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Nanocrystalline MnogZng2Fe,O4 was successfully synthesized via egg-white auto-combustion route
using waste Zn-C batteries as raw materials. The objective of this recycling process is to turn the
contents of these waste batteries into valuable magnetic products, which realizes both environmental
and economic benefits. Differential thermal analysis-thermogravimetry (DTA-TG) measurements were
used to characterize the auto-combustion route and ferrite formation. X-ray diffraction (XRD), Fourier
transform infrared (FT-IR), transmission electron microscopy (TEM) techniques were used to
characterize the produced ferrite. The obtained weak magnetic properties measured via vibrating
sample magnetometer (VSM) indicated the effect of the entire egg-white fuel on the combustion
process and ferrite formation. Ac-conductivity measurements indicated semiconducting properties with
transition at about 555 K attributed to change in the magnetic characterization from ferro- to
paramagnetic one. The dielectric measurements as a function of frequency and temperature showed a
gradual decrease with increasing frequency, which considered as a normal behavior of all ferrites.
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1. INTRODUCTION

Manganese-zinc ferrites are ceramic soft magnetic material having mixed spinel structure in
which Mn?*, Zn*" and Fe** ions are distributed throughout the tetrahedral and octahedral sites. This
special structure enhances their magnetic permeability, saturation magnetization, dielectric resistivity
and core losses [1-3]. Due to these excellent properties, they have been widely used in many electronic
applications such as storage systems, transformers, recording heads, drug delivery and medical
diagnostics [4,5].

For the preparation of these ferrites, many investigators have been employed a lot of various
techniques aiming at the production of smaller size crystals having more diversity and higher
performance. In this category, many wet chemical methods have been developed including:


http://www.electrochemsci.org/
mailto:mam_999@yahoo.com

Int. J. Electrochem. Sci., Vol. 13, 2018 12332

coprecipitation [6], hydrothermal [7], auto-combustion [8] and microemulsion [9]. Among these
methods, the auto-combustion was found to overcome different limitations arising from using other
methods due to its cheap, simple, fast and energy saving. In literature, many fuels were successfully
utilized in the auto-combustion reactions for the effective synthesis with modified properties such as
glycine, urea, citrate and gelatin [10-13]. As a new route, Egg-white was recently employed as a fuel
for the auto-combustion formation of many ferrites [14,15].

In the recent years, more and more zinc-carbon (Zn-C) dry batteries are used as power sources
for many electric appliances. After short lifespan, same amount are discarded as wastes. The main
components of these spent dry batteries are metallic zinc, manganese oxides and carbon. Hence, the
recovering of these metallic wastes as Mn-Zn ferrites will effectively utilize these spent batteries as
secondary metallic resources as well as solve many environmental pollution problems caused by their
abandoning.

In literature, many investigations are adopted for recycling Zn-C batteries into valuable Mn-Zn
ferrites. Kim [16] recovered Mn-Zn ferrite from spent Zn-C batteries via reductive acid leaching
followed by oxidative precipitation processes. Gabal [13-15,17] prepared Mn;ZnyFe;04 (0.2<x<0.8)
nano-crystalline ferrites through reductive acid leaching of Zn-C batteries followed by different auto-
combustion processes using citrate, urea, gelatin and sucrose as fuels. In all cases, the synthesizing
process affected the different properties as well as the performances of the obtained Mn-Zn ferrites.

The main purpose of this manuscript is to recover spent Zn-C batteries into valuable Mn-Zn
ferrite via reductive acid leaching followed by auto-combustion process utilizing environmental
friendly egg-white precursor as fuel. The structural, morphology, electrical and magnetic properties of
the obtained ferrite will be characterized using XRD, FT-IR, TEM, VSM ac-conductivity and
dielectric measurements.

2. EXPERIMENTAL

Mng sZng 2Fe,0O,4 nano-crystalline ferrites was prepared through a multi-step process including:
acid leaching, chemical treatment of Zn-C dry batteries waste and Egg-white precursor auto-
combustion route. Firstly, the spent Zn-C dry batteries raw materials were dismantled, crushed, washed
with distilled water and dried. The residues were leached in 2 mol L™ nitric acid containing 2 wt %
hydrogen peroxide under vigorous stirring at 60°C. After complete dissolution, the resultant solution
was filtered and the filtrate components were analyzed using atomic absorption spectroscopy as in our
previous work [11].

