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KEYWORDS Abstract In this study, catalytic performance of nanoferrites NiFe,O4 and Nig3Zng;Fe>Oy is
Nickel—ferrite: reported. Nickel-ferrite and mixed nickel-zinc ferrite were successfully synthesized by combustion
Nickel-zinc ferrite; reaction using a conical reactor with production of 10 g per batch. Crystallinity and purity or quan-
Combustion reaction; titative analysis of the catalyst were checked by using X-ray diffraction and energy dispersive X-ray
Transesterification reaction; analysis. Surface chemistry was examined via Fourier transform infrared (FTIR) analysis; N,
Biodiesel physisorption at 77 K was conducted to obtain textural properties of the catalyst; a thermogravi-

metric analysis, a scanning electron microscope and a transmission electron microscopy were used
to check the thermal stability and morphology of the catalyst, respectively. The catalysts were used
to convert soybean oil into biodiesel in a batch mode and the reaction mixture was analyzed using a
pre-calibrated gas chromatograph (GC). The presence of a single-phase spinel structure in the syn-
thesized nanoparticles was confirmed by the XRD results. The Nig 3Zn, ;Fe,O,4 had a lower surface
area value of 71.5m?g~" and higher saturation magnetization value of 31.50 emu/g than sample
NiFe,O, which had 87.6 m?g~! and 17.85 emu/g, respectively. Biodiesel yield of 94% was obtained
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with Nig 3Zng ;Fe,04 and 49% was obtained with NiFe,O4. Better performance of Nij3Zng ;Fe;O4
when compared to that of NiFe,O4 could be attributed to higher acidity of the former. Findings
from this study suggest that the development of nickel-zinc ferrite nanoparticles as magnetic hetero-
geneous catalysts could provide an environmentally friendly platform for biodiesel production.

© 2019 Production and hosting 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 one the potential renewable energy preferred as an
alternative source of energy to petrol-derived diesel. It is
biodegradable, non-toxic and could be easily produced
through esterification or transesterification processes (Zhang
et al., 2016). Alcohol, and triglycerides obtained from veg-
etable oils and animals fats are the raw materials to produce
biodiesel (Lopez et al., 2005).

The conventional catalysts applied in the esterification and
transesterification processes to produce biodiesel are homoge-
neous catalysts. Unfortunately, these catalysts are very difficult
to separate from the reaction mixture and must be neutralized
and washed at the end of reaction, thereby resulting difficulties
in separation and recycling of spent catalysts (Lopez et al.,
2005). Therefore, further development of homogeneous cata-
lysts is limited (Liu et al., 2016). The enzymatic esterification
and transesterification of triglycerides are an option but suffers
from high costs and the unstable behaviour of the various
enzymes employed in the process (Degirmenbasi et al., 2015).
To solve these problems, heterogeneous catalyst is proposed
as a potential class of catalyst to alleviate the aforementioned
difficulties. More specifically, heterogeneous catalysts obtained
via a green process could be instrumental to reducing emis-
sions of environmental pollutants (Liu et al., 2016).

Various solid catalysts such as metal oxides (Zhao et al.,
2018; Xie et al., 2018; Yang et al., 2019; Zhang et al., 2019),
composite metal oxides, zeolites, hydrotalcites, anion exchange
resins and lipase immobilized on various supports have been
tested in different areas in particular for biodiesel production.
Among the aforementioned catalysts, ferrimagnetic oxides, or
ferrites, are very attractive materials due to their outstanding
physical properties and high applicability in nanotechnology
(Andjelkovic et al., 2018). These materials are widely used as
industrial ceramics where nanomaterials with improved perfor-
mances are required because of their excellent electrical and
magnetic properties (Sundararajan and Srinivasan, 1991;
Goldman, 1993) and considerable chemical and thermal stabil-
ity. Magnetic properties of ferrites are tightly bound to the
position of the divalent cations in the crystal structure. Ferrites
crystallize in a spinel structure (cubic space group Fm3d),
where divalent and trivalent cations are arranged among tetra-
hedral and octahedral sites (Deepty et al., 2019). Magnetic
divalent cations (Ni*>¥) have strong preference for the octahe-
dral sites, and thus, NiFe,Oy4 is an inverse spinel. In contrast,
diamagnetic divalent cations, such as Zn>", occupy tetrahe-
dral sites. Therefore, the structure of ZnFe,O, is a normal spi-
nel. Due to the opposite path of crystallization, the properties
of NiFe,O, and ZnFe,O4 are diametrically different, i.e.,
NiFe,0y is ferrimagnetic with a curie temperature ~ 858 K,
while ZnFe,O4 shows antiferromagnetic ordering below 9 K.
The composition of a ferrite can be modified without

compromising its basic crystalline structure, indicating that
properties of the materials can be easily tuned just by varying
the ratio of the divalent cations (Andjelkovi¢ et al., 2018).
Mixed nickel-zinc ferrites has the general site occupancy
(anFel7x)tetrahedral[Nilfoel +x]octahedralo4’ where the compo-
sition varies from NiFe,O4 (x = 0) to ZnFe,O4 (x = 1), result-
ing in the redistribution of metal ions over the tetrahedral and
octahedral sites and modification of the properties (Costa
et al., 2002a; Andjelkovi¢ et al., 2018).

Preparation methodology is essential for controlling the
physical properties of the materials, such as magnetic, electri-
cal and optical (Hajalilou and Mazlan, 2016). On other hand,
different methods for the synthesis of nanocrystalline ferrites
have been developed to optimize low-cost synthesis material
with the desired characteristic ratio (Hajalilou and Mazlan,
2016; Hazra and Ghosh, 2014). A variety of methodologies
such as solid-state reaction by microwave (Amiri et al., 2011;
Gupta et al., 2007; Liu et al., 2014), sonochemical synthesis
(Shafi et al., 1997), citrate precursor (Prasad and Gajbhiye,
1998), sol-gel (Chen and He, 2001), co-precipitation (Shi
et al., 1999; Yang et al., 1999), combustion reaction (Dantas
et al., 2017), micro-emulsion (Abbas et al., 2017), hydrother-
mal (Chen et al., 2016), are available in the literature for the
synthesis of these spinel nanoferrites with different
modifications.

Among the above-mentioned methods, combustion reac-
tion synthesis method has received attention from researchers
over recent years to develop nanomaterials (Diniz et al., 2004;
Andrade et al., 2005; Syue et al., 2011; Santos et al., 2012;
Rezlescu et al., 2013; Gabal et al., 2014; Shanmugavel et al.,
2014; Tholkappiyan and Vishista, 2014; Murugesan et al.,
2014). This method is suitable for the synthesis and processing
of ceramic materials, mainly due to the high purity, short reac-
tion time, rapid and uniform heating, energy saving, high
chemical yield and homogeneity of the final products (Cai
et al., 2013). The high purity of the material synthesized by this
method is attributed to the removal of impurities such as vola-
tile species at elevated temperatures, typically obtained during
the reaction (Ping et al., 2009). Moreover, the nanomaterials
can be produced in pilot scale of 10, 30, 100, 200 g/batch or
more via combustion reaction method (Costa et al., 2009;
Costa and Kiminami, 2012).

