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Abstract

Mng gZn,,Fe,0, ferrites were successfully prepared via a recycling process of spent Zn—C batteries (SZCBs) using sol—gel
auto-combustion techniques and different fuels, including citric acid and sucrose chitosan, gelatin, and egg-white. The cost of
this recycling technology, as well as the used fuels, have both economic and environmental advantages, facilitating many
promising industrial applications. XRD confirmed single-phase formation with average crystallite sizes in the range from 15 to
55 nm. The appropriate cation distribution, elucidated using structural parameters, indicated the preferential occupancy of Zn™2
ions only by the A-sites while Mn™2 and Fe*> ions preferentially occupy both A and B-sites. TEM images exhibited cubically
agglomerated particles with wide size distribution. VSM indicated a wide range of magnetization values (51.0-19.8 emu/g)
depending on the preparation route, suggesting the impact of the fuel used. The prepared ferrite using citric acid showed the
highest value, while that prepared using egg-white indicated the lowest one. The obtained coercivities indicated soft magnetic
materials with a decreasing behavior by increasing sizes. The ac-conductivity indicated semiconducting characteristics with a
noticeable improvement in the conductivity than that of the bulk ferrite. The temperature dependence of the ac-conductivity
showed a transition from ferro- to paramagnetic by increasing temperature. The estimated Curie temperatures (7) indicated an
improvement in the magnetic characteristics. In addition, the frequency dependence of ac-conductivity indicated a change in the
conduction mechanism from the electron hopping to polaron type by increasing temperature. The very high dielectric values
obtained in the order of 10° at low frequency warrant their application at low frequencies.
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Highlights

e MnggZn(,Fe,0, ferrites were prepared from spent Zn-C batteries with different fuels.
e The entire ferrites were prepared using environment-friendly auto-combustion routes.

e Ferrites were characterized using XRD, TEM, and VSM.

e The different obtained properties were investigated and discussed.

1 Introduction

During the last decades, cubic-spinel ferrites gained
extensive interest owing to their exceptional properties
and wide applications in different fields [1]. Among cubic
ferrites, manganese-zinc ferrites (Mn—ZnFe,Q,), particu-
larly, are a hot topic in scientific research due to their high
permeability, low core loss, thermal stability as well as
semiconducting characters [2]. In addition, as ferromag-
netic materials, they are comprehensively used in various
electro-magnetic applications, including core inductors,
recording heads, transformers, magnetic beads, and
amplifiers [3].

Zn—C batteries have been widely utilized as a small-sized
portable power supply for their low cost, versatility, and
ability to store energy [4]. Around the world, enormous
quantities of spent Zn—C batteries (SZCBs) were discharged
into the environment as solid wastes, which causes a dan-
gerous menace to the environmental system besides losing a
large amount of the main contents; Zn and Mn. Thus,
considering this massive Mn and Zn reservoir concentra-
tion, the recycling of SZCBs is crucial in the management
and treatment of solid waste.

The retrieval of Mn and Zn contents from SZCBs could
be processed through thermal treatment [5], extraction [6],
electrolysis [7], or precipitation [8]. In this case, the pro-
duced Mn and Zn elements were utilized as a raw resource
for producing Mn—Zn ferrites (MZFs). Recently [9-11], the
MZFs synthesis using raw materials from Zn—C batteries
via reductive strong acid leaching as precursor instead of
separation, extraction, or separation of metals followed by
their processing represents another promising approach that
gained more intensive studies. This process was found to be
simple, time-saving with low cost.

In literature, many wet synthesis routes have been uti-
lized for the MZFs preparation, including in-situ composite
[12], hydrothermal [13], heat treatment [14], solvothermal
[15], sol-gel [16], micro-emulsion [17], thermal decom-
position of oxalates [18] and polyol route [19]. Unfortu-
nately, these methods using expensive and often toxic
chemicals and consume a long time for processing.
Nowadays, auto-combustion routes are considered as one of
the promising ways to prepare such ferrites [11, 20-22].
These routes are simple, low cost, and fast besides being
environment friendly. The required heat for ferrites

formation is provided during the occurring reaction itself;
thus, no further heat processes are needed.

