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Abstract In search of efficient ways to produce biodiesel under environmentally friendly condi-

tions, catalytic reactions have been explored with emphasis on replacing homogeneous by hetero-

geneous catalysis with the use of new catalyst types, such as the spinel ferrites, which are

described as a viable option, since they are stable, highly active, inexpensive, reusable, and allow

the easy recovery of the reaction medium through the application of magnetic fields. In this context,

the present work proposes to contribute to the consolidation of the catalytic viability of the

Ni0.5Zn0.5Fe2O4 system obtained by combustion reaction, because although previous studies

indicate the catalytic effectiveness of this system in polyphasic form, the present work seeks as dif-

ferential to evaluate the influence of the secondary phases and magnetization of the Ni-Zn system in

the conversion to biodiesel, and for this purpose, it aims to evaluate the catalytic effect of ZnO

formed as secondary phase and obtained concomitantly in the Ni-Zn ferrite synthesis, besides
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evaluating the effect of the stirring mechanism used in biodiesel production reaction by the ethyl

transesterification of soybean oil. The synthesized Ni-Zn ferrites and ZnO sample were character-

ized by X-ray diffraction (XRD), nitrogen adsorption textural analysis (BET), particle size distribu-

tion, and then, tested in two reactor types, one with magnetic stirring, and another of mechanical

stirring, to observe the magnetization effect of the material, and the characterization of the obtained

biodiesels by gas chromatography (GC) and acidity index. The performed catalytic tests showed

that the Ni-Zn ferrites promoted excellent ester conversions with values near and above 94%, thus

confirming that although ZnO also promotes good ester conversion (83.9%), the catalytic effective-

ness of the Ni-Zn ferrite is evident and independent of secondary phases. Moreover, the catalytic

tests performed in the magnetic stirring reactor using the Ni-Zn ferrites as catalysts made it possible

to realize that their magnetic properties may be interference in the catalytic effectiveness, being this,

a more determining factor than the surface characteristics.

� 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

Biodiesel is a biofuel obtained from edible or inedible veg-

etable oils, waste oils and animal fats, and recognized for its
advantages such as being renewable, biodegradable, low envi-
ronmental toxicity and higher combustion efficiency (Avhad &
Marchetti, 2015). It is already a worldwide reality and is con-

ventionally produced via transesterification or esterification of
vegetable oils or animal fats with methanol in the presence of
acidic and basic homogeneous catalysts (Ali et al., 2018; Shan

et al., 2018). Due to the scarcity of fossil resources and envi-
ronmental concerns such as greenhouse gas emissions, biodie-
sel has been steadily gaining attention as it is considered a

promising substitute for petroleum diesel in the near future
(Shan et al., 2018).

Although homogeneous catalysis conventionally used in

biodiesel production (catalysts: basic – NaOH/KOH; acidic -
H2SO4) offers high yields under moderate conditions, they
are associated with several limitations and disadvantages such
as extra neutralization step, high production cost due to the

purification process, and wastewater generation that needs
treatment (Ali et al., 2018; Guldhe et al., 2017; Ullah et al.,
2018). Due to the mentioned problems and the need for the

development and optimization of environmentally friendly
chemical biodiesel production processes, studies have been
conducted in favor of the development of innovative processes

involving the replacement of homogeneous catalysis by the use
of heterogeneous catalytic reactions based on new inorganic
solid catalysts.

In this context, recent researches have reported the use of
ternary oxides such as spinel-type ferrites as a promising pro-
posal for application in the heterogeneous catalysis for biodie-
sel production (Pereira et al., 2015; Dantas et al., 2016; Dantas

et al., 2017; Falcão et al., 2018; Alaei et al., 2018; Ashok &
Kennedy, 2019; Ashok et al., 2019; Mapossa et al., 2020), since
they have structural and magnetic properties that turn enable

the separation by magnetization, reducing the material loss,
and making possible the recovery and reuse of these solid cat-
alysts; in addition, they accelerate the purification step of the

final reaction product, as they do not cause emulsion forma-
tion in the reaction mixture, and consequently generate less
effluents (Carrera et al., 2013; Lee et al., 2014; Pereira et al.,
2015; Shan et al., 2018; Ali et al., 2018; Tang et al., 2018).
Recent researches (Dantas et al., 2016; Dantas et al., 2017;
Dantas et al., 2018) indicate that Ni-Zn ferrite presents ideal
criteria for catalysis because it has nanostructural characteris-

tics and, therefore, a high surface area, with values between
48.89 and 65.28 m2 g�1 (Dantas et al., 2017; Dantas et al.,
2018), and thus, greater amounts of active chemical sites to

participate in the reactions. A highlight for the study of
(Dantas et al. 2018), that using as catalyst the Ni-Zn nanofer-
rite obtained in the large-scale polyphasic form (Ni0.5Zn0.5Fe2-

O4/Fe2O3/ZnO) by combustion reaction, proved the high
catalytic activity of this system in the production of biodiesel
with conversion of 99.4% in methyl and ethyl esters.