In catalysis, the magnetic nanoparticles have emerged as
valuable alternatives to conventional heterogeneous supports
(Abu-Reziq et al., 2006; Shylesh et al., 2009). These materials
can act as promising heterogeneous catalysts because the manip-
ulation of the nanoscale structures provides nanocatalysts with
a large number of active sites, thereby enhancing their surface
area. The advantage to work with this material is that the ferrite,
as nanomagnetic solid catalyst, can be easily separated from the
reactants by an external magnetic field (magnet). This can effec-
tively prevent loss of the catalyst and increase its recovery rate
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during the separation process (Dantas et al., 2017). Thereby
reducing the generation of waste and simplifying the processes
involved in the chemical reactions. Besides enhanced catalyst
separation from the reaction mixture, nanoferrites have high
contact area, high thermal stability and good chemical proper-
ties. These characteristics have made magnetic nanoparticles
promising catalysts for biofuels production.

For biodiesel production, the pioneering research in this
field using magnetic nanoparticles was reported by Dantas
et al. (2012) and Dantas et al. (2013).

Having reported promising results by Dantas et al. (2012)
and Dantas et al. (2013), other researchers have been exploring
the use of magnetic nanoparticles for biodiesel production. For
instance, Zhang et al. (2014) synthesized CaO/CoFe,O4 and
tested it for soybean oil transesterification into biodiesel. The
authors reported enhanced catalytic performance for the cata-
lyst when compared to CaO/ZnFe,O4 and CaO/MnFe,0y,
with a yield of 87.4% from CaO/CoFe,O,. In the same vein,
Seo et al. (2014) studied effect of different sizes of functional-
ized particles of barium ferrite (BaFe;,O;9) in microalgae bio-
fuel production with promising results reported by the authors.

Gurunathan and Ravi (2015), also studied the doped cop-
per with zinc oxide as heterogeneous catalyst for methanolic
transesterification of frying oil. The obtained results by the
authors showed a maximum yield of biodiesel of 97.71%
(w/w). Furthermore, (Liu et al., 2016) used MgFe,O4@CaO
as a heterogeneous catalyst for soybean oil biodiesel produc-
tion, and the authors reported good recovery potential simply
by a conventional external magnet without significant decrease
in the catalytic activity. In addition, the authors reported that
the catalyst displayed good stability and recyclability potential,
indicating that development of these catalysts as new heteroge-
neous catalysts could provide an environmentally friendly way
to produce biodiesel.

Against this background, the present study investigated the
catalytic performance of NiFe,O4 and Nig3Zng;Fe,Oy
nanoparticles in the transesterification of soybean oil into bio-
diesel. In addition, catalytic properties such as morphology,
magnetic, acidity, zeta potential of the nanoferrites were
checked and discussed.

2. Experimental

2.1. Materials and methods

The chemicals used for the synthesis of the Ni;_  Zn,Fe,Oy4
(x = 0.0 and 0.7 mol of Zn>") nanoparticles and for the bio-
diesel production were: nickel nitrate hexahydrate - Ni(NO3),-
-6H,O (Vetec, 98%), zinc nitrate hexahydrate - Zn
(NO3)»-6H,O (Vetec, 97%), iron(IIl) nitrate nonahydrate -
Fe(NO;)3-9H,0 (Vetec, 99%), known as oxidizing agents, urea
- [(NH,),CO] (Vetec, 97%) as reducing agent, to form a redox
solution and the methanol (99% )was purchased from Sigma-
Aldrich.

For the transesterification reaction was used refined soy-
bean oil, purchased in local commerce in Campina Grande/
Paraiba-Brazil, whose physic-chemical characteristics compar-
ing to the National Agency of Sanitary Surveillance
(ANVISA) values are shown in Table 1.

The Ni;_,Zn,Fe;,O4 nanoparticles with x = 0.0 and 0.7
mols of Zn>" were synthesized by the combustion reaction

Table 1 Results of the characterization of the refined soybean

oil, compared to the expected values taken as reference.

Oil characterization Calculated Established
value value (ANVISA)

Iodine level (g 1,/100 g) 138.6 120.0-140.0

Acidity level (% oleic acid) 0.06 <0.3

Specific mass 20 °C (kg/m°) 921 919-925

method (Costa et al., 2002b). For the synthesis, the stoichio-
metric amounts of metal nitrates with urea were initially mixed
in a stainless-steel container made for production of 10 g/batch
of the final product and heated in a conical reactor (maximum
temperature of around 600 °C) up until self-ignition occurs
(combustion) (Costa and Kiminami, 2012; Vieira et al., 2014).

The combustion synthesis technique was based on the ther-
modynamic concepts of the chemistry of propellants and
explosives, involving redox reaction mixtures that contain
the metal ions of interest, such as oxidizing reagents, and a
fuel, usually urea (CO(NH,),) or glycine (C,HsNO,) as a
reducing agent (Vieira et al., 2014). The reducing agent (urea),
has proven to be the most convenient fuel to use because it is
readily available commercially, is cheap and generates the
highest temperature, although fuel-rich mixtures might pro-
duce prematurely sintered particle agglomerates (Segadaes
et al., 1998). According to propellant chemistry, the oxidizing
and reducing valences of different elements are as follows:
Ni=+2;, Zn= +2;, Fe=+3 C=+4, H= +1;
O = —2. In a urea to nitrate reaction, total reducing valences
of urea is +6 and total oxidizing valences of nitrates (Ni
(NO3)> : Fe(NOj);; 1:2) or (Ni(NO3), : Zn(NOsj), : Fe
(NO3)3; 0.3:0.7:2) for NiFe,O4 and Nig3Zn, 7Fe,04 ferrite, is
—40. Therefore, fuel (CO(NH;),) — nitrate composition
become —40 + 6n = 0; n = 6.67 mol in the reaction. Because
it is a complete combustion, the stoichiometric reaction
(®e = 1) follows the definition described for the oxygen bal-
ance equals zero. To achieve this, all the oxygen content from
the metal nitrates must be completely oxidized by fuel present
in the mixture (Hwang et al, 2005). Based on this, chemical
reactions for combustion method can be expressed as follows:

(a) Ni(NO3)»-6H,0() + 2Fe(NO3); 9H:0,) + 6.67(NH,),-
CO(S) s NiF€204(S) + 6.67C02(g + 37.33H20(g)
+ 10.67 NZ(g)

(b) 0.3Ni(NO3),-6H,0() + 0.7Zn(NO3),-6H,0() + 2Fe
(NO3)3-9H,0() + 6.67(NH,),COs) — Nig 3Zng7Fe204)
+ 6.67C02(g) + 37.33H20(g) + 10.67 Nz(g)

During synthesis, the reaction parameters such as the max-
imum temperature of the combustion flame (7,,,,) and initial
reaction temperature (7;) were measured using an infrared
pyrometer (Raytek, RAYR3I model + 2 °C). The reaction
time (¢,) and the flame time (7;) were measured using a digital
timer (Technos®). The synthesized products were sieved using
a mesh #325 ABNT (45 pum).