From all of the studies above [11-22], it was concluded
that the use of different methods resulted in the different
obtaining parameters such as lattice parameter, size, cation
distribution, magnetization, conductivity, etc., which
means gradient properties of the prepared ferrites. For this
reason, in this work, a comparative study has been per-
formed on the synthesis of MnjgZngy,Fe;04 nano-
crystalline ferrite via recycling Mn—Zn contents of the
SZ(CBs through a reductive acid leaching process followed
by the entire auto-combustion process using different
environment-friendly fuels, including citric acid, sucrose,
chitosan, gelatin and egg-white. Besides, to the best of our
knowledge, no similar study was performed in this direc-
tion. In this work, the crystal phases of the prepared fer-
rites were evaluated using X-ray diffraction (XRD); the
morphologies and chemical group function of the prepared
samples were explored using transmission electron
microscopy (TEM) and Fourier transform infrared spec-
troscopy (FT-IR), respectively. Furthermore, the magnetic
properties were studied using a vibrating sample magnet-
ometer (VSM); besides, the electrical and dielectric
properties were estimated. This work could help convert
the waste SZCBs into more valuable magnetic semi-
conducting MZFs, thus saving the environment and gain-
ing many economic benefits.

2 Materials and methods
2.1 Materials

The A-A size SZCBs (1.5V) of the same brand was
used as obtained. Analytical reagents nitrates including
Fe(NO3),-9H,0, Mn(NO3),-4H,0, and Zn(NOj3),-6H,0
(BDH) were utilized, as they are (without any more
purification) to adjust the composition ratio of the entire
metals to MnggZng,Fe;O4. Commercial — sucrose
(C1,H2,04y), gelatin from Fluka, citric acid CgHgO4
(BDH), and low molecular weight chitosan (BDH) were
used as fuel in the auto-combustion process. Also,
freshly extracted aqueous egg-white (60 ml egg-white in
40 ml distilled water) was utilized. Ammonium hydro-
xide (NH,OH) (BDH) was used to adjust pH.
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Table 1 Concentrations of the main analyzed elements in the Zn—C
battery (mg L)

Elements Mean
Mn 32257.7
Zn 65658.4
Fe 1018.07
Al 824.057
Pb 210.007
Ca 109.296
Co 56.8919
Cu 33.1049
Bi 23.2438
Cr 15.7997
Cd 15.6953
Ag 11.5064
v 7.1296
Ti 5.8176
As 5.2182
Hg 0.5239

[All ferrites have cubic structurd | (311) .
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Fig. 1 XRD patterns of the prepared Mn gZn, ,Fe,O, ferrites prepared
using different methods

2.2 SZCBs Pretreatment and elemental analysis

The SZCBs were dismantled as following; they were manually
disassembled, and the scrap, including carbon rod, copper cap,
plastics, and papers, were separated. Then, the remaining
contents containing high zinc and manganese compositions
were crushed, ground, washed with distilled water, dried, and
weighed. After that, the obtained mixture was then leached in
5 M nitric acid; HNOj containing 2 wt% of hydrogen peroxide
(H,0,) under stirring at about 60 °C until complete dissolu-
tion. Finally, the filtrate was analyzed for its metal constituents
by atomic absorption spectroscopy (AAS). The chemical
compositions of different analyzed metals (Table 1) were
previously published [11].

@ Springer

2.3 Synthesis and characterization of
Mng 3Zng ,Fe,04 nanoparticles

Mn gZn ,Fe,O,4 nano-sized ferrites were prepared using the
sol-gel auto-combustion technique, using different pre-
cursors including citric acid, sucrose, chitosan, gelatin, and
egg-white as fuel. The details of the synthesis procedures
are already discussed in our previous publications
[11, 21-23]. Generally, stoichiometric amounts of zinc,
manganese, and iron nitrates, equivalent to Mng gZn ,Fe,O4
composition, were added to the analyzed filtrate and stirred
at 60 °C. The solution pH was controlled to about 7 by
adding diluted ammonium solution before adding pre-
cursors, except in the case of gelatin and egg-white fuels.
After aging with evaporation at about 100 °C, the obtained
sticky gel was initiated to be auto-combusted with releasing
dense gases and heat. The obtained powders were named
following their precursors.