Autocombustion synthesis is a consolidated method that

has also been receiving substantial attention in studies
(Prasad et al., 2014; Chagas et al., 2014; Lazarova et al.,
2019) because it is practical, fast, with satisfactory yields,

and for allowing the obtaining of single-phase material. There
are researches that attribute the synthesis of the Ni0.5Zn0.5Fe2-
O4 system via combustion reaction and still use post-reaction

heat treatments and/or simple changes in the amount of fuel,
amount of heat supplied at the time of the reaction
(Phadatare et al., 2013; Chagas et al., 2014; Chauhan et al.,

2016; Lazarova et al., 2019), due to the need to eliminate
low crystallinity secondary phases as ZnO and/or hematite,
seeking to obtain the phase of interest, Ni-Zn ferrite as a single
phase material, and thus reducing the interference factors in

their applications.
There are also studies of the application of zinc oxide in its

pure form, doped or as a support in the biodiesel production

(Liu & Zhang, 2011; Farias et al., 2015; Buchori et al., 2017;
Baskar et al., 2018), presenting promising results in catalysis,
and leading to conversions of up to 96%, depending on the

synthesis method for its obtaining, and of the reaction condi-
tions during transesterification (Liu & Zhang, 2011; Farias
et al., 2015). Many synthesis techniques of nanometric or

micrometric ZnO have been investigated in the literature, such
as vapor deposition, electrochemical deposition, co-
precipitation, sol–gel, solvothermal, hydrothermal, microwave
assisted hydrothermal technique, thermal decomposition, com-

bustion synthesis and sonochemistry synthesis (Lamba et al.,
2019). However, there is limited literature on pure ZnO
obtained by combustion for application in biodiesel synthesis

by transesterification reaction (Lamba et al., 2019).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Thus, it is relevant to investigate the feasibility of using the
zinc oxide obtained by combustion reaction in heterogeneous
catalysis and also to understand the critical factor effect, such

as the existence of ZnO as secondary phases in the composition
of Ni-Zn ferrites, as this may be determinant in the character-
istics and properties of ferrite and may consequently be a sig-

nificant influence on the catalytic effect when applied to
biodiesel production.

In this context, the present article seeks to contribute to the

consolidation of the large-scale obtainment of the single-phase
Ni0.5Zn0.5Fe2O4 system and of the pure ZnO by combustion
reaction, as well as to prove the catalytic viability of each
one, and thus answer some questions about the effect of the

presence of the secondary phase of zinc oxide formed concomi-
tantly in the synthesis of Ni-Zn ferrite on the catalytic activity.
In addition, the present study intends to evaluate in more

detail the effect of the reaction stirring mechanism used in bio-
diesel production (mechanical and magnetic), and thus the
possible interference of the magnetic property in the conver-

sion of soybean oil to ethyl esters through the transesterifica-
tion reaction.

2. Materials and methods

2.1. Materials

For the production of the catalysts Ni0.5Zn0.5Fe2O4 and ZnO,
it was used a stainless-steel container with a batch production

capacity of 200 g/product and the following reagents: nickel
(II) nitrate hexahydrate, (Dynamics - Brazil) - Ni(NO3)2�6H2-
O (99%), zinc(II) nitrate hexahydrate (Dynamics – Brazil) -
Zn(NO3)2�6H2O (98%), iron(III) nitrate nonahydrate,

(Dynamics – Brazil) - Fe(NO3)3�9H2O (99%), and urea, (Neon
– Brazil) - CO(NH2)2 (98%).

The catalytic performance of the Ni0.5Zn0.5Fe2O4 systems

obtained in polyphase/diphasic/single phase forms, and also
of ZnO were evaluated in biodiesel production by transesteri-
fication reaction of commercial (SOYA – Brazil) soybean oil in

the presence of ethanol, Dynamics - Brazil (99,8%).

2.2. Methods

2.2.1. Synthesis of the catalysts

The reactional stoichiometric composition of Ni0.5Zn0.5Fe2O4

and ZnO ceramic materials for synthesis by combustion reac-

tion by was based on the total valence of oxidizing and reduc-
ing reagents using concepts from propellant and explosive
chemistry (Jain et al., 1981). The syntheses were performed

using two heating systems (reactors), first the standard device
designed for the production of ceramic nanomaterials on a
large scale by combustion reaction, belonging to the pilot plant

referring to the patent BR 10 2012 002181–3 (Costa &
Kiminami, 2012), and a second heating reactor (which was
used also to obtain the ZnO phase), seeking to increase the
heating power to reach combustion temperatures higher than

those observed in the study of Dantas et al. (2020), which
was served as a reproducibility parameter of the Ni0.5Zn0.5Fe2-
O4 system synthesis reactions. The reactions were performed

seeking to produce ceramic nanomaterials single-phases of
Ni-Zn ferrite and ZnO directly from the combustion reaction.
2.2.2. Catalytic evaluation of the catalysts

The synthesis of biodiesel was performed in triplicate using

reaction conditions optimized by (Dantas et al., 2018):
180 �C temperature and 1 h reaction time, oil: alcohol molar
ratio of 1:15, and 3% of catalyst to oil mass (30 g).

Initially, the ferrite tests as catalysts were conducted in a
stainless-steel reactor, which holds an 80-mL borosilicate bea-
ker under pressure, using magnetic stirring, and heating pro-

moted by an electric resistance plate. The catalysts after
catalytic testing were separated by centrifugation, and the cat-
alytic test product (biodiesel) was washed with distilled water
at approximately 60 �C, oven dried and characterized.

In order to study the catalytic behavior of the catalysts,
eliminating the possible magnetic interference, it was also pro-
posed to perform the catalytic tests of Ni-Zn ferrite and of

ZnO in a stainless-steel autoclave reactor (4848 Parr reactor),
with mechanical stirring, useful volume of 100 mL, and work-
ing with maximum pressure of 200 bar, under the same synthe-

sis conditions adopted to the magnetic stirring reactor.