2.2. Catalyst characterization

The synthesized NiFe,O4 and Nij 3Zn, ;Fe,O4 were character-
ized using a X-ray diffractometer (model XRD 6000 equipped
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with CuKa radiation source, A = 1.542 A, a voltage of 40 kV,
current of 30 Ma). The crystallite size was calculated from the
extension X-ray line (d3;;) by the secondary diffraction line
deconvolution of the polycrystalline cerium (standard), using
the Debye- Scherrer Eq. (1) (Klung and Alexander, 1962):

KA
b= PcosO (1)

where A is the wavelength of X-ray beam, B is full width at half
maximum (FWHM) and 6 is Bragg scattering angle and K
(=0.89) is shape factor.

The theoretical lattice parameter (o) was calculated using
the following relation, represented by Eq. (2) (Satheeshkumar
et al., 2019; Bajorek et al., 2019):

8
Clep = 3\/§ [RA + \/§RB} (2)
where R4 and Rp are tetrahedral and octahedral bond lengths.
But R, =ry + r(O)and Rz = rg + r (0), here r4 and rp are
the ionic radii of tetrahedral and octahedral sites and r (O) is
the radius of oxygen ion (1.32 A).

Furthermore, the estimation of X-ray density of the ferrite
samples was done using Eq. (3) (Deepty et al., 2019):

M
o NAO(3

Py (3)
where M, N4 and a are sample’s molecular weight, Avogadro’s
number and experimental lattice constant, respectively.

The quantitative analysis of the elements (Ni, Zn, Fe and
0O) in NiFe,O4 and Nig3Zng;Fe,O4 samples was carried out
with an energy dispersive X-ray analysis (EDX), model
EDX-720, Shimadzu®.

Fourier transform infrared (FTIR) spectra of NiFe,O,4 and
Nig3Zny ;Fe,04 samples were recorded on a Perkin-Elmer
Spectrum 100 fitted with the universal attenuated total reflec-
tion (ATR) sampling accessory. The FTIR spectra were
recorded in absorbance units in the wavenumber range from
4000 to 400 cm " at a resolution of 4 cm ™. The reported spec-
tra represent averages of 16 scans.

The thermal stability of the synthesized catalysts was deter-
mined using thermogravimetric analysis (TGA) on a TA
Instruments SDT-Q600 Simultaneous TGA/DSC. Samples
weighing approximately 40 mg were heated from ambient tem-
perature up to 800 °C at a rate of 10 °C.min"!. The purge gas
was nitrogen flowing at 50 mL min~'. The weight loss was
recorded as a function of temperature.

The specific surface area of NiFe,O4 and Nig3Zng7Fe,Oy4
samples was determined using the method developed by Bru-
nauer, Emmett and Teller (BET) by gas adsorption using a
porosimeter, model 3200E YOUNG, Quantachrome®. The
particle sizes (equivalent spherical diameters) were calculated
using the Reed Eq. (4) (Reed, 1995). The pore volumes and
pore diameters were determined by the theory developed by
Brunauer, Joyner and Halenda (BJH).

6
DSger

Dprr = (4)
where Dggr is the diameter (nm), Sggt is the surface area
determined by the BET method (m?/g), p is the theoretical den-
sity (g/cm®) and 6 is an experimentally calculated factor imple-
mented for spherical particles with no roughness.

The zeta potential, acidity characterization by TPD of NH;
were also determined, and the pH was measured using a por-
table pH meter HOMIS® HO004-030, operating in the range
from 0 up tol4.

The magnetic property of Ni;_,Zn,Fe,O4 (x = 0.0 and
0.7 mol of Zn>") was determined from a vibrating sample
magnetometer (VSM), model 7404 by Lake Shore, with a max-
imum magnetic field of 13.700 G at room temperature. With
the M x H, it was possible to determine some magnetic param-
eter such as saturation magnetization (M), remanent magne-
tization (M,) and coercive field (H.) of M x H hysteresis
curve. The saturation magnetization was also determined by
fitting the field data to the function represented by Eq. (5) as
follows:

we(1-2) g

where M is the magnetization, M is the saturation magnetiza-
tion, o is the fitting parameter and H is the applied field.

Surface morphology of nickel ferrite and mixed nickel-zinc
ferrite samples were evaluated by scanning electron micro-
scopy (Shimadzu Corporation - Superscan SSX-550 SEM-
EDX). The small quantity of powders was placed onto carbon
tape on an aluminum sample holder. Excess ferrites powders
were removed using a single compressor air blast. The samples
were coated six times with carbon using an Emitech K950X
sputter coater prior to analysis. Furthermore, the morpholog-
ical aspect of the samples was also evaluated by transmission
electron microscope (TEM), HRTEM Model: JEM-3010,
JEOL-300 kV.

The active sites analysis was performed via the temperature
programmed desorption (TPD) method using NH; molecules.
In NH;-TPD studies, the solid, previously equilibrated with a
gas under well-defined temperature and partial pressure condi-
tions, is subjected to a heating under temperature and flow
schedule of an inert gas, that is, a flow gas that flows out on
the sample, by monitoring the continuous gas desorption.

2.3. Catalyst testing in biodiesel production

The catalytic performance of NiFe,O4 and Nig3Zng;Fe,Oy
during biodiesel production was evaluated during the transes-
terification of soybean oil into biodiesel in the presence of
methanol (as an alcoholysis agent). This process has been
widely used to reduce the high viscosity of triglycerides. As,
the transesterification reaction is a reversible reaction of
triglycerides with an alcohol (e.g. methanol) to produce
methyl-esters and glycerin. The reaction of transesterification
includes three steps. First, triglycerides react with methanol
(step I) to produce methyl-esters and diglycerides which fur-
ther react with methanol (step II) (d) to produce methyl-
esters and monoglycerides. Finally, the monoglycerides react
with methanol to give glycerin and methyl-esters (step II)
(Barakos et al., 2008).

