a
borosilicate glass (80 mL). The conditions of the experiment
were 30 g oil mass, time 1 h, and alcohol/oil ratio (15:1), see

Table 1. The heating and agitation of the system were carried
out with the aid of a plate model IKA C-MAG HS 7, external
electrical resistance, and a magnetic bar of approximately

2.5 cm. After the reactions, the products of the catalytic tests
were centrifuged to separate the catalyst, purified, and dried
in an oven at 110 �C for 20 min with manual stirring at 5-
minute intervals.

2.4. Statistical analysis

For the analysis and optimization of the biodiesel synthesis

from residual oil, a 23 factorial experimental design was drawn
up in which it was analyzed the response surface and Pareto
graph, evaluated using the Statistic 7.0 program. Table 1

describes the input levels and variables for the proposed
planning.

The temperature, catalyst concentration, and alcoholic

route were the factors considered in the 23 factorial experimen-
tal design. The three levels for the selected factors were deter-
mined from preliminary experiments and literature published
elsewhere (Dantas et al., 2020) (Table 1). The conversion of

residual oil into biodiesel was performed as the answer to
performed (patent number: BR 10 2012 002181-3) e (2) reactor



Table 1 Input variables and levels proposed for 23 factorial

experiments.

Variables Levels

�1 +1

(1) Catalyst concentration (%) 3 5

(2) Temperature (�C) 180 200

(3) Alcoholic route MET ET

*Fixed conditions: 30 g oil mass, time 1 h, and alcohol/oil ratio

(15:1).
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determine the optimized parameters. The effect of the indepen-

dent factors on dependent factors was analyzed according to
Eq. (1):

Y ¼ a0 þ a1X1 þ a2X2 þ a3X3 þ a12X1X2 þ a13X1X3

þ a23X2X3 þ e; ð1Þ
where Y is the answer (biodiesel conversion, %), a0 is the com-
pensated term; a1, a2 e a3 are linear coefficients; a12, a13, and
a23 are the interaction coefficients; and e is the error. X1, X2

e X3 are input variables: temperature, the quantity of catalyst,
and alcoholic route, respectively.

2.5. Catalyst reuse

The reuse tests were accomplished under the best reaction con-
ditions established by the experiments and experimental plan-
ning. Before each reuse step, the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3

magnetic catalyst was removed from the synthesis products
and clean with water 70 �C and hexane 99% (C6H14). After
biodiesel synthesis, the catalyst was removed from the reaction

medium using the following experimental procedure: applica-
tion of an external magnetic field (magnet), washing with hot
distilled water (~60 �C), washing the hexane solvent, centrifu-

gation for 15 min, and oven drying at 110 �C for 24 h. This
experimental procedure was adapted from the work published
by Dantas et al. (2020). Finally, the reuse tests were performed
under the best reaction conditions established by the experi-

ments and experimental planning with the tested catalyst.

2.6. Characterizations

The ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic catalyst synthe-
sized was characterized by X-ray diffraction (XRD) using a
BRUKER X-ray diffractometer (model D2 PHASER, Cu-

Ka radiation), operating with 30 kV and 10 mA. The angular
step and counting time used were 0.016� and 44 min, respec-
tively. The crystallite size was calculated with the aid of the

Scherrer equation (Klug and Alexander, 1974), and from the
peak of the most intense basal reflection, spinel d(311). The
identification of the main crystalline phases was performed
with the DiffracPlus Suite Eva software and Joint Committee

on Powder Diffraction Standards (JCPDS). The quantification
of each main crystalline phase was carryout by the Rietveld
refinement (Rietveld, 1967; Moulton, 2019) with the aid of Dif-

frac. Topas software. The residual error of the Rietveld refine-
ment was calculated from Eq. (2), which Wi = 1/Iobs and Iobs e
Icalc are the observed and calculated intensities for each step,

respectively.
Sy ¼
X

i

Wi IObs � ICalcð Þ2 ð2Þ

The surface of the catalyst was characterized using the
nitrogen gas adsorption and desorption technique. All experi-

ments were carried out in a Quantachorme model NOVA 3200
equipment. The surface area and pore diameter were calcu-
lated using the Brunauer, Emmett, and Teller (BET) and by
Brunauer, Joyner, and Halenda (BJH) methods, respectively.

The morphological aspects of the catalyst sample were
acquired by scanning electron microscopy (SEM), brand Tes-
can, model Vega3. The Laser diffraction technique was used

to measure the particle size distribution using a nanoparticle
analyzer SZ-100 series (HORIBA Scientific).

