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Ferrites of the MeFe,O4 System (Me — Zn, Cu, Cd)
and Their Two Faces

B. S. Boyanov, A. B. Peltekov, K. 1. Ivanov

Abstract—The ferrites ZnFe,O4, CdFe,O, and CuFe,O, are
synthesized in laboratory conditions using ceramic technology. Their
homogeneity and structure are proven by X-Ray diffraction analysis
and Mdssbauer spectroscopy. The synthesized ferrites are subjected
to strong acid and high temperature leaching with solutions of H,SO,,
HCl and HNO;. The results indicate that the highest degree of
leaching of Zn, Cd and Cu from the ferrites is achieved by use of
HCL.

The charging of five zinc sulfide concentrates was optimized using
the criterion of minimal amount of zinc ferrite produced when
roasting the concentrates in a fluidized bed. The results obtained are
interpreted in terms of the hydrometallurgical zinc production and
maximum recovery of zinc, copper and cadmium from initial zinc
concentrates after their roasting.

Keywords—Hydrometallurgy, inorganic acids, solubility, zinc
ferrite.

1. INTRODUCTION

OLID-state reactions are carried out between the oxides of

zinc and those of other non-ferrous metals (Cd, Cu, etc.)
and Fe,O; (obtained by oxidation of FeS,, nZnS.mFeS,
CuFeS,) during roasting of sulfide zinc concentrates in a
fluidized fed furnace (FBF). As a result of these interactions
ZnFe,0y, is obtained, as well as ferrites of Cd, Cu, etc. [1]-[4].
The ferrites of Zn, Cd, Cu and mixed ferrites with NiO, MnO,
MgO, CoO, ZnO, BaO, etc. combine the properties of
dielectrics, semiconductors, ferro-magnets, catalysts and
others. The ferrites are used in an impressive range of
applications due to their remarkable properties. However, one
big disadvantage of ferrites is that they are undesirably among
the end products in many processes in metal manufacturing.
The ferrites are very stable and poorly soluble compounds [5].
The remarkable properties of ferrites have been studied in
detail, and are used in various fields - engineering, industry,
medicine and others [6]. Depending on the technology used to
obtain them, as well as their chemical composition, crystal
structure, and the presence of impurities, ferrites have a high
specific electrical resistance, among many other useful
properties [7]. In terms of extractive metallurgy and, in
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particular, of the hydrometallurgical production of zinc,
however, the obtaining of these ferrites is one of the most
unfavorable processes. This reduces the direct leaching of zinc
and leads to an increase in production costs and deterioration
of the technical and economic parameters of the leaching and
all zinc production. In this context, the aim of this study is to
synthesize ZnFe,0,, CdFe,O4 and CuFe,O, in laboratory
conditions, to leach the ferrites with H,SO,, HCI and HNOs,
as well as to determine the influence of conditions of leaching
and chemical composition of zinc sulfide concentrates on the
degree of leaching of non-ferrous metals.

II. EXPERIMENTAL

A. Ceramic Technology

In this study ZnFe,O,, CdFe,O, and CuFe,O, were
synthesized using ceramic technology.

B. XRD Analysis

The X-ray phase analysis of the ferrites and the
concentrates was carried out with a “TUR-M62” apparatus
(Dresden, Germany), used for the phase identification.

C. Mossbauer Spectroscopy

Maossbauer spectra (MS) were obtained at 25 °C with a
Wissel electromechanical Mossbauer spectrometer
(Wissenschaftliche Elektronik GmbH, Germany).

D.Chemical Analysis

The chemical analysis of the samples was performed by
inductively coupled plasma (ICP-OES) model iCAP 6300
from Thermo Scientific (England).

Weighting analysis was used to determine the degree of
metal leaching in the dissolution of ZnFe,O,, CdFe,O, and
CuFe,0; in acids according to the difference in mass of the
initial ferrite and the residue after leaching.

E. Web-Based Information System

A Web-based information system for the calculation of the
chemical compositions of the charges of concentrates was
used. It was built on a modular principle using server
programming language PHP.