Triglycerides + MeOH « Diglycerides + Methyl-esters (1)
Diglycerides + MeOH < Monoglycerides + Methyl-esters (1I1)

Monoglycerides + MeOH « Glycerin + Methyl-esters
(111)
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If the oil contains free fatty acids, the esterification reaction
of free fatty acids with methanol to produce water and methyl-
esters according to equation (IV) below takes place in parallel
with transesterification reactions:

Free fatty acids + MeOH < H,O + Methyl-esters (Iv)

In this study, for the transesterification reaction, 10 g of
soybean oil was used as the feed and the catalyst loading
was 2 wt% of the oil. The alcohol to oil ratio, the reaction tem-
perature and reaction time for the reaction were 12:1, 180 °C,
and 1 h, respectively.

At the end of each reaction, the catalyst samples were sep-
arated by a magnetic field and kept for later use. After the
nanocatalysts were separated, the mixture (methyl ester and
glycerol) was separated using a separating funnel and washed
using a distilled water. In addition, the biodiesel samples were
centrifuged for 40 min at 9000 RPM to facilitate complete sep-
aration of the components by sedimentation. The biodiesel was
analyzed using a pre-calibrated gas chromatography (VAR-
IAN 450c model) equipped with flame ionization detector
(FID). The initial temperature for the injection was at
100 °C and the oven was set at 180 °C. The detector operated
at a temperature of 380 °C.

The yield was calculated using the amount of biodiesel pro-
duced (M) divided by the amount of oil (M,), according to the
Eq. (6):

R(%) = %b x 100 (6)

0

3. Results and discussion

3.1. Measurement of reactional parameters

Table 2 lists the combustion synthesis parameters for the
Ni;_xZn.Fe;,O4 (x = 0.0 and 0.7 mol of Zn*"). The system
with high concentration of Zn®>* (x = 0.7mol of Zn>")
favored a rise in the maximum temperature by 6% and a
reduction of the flame time by 70% compared to values
obtained with the x = 0.0 sample. In addition, the Zn>" ions
affected in the reduction of the reaction time and flame com-
bustion time. This behavior was attributed to the low heat of
formation of zinc nitrate (AHf® = —551.30 kcal/mol) com-
pared to the heat of formation of nickel nitrate (AHf® =
—528.60 kcal/mol). Previous study conducted by Zhang and
Stangle (1994) reported that the temperature and combustion
reaction time are determined primarily by the transition phase,
which is an intrinsic characteristic of each system and varies
depending on material type.

Additionally, in this study the amount of the reaction prod-
ucts obtained by combustion synthesis was an average of 14 g/
reaction. This suggests that there is a good reproducibility of
product synthesized by combustion method since the container
was designed to produce 10 g/batch of final product (Costa

and Kiminami, 2012; Vieira et al., 2014). The nature of reduc-
ing agent and quantity of chemicals and type of container used
for combustion synthesis also affect the temperature and com-
bustion time. These parameters are most important in the com-
bustion reaction because in most cases they determine the
characteristics of the final product (Costa et al., 2003;
Segadaes et al., 1998).

3.2. X-ray diffraction (XRD) of the catalyst

Fig. 1 shows the X-ray diffraction patterns of the NiFe,O,4 and
Nig.3Zng ;Fe;04. The powder XRD patterns for samples
NiFe,04 and Nij 3Zng ;Fe,O4 showed the characteristic peaks
for the spinel structure. The d-values and intensities of the
diffraction agree with literature data of NiFe,O4 (JCPDF 10-
0325) and Ni0'3Zn0'7F€204 (JCPDF 52-0278) The X-I"dy
diffraction patterns show broad peaks indicating the ultrafine
nature and small crystallite size of the particles. It is important
to note that no other phases were detected. The most intensive
diffraction peaks that correspond to the characteristic crystal-
lographic planes of the spinel structure of ferrites [(2 2 0),
(311),(400),(511),(440)] can be seen in Fig. 1.

The crystallite size and the crystallinity of the samples are
shown in Table 3. The crystallite size increased slightly with
the addition of Zn?" ions, varying between 13 nm for NiFe,-
04 to 20 nm for Nig 3Zng 7Fe,04. Thus, the results are proving
the efficiency of the combustion reaction process for nanoma-
terials obtained. The high crystallite size of Nip3Zng7Fe,Oy4
obtained may be attributed to the larger ionic radii of Zn>"
compared to the ionic radii of Ni** (RZn*" = 0.84 A and
RNi** = 0.74 A) (EL-Sayed, 2002). A larger ionic radius
makes the particles more strongly bound to each other causing
an increase in agglomeration state. Previous study conducted
by Zhong et al. (2006) reported that the variation of crystallite

(a) NiFe,0,

440
(422)(51 n ¢10

Intensity (a.u)

(b) Nig,3Zng 7Fe;04

20 (Cu Ka), (%)

Fig. 1 X-ray diffraction patterns of synthesized (a) NiFe,O,4 and
(b) Ni0_3Zn0_7F6204 ferrites.

Table 2 Parameters evaluated during the combustion reaction of the NiFe,O,4 and Nij3Zn, ;Fe,0, ferrites.

Sample T; (°C) Tiax (°C) tr (s) ten (s) m; (o)
NiFe,O,4 272 £ 8 648 + 27 658.8 + 179.4 29 + 1 156 £ 1.2
Nig 3Zng 7Fe;04 2903 + 3 693 + 77 538.8 £ 63.0 17 + 8 129 + 0.8
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size for Zng 3oMng eo_xNi Fes 0304 was attributed to the ionic
radius of the constituent metals (Zn>*, Mn>* and Ni*™).

Dzunuzovi¢c et al. (2015) synthesized by combustion
method the system Ni;_,Zn,Fe,O4 system (x = 0.0; 0.3; 0.5;
0.7; 1.0). The results showed the increase of crystallite size
from 38 to 45nm. To achieve this, the authors used the
hydrated acetic acid as fuel and 25% of ammonium hydroxide.
Sutka et al. (2012) investigated the Ni;_.Zn.Fe,O,4 ferrites
(x = 0.0; 0.5 and 1.0) by spray pyrolysis and reported that
the crystallite size was around 18.8-22.9 nm. Gao et al.
(2013) evaluated the structural and magnetic properties of
the Ni;_,Zn,Fe,O4 system (x = 0.0; 0.5 and 1.0) synthesizing
the system by sol-gel method. Their results showed that the
crystallite size varied between 24.2 and 65 nm. Furthermore,
Azadmanjiri.  (2008) synthesized Ni;_ Zn,Fe,O, with
x = 0.0; 0.1; 0.2; 0.3, 0.4 mol of Zn?>" via sol-gel method,
the crystallite size of the particles obtained varied between 73
and 80 nm. However, the crystallite sizes reported by these
authors were higher compared to the values obtained in this
present study which varied between 13 and 20 nm. The results
obtained in this current study suggests that the results are bet-
ter than the results found in the literature once it was possible
obtain the synthesized in pilot-scale and nanoparticles via
combustion reaction.