2.3. Characterization

All catalysts obtained were characterized by: - X-ray diffrac-
tion (XRD) using a BRUKER X-ray diffractometer (D2
PHASER model, Cu-Ka radiation), operating with copper tar-
get tube at voltage of 30.0 kV and 10.0 mA current, with

55D160 detector; - Thermogravimetric analysis (TG/DTG)
using Perkin Elmer STA 6000 TG-DTA equipment in N2

atmosphere with flow of 20 mL.min�1 and heating rate of

10 �C.min�1, using 10 mg of sample in alumina crucible, and
temperature range from 30 to 850 �C; - Density by helium
(He) gas pycnometry, performed on a Upyc 1200e v5.04 Pyc-

nometer, manufactured by Quantachrome Corporation; -
Scanning electron microscopy using field emission (SEM/
FEG) on a Philips brand microscope, model XL30 FEG; -

Analysis of magnetic measurements, using a Lake Shore
Model 7404 Vibrating Sample Magnetometer (VSM) with a
maximum applied magnetic field of 13,700 G at room temper-
ature; - Particle size distribution using the laser diffraction

technique on SZ-100 series nanoparticle analyzer (HORIBA
Scientific); - Textural analysis by nitrogen adsorption (BET),
using the surface area and pore size analyzer, Quantachrome

brand, Nova 3200 model.
Soybean oil and products resulting from catalytic tests were

characterized regarding acidity according to the official AOCS

method (Cd 3d-63). All products from the catalytic tests were
analyzed regarding percent conversion to ethyl esters using a
VARIAN 450c gas chromatograph, with flame ionization
detector, and Varian Ultimetal (Select Biodiesel Glyc-

erides + RG) stationary phase capillary column (15 m � 0.3
2 mm � 0.45 m).

3. Results and discussion

3.1. Characterization of the catalysts

Fig. 1 shows the diffractograms of the Ni-Zn ferrite synthe-
sized by combustion in the pilot plant, (a) with standard heat-

ing reactor (FNZ) and (b) with a second heating reactor higher
power 4000 W (FNZR2).



20 30 40 50 60 70 80
0

8000

16000

24000

32000

40000

48000

F
H HF H

Z

ZHZ
HH FF F F

Z

2θ (degrees)

 In
te

ns
ity

 (c
ps

)

F
ZH

F

F

FNZ

(a) F - Fe3O2Ni0.5Zn0.5O4 ; H - Fe2O3 ;  Z- ZnO

20 30 40 50 60 70 80
0

50000

100000

150000

200000

250000

F - Ni0.5Zn0.5Fe2O4; Z- ZnO(b)

FZ
F

F
F

FFF

F

F

In
te

ns
ity

 (c
ps

) 

F
Z

FNZR2

2θ (degrees)

Fig. 1 Diffractograms of the Ni-Zn ferrite synthesis product in (a) pilot plant standard heating reactor (FNZ) and (b) higher power

heating reactor (FNZR2).
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Fig. 2 TG/DTG curves of Ni-Zn ferrite synthesis product

obtained in the standard heating reactor from the pilot plant

(FNZ).
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Based on Fig. 1a, it is possible to observe that a low crys-
tallinity polyphase system was formed characterized by the
presence of the phase of interest, the cubic crystal structure

of the inverse spinel Ni0.5Zn0.5Fe2O4 identified by the standard
data card PDF 01–072-6799, besides the presence of secondary
phases: iron oxide (Fe2O3) in the rhombohedral crystalline

phase of hematite (standard card PDF 01–087-1165), and
hexagonal zinc oxide (ZnO) (standard card PDF 01–089-
1397). In a study by Dantas et al. (2018), where seeking to
obtain the system Ni0.5Zn0.5Fe2O4, the same behavior of

hematite and ZnO secondary phases presence was observed,
but reached an average combustion temperature of 800 �C,
therefore, it is believed that the formation of secondary phase

in the final product it may be related to the large quantities of
gases formed during combustion explosions as a result of the
low combustion temperature reached (388 �C).

In order to reach higher combustion temperatures, the fer-
rite Ni-Zn (FNZR2) was synthesized using a second reactor
with higher heating power (4000 W), which led to a higher

combustion temperature of 659.7 �C and a burning in the coal
form. This may have caused a slower burning during the reac-
tion, and thus promoted gas elimination, reducing the effect of
the explosion on flame combustion. Thus, as illustrated in the

diffractogram (Fig. 1b), there was the formation of the system
Ni0.5Zn0.5Fe2O4, with higher crystallinity and less amount of
secondary phase, with only traces of the phase ZnO. Thus,

the increase of the reactor heating power was efficient, since
it directly affected the combustion temperature, and even the
obtained product presenting reaction and crystalline character-

istics different from the initial reproducibility parameter
(Dantas et al., 2018), allowing to obtain a diphasic system
from the combustion reaction.

Thermogravimetric events (TG/DTG) were performed only

for ferrite Ni-Zn (FNZ) synthesized in the pilot plant with
standard heating reactor in order to observe the thermal stabil-
ity temperature and the obtained curves are illustrated in Fig. 2

from which we may determine decomposition temperatures
and mass losses (%).

From the TG/DTG curves obtained for the ferrite Ni-Zn

sample (FNZ) it was possible to observe three basic stages of
mass loss. The first stage occurred in the range from 27 to
299 �C with mass loss of 3.1% associated with water and

adsorbed gases. The second stage occurs between 299 and
445 �C with a loss of 1.1%. It can be attributed to the decom-
position of completely non decomposed nitrate residues in
combustion, since they are known to have explosive properties
and they are very evident at elevated temperatures (Olhero
et al., 2012; Ramesh et al., 2016). The third stage occurs

between 445 and 800 �C when it reaches thermal stability, with
little change in mass loss 0.5%, which may correspond to the
recrystallization of the spinel phase under study.