III. RESULTS AND DISCUSSION

A. Synthesis and Leaching

1. Technology

Under laboratory conditions the ferrites ZnFe,O4, CdFe,0,
and CuFe,O, were synthesized at 1000°C, using a ceramic
technology (Fig. 1). The resulting ferrites are single-phase
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samples and possess properties most similar to the ones
obtained during the roasting of zinc sulfide concentrates [8].

Fine breaking into small pieces of the initial raw
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Fig. 1 Ceramic technology for synthesis of ferrites

2.XRD Analysis

The complete process of the solid-state reactions between
initial oxides (ZnO, CdO and CuO) and Fe,O; to obtain
ferrites was checked by XRD analysis. The resulting XRD
patterns are presented in Fig. 2.

Zinc ferrite crystallizes in a cubic structure, and the
calculated parameter (a) of the crystal lattice on the basis of
the analysis is 8.442 A. XRD analysis indicates the formation
of a spinel structure of CdFe,0,. Intense diffraction peaks
characterizing single-phase ferrite in cubic structure are
present in the XRD patterns. The calculated lattice parameter
(@) for CdFe,0, is 8.690 A. Observed intense diffraction lines
of CuFe,O, are typical of a single-phase sample. The
calculated lattice parameters (a and c) for the CuFe,O, sample
are respectively 8.370 A and 8.490 A. Established X-ray
diffraction patterns and parameters of the crystal lattice of
ferrites are very similar to the parameters presented by other
authors [9]-[16].

The results from the X-ray phase analysis show that in the
studied zinc concentrates there are six phases typical for all
concentrates studied up to now: B-ZnS (a main phase),
nZnS.mFeS, FeS,, CuFeS,, SiO, (a-quartz), and PbS [1].

3.Mossbauer Spectroscopy

The single phase of the obtained ferrites is proved by
Mossbauer spectroscopy. The Mossbauer spectra obtained are
shown in Fig. 3, and the calculated Mdssbauer parameters - in
Table 1.

TABLEI
MOSSBAUER PARAMETERS OF SYNTHESIZED FERRITES
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Fig. 2 X-ray diffraction patterns of studied ZnFe,O,, CdFe,04 and
CuFeZO4
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Fig. 3 Mdssbauer spectra of studied ZnFe,0,, CdFe,0O4 and
CLlFCzO4

The experimental Mossbauer spectrum of ZnFe,O4 is a
quadrupole  doublet. Mathematical processing  gives
parameters characteristic of ZnFe,O,4. The iron ions are in the
third degree of oxidation and octahedrally coordinated. The
quadrupole splitting of ZnFe,0, is 0.36 mm/s [17].

The Mossbauer spectrum of CdFe,O, represents a
quadrupole doublet and has parameters characteristic of
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=30 min

=60 min

CdFe,0,. They are close to those presented in the literature
[18]-[20].

The formation of CuFe,0y is substantial at 650°C and very
intensive at 750°C. In the solid phase interaction between CuO
and Fe,O; the most significant influence on the reaction is
time. Raising the temperature up to 1000 °C also strongly
influences the rate of ferrite formation [21].

The Mossbauer spectrum of CuFe,O,4 represents a sextet
containing Fe’* (octa) and Fe®' (tetra) with an inverse
distribution of ions. CuFe,0y is a ferrimagnetic spinel.

4.Leaching of Ferrites

Leaching of ZnFe,O,

Fig. 4 shows the degree of leaching of zinc ferrite according
to the temperature (25, 55, 75, 85 and 95 °C), with 7, 10 and
15 vol. % solutions of H,SO,4, HCI and HNOj for a time of 30
and 60 min. These conditions were selected based on the
industrial technology of zinc calcine leaching.

From the results it is clear that the higher the temperature
and the longer the time of treatment, the better the degree of
zinc leaching is.

In all leaching conditions up to a temperature of 55 °C the
degree of zinc recovery is less than 20%. Raising the
temperature above this value significantly affects the
extraction process. There is complete dissolution of ferrite at
95 °C with the use of HCI and H,SO,.