The crystallinity of the products varied between 55% for
NiFe,O4 and 72% for Nigp3Zng;Fe;04. The addition of
x = 0.7mol of Zn?>" in the Ni,_,Zn,Fe,0, system indicated
that the final products were more crystalline and nanosized.
This may also be associated with the increase in the combus-
tion flame temperature.

Furthermore, the experimental and theoretical lattice
parameters (o), experimental density obtained by helium pyc-
nometer and estimation X-ray density for NiFe,O4 and Nig 3-
Zng 7Fe>O, are listed in Table 3. It was observed that the value
of the theoretical lattice parameter is close to the experimental
lattice parameter. Also, the experimental density obtained by
helium pycnometer are in reasonable agreement to the estima-
tion X-ray density. The experimental and theoretical density
for NiFe,O, ferrite were higher than experimental and theoret-
ical density Nig3Zng;Fe>QOy, this behavior causes an increase
in the experimental and theoretical lattice parameters for Nig 3-

Zng ;Fe;0O4 This behavior may be explained to the lattice
parameter of these nanoparticles that depends on the radius
of Zn>* and Ni*>" ions. The radius of Zn>* (0.82 A) is larger
than that of Ni** (0.78 A). Therefore, the increase in lattice
parameter with decreasing Ni** content is due to the replace-
ment of the smaller Ni? ¥ cation by the larger Zn>" cation
(Ajmal and Magsood, 2007; Gul et al., 2008; Shahane et al.,
2010; Andjelkovic et al., 2018). Previous studies conducted
by Chatterjee et al. (1993) reported that a variation of density
for nickel-zinc ferrite also depends on factors such as temper-
ature, synthesis time, processing method, type and quantity of
chemicals used for synthesis. On other hand, the synthesis pro-
cedure determines the structural and microstructural charac-
teristics of the materials, such as cation distribution, particle
size and kinds of defects (De Medeiros et al., 2017;
Andjelkovic et al., 2018).

3.3. Energy dispersive X-ray analysis (EDX)

Table 4 reports values of the elemental analysis obtained from
(EDX) and the nominal for NiFe,O4 and Nig3Zn, ;7Fe,O4 fer-
rites samples. The EDX analysis is indicating the quantitative
presence of Ni, Zn, Fe and O in the samples. From the EDX it
is clear that no extra impurities are present in Nig 3Zng 7Fe,Oy4
sample, however small impurities corresponding 0.13% of Si
and 0.02% of S are present in NiFe,O,4. The results show that
the values of elemental analysis obtained from (EDX) are in
close agreement with the nominal for NiFe,O; and
Ni0A3Zn0_7F62O4.

3.4. Fourier transform infrared (FTIR) spectra

FTIR spectra of the NiFe,O4 and Nig 3Zng ;Fe,0, ferrites are
shown in Fig. 2. Spinel ferrites are showed with two interstitial
sites of tetrahedral (A) and octahedral (B) sites. Waldron.
(1955)proposed that the vibrational frequency (v;) around
600-500 cm™ ! is related to the Fe’™—0O>" complex at the
tetrahedral site (A). The vibrational frequency (v,) around
450-350 cm ™~ is related to the Fe*> ' —0*~ and M?>"-0*~ com-
plexes (where M2* = Zn?", Mn?", Fe*, etc.) at octahedral

Table 3 Crystallinity and average crystallite size, experimental and theoretical lattice parameters (o), experimental density obtained
by helium pycnometer and estimation X-ray density of the NiFe,O4 and Nig 3Zn, ;Fe,O, ferrites.

Samples Crystallinity (%) D(xrp) (nm) o (A) o (A) P(Pyenometen) (g/cm?) px (g/em?)
NiFe,0,4 55 £02 13 £ 04 8.320 8.337 5.362 5.373
Nig 3Zng 7Fe>O0y4 72 + 0.1 20 + 0.3 8.464 8.413 5.330 5.334

Table 4 Values of the elemental analysis obtained from (EDX) and the nominal for NiFe,O4 and Nij3Zn(;Fe,O4 ferrites samples.

Element (OA)) l\]iFCQO[“'< Ni0_3Zn0_7FeZO4

Nominal Analysis Nominal Analysis
Ni 25.04 25.10 7.37 6.16
Zn " 19.14 17.32
Fe 47.65 47.36 46.72 49.38
(@) 27.30 27.38 26.77 27.14

24F

# The sample NiFe,O, does not contain ion Zn>" in its structure.

*0.02% impurities of S and 0.13% impurities of Si were observed in NiFe,Oy.
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Fig. 2 FTIR spectra of the nickel ferrite and mixed nickel-zinc

ferrite samples.

(B) site. In this work, the bands at 574 cm™" and 416 cm ™" rep-
resents tetrahedral and octahedral modes of NiFe,O,4 while the
bands at 555 cm ™' and 422 cm™! represented tetrahedral and
octahedral modes of Nij3Zng;Fe,Oy4, respectively.

3.5. Thermogravimetric analysis (TGA)

Fig. 3 shows the thermal behaviour of the prepared NiFe,O4
and NigsZng,Fe,O, samples. The combustion reaction
method is investigated by thermal analysis (TGA/DTG) of
the obtained samples. The TGA/DTG curves thermal decom-
position process consist of the following three stages for both
samples. The first stage takes place at the temperature range of
31-221°C and 31-200 °C for NiFe,O4 and Nij3Zn,,Fe;0y,
respectively. This is explained due to the initial breakdown
of the complex and a spontaneous combustion and evapora-
tion of absorbed water (Sivakumar et al., 2011). The sponta-
neous combustion is caused by interactions of nitrate ions
and urea with liberation of H,O, CO, and N, as the nitrate
ions provided an oxidizing environment for the combustion
of the organic components (Sivakumar et al., 2011; Guo
et al., 2010). The second weight loss region between 221 and

100
—TGA 05
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@
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85 b ] 65
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417 °C and 200-445°C for NiFe,O4 and Nig3Zng;,Fe,Oy,
respectively are attributed to the continuing oxidation of the
organic matters and decomposition of inorganic salts (Nyutu
et al., 2008; Zhang et al., 2007). The third stages at the temper-
ature range of 417-530 °C and 445-550 °C for NiFe,O4 and
Nig 3Zng ;Fe>0y, respectively are believed to be due to the for-
mation of corresponding metal oxide (Sivakumar et al., 2011).
At a temperature above 550 °C, there is no weight loss, indicat-
ing completation of thermal decomposition and formation of
spinel nickel ferrite and mixed nickel-zinc ferrite.