The representing of the auto-combustion reactions
appears to be more complex in the case of egg-white,
gelatin, and chitosan, being they include more than one
amino acid. However, the expected auto-combustion reac-
tions that resulted in the ferrite formation could be repre-
sented in the case of citric acid and sucrose, respectively as:

0.8MH(NO3)2'4H20 + ZFe(N03)3-9H20 + C¢HgO5-
H,O + O.2Zl‘l(NO3)2'6H20 —
Mn0_82n0_2F6204 + 4N2 + 6C02 + 27.4H20 + 5.502

0.8Mn(NO3),-4H,0 + 2Fe(NO3);-9H,0 +
0.2ZII(NO3)2'6H20 + C1pH2» 041 +20, —
MHOA82H0A2F6204 + 12C02 + 4N2 + 334H20

The prepared MnggZng,Fe,O, ferrites’ XRD patterns
were characterized using X-ray diffractometer model D8
Advance (Bruker, USA) with 40kV, 25mA, and CuKa
irradiation; TEM images performed using the model JEOL
2010 (JEOL, Japan); FT-IR spectra were recorded using the
ALPHA II (Bruker, USA) with KBr technique; hysteresis
loops measured using the VSM-8600M model (Quantum
Design Inc., USA) vibrating sample magnetometer operated
up to a magnetic field of 15kOe. The electrical and
dielectric properties were studied on pellets using the Hioki
LCR high model tester 3531 (Hioki, Japan) at temperatures
up to 673 K and different frequencies.

3 Results and discussion

XRD patterns of the synthesized Mng gZng,Fe,0O, ferrites
using different methods are shown in Fig. 1. According to
the JCPDS card No. 74-2402 and previously published
works [11, 21-23], the prepared MnqgZn,,Fe,0, ferrites
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S possess a cubic spinel structure. The crystallite size (L),
in g g % E § lattice parameter (agy,), X-ray density (D,), and cation
distributions are listed in Table 2. XRD pattern of the
g e o e o sample prepared using chitosan as fuel and measured for the
gl 3T L8223 first time indicated a similar trend as those prepared using
e — o % other methods. In addition, the absence of any secondary
SlE GRS R 8 diffraction peaks indicated the formation of the complete
= ferrite without the need for further calcination.
g o e e As previously described in [11, 21, 22], an appropriate
TE w‘é oo oo cation distribution was elucidated using the calculated lat-
Bl X XXX tice parameters (a;) and the preferential occupancy of the
S =R IR BN entire cations (Mn"2, Zn™2, and Fe™) in different crystal-
o line lattices (A and B-sites). Generally, the calculated lattice
§ S22z 23 parameters were in excellent agreement with the experi-
— mentally obtained ones (Table 2). The cation distribution of
@ the prepared ferrite using the chitosan route was elucidated
S e 8 3 5 3 by comparing its experimental lattice parameters with those
5 reported for other ferrites.
E Generally, the estimated cation distribution of the different
Tl g oy« studied ferrites (Table 2) indicated the preferential occupancy
3 slege - o of Zn*? ions only by the tetrahedral A-sites. In contrast, the
G &) Mn*? jons preferentially occupy both A and B-sites. In
TE) g addition, the prepared ferrites using sucrose, chitosan, and
i @252 gelatin methods showed similar cation distribution as
% S|le AT a= (Zny,Mng 4Feg 4)[Mng 4Fe; ¢]O4, while others prepared
g g through citric acid and egg-white methods exhibited less Mn ™
ff;; E T Lz ions at tetrahedral sites: (ZHO.ZQMHO.ZFSOAG)[MITOﬁFe].4]O4~ ’
£ - The calculated X-ray densities of the ferrites prepared via
3|k citric acid and egg-white methods appeared to be higher
2| o than those calculated by other methods depending on their
= el ISl =28 lower volume (aExf). The average calculated crystallite
2 RS sizes (L) exhibited nano-crystalline characteristics of all the
E g studied ferrites ranging from 15 to 55 nm. The ferrite pre-
Q:r Jlegagae pared using citric acid indicated the smaller sizes, while the
% 2l e o o o o prepared using egg white exhibited the higher ones.
Ni i § 5 5 5 § TEM images (Fig. 2) confirmed the nano-crystalline
S| S| o 6 0 5 o characteristics of the studied ferrites. The images captured
E 2 by TEM showed cubic conglomerated particles with wide
; £ = § g § § size distribution. The averages of the particle size are
glélesssg summarized in Table 2. The reported values generally
§ v e e o exhibited higher values than calculated crystallite sizes via
ié; % % % % % XRD, which may be attributed to the agglomeration phe-
‘a‘;) i) ;}; ‘% L{i i nomena. This agglomeration could arise mainly from the
é’) §° 2& E‘E 2& § permanent magnetization of particles exerting a permanent
g é 5555 magnetic moment commensurate to their volume [24] or
% _E [2: L‘Li [ii L‘Li ii due t{)zgl]le slow particle’s growth during the synthesis pro-
= RZ] S ° o o 9 cess .
‘é g % ﬁ; [‘\jor ﬁ; NZ The prepared ferrite using the egg-white method (Fig.
E g g g g g g 2b) showed the least agglomerated one compared to that
2 prepared using the citric acid route (Fig. 2a), which
: e ?é o § E exhibited the highest agglomeration. This behavior could be
2 2 2 é _é ks i easily discussed through their related magnetic properties,
s | 2 = 53 2 9 &) .
F|l=Z210 20 Om as will be presented later.
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Fig. 2 TEM images of the prepared Mng gZn, ,Fe,0, ferrites prepared using different fuels. (a) Citrate, (b) egg-white, (c) gelatin, (d) sucrose and €
chitosan. Scale bar = 100 nm
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Fig. 3 Hysteresis loops for the prepared MnggZn,,Fe,O4 ferrites
prepared using different methods