When comparing the effects of different acids the following
conclusions can be made:

1. The solubility of ZnFe,0, in HNOs is significantly lower,
regardless of the conditions of leaching.

2. The zinc ferrite is dissolved better in solutions of HCI,
compared to solutions of H,SO,, but when using the 7%
solutions of both acids, no big difference is observed.

3. With regards to increasing the acid concentration, the
degree of leaching of ZnFe,O, increases more
significantly when using solutions of HCI. Almost
complete dissolution of ferrite with HCI is obtained at a
temperature of 75°C, 15% HCI solution and leaching time
60 min. In order to achieve the same result using H,SO,,
with the same leaching time and solution concentration,
the temperature must be raised to 95 °C.

4. The results correspond with those obtained by several
authors on high-temperature and high-concentration
leaching - zinc is recovered by H,SO, in
hydrometallurgical production, while iron is removed
through the formation of jarosite, goethite or hematite
[22]-[24].

5. Although there are various difficulties that must be
overcome in the electrolysis of ZnCl, (release of Cl,,
equipment corrosion, etc.), research in these guidelines
continues [25], [26].
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Fig. 4 Influence of temperature on the leaching of ZnFe,0, using 7,
10 and 15% acids concentration for a time of 30 and 60 min

Leaching of CdFe,04

Data in Fig. 5 show the degree of leaching of CdFe,0O, as a
function of temperature, acids concentration (7, 10 and 15
vol.% solutions of H,SO,, HCl and HNO;) and process
duration (30 and 60 min). From the results it is clear that
increasing both the temperature and the time of treatment
leads to an increase in the degree of leaching of cadmium.
Regardless of the experimental conditions, the degree of
recovery of CdFe,O4 at 25°C is below 20%. Increasing the
temperature significantly affects the extraction process. At
75°C, using HCI, complete dissolution of the ferrite is
achieved. When using H,SO,, total recovery was achieved at
95°C.

The conclusions that can be drawn on the basis of the
effects of different acids are:

1. Using HNO; to dissolve CdFe,O, shows no significant
results. However, even such results are more satisfactory
than those obtained by the dissolution of ZnFe,0, in the
same conditions. The maximum degree of leaching with
HNO; is about 70%.

2. The solubility of CdFe,O, responds well to the use of HCI1
and H,SO,. The best results from leaching are achieved
using HCI. Even at 95°C and 7% concentration of HCI,
after 30 min a complete dissolution of ferrite is achieved.
The same result using H,SO, is only achieved when the
time is increased to 60 min.
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3. With the increase of acid concentration, the degree of
CdFe,O, leaching considerably increases at lower
temperatures (75 °C and 85 °C).

4. In order to achieve complete dissolution of the ferrite at a
lower temperature using H,SOy, it is necessary to increase
acid concentration to 15%, with an extraction time of 60
min.

5. On the basis of the results obtained it can be concluded
that CdFe,0, is more unstable than ZnFe,O,.
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Fig. 5 Influence of temperature on the leaching of CdFe,0, using 7,
10 and 15% acids concentration for a time of 30 and 60 min

Leaching of CuFe,O4

Fig. 6 presents the degree of leaching of CuFe,O4
depending on the temperature when using different solution
concentrations of H,SO,, HCI and HNO; for a time of 30 and
60 min. From the results it is clear that with increasing
temperature and longer time of treatment, the degree of
leaching of the copper from the ferrite increases, but
regardless of the conditions of the experiment, total
dissolution of ferrite is achieved in only one case.

In all experiments of leaching with 7 and 10% solutions of
the three acids to a temperature of 55 °C the degree of copper
leaching is less than 40%. When the concentration is increased
to 15%, the degree of copper leaching is between 60-80%.
Raising the temperature above 55 °C has a measurable impact
on the extraction process.
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Fig. 6 Influence of temperature on the leaching of CuFe,04 using 7,
10 and 15% acids concentration for a time of 30 and 60 min

When comparing the effects of different acids the following
conclusions can be drawn:

1. The effect of HNO; on the leaching process is weak,
irrespective of the conditions of the experiment.

2. The copper ferrite is better dissolved in solutions of HCl
and H,SO,. More significant leaching is achieved by
using HCl. When raising the temperature and increasing
the time of extraction, the use of HCI provides about 20%
more recovery of CuFe,0, than the use of H,SO,.