Hysteresis plots were measured at room temperature using

a vibrating sample magnetometer (VSM, Lake Shore model
7404), with a maximum applied magnetic field of 13,700 G.
Saturation magnetization (Ms), remaining magnetization

(Mr), and coercive field (Hc) were the properties obtained from
this experiment.

The acidity of the catalyst was determined through desorp-
tion analysis at the programmed ammonia temperature (TPD-

NH3) in the SAMP3 multipurpose analysis system. Approxi-
mately 100 mg of sample was pretreated at 400 �C under helium
atmosphere (30 mL.min�1). Then, the temperature was reduced

to 100 �C, and the sample was subjected to ammonia current, for
chemical adsorption, for 45 min. In the final step of the adsorp-
tion process, NH3molecules were removed at 100 �C for 1 h and

helium flow rate 30mL.min�1. The thermograms were obtained
on heating (from 100 �C to 800 �C), at 10 �C.min-1, and under a
helium flow rate (30 mL.min�1).

Thermogravimetric analysis (TG/DTG) was performed

using Perkin Elmer STA 6000 TG-DTA equipment in N2

atmosphere with the flow of 20 mL.min�1 and heating rate
of 10 �C.min�1, using 10 mg of sample in an alumina crucible,

and a temperature range from 30 to 850 �C;
The percentages of methyl or ethyl esters were determined

via gas chromatography, using a chromatograph (VARIAN

450c) instrument with a flame ionization detector and a capil-
lary column as the stationary phase (Varian Ultimetal ‘‘Select
Biodiesel Glycerides RG”; dimensions: 15 m � 0.32 mm � 0.

45 mm). The initial injection temperature was 100 �C, the oven
temperature was 180 �C, and the detector operated at a tem-
perature of 380 �C.

The acidity index (official AOCS method, Cd 3d-63) was

used to characterize both the residual oil and the products
resulting from the catalytic tests. It was possible to quantify
the mass yield of synthesized biodiesel, considering the initial

mass of the residual oil in the TES reaction, assuming that
the complete reaction of a specified amount (x) of residual
oil leads to the achievement of 100% yield mass (X) of biodie-

sel. Therefore, the percentages of mass yields were defined and
calculated as the values that express the masses of the final
products of the reactions after the purification processes.

3. Results and discussion

3.1. Influence of reaction time and temperature on catalyst

synthesis

Fig. 2 shows the combustion reaction behavior measured dur-

ing the synthesis of the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic



Fig. 2 Shows the combustion reaction behavior measured

during the synthesize of the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic

catalyst.

Fig. 3 X-ray diffractogram obtained from ZnO-Ni0.5Zn0.5Fe2-

O4-Fe2O3 magnetic catalyst.
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catalyst. In summary, it was possible to identify three stages,
where stage 1 was characterized by an oscillation in tempera-

ture that favored the evaporation of moisture followed by liq-
uefaction of the reagents. In stage 2, the formation of the
‘‘mushroom” was observed (due to an increase in viscosity),
followed by an excessive gas release. The ignition of the

reagents combustion occurred in the final part of stage 2
(~1500 s). Stage 3 was instantaneous (~10 s) and reached a
maximum temperature of 316 �C. In this last stage, there

was the formation of an orange flame with a continuous and
intense gas release. Still in step 3, it was possible to see a reac-
tion explosion with flaking of the reaction product. The yield

of the synthesis of the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic
catalyst was 82.93%, more precisely 165.8 g of catalyst per
batch.

As the maximum temperature reached during the synthesis
was relatively low (<500 �C), the materials synthesized have a
high surface area, and a very pronounced nanometric charac-
teristic, therefore, is suitable for its use as catalysts. This con-

stitutes ease and versatility of the combustion reaction
technique because, due to the control of the synthesis temper-
ature, it becomes possible the morphological and structural

control of the material, which is required for a given applica-
tion (Dantas et al., 2017).