The hysteresis loops of Mn gZn, ,Fe,O, ferrites prepared
using different methods are exhibited in Fig. 3. The dif-
ferent estimated magnetic parameters are summarized in
Table 2. The studied samples indicated ferromagnetic
behavior with harmonic saturation magnetization values
(M;) ranging between 51.0 and 19.8 emu/g. The prepared
ferrite using citric acid showed the highest value while
using the egg-white displayed the lowest one. This obtained
wide range of magnetization could achieve a variety of
applications according to the needed magnetic properties.

Generally, the obtained magnetization from all the pre-
pared ferrites appeared to be lower than that reported for the
bulk Mng gZng,Fe,04 (83.82 emu/g) [26]. In addition, the
obtained magnetization values seemed to have lower values
than those already reported in the literature for
Mn gZn ,Fe,0,4 prepared using different sol-gel methods
[27-29]. This difference could be attributed to the source of
the used chemicals (the spent Zn—C battery), size effect,
disordered spins within a surface layer, or simply to the
expected difference in the cation distribution [30, 31].

A comparative study for the obtained magnetization
values (Table 2) showed different values depending on the
preparation route, indicating the impact of the fuel used
during the auto-combustion process. The obvious difference
in the magnetization values despite similar estimated cation
distribution, for example, in the case of ferrites prepared by
sucrose, chitosan, and gelatin methods (Table 2), showed
that the cation distribution could be not the only agent that
influences the magnetization. Still, other agents such as size,
disordered spins, defects, surface effect, or strains must also
be taken into consideration. Also, it could be observed that
the larger the crystallinity, the greater the magnetization
value, as can be seen from XRD patterns (Fig. 1) of ferrites
prepared using citric acid, sucrose, and chitosan. Similar
behavior was reported in the literature for MZFs prepared
by co-precipitation and ball-milled routes [32, 33].

The obtained coercivity values (Table 2) indicated soft
magnetic materials, which means ease in magnetization and
demagnetization effects. The prepared ferrite through the
chitosan method showed the least coercivity (87 Oe) while
that prepared via the citric acid route exhibited the larger
one (175 Oe). The coercivity is well known to be a micro-
structure property [34], since it has proportional relations
with size, defects, strains, surface effect, etc. From a close
look at Table 2, one can observe the coercivity dependence
on particle sizes through comparing coercivities (H,) and
sizes (D) of ferrites prepared via citric acid and chitosan
methods. It is clear that the coercivity showed a decreasing
behavior with increasing size. Generally, the coercivities
recorded in this work showed higher values than those in
the published work for Mng gZng ,Fe,0O, ferrite prepared via
auto-combustion routes [35, 36].