Considering that the combustion temperature of the
FNZR2 catalyst synthesis was 659.7 �C and the thermal stabi-
lization temperature of the FNZ polyphase catalyst according

to the thermogravimetric analysis of around 800 �C, it was
subjected to a heat treatment at a temperature of 800 �C, using
the rapid heating rate of 20 �C/min with only 5 min of burning
time, thus completely eliminating the secondary phases and

thus forming the single-phase composition of the system
Ni0.5Zn0.5Fe2O4.

The X-ray diffractograms obtained are shown in Fig. 3: (a)

FNZ ferrite calcined at 800 �C (FNZ_C) and (b) Zinc oxide
synthesized by combustion reaction in the higher power heat-
ing reactor.

The diffractogram of the FNZ_C sample (Fig. 3a) indicates
that the inverse spinel single-phase system Ni0.5Zn0.5Fe2O4 was
achieved after calcination of the polyphase FNZ ferrite sam-

ple, indicating that the temperature of 800 �C was efficient
for eliminating the secondary phases of hematite and ZnO.
These results, combined with the reports and experiences of
work already developed by our research group in recent years,



20 30 40 50 60 70 80

100000

150000

200000

250000

300000

350000

Ni0.5Zn0.5Fe2O4

(a)

62
2

2θ(degrees)

In
te

ns
ity

 (c
ps

)

111

220

311

222 400
422

400511

620 53
3

FNZ_C

20 30 40 50 60 70 80
0

3000
6000
9000

12000
15000
18000
21000
24000

101

100
002

102 210 103 212
200 201

004 202

ZnO

(b)

In
te

ns
ity

 (c
ps

)

2θ(degrees)

Fig. 3 X-ray diffractogram of the catalysts: (a) FNZ_C - Ni0.5Zn0.5Fe2O4 system and (b) ZnO.
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which has been producing different types of ferrites on a large
scale by combustion reaction (Mapossa et al., 2020; Torquato

et al., 2018; Leal et al., 2018; Dantas, et al., 2018; Dantas, J.
et al., 2017), prove the need and importance of reaching high
reaction temperatures (>800 �C) to obtain single-phase fer-

rites directly from the combustion reaction (Dantas, et al.,
2017; Diniz et al., 2014). And in cases where combustion
occurs at moderate temperatures (<600 �C), the calcination
after reaction can promote the formation of the desired

single-phase ferrite (Diniz et al., 2014; Santos, et al., 2014;
Chauhan et al., 2016).

It was also observed by the diffractogram (Fig. 3b), the

obtaining of pure ZnO that was synthesized after changing
the pilot plant reactor and it also occurred without the release
of large amounts of gases, reaching a maximum temperature of

897 �C, similar behavior to that observed for ferrite FNZR2,
thus indicating that the control of temperature and conse-
quently the reaction time may be the determining factor during

the synthesis by combustion reaction, in particular with regard
to the direct obtaining of the single-phase Ni0.5Zn0.5Fe2O4

system.
In the study by Söllradl et al. (2015), the synthesis and char-

acterization of colored ZnO-based powders is reported via
solution combustion method (SCM), which also used urea as
the reaction fuel and zinc nitrate hexahydrate as a metallic pre-

cursor, however, carried out a study of the effect of the molar
ratios of these reagents (varying between 1:1 and 10:1) to
obtain N-doped ZnO. However, they reported that the doping

of significant amounts of nitrogen and hydrogen was only pos-
sible in the sample with molar ratio of 2.3:1, while that in lower
proportions (1:1), they showed how difficult was a reliable

interpretation of the localization of the investigated elements,
since using the combination of the surface (XPS - X-ray pho-
toelectron spectroscopy) and bulk sensitive (PGAA - Prompt
Gamma Activation Analysis) techniques showed that the

quantification and identification of Nitrogen was below or
close to the detection limits of the equipment.

The ZnO obtained in the present study has similar charac-

teristics to that obtained in the study by Söllradl et al. (2015),
with molar ratio of 1:1 of urea and zinc nitrate hexahydrate,
since both presented the hexagonal ZnO formation with wurt-

zite crystalline structure and salmon-pink color. An indicative
that the amount of fuel used (calculated using the method
described by Jain et al., 1981) was adequate (in the present
study with stoichiometric coefficient, u = 1, and molar ratio

fuel/metallic precursor equivalent to ± 1.67:1), once it was
not used fuel in deficiency and neither in excess, it was the
non-formation of secondary phases arising from organic
decomposition products of the precursor reagents.

Table 1 shows the structural characteristics of the catalysts
obtained by X-ray diffraction data and He2 pycnometry, such
as crystallite size, crystallinity and density. The data made it

possible to verify that the highest crystallinity and crystallite
size were obtained for the samples FNZ_C and ZnO, which
is related to the higher temperatures to which they were sub-
mitted, attesting that the increase in temperature directly influ-

ences these characteristics.
A possible influence of the secondary phases on the relative

density characteristics was also noticed, since the FNZ sample

was the catalyst that presented the lowest density and it has
hematite in its crystalline composition, and as the Fe2O3 phase
has lower density than the one Ni-Zn ferrite phase, this

explains the lower relative density of this sample. FNZR2 fer-
rite presented higher relative density among the studied cata-
lysts, which may be related to the presence of ZnO still as a

secondary phase in its composition and which in turn has
higher density than hematite and pure Ni-Zn ferrite.

The efficiency of the combustion reaction method for the
synthesis of these materials is also proven by Dantas et al.