3.2. X-ray diffraction (XRD)

Fig. 3 shows X-ray diffraction obtained from the ZnO-
Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic catalyst synthesized via a
combustion reaction. The following crystalline phases were

identified, inverse spinel of Ni-Zn ferrite (JCPDS 52-0278),
hematite (JCPDS 89-0599), and zinc oxide (JCPDS 36-1451).
The total crystallinity of the synthesized material was esti-

mated at 43%, and the average crystallite size (calculated by
Scherrer equation (Klug and Alexander, 1974; Avila et al.,
2019) was equal to 25 nm. The estimated low crystallinity pre-

sented probably is related to the low-temperature of synthesis
of the catalyst via combustion reaction (316 �C, see Fig. 2).
This result is in agreement with other works that synthesized
materials via combustion reaction and with a chemical compo-
sition similar to the one studied in this work (Dantas et al.,

2020; Mapossa et al., 2020).
Fig. 4 shows the Rietveld refinement accomplished on the

X-ray diffractogram obtained from a ZnO-Ni0.5Zn0.5Fe2O4-

Fe2O3 magnetic catalyst. From this analysis, it was possible
to see that the hematite was the major crystalline phase
(55.87%); the inverse spinel of Ni-Zn ferrite was the second

most abundant crystalline phase (36.96%), and zinc oxide
was the crystalline phase with the lowest percentage (7.16%).
Table 2 summarizes the crystalline system, percentage of the
crystalline phases, and the space groups calculated from the

Rietveld refinement. In general, it is observed that the calcu-
lated parameters were very close to the theoretical values,
and the values of the GOF, Rwp, and Rexp were 2.87, 0.99,

and 0.35, respectively. Similar results were related by
Mapossa et al. (2020).

3.3. Textural analysis by nitrogen adsorption (BET)

Fig. 5 shows the N2 adsorption/desorption isotherms mea-
sured from the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic catalyst.

The isotherm obtained is of type III; which is an indication
that the adsorption process is characteristic of non-porous or
macroporous materials (Alothman, 2012). Also, the isotherms
showed an inflection at a relative pressure (P/P0) of approxi-

mately 0.2 cm3/g, which is also indicative of the presence of
micropores (Alothman, 2012).

In agreement with IUPAC, solids containing pores diame-

ter greater than 50 nm are called macroporous, between 2
and 50 nm are mesoporous, and those with pores smaller than
2 nm are called of microporous. The measured pore diameter

from the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic catalyst was
equal to 3.33 nm. Thus, the pore diameter and the isotherm
profile corroborate with the indication that the synthesized cat-

alyst has a mixed surface, that is, non-porous regions and
other regions that have mesoporous or microporous.

The specific surface area values (SBET) measured from the
ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 catalyst was 52.9 m2g�1. This



Table 2 Shows the space group, crystalline, and percentage of

the phases calculate from Rietveld analysis.

Lattice parameters (Å) crystalline

system

crystalline

phases

(%)

space

groups

a = 5.09 e c = 13.45

Reference*: a = 5.02 e

c = 13.73

Fe2O3

(Rhombohedral)

55.87 R-3cH

a = b = c = 8.41

Reference*:

a = b = c = 8.38

Ferrite (Ni-Zn)

(Cubic)

36.96 Fd-

3mZ

a = 3.23 e c = 5.42

Reference*: a = 3.24 e

c = 5.20

ZnO

(Hexagonal)

7.16 P63mc

* Reference based on crystallographic cards: Fe2O3 (JCPDS 89-

0599), ferrite (Ni-Zn-Fe (JCPDS 52-0278), and ZnO (JCPDS 36-

1451).
Fig. 5 N2 adsorption/desorption isotherms of the ZnO-Ni0.5-

Zn0.5Fe2O4-Fe2O3 magnetic catalyst, in which SBET and dP
correspond to specific surface area and pores diameter,

respectively.

Fig. 4 Rietveld refinement accomplished from the X-ray diffractogram of the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic catalyst.
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value is considered relatively high and is a consequence of the
method used to synthesize the catalyst (combustion reaction at

temperatures below 500 �C). The fact of the ZnO-
Ni0.5Zn0.5Fe2O4-Fe2O3 has a relatively high specific surface
area and nanometric characteristics make it an excellent candi-

date to be used as a catalyst. Some studies report that the syn-
thesis temperature is a significant factor in obtaining materials
with high surface area and nanometric characteristics. Materi-

als synthesized at high temperatures (>1000 �C) have surface
changes that are more pronounced, and in some cases, these
modifications considerably reduce the surface area and active
sites of catalysts, which negatively affect their catalytic activity

(Tang et al., 2012).
3.4. Scanning electron microscopy (SEM) and particle size
distribution

Fig. 6a–b shows SEM images obtained from the ZnO-
Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic catalyst. It is possible to

observe several clusters of different sizes (Fig. 6a). This charac-
teristic is more evident in Fig. 6b, where it was possible to
detect agglomerates with high porosity and dimensions

between 20 lm and 10 lm, respectively. These results are in
line with the discussion as mentioned earlier about the specific
surface area analysis when it is indicated that the catalyst

obtained has disordered surface characteristics with non-



Fig. 6 a–b SEM images acquired from the surface of the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic catalyst.