Overall, the obtained squareness ratios (M,/M;) (where
M, refers to remanent magnetization, i.e., magnetization at
zero magnetic field strength) as reported in Table 2, indi-
cated according to the literature [12, 37, 38], that the pre-
sently prepared ferrites are of multi-domains since their
values are lower than 0.5. Accordingly, the domain wall
could move smoother under the magnetic field, and the
main magnetization mechanism will be the reversible
domain wall motion [12, 39].

The natural logarithms of the electrical conductivities
(Ino) versus reciprocal absolute temperature (1000/T) were
represented in Fig. 4; they exhibited semiconducting char-
acteristics for all studied ferrites, where the electrical con-
ductivity displayed a progressive increase while increasing
temperature. The noticeable diminution in the electrical
conductivity values at initial temperatures could be referred
to, as previously described in our publication [40], as the
evaporation of physically adsorbed water formed during
samples’ preparation for conductivity measurements. The
release of this water (behaving as an electron donor) by
increasing temperature decreases the conductivity up to
temperatures varying with respect to the studied ferrite
between 350 and 390 K (Fig. 4).

At the applied frequency of 500kHz, the conductivity
values were estimated at the end of water evaporation to assure
that the measured conductivity was only attributed to the entire
ferrite without any water content, the measured values were
summarized in Table 2. The reported values indicated a nar-
row range of conductivities in which the ferrite prepared using
the citric acid method showed the highest value, and that
prepared using gelatin showed the least one. Generally, the
obtained values in the present work indicated an obvious
improvement in the conductivity than that of the bulk poly-
crystalline Mng gZn,,Fe,O4 prepared using the conventional
ceramic method (7.73 x 1078 ohm™! cm’l) [41].

The improvement in the conductivity values could
be discussed in the view of electron hopping between
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Fig. 4 Ino vs. 1000/T as a function of frequency for the prepared MngZn,,Fe,0O, ferrites prepared using different methods

mixed-valence ions of iron and manganese content. Firstly,
Iron goes as Fe’', while manganese goes as Mn?"in the
entire spinel lattice. The heat generated due to the auto-
combustion reactions during ferrites formation may lead to
the evaporation of some Zn"? ions from the spinel lattice,
resulting in non-stoichiometry in the charge balance [42].
Besides, the formation of Mn™? into the lattice at the
expense of the lost Zn"? ions increases this charge imbal-
ance. Some of the Fe™ ions could be converted into Fe*?
ions to overcome this imbalance and retains charge neu-
trality. Thus, in such ferrites type, the presence of Fe?"and
Mn>* ions could increase the hopping between Fe?" « Fe’*
and Mn*" & Mn*" ions resulting in increasing conductivity.

In the ascending part of the conductivity vs. tempera-
ture (Fig. 4), the change in the slope resulted in the
appearance of two distinct ascending regions given the
names; low temperature and high-temperature regions,

@ Springer

respectively. This change in the slope by increasing
temperature was assigned by Ravinder and Latha [41] to
the magnetic transition from ferromagnetic at low-
temperature range to paramagnetic at high-temperature
range. The temperature at which such transition occurred
is called Curie temperature (7¢); it agreed well with that
estimated for MZFs [41]. The listed values of T (Table 2)
indicated obviously higher values than that reported for
bulk Mng gZn,,Fe,04 (521 K) indicating, an improvement
in the magnetic characteristics.

The activation energies in the ferromagnetic (Ey) and
paramagnetic (E,) regions were obtained using Arrhenius
plots of the relation; ¢ = 6gexp —(E,/KT); they were
tabulated in Table 2. It is clear from this table that the
estimated activation energies in the paramagnetic regions
showed higher values than that those in the ferromagnetic
regions, which agreed well with Irkhin and Turov’s
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Fig. 5 Ino vs. frequency as a function of temperatures for the prepared Mn gZn,,Fe,0, ferrites prepared using different methods

theory [43] and reported values for other similar mixed
ferrites [41, 44].