3. Complete dissolution of ferrite is achieved with the use of
HCI, at an elevated temperature of 95 °C and an increased
acid concentration of 15% for a period of 60 min. Under
the same conditions, the maximum degree of leaching of
ferrite with the use of H,SO;, is about 80%.

4. On the basis of the results obtained it can be concluded
that CuFe,0, is more stable than ZnFe,O4 and CdFe,O,.

B. Industrial Study

1. Chemical Analysis of the Zinc Concentrates With
Different Iron Content

The content of Zn and Fe is an important characteristic of
zinc sulfide concentrates used in zinc production. Eighteen
concentrates processed at KCM - SA, Plovdiv (Bulgaria) were
tested in connection with the ferrite formation and
implementation of the process of roasting in fluidized bed
furnace (Fig. 7).
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Fig. 7 Content of Zn and Fe in the studied concentrates

The data presented in Fig. 7 show that 12 concentrates meet
the requirement for zinc content greater than 50%. At the same
time 10 of the concentrates have iron content above the upper
limit of 8% (Fig.8). This is the reason that a significant
amount of ZnFe,O, is obtained, adversely affecting the
leaching of zinc [27].

BFe @Pb+ Cu+ Si0,
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8 9 10 11 12 13 14 15 16 17 18

Concentrates

Fig. 8 Content of Fe and the sum of Pb, Cu and SiO; in the studied
concentrates

The increased content of Fe, Pb, Cu and SiO, (Fig. 8)
causes another adverse effect — coarsening of the calcine
particles. This leads to deterioration of the oxidation process
and the hydrodynamics in the FBF, as well as to an increase in
the quantity of ferrites obtained.

The obtained data (Fig. 8) show that in 8 concentrates the
sum of Pb, Cu and SiO, exceeds the limit value of 5.5%. This
makes it especially dangerous to conduct the oxidation process
in FBF.

The chemical composition of five zinc sulfide concentrates
with different iron content is presented in Table II. Their
origin is from Bulgaria (1), Macedonia (2), Turkey (3), Greece
(4) and Serbia (5).

The chemical composition of the zinc concentrates shows
that they do not fully meet the requirements for the content of
the main components [28]. For this reason, these concentrates,
in practice, are not suitable for independent processing. Part of
the impurity components will pass in the calcine, and then in
the solution after the leaching. The high content of iron

(concentrates 3, 4 and 5) is particularly unfavorable, leading to
increased ferrite formation.

TABLE II
CHEMICAL ANALYSIS OF ZINC CONCENTRATES

Components Concentrates /%
1 2 3 4 5
Zn 49.30 50.22 46.45 50.37 47.16
Stot 30.00 32.30 32.50 33.50 32.85
Cu 1.96 0.53 2.06 0.21 1.52
Cd 0.29 0.26 0.23 0.30 0.36
Pb 2.85 2.71 2.65 1.06 0.85
Fe 6.90 6.90 9.75 10.85 13.15
SiO, 2.25 4.55 3.30 0.95 2.20

2.Mdossbauer Spectroscopy of the Zinc Concentrates

For a more detailed study of the distribution of the iron
between the individual phases (FeS,, CuFeS,, nZnS.mFeS) in
zinc concentrates, particularly useful information can be
provided by Méssbauer spectroscopy.

The experimental Mdssbauer
concentrates are shown in Fig. 9.

All Mossbauer spectra contain quadrupole doublets, and
concentrates 1 and 4 contain sextet components too. In all 5
concentrates data indicate the presence of a mixed zinc-iron
sulfide corresponding to the marmatite phase. Based on these
results, it can be claimed that almost the entire amount of iron
(as Fe,03) in the oxidizing roasting of zinc concentrates may
react with zinc (as ZnO) to obtain ZnFe,O4. As a result of this
solid state interaction, the degree of direct leaching of zinc
will decrease and the quantity of the resulting zinc cake will
increase. This incurs additional costs for further processing of
the cake using Waelz processing or hydrometallurgical
methods [29].

spectra  of  studied

3.Web-Based Information System

A Web-based information system, described in detail in
[30], [31] was used to calculate charges of zinc sulfide
concentrates. In this specific case, concentrates 1- Bulgaria
and 2- Macedonia were chosen as main optimal concentrates
according to the algorithm used [30]. Only concentrates (local
or imported) that can provide the largest amounts available
over the longest periods of time are chosen to be main optimal
concentrates. It is not necessary that they have the best content
for roasting in FBF.