(2020) and Mapossa et al. (2020) who obtained the respective
systems: Ni0.5Zn0.5Fe2O4 in polyphasic form (with the presence
of ZnO and Fe2O3 phases) and Ni0.3Zn0.7Fe2O4, these with

average crystallite sizes of 37 and 20 nm and average crys-
tallinity of 62.5 and 72.0%, respectively, presenting similar
characteristics to that observed for the samples FNZ and

FNZR2 in the present study.
The structural and surface characteristics (specific surface

area - SBET, particle size - DBET, pore volume - VP and pore

diameter - DP) for the samples FNZ, FNZR2, FNZ_C and
ZnO are shown in Table 2.

The surface parameters (Table 2) of the FNZ sample com-
pared to the FNZR2 and FNZ _C samples indicate that both

pilot plant reactor modification and heat treatment promoted
a reduction in surface area and pore volume. The obtaining of
ZnO by combustion promoted the formation of a smaller sur-

face area and smaller pore volume among the synthesized cat-
alysts. This reduction in surface measures may be due to the
elimination of secondary phases and possible carbon segre-

gated traces of the surface of Ni-Zn ferrite from incomplete
burning of reagents used during synthesis. However, these data
are in agreement with the increase in the degree of crystallinity
and crystallite size observed in Table 1.

A similar behavior was observed by Lv et al. (2016) when
they synthesized one-dimensional isolated Ni0.5Zn0.5Fe2O4



Table 1 Crystallite size (D) and crystallinity of the Ni-Zn (FNZ, FNZR2 and FNZ_C) and zinc oxide samples, and their respective

experimental densities, qExp (g/cm3), obtained from He2 pycnometry analysis, and the relative density DR (%).

Sample 2h (�) D (nm) Crystallinity (%) qExp (g/cm3) *DR (%)

FNZ (3 1 1) 35.5 22.8 62.9 5.12 95

FNZR2 (3 1 1) 35.7 40.2 74.4 5.55 103

FNZ_C (3 1 1) 35.4 43.0 92.2 5.37 100

ZnO (1 0 1) 36.5 63.6 90.3 5.54 98

* DR= (qExp / qTheoretical) x100%, where qTheoretical is the theoretical density, q (g/cm3), from the crystallographic records: ZnO (5.67 g/cm3),

Ni0.5Zn0.5Fe2O4 (5.36 g/cm3) and Fe2O3 (5.28 g/cm3).

Table 2 Results of textural analysis obtained from N2 adsorption measurements for FNZ, FNZR2, FNZ_C and ZnO samples.

Sample SBET (m2/g) VP (cm3/g) DP (nm) *DBET (nm) **DBET (nm) *DBET/DXRD

FNZ 56.8 0.048 3.3 20.6 19.6 0.9

FNZR2 14.2 0.015 3.4 76.1 78.5 1.9

FNZ _C 7.0 0.007 3.4 159.6 159.3 3.7

ZnO 5.2 0.005 3.4 208.3 203.5 3.3

* Values obtained using the experimental densities q (g/cm3) from He gas pycnometry analysis;
** Values obtained using the theoretical densities q (g/cm3) from the standard crystallographic data.
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microtubes via a template assisted sol–gel method and evalu-
ated the influence of calcination temperature on the structural
and magnetic properties of the obtained NiZn ferrites micro-
tubes. The authors observed that the increase in calcination

temperature from 600 to 1000 �C caused a decrease in the
specific surface area from 80.7 to 17.0 m2/g due to an increase
of the grain size from 25.3 to 112 nm.

However, the same pore diameter was observed for all
obtained catalysts, with values around 3 nm, which is within
the range of 2 to 50 nm, in accordance with the values estab-

lished by IUPAC for pore diameter in solid structures, indicat-
ing that they have disordered surface characteristics with non-
porous regions and other regions that have mesoporous with

various types of shapes and sizes (Alothman, 2012).
The lowest mean particle diameter/mean crystallite diame-

ter (DBET/DXRD) ratio was 0.9 for the FNZ sample, close to
1.0, suggesting the formation of a monocrystalline material.

However, ferrites are characterized as polycrystalline materials
(Arboleda et al., 2018), which is evidenced and confirmed by
the results of the diphasic (FNZR2) and single-phase (FNZ_C)

samples that have *DBET/DXRD values of 1.9 and 3.7, respec-
tively, suggesting the interference of the secondary phases in
these data. For the single-phase ZnO sample, the *DBET/DXRD

ratio was 3.3 and therefore greater than 1.0, also characterizing
polycrystalline material.

Estimates of mean particle size and particle size distribution

were obtained by the dynamic light scattering technique and
the cumulative (blue) curves of the cluster distribution range
and the frequency (black) histograms of the distribution of
same diameter clusters obtained for the FNZ, FNZR2,

FNZ_C and ZnO samples are shown in Fig. 4. In addition,
we can see the median particle diameters (point separating
the cumulative frequency curve into two equal halves, D

(50%), the diameters related to the cutting of the cumulative
distribution curve D(10%) and the D(90%) and the scanning
electron microscopy (SEM) images.

From the histograms (Fig. 4) it was possible to observe that
all the samples presented frequency of asymmetric trend parti-

cle size, with values smaller than the mode (center point), and
single modal behavior (characteristic of homogeneous particle
sizes), except for the FNZ sample that showed.

These data associated with the SEM images in Fig. 4 are in
common agreement and show the influence of the presence of
secondary phase on crystalline, morphological and superficial

characteristics, being in agreement with the observed XRD
data, indicating that the temperature reached with the change
made in the power of heating of the reactor and the heat treat-

ment provided contributed to the elimination of secondary
hematite and ZnO phases possibly formed on the surface or
segregated into the main phase of the FNZ catalyst (Fig. 4a).