Fig. 7 Granulometric distribution of the ZnO-Ni0.5Zn0.5Fe2O4-

Fe2O3 magnetic catalyst.
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porous regions and other regions that have mesopores or
micropores with different types of shapes and sizes. The high
porosity is due to the release of large quantities of gas during

the synthesis process by combustion reaction (see step 3 in
Fig. 2). Still in Fig. 6a–b, both indicate a surface with a certain
roughness, it is also possible to infer that the particles are

weakly connected in an interparticular way. Similar results
were observed by Tatarchuk et al. (2020) when studying the
morphology of zinc spinel type ferrites.

Fig. 7 shows the cumulative curve of the distribution range
of the agglomerates (‘‘S” shape) and histogram of the fre-
quency of the distribution of agglomerate populations with
the same diameter (first derivative of the distribution curve)

measured from the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic cat-
alyst. The distribution range of the particle diameter was
between 20 nm and 100 nm, with an average diameter of

39.2 nm.
From the distribution of the clusters, it was possible to

observe that all samples showed a symmetrical and monomo-

dal distribution of clusters, indicating samples with most of the
total number of their clusters, as well as a finer particle size
between them (values < 100 nm). Such a result can be associ-
ated with the characteristics of particle size; smaller particle

diameters necessarily imply a more remarkable ability to
agglomerate by electrostatic forces.

3.5. Acidity of the catalysts via –NH3-TPD

The structure, shape, and reactivity of the catalyst surface have
a strong interaction with nature, the number and the intensity

of the active sites available for the reaction. Thus, the reactiv-
ity of the catalyst surface is one of the inherent characteristics
and its processing method. Therefore, to obtain a better preci-

sion of the surface reaction and to verify if this material is
promising for catalysis, one must understand the acidity and
alkalinity of the catalyst. (Dantas et al., 2017). In this way,
the active acid sites of ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 were deter-

mined via TPD-NH3 analysis, see Fig. 8.
Still in Fig. 8, it is possible to identify three NH3 desorption
peaks. The first peak presented greater intensity, occurred at

208 �C, and is related to weak to moderate acidic sites. The sec-
ond and third peaks occurred at 493 �C and 595 �C, respec-
tively. These peaks are related to the strong acidic sites. The

temperatures and intensity of the peaks observed in this work
are in agreement with Dantas et al. (2017) and Dantas et al.
(2020).

Table 3 lists the results obtained from the TPD analysis.
The acidity of the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 catalyst was
calculated from the integration of the Gaussian curves
observed in the TPD-NH3 analysis. The result indicated the

existence of two types of NH3 desorption sites, which the first
peak related to weak and moderate acid sites, represented by
the temperature range between 100 and 350 �C, while the

strong acidity sites are in the range temperature between 450
and 650 �C. Similar results were also reported by Masiero
et al. (2009).



Fig. 8 TPD-NH3 curve for the catalyst ZnO-Ni0.5Zn0.5Fe2O4-

Fe2O3.

Fig. 9 Hysteresis curves (M � H) measured from the ZnO-

Ni0.5Zn0.5Fe2O4-Fe2O3 catalyst.
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Therefore, from TPD-NH3 analysis, the desorption events
present in the samples showed concentrations corresponding
to weak, moderate, strong acidic sites, and the calculated val-

ues were 169, 73, and 14 lmol/g of NH3, respectively. The
sample had a total acidity of 256 lmol/g of NH3. From the
highlighted results, it is possible to conclude that the ZnO-

Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic catalyst has a strong acid
character. Also, the results shown in this work corroborate
with studies published by Dantas et al. (2020) and Mapossa

et al. (2020), which investigated acidic sites by means TPD-
NH3 analysis, and confirmed the presence of weak, moderate,
and strong total acidic sites for spinel-type ferrites with com-
position chemistry, structure, and morphology similar to those

synthesized in this work.