Secondly, to prepare the entire ferrite, stoichiometric ratios of pure manganese nitrate, zinc
nitrate and iron nitrate (BDH) were added to the filtrate in order to adjust Mn, Zn and Fe
concentrations to the proper ratios. The Egg-white solution (60 ml Egg-white and 40 ml distilled
water) was then added under vigorous stirring at room temperature. The formed gel precursor was
digested and evaporated at about 80°C till dryness. By rising the temperature, the obtained powder was
auto-combusted with the evolution of gases and formation of fluffy solid powder. This powder was
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given the name; as-prepared precursor and stored in a desiccator. A part of this powder was further
ignited in an electrical oven at 500°C for 1 h and kept in desiccator.

The structure and phase identification were performed using XRD Bruker axs D8 with Cu-Ka
radiation (A = 0.15418 nm) and FT-IR, Perkin—Elmer in the range of 800-200 cm™ using KBr-pellet
technique. The particle size and morphology were characterized using a JEOL 2010 TEM (100 kV).
The auto-combustion reaction was followed through differential thermal analysis-thermogravimetry
(DTA-TG) measurements in air using Perkin Elmer thermal analyzer. The magnetic properties were
measured using a vibrating sample magnetometer (VSM-9600M) at R.T. up to applied magnetic field
of 15 kOe. The ac-conductivity as well as the dielectric properties were measured as a function of
temperature ( up to 700 K) and frequency (100 Hz - 5 MHz) using a Hioki LCR bridge model 3531
and two probe method.

3. RESULTS AND DISCUSSION
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Figure 1. DTA-TG curves of gel-precursor in air. Heating rate = 5°C min™.

The thermal decomposition behavior (DTA-TG) of the gel precursor (Fig. 1) displayed that, the
decomposition begins with the release of hydrated water through many successive TG steps. The very
broad endothermic DTA peak in the range 25-180°C besides others smaller successive ones are
characterizing this process. The exothermic nature of the last TG step in the range 455-480°C
suggested the oxidative decomposition of the nitrate as well as the Egg-white organic moiety of the
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precursor. The absence of any weight loss or thermal changes behind 500°C confirmed the completion
of the decomposition process and suggested the ferrite formation in agreement with the chosen
calcination temperature (500°C) of the entire precursor.
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Figure 2. XRD patterns of as-prepared precursor and precursor calcined at 500°C.

Figure 2 exhibited XRD pattern of the as-prepared Egg-white precursor and precursor calcined
at 500°C. The pattern of the as-prepared precursor showed the formation of the entire ferrite with very
low crystallinity. After calcining at 500°C, the crystallinity improvement without any indication for the
presence of any detectable impurity traces, suggested the formation of single-phase crystalline ferrite
with reflections: (111), (220), (311), (222), (400), (422), (511) and (440) in agreement with JCPDS file
No.: 74-2399 corresponding to MnFe,0,.

FT-IR spectra of the calcined precursor (Fig. 3a) showed the characteristic ferrite bands at 543
and 375 cm™ attributed to the intrinsic stretching vibrations of the metal-oxygen at the tetrahedral and
octahedral sites, respectively [18].

TEM image of the calcined precursor (Fig. 3b) exhibited well crystalline cubic nanoparticles
with average particle size of about 15 nm. The particles agglomeration could be attributed to the
experience of a permanent magnetic moment proportional to the particles volume [19].

Hysteresis loop of the calcined precursor (Fig. 3c) indicated weak ferromagnetic characteristic
with saturation magnetization and coercivity amounted to 15.9 emu/g and 65.5 Oe, respectively. The
non-saturation magnetization observed indicated the presence of antiferromagnetic interactions
accompanying the ferromagnetic ones inside the clusters [20].
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Figure 3. (a) FT-IR spectra, (b) TEM image and (c) Hysteresis loop of precursor calcined at 500°C.
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Table 1 indicated that this obtained magnetization appeared to be much lower than that
reported for Mn0.8Zn0.204 ferrite prepared via solid-state [21] and auto-combustion routes [22,23]..
At the same time, on comparison with our previous works on Mn0.8Zn0.2Fe204 nano-crystalline
ferrites prepared using spent Zn-C batteries and different fuels including; gelatin [11], urea [12] and
citrate [13], the entire magnetization value still indicated lower value. This exhibited the great impact
of the entire used fuel on the obtained magnetic properties and suggested different applications.