However, as the sample temperature increases, the charac-

teristics of fine flocculated particles, similar to fragile blocks
with high porosity, that is, become thicker, smaller in porosity,
and large uniformity in particle agglomerate sizes (Fig. 4b and

c), thus evidencing the elimination of the residue of organic
matter present in the Ni-Zn ferrite derived from direct
synthesis.

As for the zinc oxide micrograph obtained separately by
combustion reaction, there is a growth of stems in multiple
directions along a flat surface of the faces leading to the forma-

tion of a morphology similar to a cluster of flowers formed by
smooth and small plates.

Similar characteristics to that observed in the study by
Söllradl et al. (2015), in which they report the morphology

of ZnO sample powders synthesized by combustion reaction
with a hexagonal ZnO pyramid particles.

The observed mean, mode and median values are approxi-

mate for all samples, FNZ, FNZR2, FNZ_C and ZnO, are



Fig. 4 Particle size distribution and scanning electron microscopy of the catalysts: a) FNZ, b) FNZR2, c) FNZ_C and d) ZnO.
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within the cumulative volume range of particle size distribu-
tion D90% and D10% (Table 3), indicating that of in general,
combustion synthesis results in a material with granulometric

characteristics, with statistical variations that corroborate the
other performed characterizations. The samples FNZR2,
FNZ_C and ZnO also presented values of median particle size,
D(50%), smaller than 100 nm, which makes it possible to clas-
sify as nanometric catalysts. However, different from the
others, the FNZ sample was the only one to present character-

istic of micrometric granulometry.
A large particle size distribution range was observed for all

samples, with emphasis on FNZ and FNZR2 diphasic ferrite



Table 3 Values of mean, mode and median, besides the particle size distribution range referring to FNZ, FNZR2, FNZ_C and ZnO

samples.

Sample Mean (nm) Mode (nm) Median D50% (nm) Particle size distribution accumulation

range - D10%-D90% (nm)

FNZ 164.2 161.1 135.0 30.7–350.7

FNZR2 91.6 53.7 61.2 18.3–252.8

FNZ_C 71.4 53.7 60.5 21.0–247.0

ZnO 55.9 42.1 55.3 22.4–199.2
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which showed higher distribution accumulation range, which
is justifiable due to the presence of secondary phases, which

due to the high energy surface of the ceramic powders, when
in liquid medium, the Van der Waals forces act towards the
destabilization of the suspensions, by the agglomerates forma-

tion (Dantas et al., 2017).
The magnetic properties were also evaluated for the FNZ,

FNZR2 and FNZ_C catalysts, in order to observe which cat-

alyst would contribute to the best magnetization in the reac-
tion medium recovery process for possible reuse in catalysis.
The magnetic hysteresis curves M � H, that is, the magnetiza-
tion dependence M (emu/g) as a function of the applied mag-

netic field H (G) together with the saturation magnetization
values (Ms), remnant magnetization (Mr) and coercive field
(Hc) calculated from the catalyst hysteresis curves are shown

in Fig. 5.
Fig. 5 Hysteresis parameters based on the M � H hysteresis magne

(remnant magnetization) and Hc (coercive field) of the FNZ, FNZR2
The hysteresis curves of the FNZR2 and FNZ_C catalysts
illustrate the formation of very narrow, well-defined S-shaped

magnetic hysteresis with low coercive field (Hc) and remnant
magnetization (Mr) values indicating ferrimagnetic behavior
characteristic of soft magnetic materials (magnetizes and

degausses easily). The FNZ poly phase catalyst, although it
had a low residual magnetization value (Mr), it was not
observed the magnetization saturation point, suggesting a sig-

nificant interference of the presence of secondary phase or even
the crystallinity degree of the ferrites obtained in the catalyst
magnetization process.

The highest saturation magnetization value was presented

by the single-phase catalyst FNZ_C, however, the FNZR2 cat-
alyst even with ZnO residue still had a good saturation
magnetization, with only 8.6 emu/g less than the FNZ_C

ferrite, which suggests for both catalysts, a good magnetic
tic curve and their respective magnifications to determine the Mr

and FNZ_C samples.
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contribution in the separation and/or recovery process of the
catalyst from the reaction medium for possible reuse in catal-
ysis. As observed in the present study and also reported by Lv

et al. (2016), there is a significant influence of the obtaining and
calcining temperature on the structural and magnetic proper-
ties of Ni0.5Zn0.5Fe2O4-based materials, since the samples

demonstrate greater magnetization after subjected to high cal-
cination temperatures.

3.2. Characterization of the catalytic test products

3.2.1. Catalytic evaluation of the catalysts in magnetic stirring

reactor

In order to evaluate the effect of the reaction stirring mecha-
nism, the catalytic tests were initially performed using mag-
netic stirring on biodiesel production, and thus to evaluate

the interference of the magnetic property of the poly phase cat-
alyst FNZ and single-phase catalyst FNZ_C on the conversion
of soybean oil to ethyl esters. The ester conversion results

obtained from the catalytic test products are shown in Fig. 6.
As shown in Fig. 6a, the FNZ catalyst promoted a signifi-

cant ester conversion 78.2 ± 0.3%, while the FNZ_C catalyst

promoted a lower catalytic activity, with only 23.9 ± 2.5%
ester conversion which represents a reduction of 54.3% in cat-
alyst activity when using the FNZ_C catalyst. This reduction
indicates a greater interference of the catalyst magnetization

of FNZ_C with catalyst FNZ, as observed in Fig. 5. After cat-
alytic reactions these magnetic characteristics are also evident,
since part of the catalyst FNZ clings to the magnetic stirring

bar, while the entire catalyst FNZ_C clings to the magnetic
bar, as illustrated in Fig. 6a, thus indicating that the catalyst
is unable to participate fully in the reaction because of magne-

tization interference. This effect has also been reported in the
literature as a possible interfering effect on conversion, since
the studied ferrites had magnetic characteristics in the range

between 19 emu/g (Dantas et al., 2020) and 55 emu/g
(Dantas et al., 2017).