3.6. Textural characterization via N, adsorption/desorption at
77 K

Fig. 4 shows the adsorption/desorption isotherms of the mag-
netic nanocatalysts NiFe,O4 and Nij3Zng ;Fe,O,4 The samples
presented the same type of isotherm type V, typical of meso-
porous materials, which the main characteristic is a hysteresis
loop, and the lack of limitation of nitrogen adsorption at high
values of P/P, (Sing et al., 1985). Regarding the hysteresis
forms, the samples had had a type 3 hysteresis loop (H3),
which is characterized by different evaporation and condensa-
tion paths between the adsorption and desorption processes
sustained by the adsorbent material (Sing et al., 1985;
Korichi et al., 2012) and constitute a pore formation with
wedge, cone or parallel plate forms. Those characteristics sug-
gest that the samples display the multilayer formation and
presence of interparticle mesopores, i.e., pores originated due
to the agglomeration of small crystallites (Korichi et al.,
2012). Previous studies conducted by Koekkoek et al. (2012)
and Rouquerol et al. (1999) reported that the pores are classi-
fied according to the following size ranges: micropores when
the diameter is less than 2 nm, mesopores when the diameter
is ranged between 2 and 50 nm, and macropores when the
diameter is larger than 50 nm. Therefore, in this study, the
samples investigated are mesoporous materials, i.e., the pores
diameters of the samples are in the range 2 to 50 nm.

Table 5 shows the results of the textural parameters calcu-
lated from the isothermal adsorption/desorption data. The sur-
face area (BET) of the sample NiFe,O4 was higher compared
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Fig. 3 Thermogravimetric analysis (TGA/DTG) curves of the NiFe,O,4 and Nig3Zng ;Fe,O, ferrites.
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Fig. 4 Adsorption/desorption isotherms of the NiFe,O4 and Nij 3Zn, ;Fe,O4 nanocatalysts.

Table 5 Values of surface area (Sggt), particle size (Dggr), pore volume (Vp), Pore radius (Dv) and pore diameter (Dp) of the

NiFe,04 and Nig3Zng ;Fe;0,4 samples.

Samples Sper (m’g™") Dger (nm) Vp (em’/g) Dv (A) Dp (nm) Dggr/Tc?
NiFe,04 87.6 £ 0.4 12 £ 0.1 0.185 £+ 0.04 32.30 + 0.31 3.397 + 0.32 0.92
Nig 3Zng 7Fe>O0y4 71.5 £ 0.2 17 £ 0.3 0.170 £+ 0.02 394 + 0.43 3.952 + 0.34 0.85

# Tc = crystallite size.

Table 6 Zeta potential and pH measurements of the NiFe,O4
and Nig3Zn, ;Fe,0y, ferrites.

Samples Zeta Potential (mV) pH
NiFe;O4 —28.90 + 0.24 10.0 + 0.02
Nig 3Zng 7Fe;04 12.67 + 0.54 5.80 + 0.04

to Nig 3Zng 7Fe;0y4. This behavior may be explained due to the
increasing of maximum combustion temperature as a result of
high concentration of Zn*" in the system Ni;_,Zn,Fe,0y,
which this caused the highest crystals growth. On the other
hand, the ions of Zn>* have a larger ionic radii compared to
those of Ni?>" (RZn?>" = 0.84 A and RNi*" = 0.74 A), thus,
this affects the spinel lattice expansion resulting in a smaller
grouping of atoms with greater volume, which tends to
increase the particle size (Gao et al., 2013; EL-Sayed, 2002).
The particle size values size (12 and 17 nm, respectively), are
in close agreement with the results obtained for the crystallite
since the zinc addition favored its increase, reducing thus the
specific surface area as described previously above. In addi-
tion, it was calculated the values of ratio particle size/crystallite
size (Dggt/Tc) for both samples. However, it is known that as
closer to 1 (unity) is this ratio, further suggests that the particle
size is close to the crystal size, thus indicating that the particle
tends to be monocrystalline (Dantas et al., 2017). However, it
was observed that the both samples NiFe,O4 and Nig3Zng ;-
Fe,0y4 ferrites investigated had lower values than 1 (unity),

that is, they are very fine (nanometer), this can be justified
based on the analysis of crystallite size, which is determined
by the basal width of the diffraction peaks at half height as
Debye- Scherrer Eq. (1) (Klung and Alexander, 1962). Because
when there are very nanometer samples, the baseline is very
broad and peaks are overlapping, introducing a substantial
error in the calculation proposed for the crystallite size consid-
ering the half height and the width of the peaks (Dantas et al.,
2017). Although the surface area of sample NiFe,O, was
higher than Nij3Zng;Fe;0y, in general it could be concluded
that both samples possess high surface area.

3.7. Zeta potential and pH

Table 6 presents the zeta potential and pH of the NiFe,O4 and
Niy 3Zng ;Fe,04. The zeta potential became more positive with
an increase in zinc concentration, thereby promoting an
increase of the strength of acid sites. It can also be observed
that the variation of zeta potential with pH indicates a ten-
dency of negative surface charges in the pH range. On the
other hand, the suspension of the sample x = 0.7 showed pos-
itive surface charge of the average value of pH = 5.80 in P.
Z = 12.67 mV. This indicated that the sample is more acidic
while sample x = 0.0 had the highest pH of 10 in P.
Z = —28.9 mV, indicating that it is a basic sample. This differ-
ence in the pH values can be related to the different capacity of
protonation for the different surfaces of nanoparticles in sus-
pension (Feitoza et al., 2014). However, the degree of the zeta
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potential provides a suggestion towards the potential stability
and effective surface charge of the nanocatalysts. According to
the results obtained in this current study, it suggests the excel-
lent stability and positive potential of the nanocatalyst
Nig.3Zny 7Fe;04,

3.8. Magnetic property via VSM

Fig. 5 illustrates the magnetic behavior of the NiFe,O4 and
Nig3Zng ;Fe,0O4 ferrites. It was observed for all samples the
ferrimagnetic characteristic behavior of soft magnetic material,

NiFe204
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Fig. 5 Hysteresis curves M x H of the NiFe,O4 and Nij 3Zn, ;Fe,0y4 ferrites with their respective magnifications to determine the Mr

and Hc.
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that is, non-permanent magnetic materials which is magnetized
and demagnetized very easily with low field values due to their
small values of remnant magnetization (M,) and coercivity
(H.) but different from zero, thus showing complete formation
of the narrow magnetic hysteresis loop. It is known that the
magnetic ferrites properties are highly dependent of the struc-
ture, composition, defects, crystallites size, internal stress and
the cations distribution. According to classical literature a
demagnetizing field to be considered a soft magnetic material
shall be below 10 A/m (Dantas et al., 2017; O’handley, 2000;
Morrish, 1995; Derek, 1998; David, 1998; Buschow and De
Boer, 2003).