Table 1. Magnetization values in comparison with others reported in literature.

(M5) (Hc) Ref.
32.9 94.2 11
51.5 56.9 12
36.5 34.9 13
59.1 17.6 21
62.0 80.0 22
56.23 0.01 23
15.9 65.5 Present

Fig. 4 illustrated the electrical properties behavior viz.; ac-conductivity and dielectric constants
(eand &) as a function of temperature and frequency. The ac-conductivity vs. temperature as a
function of frequency showed three different regions. In the first one, the decreasing behavior by
increasing temperature could be assigned to the loss of water content (mainly adsorbed on the ferrite
surface). This water content is acting as electrons source and its evaporation decrease the number of
charge carriers and conductivity. Similar behavior is reported by Gabal [24] for cobalt ferrite prepared
via sucrose assisted combustion route.
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Figure 4. (a) Ino vs. reciprocal of absolute temperature, (b) Real part of dielectric constant (&) vs.
applied frequency as a function of temperature and (c) Imaginary part of dielectric constant
(¢) vs. applied frequency as a function of temperature.

In the following two regions, the conductivity vs. reciprocal temperature exhibited a gradual
increase with increasing temperature (obeying Arrhenius relation) indicated semi-conducting behavior.
This obvious increase in conductivity may be attributed to the increase in mobility of the charge
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carriers' as a result of increasing thermal energy. The change in the slope of the Arrhenius relation by
increasing temperature could be attributed, in accordance with the previous studies [25,26] to the
magnetic transition from ferro- to paramagnetic characteristics. The relatively lower obtained Curie
temperature (T;) at 555 K compared with those previously reported [25,26] indicated weak
ferromagnetic properties.

From a closer look at Fig. 4a, the conductivities are appeared to be frequency dependent at the
ferromagnetic region while frequency independent at paramagnetic region. This behavior suggests that
the conduction in the low temperature range could be attributed to the electron hopping between
different valence cations and changed to polaron conduction at higher temperature range [24]. This
suggestion was also reinforced through the comparison of the activation energies calculated using
Arrhenius relation for the two regions where the smaller slope of Ino vs. temperature relation obtained
at low temperature region results in lower activation energy suitable for the hopping conduction. On
the other hand, the higher activation energy obtained at high temperature region is equivalent to the
polaron conduction required higher thermal energy.

Fig.4b showed the frequency dependence of real (&) and imaginary (&) parts of dielectric
constant as a function of temperature. From the figure, it is obvious that both values at all temperatures
indicated descending behavior with increasing frequency till attains constant values at higher
frequencies. This behavior is a general behavior of most ferrites and agreed well with the Maxwell-
Wagner type interfacial polarization and Koop's phenomenological theory [27]. Generally, the
polarization arises from the orientation of electrons produced from electron exchange occurred
between Fe®* and Fe®* ions in the direction of the applied electrical field. Increasing frequency beyond
a certain value results in electrons dispersions and polarization decrease since the electron exchange
cannot follow the alternating electrical field. A similar behavior was reported by Igbal et al for Mn-Zn
ferrites prepared via coprecipitation method [28].

4. CONCLUSIONS

Magnetically soft Mn-Zn ferrite nanocrystalline having mean crystallite size of 15 nm were
successfully prepared using spent Zn-C batteries as raw materials via multi-step processes including
acid leaching, reduction and egg-white precursor auto-combustion. This simple, green and fast route
proved its economic advantage in this recycling technology. XRD, FT-IR, TEM and VSM
measurements assured single-phase ferrite formation. Ac-conductivity measurements indicated a
magnetic transition from ferro- to paramagnetic by increasing temperature along with changing of the
conduction mechanism from hopping to polaron one.
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