From the acidity index analysis performed for the oil and
obtained biodiesels (Fig. 6b), it is clear that the starting oil

for biodiesel production has an acidity of 1.7 mg of KOH/g
of sample, the value still within the recommended limits for
use in biodiesel production, because in this process by homo-
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acidity values of the oil and the obtained biodiesels (b).
geneous alkaline catalysis, the oil used must have specific prop-
erties in which the free fatty acid content should not exceed 1%
by mass (Carrero et al., 2015; Aboelazayem et al., 2019). After

the catalytic tests it was observed that the biodiesel produced
using the catalysts FNZ and FNZ_C maintained basically
the same acidity of the oil, with only a deviation of ± 0.4 mg

KOH/g, indicating that the free fatty acids present in the start-
ing oil were not consumed and, therefore, there was no com-
plete conversion of fatty compounds, remaining them free in

the final product.

3.2.2. Catalytic evaluation of the catalysts in mechanical stirring
reactor

In order to better study the catalytic behavior of the obtained
catalysts, we tried to eliminate the magnetic interference and
proposed to evaluate the interference of the secondary phase

on the catalytic activity of Ni-Zn ferrite. For this the catalytic
tests were performed using the mechanical stirring reactor
(Parr type reactor) and the catalysts: polyphasic (FNZ), dipha-
sic (FNZR2) and monophasic (FNZ_C), besides the mass ZnO

as this is the secondary phase that makes up the catalyst
FNZR2. The reaction conditions used in the magnetic stirring
reactor tests were maintained. The results of these catalytic

tests are illustrated in Fig. 7.
Although there is a proven catalytic activity of ZnO in bio-

diesel production when tested in mass way (Lamba et al., 2019;

Laskar et al., 2019; Dutta et al., 2019), as well as a proven cat-
alytic activity of the Ni0.5Zn0.5Fe2O4 polyphasic system (with
presence of ZnO and Fe2O3) obtained direct from the combus-

tion reaction (Dantas et al., 2018; Dantas et al., 2020), in
agreement with the results obtained in the present study
(Fig. 7a), which reinforces the questioning never before evalu-
ated, which is the phase (Ni0.5Zn0.5Fe2O4, ZnO or Fe2O3) that

would really have greater influence on the conversion into
esters when the polyphasic system is applied as catalyst in
the production of biodiesel.

Thus, from the tests carried out in the Parr reactor
(Fig. 7a), it was possible to observe that the catalysts FNZ
(polyphasic: Ni0.5Zn0.5Fe2O4, ZnO and Fe2O3), FNZR2

(diphasic: Ni0.5Zn0.5Fe2O4 and ZnO), and FNZ_C (single-
phase: Ni0.5Zn0.5Fe2O4) promoted excellent conversions in
esters with close values, with no significant variation in
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Fig. 7 Catalytic conversion for transesterification reactions using the catalysts FNZ, FNZ_C, FNZR2 and ZnO, tested on the

mechanical stirring reactor (a), and the values of acid index of the oil and the obtained biodiesels (b).
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catalytic activity for the different catalysts evaluated. And,
although ZnO also promoted a good conversion to esters

(83.9 ± 2.8%), the similarity of the results in the catalytic
effectiveness obtained from the evaluated Ni-Zn ferrites (with
or without the presence of a secondary phase) made it possible
answer the question highlighted in this study, since it indicates

that the high conversion to esters is promoted by the Ni0.5-
Zn0.5Fe2O4 system, since its catalytic activity is independent
of the existence of the oxides present as secondary phases,

and therefore, presenting enough active sites for accelerate
the transesterification reaction.

Another factor never before evaluating that it was sought

to study in the present work, it was the influence of the mag-
netic property of the catalysts on the catalytic behavior, in
which, from the results of the catalytic tests using the catalysts

FNZ and FNZ_C carried out in the mechanical stirring reac-
tors (Fig. 7a), compared to the tests performed under magnetic
stirring (Fig. 6a), it was observed a significant difference in the
catalytic activity, with an increase in the conversion values

when the tests were performed in a reactor with mechanical
stirring. This confirms that the magnetization force of the cat-
alyst used can be a determining factor in the catalytic effect

and, therefore, for catalysts with magnetic properties it is
essential that the reaction be carried out without the interfer-
ence of the magnetic stirring so that the catalyst can be free

to participate of the reaction.
It is also important to highlight that the work by Dantas

et al. (2017) and Dantas et al. (2020) reported in the literature,
evaluated the catalytic activity in the biodiesel production of

the Ni0.5Zn0.5Fe2O4 system with magnetic characteristics of
55 emu/g and 36 emu/g, which achieved conversions of 5.5
and 14% in methyl transesterification of soybean oil, respec-

tively. Although the aforementioned studies have been evalu-
ated under different reaction conditions than those adopted
in the present study, it can be confirmed the interfering effect

of the magnetic characteristic of NiZn ferrite on the catalytic
conversion of the reaction, since these were carried out under
the action of a magnetic stirring, preventing the effective par-

ticipation of these ferrites in the evaluated reactions.
Rosen (2018) highlighted the need for a careful and serious

consideration of the environmental sustainability aspects of this
sector of the biofuels industry, as although these address the

concern with energy and environmental issues in their activities,
waste is also generated that potentially affects the environment
and human health. In this context, it reports the need of
researches that use methods and indicators that aim to help in

determine the most efficient ways of synthesis and consumption
patterns in terms of resources, with cost effective and ecologi-
cally benign to the environment. Among the various methods
mentioned by Rosen (2018), the one based on life cycle assess-

ment (LCA) when applied to biodiesel production has been
widely reported by researchers looking to replace homogeneous
catalysis (Wang et al., 2017; Guldhe et al., 2017; Booramurthy

et al., 2019; Teo et al., 2019) by catalytic processes that promote
the recovery and reuse of solid catalysts.