Table 7 reports the results of the magnetic parameters mea-
surement as saturation magnetization (Ms), remnant magneti-
zation (Mr) and coercive field (Hc) of the samples NiFe,O,4
and Nig3Zn, ;Fe,0, determined from hysteresis curves. Inter-
estingly, the NiFe,O4 ferrite had lower saturation magnetiza-
tion (Ms) and remnant magnetization (Mr) than
Nig 3Zng ;Fe,04 ferrite. In addition, the saturation magnetiza-
tion of the Nij3Zng;Fe,O4 ferrite was not much higher, this
was approximately 32 emu/g. This behavior may be explained
due a high concentration of diamagnetic Zn>" jons in the
tetrahedral sites that can cause the weakening of the magnetic
moment in the tetrahedral sites promoting spin canting effect,
which leads to a drastic reduction in the total magnetization of
the spinel lattice (Gorter, 1954; Bercoff and Bertorello, 2000).
However, the magnetic properties depend on various factors
such as the size, shape and cations distribution (Das et al.,
2016). Masrour et al. (2014) they mentioned that the magneti-
zation behavior can be explained based on changes in the
exchange interactions between the tetrahedral and octahedral
subnets due to crystallinity, particle form and magnetization
direction.

As previously reported that the magnetic nature of ferrites
is dependent on the method of their synthesis, the distribution
of cations between the interstitial tetrahedral and octahedral
sites but also on the microstructure and the particles size. It

is worth noticing, that the introduction of non-magnetic
Zn>" ions into NiFe,Oy results in the migration of Fe*>* ions
from A to B-sites, which causes the increase of the B-site mag-
netic moment and consequently an increase in the total magne-
tization (Bajorek et al., 2019). This could explain the higher
saturation magnetization of the Nij3Zng,Fe,0, ferrite when
compared to that of NiFe,O4 ferrite in this study.

3.9. Scanning electron microscopy (SEM)

SEM images for the NiFe,O4 and Nig3Zng ;Fe,O4 shown in
Fig. 6 represents difference in the surface with particles
agglomeration with diverse shapes and sizes. This difference
in the SEM images signifies that the percentage of different
ions Ni*" and Zn>" display an important role on the meso-
porous structures of spinel ferrite synthesized.

3.10. Transmission electron microscopy (TEM)

TEM images for the NiFe,O4 and Nig3Zngy7Fe;O4 shown in
Fig. 7 represents difference of the agglomeration of weak inter-
connected particles with diverse shapes and sizes, where most
of the particles appear spherical in shape however few elon-
gated particles are also present in the images. This agglomera-
tion state is probably related to the method of chemical
synthesis adopted.

3.11. Acidity of the catalysts via -NH3-TPD

The reactivity of the catalysts surface is a direct consequence of
its intrinsic characteristics, as well as its synthesis method.
However, the reactivity can be affected by conditions that
are imposed on these materials to prepare them for a given
application. Therefore, for a better accuracy of surface reactiv-
ity and to validate the claim that the materials are promising
for catalysis, insight into the acidity and basicity of the catalyst

Table 7 Measurement of the magnetic parameters, obtained from the hysteresis curves of the NiFe,O4 and Nij3Zng ;Fe,Oy ferrites.

Samples Ms (emu/g) Mr (emu/g) Hc (G) Mr/Ms
NiFe,04 17.85 0.56 23.45 0.031
Ni0A3Zn0A7F6204 31.50 1.78 48.83 0.056

Fig. 6

SEM mesoporous structures of (a) NiFe,O4 and (b) Nig3Zn, ;Fe,0y4 ferrites.
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Fig. 7 Transmission electron microscopy (TEM) of (a) NiFe,O4 and (b) Nig3Zn, ;Fe,0y ferrites.

is essential. The structural, morphological and surface reactiv-
ity characteristics exert a strong interaction with the nature,
quantity and strength of the active sites (Dantas et al., 2017).

In catalysis, it is always necessary to determine the actually
active surface, generally constituted by a set of atoms called
sites, which have catalytic activity and because they are acces-
sible to the reagents. Therefore, in the investigation of the acid
sites, it was considered that the adsorption ammonia sites
(NH5;) for the samples may be related to the interaction force
with the acid sites, which are divided into weak, moderate and
strong, according to the desorption event temperature NHs.
Adsorption sites of the weak type are those that occur in a
temperature range of 10-200 °C, the moderate nature are those
occurring from 100 to 350 °C and the strong nature those
occurring from 350 to 500 °C (Dantas et al., 2017; Dantas
et al., 2020).

Table 8 lists the results obtained from the TPD analysis. It
should be noted that the final temperature results correspond
to the average of three results obtained from NiFe,O4 and
Nig 3Zng 7Fe;0y4, as well as the volume of adsorbed NHj; corre-
sponds to the average of three results obtained from these sam-
ples after respective correction of the results, considering the
deconvolution of the desorption peaks. Thus, the results show
that the both samples are constituted of weak, moderate and
strong acid sites. Almost 83% of the volumes of their sites of
the NiFe,0,4 ferrites are of a weak and moderate while for
Nig 3Zng 7Fe>0y4 ferrite, is about 57% of the volumes their sites
are of a weak and moderate. Therefore, the results obtained
from the TPD, where the desorption events of NHj3, consid-
ered as the acidic sites present in the samples, occurred at
the final temperatures of 187, 309 and 478 °C with volumes

of 2.12; 1.38 and 0.74 mL g~ ' for NiFe,O,, and at 190, 305
and 445 °C with volumes of 1.42; 1.02 and 1.83mL g™ for
Nig.3Zng ;Fe,04, respectively.

Comparing the acid sites in the samples, we can say that the
Nig.3Zny 7Fe,04 had more acid sites of strong nature (43%)
than NiFe,O, with 17% of strong nature of the acid sites. This
behavior is corroborated by the zeta potential and pH mea-
surements results of the NiFe,O4 and Nig3Zng,Fe,O4 cata-
lysts shown in Table 6.

3.12. Catalytic test during transesterification of soybean oil to
biodiesel

Fig. 8 shows the obtained results of catalytic tests performed
through the transesterification of soybean oil to biodiesel.
Reported values are the results obtained from triplicate cat-
alytic conversion experiments.

According to the conversions values shown in Fig. 8, it was
observed that the reached result of 8.5% in the blank reagent,
that is, the methyl transesterification reaction without the cat-
alyst presence, shows the strong influence of the catalyst pres-
ence imposed on conversion of soybean oil to methyl esters,
revealing the high performance of the samples studied as a cat-
alyst for biodiesel production with yield values (effective con-
version) of 49% for NiFe,O, ferrite and in particular the
sample Nig3Zng;Fe,0y, that is highlighted with an effective
conversion of 94%. So probably the participation of these
samples as a catalyst in methyl transesterification reactions
of soybean oil was more effective and contribute to higher con-
version values.