3.6. Magnetic measures

Fig. 9 shows the dependence of magnetization (M) as a func-
tion of the applied magnetic field (H) for the ZnO-
Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic catalyst. From the hysteresis

curve, it is possible to conclude that the studied catalyst has
characteristics of soft magnetic materials. The low values of
remaining magnetization (Mr = 6.12 emu/g) and coercivity

(Hc = 5.3 G) support this information, since the magnetic hys-
teresis cycle is shown is narrow. Also, the well-defined S shape
of the hysteresis curve is indicative that the ZnO-
Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic catalyst has ferrimagnetic

properties (Wang et al., 2012; Nihore et al., 2019).
Also, in Fig. 9, the low value of the remaining magnetiza-

tion (Mr) observed can be explained in terms of the composi-
Table 3 Type of acidity present in catalyst magnetic ZnO-Ni0.5Zn0

Catalyst Peak Temperature (�

ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 1 208

2 493

3 595

Total acidity = 256 lmol/g de N
tion of the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic catalyst,
since there is coexistence between crystalline ferromagnetic
phases (55% Fe2O3), (36.96% Ni0.5Zn0.5Fe2O4) (Dantas
et al., 2020, Shi et al., 2017), and diamagnetic phase (7.16%

ZnO) (Franco et al., 2017). Similar results have been reported
in the literature (Diniz et al., 2017) for the Ni-Zn system by
microwave energy, where its magnetic characteristics are of a

ferrimagnetic material (Hajalilou et al., 2015). Also obtained
Ni-Zn ferrites synthesized by high-energy grinding and found
that their magnetic hysteresis characteristics were presented

in an ‘‘S” format with a unique coercive field. The results of
this work corroborate those reported in the literature, empha-
sizing that the material is magnetic and its application in

obtaining biodiesel because under the incidence of an external
magnetic field, the catalyst will be easily removed from the
reaction medium and thus reused.

The fact that the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 catalyst has

magnetic properties can help minimize the cost of biodiesel
production since the catalyst can be easily removed from the
reaction medium by applying an external magnetic field (mag-

net). Thus, magnetic separation is a relevant alternative to fil-
tration and/or centrifugation since it contributes to reducing
the loss of the catalyst and increases the reuse capacity, making

the cost-benefit of the catalysts quite promising for industrial
applications (Vieira et al., 2014).

3.7. Performance of the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic
catalytic

Fig. 10 shows the conversion of residual oil into esters and the
mass yield obtained from the TES reaction through the ethyl
.5Fe2O4-Fe2O3.

C) Acidity (lmol/g de NH3) Type of Acidity

169 Weak/Moderate

73 Strong

14 Strong

H3
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and methyl routes catalyzed by ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3.
All experiments were accomplished in agreement with the
experimental planning indicated in Table 1. In general, it

was possible to observe (Fig. 10) that the ZnO-
Ni0.5Zn0.5Fe2O4-Fe2O3 catalyst was active and satisfactory
conversions were obtained in esters of fatty acids, in 96.1%

ethanolysis, and 92.5% methanolysis. The best catalytic activ-
ity was obtained for the ethyl route, which is beneficial for the
process since the alcohol used is less polluting and comes from

the culture of sugarcane (Shikida and Bacha, 1998). The effi-
ciency of the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic catalyst
may be associated with the presence of acidic and basic sites
(see the results obtained in Section 3.6), which gives the system

great versatility, such as the possibility of conducting simulta-
neous esterification and transesterification reactions.

The experimental data shown in Fig. 10 also made it possi-

ble to observe that the profile of mass yield in biodiesel corrob-
orates the profile of conversion into ethyl esters obtained from
the tested reaction condition that showed the best catalytic

activity, i.e., 30 g oil mass, time 1 h, and alcohol/oil ratio
15/1, 5% by weight of catalyst and 200 �C.

Besides, regard to the percentage of acidity index reduction

(Fig. 10), it was possible to verify that in all reactions, there
were still unreacted free fatty acids. However, this occurs with
greater emphasis on milder conditions of the percentage of cat-
Fig. 10 Shows the percentage results of the effective mass yields, con

the presence of the ZnO- ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 catalyst.

Table 4 Planning matrix obtained for the chosen random variables

Run Catalyst (%) Temperature (�C) Alcoholic route

1 3 180 ET

2 3 180 MET

3 3 200 ET

4 3 200 MET

5 5 180 ET

6 5 180 MET

7 5 200 ET

8 5 200 MET
alyst and temperature. For example, using 3% catalyst and
180 �C, there was a reduction in the acidity of biodiesel by
an average of only 44%, on the other hand, when elevated con-

ditions reactions of the percentage of catalyst (5%) or temper-
ature (200 �C), occurs a greater consumption of the fatty
material available in the reaction, causing percentages of acid-

ity reduction and conversions in higher esters, respectively, in
the methyl route (88.4% and 92.5%) and the ethyl route
(84.4% and 96.2%) using the so-called optimal conditions.