The evaluation of the reuse cycles of ferrite-based catalysts

after proven efficiency in biodiesel production was well
reported by Dantas et al. (2020), Alaei et al. (2018), Falcão
et al. (2018), and Ashok and Kennedy (2019); however, in

the present study it was not evaluated, since among the studies
cited, the one by Dantas et al. (2020) stands out for proving
that the use of Ni-Zn ferrite is promising in the biodiesel pro-
duction when evaluating the reuse of the Ni0.5Zn0.5Fe2O4 sys-

tem, thus confirming the average conversion capacity of 98,9%
even after three cycles of reuse in the SET reaction (simultane-
ous esterification and transesterification) by methyl route.

In view of these results, it is also important to highlight that
although a high surface area is fundamental in the catalysis, as
widely highlighted in the literature (Madhawan et al., 2018), in

the present study, this was not the determining factor in the
conversion, since the surface area of FNZR2 and FNZ_C cat-
alysts were lower than FNZ (reduction of 25.0 and 87.7%
respectively), and they showed similar catalytic activity when

tested in a mechanical stirring reactor. These data also indicate
that active sites present in the evaluated catalysts are sufficient
to promote good catalytic performance and must be freely

available to participate in the reaction.
It was observed by Lamba et al. (2019), when they evalu-

ated the catalytic behavior of ZnO obtained by different meth-

ods and conditions of synthesis, that the catalysts that had
more basic active sites presented higher rates of reaction con-
stants and, however, when the evaluated catalysts presented

similar basic strength, the catalyst surface area promoted bet-
ter performance. In addition, Lamba et al. (2019) also reported
that a higher exposure of active oxygen ion in a specific ZnO
morphology or any other properties of a catalyst, such as pore

size, etc., can lead to improved rate constants for oxides with
lower basic resistance and surface area.
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The obtained results, therefore, allow to reaffirm that the
magnetization of the catalysts associated with the stirring
mechanism can influence the catalytic effectiveness, since it

can reduce the availability of the different properties of the cat-
alyst (surface area, pores and active sites) to participate of the
reaction, therefore, it is necessary to use an appropriate stirring

mechanism to promote a better mass transfer during the reac-
tion, especially when the catalyst used has magnetic property.

The acidity indices (Fig. 7b) for the biodiesels produced

with the FNZ, FNZR2, and FNZ_C catalysts in mechanical
agitation maintained the same behavior observed in the mag-
netic agitation tests, with values close to or equal to the start-
ing oil, indicating that part of the fatty acids was not consumed

or even kept free in the final product. The catalyst ZnO had a
much higher acidity than the starting oil indicating that there
was a higher production of fatty acids in the reaction and they

were not converted under the reaction conditions used.
The acidity index method was used to monitor the quality

of biofuel obtained at the end of the reaction, since the maxi-

mum limit stipulated by the ANP for biodiesel is 0.5 mg KOH/
g (ANP Resolution 42). And although the catalysts studied
showed excellent conversions, there is still a need to optimize

the reaction conditions to reach the optimal biodiesel quality
limits established by the ANP.

4. Conclusions and future perspectives

The synthesis by combustion reaction using the pilot plant
reactor was efficient in the reproducibility of the polyphasic
Ni0.5Zn0.5Fe2O4 system (FNZ). The modification in the reactor

heating power from the pilot plant, although it did not make it
possible to obtain the single-phase ferrite in directly way, it still
allowed to obtain the diphasic Ni-Zn ferrite (FNZR2), and it

was also efficient in the large-scale ZnO synthesis. The heat
treatment of the FNZ sample allowed to reach out a single-
phase Ni-Zn ferrite (FNZ_C). The particle size and micro-

scopy data indicated that the combustion reaction promotes
the formation of a material with nanometric characteristics
with low particle size asymmetry and the magnetic properties

indicated a good magnetizing force to contribute to the process
of separation and/or recovery of the catalyst from the reaction
medium. The catalytic tests in the mechanical stirring reactor
showed that Ni-Zn ferrite promoted optimum ester conver-

sions of ± 94%, and although ZnO also promoted good ester
conversion (83.9%), the results confirm that the catalytic effec-
tiveness of Ni-Zn Ferrite is independent of secondary phases.

The catalytic tests carried out in the magnetic stirring reactor
made it possible to realize that the magnetic force can be a
determining factor in the catalytic effectiveness of ferrites,

since it can reduce the availability of the different properties
of the catalyst (i.e., surface area, pores and active sites) to par-
ticipate of the reaction, therefore, it is necessary to use an
appropriate stirring mechanism to promote a better mass

transfer during the reactions.
Thus, as future prospects for the consolidation of the Ni0.5-

Zn0.5Fe2O4 system as catalysts for biodiesel production, it is

still necessary to better study the reaction conditions seeking
to produce biodiesel in milder and more economic industrial
conditions, that besides meet the conversion to esters, may also

achieve good yield and the ideal limits of biodiesel quality
established by the ANP, such as the acidity index.
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