Table 8 Type of acidity present in NiFe,O4 and Nig 3Zn, ;Fe,O,4 ferrites.

Samples Case Final temperature (°C) Volume (mL g~ ') Type of acidity
Case 1 187 2.12 Weak

NiFe,O, Case 2 309 1.38 Moderate
Case 3 468 0.74 Strong
Case 1 190 1.42 Weak

Nig 3Zng ;Fe;04 Case 2 305 1.02 Moderate
Case 3 445 1.83 Strong
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Fig. 8 Effect of the nanocatalysts Ni; _,Zn,Fe,O4 (x = 0.0 and
x = 0.7 mol of Zn>" ions) on methyl ester conversion.

In addition, the results showed that the biodiesel conversion
increased with an increase of Zn>" ions from 49% for sample
x = 0.0 to 94% for sample x = 0.7, showing that this catalyst
was more active to biodiesel conversion. On the other hand,
the presence of Zn*" ions in Ni;_,ZnFe,0, system caused
slightly a reduction in the surface area showing that this prop-
erty was not responsible for the increase in catalytic activity.
Also the Zn?" ions caused an increase in the magnetic prop-
erty, with a good saturation magnetization and strongly
attracted by an external field (magnet) which favors and facil-
itates their recovery on the environment in which they are
involved for later reuse. However, it was observed that the
acidity and zeta potential, did affect the catalytic activity of
the nanomagnetic catalysts for biodiesel production. Then,
as reported in the TPD analysis, the sample x = 0.0 was the
sample with the lowest active sites volume so that there was
no satisfactory interaction between the involved reagents.

Other authors have reported the same behaviour. For exam-
ple, Patil et al. (2014) concluded that the specific surface area is
not the main factor that affects the catalytic activity, but prob-
ably other factors associated with the electron configuration,
with the surface charges (zeta potential), with Lewis acid, as well
as, with surface defects or atomic solid failures are decisive. In
catalysis, the great advantage of magnetic nanoparticles is,
among others, the high surface area of these materials; recovery;
reusability via the use of the external magnetic field; and the
presence of basic or acidic active sites that promote the catalytic
processes (Dantas et al., 2017). Therefore, relating these mag-
netic properties, the increase of the zinc concentration was
favorable for increasing the magnetization, zeta potential and
acidity thus favoring the increase in catalytic activity.

Correlating the catalytic activity with zeta potential, it was
observed that the more positive the value of the zeta potential
implied higher catalytic performance. Hermes et al. (2014),
have compared the photocatalytic oxidation of glycerol, using
ZnO and TiO, and reported the same behavior.

The positive values of the zeta potential indicate the largest
number of positive charges on the solid surface, which attract
negative counter ions among them —OH group, which can
thus capture the vacancy generating of catalysis, leading to
the formation of *OH radicals responsible for indirect catalysis
(Patil et al., 2014).

In this present study, the zeta potential indicated to be the
most effective property that contributes to a catalytic perfor-
mance of the sample Nij3Zn,,Fe,04 compared to NiFe,Oy,.
Furthermore, the excellent catalytic activity was also directly
related to the acidity characterized by TPD of NH; and pH
values of the nanocatalysts Nig3Zng;Fe,O4, which became
more acidic. This can be related to an increase in Lewis acidity
due to presence of the zinc metal in composition. The catalytic
activity was also related to the ease of polarizability of the
Zn>" ions compared to the Ni*" ions (Ni*" < Zn>*). There-
fore, the replacement of the nickel ion by zinc ion caused an
increase of polarity due to the higher concentration of zinc
ions. The same behavior was also observed by
Sankaranarayanan et al. (2013) when investigated the catalytic
properties of various types of AB,Q, ferrites synthesized by co-
precipitation (A = Co, Ni, Cu and Zn and B = Fe) to the
transesterification of vegetable oils with methanol to produce
monoacid fatty esters (biodiesel).

Another possible explanation for the sample highlighted
Nig3Zng 7Fe>O4 to present a greater catalyst activity among
the other tested samples can be the its morphology, consisting
of agglomerates in the porous sponge form with high porosity
in the agglomerates, may have contributed to a narrower inter-
action between the reaction agents, thus culminating in more
satisfactory conversion result. The results of this study are cor-
roborated by the authors Dantas et al. (2017) and Evangelista
et al. (2016) where they reported that, although the research on
the use of heterogeneous catalysts to obtain biodiesel is still in
its early stages, it has obtained some interesting results, and the
authors also added that in the context of the search for new
heterogeneous catalysts, it is necessary development which is
more efficient, cheaper, easier to prepare and are environmen-
tally benign for large scale production.

It should also be point out that the biodiesel quality stan-
dard in Brazil is established by law; ANP Resolution
07/2008 and in the European Union; EN 14214. Both stan-
dards set minimum and maximum concentration values of dif-
ferent species present in produced biodiesel. The minimum
ester content determined by Brazilian standard and the Euro-
pean standard is 96.5% of ester in biodiesel. Therefore, in this
study, the maximum conversion of ester content obtained was
94% for Nij3Zny ;Fe,O4 which is within the standards estab-
lished by law. For sample NiFe,O, ferrite, if the reactions con-
ditions adopted are changed such as the molar ratio of alcohol:
oil, amount of catalyst, time and temperature, those can be
potential catalysts candidates to obtaining biodiesel with ester
content within the standards established by law. Therefore,
through this work it was possible to develop a final product
with extensive application possibilities, thus fulfilling our
objective of adding growth in the ceramic nanoscale a new
material, with a relatively low cost, and mainly possibility of
using a technological product directed to the society itself,
regarding to the life and the environment preservation by con-
tributing to the biodiesel production, in order to fulfil the true
science role, which is to promote the common good of society
in general.
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4. Conclusions

NiFe,04 and Nig3Zng,;Fe,O, magnetic nanoparticles were
synthesized via combustion reaction method. The XRD
results confirmed the crystalline nature and presence of
single-phase spinel structure. The presence of Zn’>' ions
affected mainly in the reduction of the surface area and this
increased in the magnetic property, acidity and zeta poten-
tial. Catalytically, the magnetic nanoferrites displayed a
maximum conversion of 94% during the transesterification
of soybean oil to biodiesel. Consequently, results docu-
mented in this study have strengthened the catalytic poten-
tial of NiFe,O4 and  Nig3Zng,Fe,O4  magnetic
nanoparticles in the production of biodiesel. In addition, this
use of these catalyst could be instrumental to reducing the
recovery cost associated with the production of biodiesel
via homogeneous catalysis and thus promote the develop-
ment environmentally benign largescale biodiesel.
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