Figure 5 illustrates the variation in the measured con-
ductivity against applied frequencies at different absolute
temperatures for the studied ferrites. From the figure, an
increase in the electrical conductivity could be observed
with increasing the applied frequencies at low temperatures,
which changed to frequency-independent behaviors at high
temperatures. In this category, the applied frequency
seemed to be a pumping force that plays an important role
in facilitating the liberation of the trapped charges and
smoothing their switching between localized states [40].
The created lattice vibrations start dispersing the charge
carriers at the high temperatures range, leading to over-
comes the frequencies’ effects. According to the previous
studies on similar ferrite systems [40, 45-47], the noticed
behavior in the electrical conductivity vs. applied

frequencies as different temperatures could be referred to as
the conduction mechanism gets changed. The gradual
increase in conductivity vs. frequency at lower temperatures
could result from the electron hopping, while that almost
linear behavior at higher temperatures could be assigned to
the polaron type conduction.

The ferrites’ dielectric properties depend mainly on
structural factors [48]. The plots of both dielectric constants
and dielectric loss vs. applied frequencies at different
absolute temperatures of MngZn,,Fe,0, ferrites prepared
using different methods were exhibited in Figs. 6 and 7,
respectively. From the figures, it is well clear that the
dielectric values are both frequency and temperature-
dependent. By increasing frequency, the dielectric values
showed an exponential decay while gradually increase with
increasing temperature. In addition, they showed frequency
dependence at lower frequencies while, at higher ones a

@ Springer
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Fig. 6 Dielectric constant (¢’) vs. frequency as a function of temperature for the prepared Mng gZn ,Fe,0, ferrites prepared using different methods

nearly constant values. The high values of the dielectric
constants obtained at lower frequencies agreed well with
that reported for MZFs [48].

The dielectric parameters can be explained according to the
Maxwell-Wagner model in the line of Koop’s phenomen-
ological hypothesis [49]. At low frequencies, the interfacial
polarization could be increased on the applied electric field due
to the piling of hopping electrons at poor conducting grain
boundaries. Therefore, the more the hopping between Fe?™ <
Fe* and Mn®>" < Mn?" ions, the more the interfacial polar-
ization is due to the smooth electron transfer, causing higher
values of the dielectric constant [50]. The dipoles cannot fol-
low up the frequency variations while maximizing the fre-
quencies, causing decreases in the dielectric values. At high
frequencies, the atomic and electronic polarizations could be
the main factors, and hence the dielectric parameters are
almost independent of frequency and become steady [48].

@ Springer

The very high dielectric values obtained in the order of
10° at low frequency (Fig. 6) could be resulted by space
charge polarization, which can reduce the penetrating
depth of the electromagnetic radiation by increasing the
skin effect and thus warrant their application at low fre-
quencies [48, 51].

4 Conclusions

Nano-crystalline MnggZn,,Fe,O, ferrites have been suc-
cessfully synthesized using SZCBs via different sol-gel auto-
combustion methods. XRD results confirmed a single-phase
structure without the need for any further calcination. An
appropriate cation distribution was elucidated using structural
parameters. The obtained averages crystallite sizes (L) were
in the range of 15 to 55nm. TEM images showed cubic
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Fig. 7 Dielectric loss (") vs. frequency as a function of temperatures for the prepared Mng gZng ,Fe,0, ferrites prepared using different methods

agglomerated particles with wide size distribution. VSM
measurements indicated saturation magnetization values (M)
ranging between 51.0 and 19.8 emu/g, which are lower than
that reported for bulk Mn,gZn,,Fe,0, ferrite (83.82 emu/g)
and those other prepared via sol-gel routes already reported
in the literature. The prepared ferrite using citric acid showed
the highest value, while that prepared using the egg-white
method indicated the lowest one. On the other hand, the
coercivities obtained are higher than those reported in the
literature. The electrical conductivity investigations indicated
semiconducting behaviors with an obvious improvement in
the conductivity than that of the bulk polycrystalline
Mnyg sZng,Fe;04 (7.73 % 1078 ohm ™' cm™'). The measure-
ments also showed a ferro- to paramagnetic transition with
higher values of Curie temperatures (7¢) than that reported
for bulk MnggZng,Fe,O4 (521 K), indicating an improve-
ment in the magnetic characteristics. The very high dielectric

values obtained in the order of 10° at low frequency warrant
their application at low frequencies.
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