3.8. Statistical analysis

Oprime et al. (2017) emphasize in its research the importance

of developing and using a formulation well resolved by process
optimization methods through experimental planning, thus
reporting the gain in time and amount of experiments as well
as total process costs. In this context, in the present work,

the statistical study was carried out, and Table 4 describes
the planning matrix used to analyze the statistical data on bio-
diesel production from reaction TES, using the magnetic cata-

lyst and residual oil through the routes methanolic and
ethanolic.

Based on Table 4, it was possible to infer that the best cat-

alytic condition for biodiesel’s synthesis from residual oil was
verified in experiment 7 since this favored a higher conversion
version of the residual oil into ethyl, and methyl esters obtained in

.

Conversion 1 Conversion 2 Average Conversion

87.0 90.8 88.9 ± 1.8

79.7 80.1 79.9 ± 0.1

72.8 71.9 72.4 ± 0.4

64.7 52.6 58.7 ± 6.0

76.3 76.6 76.5 ± 0.1

92.6 92.3 92.5 ± 0.1

95.7 96.5 96.2 ± 0.0

90.1 92.8 91.5 ± 1.3
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into esters (96.16 ± 0.08). Still, it was possible to verify that
was obtained using ethyl alcohol, which is beneficial because
besides being considered less toxic, it is produced directly from

sugarcane. It is relevant to highlight that Brazil in the world
ranking, is among the largest producers of sugarcane, trailing
only Colombia, Australia, China, and the USA.

The responses of the statistical analysis carried out for the
synthesis of biodiesel by TES from residual oil were evaluated
using the Pareto graph, see Fig. 11.

Analyzing the Pareto Graph (Fig. 11), it is possible to
observe that the statistical analysis indicates 95% reliability
(p < 0.05) (Gan et al., 2010), showing as significant variables:
quantity of catalyst (%) and temperature, as well as the effects

of secondary interaction, the quantity of
catalyst � temperature (1by2), the quantity of
catalyst � alcoholic route (1by3), and the interaction between

temperature � alcoholic route (2by3). From this analysis, it
was possible to conclude that the variable quantity of catalyst
Fig. 11 Pareto graph resulting from 23 factorial planning for the

conversion of biodiesel.

Fig. 12 (a) Curve level for biodiesel conversion with the interaction

versus experimental products of conversion to methyl/ethyl ester for the

experimental and the predicted values.
(%) and the secondary interactions (1by2) and (1by3) had a
positive influence. In contrast, the variable temperature and
the secondary interaction (2by3) had an influence negative.

These observations are confirmed through the data in Table 4
and Fig. 10, suggesting that a mass increase in the quantity of
catalyst significantly increases the conversion of residual oil

into biodiesel through TES reaction.
Fig. 12(a) illustrates the level curves obtained as a statistical

response of the independent input variables: quantity of cata-

lyst (%) and temperature. The reliability of the analysis was
p < 0.05, see Fig. 11. Fig. 12(b) illustrates the results obtained
from the linear regression model (Eq. (3)), which dependence
between a dependent variable or response (the content of con-

verted esters) and a series of values (predicted results) of the
independent variables describes the experimental data versus
the predicted ones.

The effect of secondary interaction between the percentage
of catalyst and reaction temperature was better evaluated from
the level curve (Fig. 12a). It was possible to observe that for

high levels (+1) of temperature (200 �C), and quantity of cat-
alyst (5%), the conversion of biodiesel was maximum (close to
100%), corroborating what was observed in the Pareto graph

(Fig. 11). However, maintaining the upper level (+1) of the
percentage of catalysts, at both temperatures studied, the con-
version into esters remained at or above 85%. Therefore, it
was possible to infer that the catalyst variable is the most sig-

nificant and shows an excellent catalytic behavior of the ZnO-
Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic composite.

In the investigated region, the response surface is described

satisfactorily by the linear mathematical model given by Eq.
(3), which presented an R2 of 94% and which defines the plane
represented in perspective on the contour line (Fig. 12a), from

according to the experimental planning carried out for the TES
reaction of the residual oil, which best represents the data col-
lected, analyzed and adjusting to the data in Table 4.

Y ¼ 82:08375þ 7:07625 � x� 2:395 � yþ 7:0475 � x � y
þ 4; 2575 � 0: � x�; 16625 � 0: � yþ 0: ð3Þ
between temperature and quantity of catalyst; (b) Expected results

TES reaction. *The line corresponds to the zero error between the



Fig. 13 Results of reuse tests obtained from the ZnO-Ni0.5-

Zn0.5Fe2O4-Fe2O3 magnetic catalyst in TES reactions.

Synthesis of the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic catalyst in pilot-scale 7675
The linear regression model (Fig. 12b) specifies the linear
relationship between a dependent variable (or response) and
a series of the predicted independent variables. This linear

model governed by Eq. (3), represents a good description of
the experimental data related to the content of the converted
esters. It is possible to see in Fig. 12b that the results obtained

experimentally are close to the values predicted by the model,
considering that the modeling shows a correlation factor (R2)
equal to 0.94. This figure shows that the model represents a rel-

atively good description of the experimental data related to the
methyl/ethyl ester content at 1 h reaction time and the alcohol-
oil ratio of 1/15. The modeling results showed that the most
significant effects were the linear effects of the quantity of cat-

alyst, temperature, and the combined effects between tempera-
ture, catalyst concentration, and alcoholic route. The other
effects showed less significance.

The suitability of the linear model was also tested by anal-
ysis of variance (ANOVA) according to Table 5.

The ANOVA results (Table 5) for biodiesel production

showed the Fcal/Ftab value of 6.54, which indicates that the
model was statistically significant. Therefore, the regression
model is given in Eq. (3) was a reasonable prediction of the

experimental results, and the factors affected were real at a
95% confidence level, as already observed in Fig. 11. Based
on all the statistical planning, we can conclude that the plan-
ning gives the optimized condition at a 95% confidence level.

The maximum conversions in esters would be observed: upper
level (+1) for the catalyst quantity variables (5%) and temper-
ature (200 �C) and lower level (�1) for the alcoholic route vari-

able (methyl route).

3.9. Reuse assessment

The recovery of magnetic particles for reuse in catalytic pro-
cesses, in the most varied applications, has been highly
reflected in the literature (Baskar et al., 2018; Dai et al.,

2017; Guldhe et al., 2017). In the field of biodiesel production,
some authors have already started to report excellent perfor-
mances; for example, it is mentioned in (Ashok et al., 2019)
with the use of nanoparticles of the ZnFe2O4Mn magnetic cat-

alyst. Saxena et al. (2019), using magnetic Fe III nanocatalysts
doped with ZnO, obtained high catalytic activity for the pro-
duction of biodiesel, around 90 ± 2%, and exhibited excellent

transesterification capacity after its reuse. About the reuse of
heterogeneous catalysts, this is one of the advantages high-
Table 5 ANOVA to optimize the production of biodiesel from resi

Variation Source Quadratic Sum Degree of F

Regression 2169.52 6

Waste 147.51 9

Lack of Adjustment 63.12 1

Pure Error 84.39 8

Total 2317.03 15

F tabulated Regression 3.37 6

F tabulated Lack of Adjustment 5.32 9

% Mx. Explained 93.63

% Mx. Explainable 96.36

R2 0.94

Fit Quality 0.89

S (standard regression error) 4.05
lighted in the literature and in this case, those catalysts with
intrinsic magnetism are considered an advantageous resource,
as they can promote different results in terms of recovery and

reuse (Dantas et al., 2020; Farias et al., 2020).
In this context, the ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 magnetic

catalyst was reused in the TES reaction using the optimized

conditions: 30 g oil mass, time 1 h, and 15/1 alcohol/oil ratio,
5% by weight of catalyst and 200 �C. The conversion results
obtained on reuse are illustrated in Fig. 13.

Based on Fig. 13, it is possible to see that after 2 reuses, a
loss of about 19.23% in efficiency in the catalytic activity was
found. However, it was found that the catalyst showed an
average conversion of 90.29 ± 0.44%. Therefore, the magnetic

catalyst sample is economically viable for practical industrial
applications.

To assess possible structural modification on the ZnO-

Ni0.5Zn0.5Fe2O4-Fe2O3 catalyst during the TES reaction, ther-
mogravimetry analyses were performed before the first cat-
alytic test, and XRD analyses were accomplished before and

after the catalytic tests.
As shown in Fig. 14(a), there was no significant structural

change in the catalyst after evaluating its useful life, when com-

paring the two diffractograms before and after the TES reac-
tion. Also, it was possible to observe that the structural
parameters remained unchanged, i. e., crystallinity and crystal-
dual oil using a catalyst ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3.

reedom Quadratic Average FCalculed Fcal/Ftab

361.59 22.06 6.54

16.39 – –

63.12 5.98 1.13

10.55 – –



Fig. 14 (a) X-ray diffraction for the catalyst of ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 before and after the TES reaction, (b) Thermogravimetric

analysis (TGA) of the catalyst of ZnO-Ni0.5Zn0.5Fe2O4-Fe2O3 before the TES reaction.
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lite size showed a value of 41.2% (before 43%) and 26 nm (be-
fore 25 nm). This characteristic was confirmed with the aid of
thermogravimetric analysis (Fig. 14(b)), where it was possible

to observe that in the range up to 200 �C (maximum tempera-
ture used in TES reaction), it refers to the mass loss corre-
sponding to humidity. According to Farias et al. (2020),

subsequent mass loss events are attributed to decomposition
processes and do not interfere with the TES reaction, since that
the temperatures (180 and 200 �C) used in this work were
lower. It is also possible to verify that the catalyst shows up

to 800 �C, a total loss of mass of only 4.66%, where stabiliza-
tion is verified. This statement is consolidated in the literature
(Silva et al., 2019; Dantas et al., 2020; Farias et al., 2020) that

indicates the thermal stability of spinel-type ferrites, starting at
800 �C. Based on the above, it is evident that there was no
structural modification in the catalyst produced after the

TES reactions, and the thermal stability of the same was also
proven.

These data suggest that the decrease in catalytic capacity of

the catalyst after the second cycle of reuse may be related to
the residual presence of triglycerides, and/or unconverted fatty
acids and/or impurities arising from the frying process in the
residual oil that were possibly adsorbed on the surface of the

catalyst, preventing the participation of the active sites avail-
able for the reaction. Therefore, it becomes clear the need to
optimize the cleaning process of the residual starting oil and

the catalyst after TES reaction, for greater efficiency in subse-
quent reactions.

4. Conclusion

The Fe2O3-Ni0.5Zn0.5Fe2O4-ZnO magnetic catalyst was syn-
thesized on a pilot-scale using combustion reactions. The

pilot-scale production was safe, reproducible, and efficient.
The catalyst synthesized is ferrimagnetic (6.12 emu/g),
polyphasic (Fe2O3-Ni0.5Zn0.5Fe2O4 - ZnO), nanometric

(24 nm), and with high surface area (SBET = 52.9 m2g�1).
Before, the use of factorial design made it possible to evaluate
the process in a multivariate manner, leading to the identifica-
tion of variables that significantly influenced the response vari-
able (conversion of residual oil into esters). The factorial
design allowed to identify the influence of the variables (per-
centage of catalyst, alcoholic route, and temperature) on the

TES reaction, which, according to the statistical study, the
quantity of catalyst and temperature followed by secondary
interactions between all input variables (percentage of catalyst,

temperature, and alcoholic route), were the ones that most
affected the value of the response variable, with a significance
level of 95%. The catalyst was effective in all conditions tested
with conversions from 58% to 96%, with significantly promis-

ing results in the ethyl route. From the results obtained, it can
be concluded that the studied catalyst can be successfully
applied in the production of biodiesel, as the advantages have

surpassed traditional methods since this polyphasic catalyst is
a new product with innovative, magnetically active, and sus-
tainable characteristics, and had a catalytically active useful

life for two reuse cycles.

Acknowledgments

The authors thank CAPES/CNPq for their financial support.
References

Aghbashlo, M., Demirbas, A., 2016. Biodiesel: hopes and dreads 379

379 Biofuel Res. J. 3. https://doi.org/10.18331/BRJ2016.3.2.2.

Alaei, S., Haghighi, M., Toghiani, J., Rahmani, B.V., 2018. Magnetic

and reusable MgO/MgFe2O4 nanocatalyst for biodiesel produc-

tion from sunflower oil: influence of fuel ratio in combustion

synthesis on catalytic properties and performance. Ind. Crops

Prod. 117, 322–332. https://doi.org/10.1016/j.indcrop.2018.03.015.

Al-Hamamre, Z., Yamin, J., 2014. Parametric study of the alkali

catalyzed transesterification of waste frying oil for Biodiesel

production. Energy Convers. Manage. 79, 246–254. https://doi.

org/10.1016/j.enconman.2013.12.027.

Al-Othman, Z., 2012. A review: fundamental aspects of silicate

mesoporous materials. Materials 5, 2874–2902. https://doi.org/

10.3390/ma5122874.
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no catalisador magnético Ni0, 5Zn0, 5Fe2O4 e sua atividade

catalı́tica na produção de biodiesel por transesterificação e ester-
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