The number of calculated charges from zinc concentrates
that satisfy the claimed requirements [32] is only 3. The
recipes are sorted by an optimizing criterion of minimum
content of zinc ferrite (maximum zinc, soluble in 7% H,SO,)
as a percentage. The resulting charges contain zinc dissolved
in 7% sulfuric acid solution, in the range from 90.35 to
90.69%, and zinc ferrite in the range from 8.31 to 8.65%. In
the best recipe, according to the chosen criterion, the zinc,
soluble in 7% H,SO,, is 90.69% of the total zinc in it. This
high percentage indicates that the degree of leaching of the
zinc calcine can be expected to be high. The results obtained
for the percentage of zinc as ferrite are very close to those
obtained in industrial roasting of a charge of zinc concentrates.
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Fig. 9 Mossbauer spectra of the studied concentrates

IV. CONCLUSION

The ferrites ZnFe,O4, CdFe,O; and CuFe,O; are
synthesized using ceramic technology. The completion of
solid-state reactions between initial oxides (ZnO, CdO and
CuO) and Fe,O; to obtain ferrites has been checked and
proven by XRD analysis and Mdssbauer spectroscopy.

The dissolution of ferrites with solutions of H,SO,4, HCI and
HNO; has shown that the highest degree of leaching of Zn, Cd
and Cu from them is achieved with the use of HCIL At
temperatures above 85°C and 60 min of leaching the three
non-ferrous metals pass into the solution completely. The
resulting values for the degree of leaching of metals using
H,SO, are lower, but still remain significantly higher for all of
the experimental conditions, compared to the values obtained
using HNOs.

Five zinc sulfide concentrates are characterized by chemical
analysis for iron content and by Mossbauer spectroscopy for
iron-containing phases. This is done to optimize the charging
by the criterion of minimal amount of zinc ferrite obtained at
roasting the concentrates in a fluidized bed.

ACKNOWLEDGMENT

This study was conducted with financial help through the
project NI15-HF-001of Plovdiv University Scientific Fund.

REFERENCES

[11 B. Boyanov, A. Peltekov and V. Petkova, “Thermal behavior of zinc
sulfide concentrates with different iron content at oxidative roasting”,
Thermochim. Acta., vol. 586, June. 2014, pp. 9-16.

[2] T. Chen and J. E. Dutrizac, “Mineralogical changes occurring during the
fluid bed roasting of zinc sulfide concentrates”, JOM, vol. 56, Dec.
2004, pp. 46-51.

[3] A. R. Queiroz, R. J. Carvalho and F. J. Moura, “Oxidation of zinc
sulphide concentrate in a fluidized bed reactor — Part 2: The influence of
experimental variables on the kinetics”, Braz. J. Chem. Eng., vol. 22,
Jan./Mar. 2005, pp. 127-133.

[4] R. 1. Dimitrov, N. I. Moldovanska, K. Bonev and Z. Zivkovic,
“Oxidation of marmatite”, Thermochim. Acta, vol. 362, Nov. 2000, pp.
145-151.

[5] J. W. Graydon and D. W. Kirk, “The mechanism of ferrite formation
from iron sulfides during zinc roasting”, Mett. Trans. B, vol. 19, Oct.
1988, pp. 777-785.

[6] A. C. Hee, M. Mehrali, H. S. C. Mtselaar, M. Mehrali and N. A. A.
Osman, “Comparison of nanostructured nickel zinc ferrite and
magnesium copper zinc ferrite prepared by water-in-oil microemulsion”,
Electr. Mater. Lett., vol. 8, Dec. 2012, pp. 639-642.

[71 L. B. Tahar, H. Basti, F. Herbst, L. S. Smiri, J. P Quisefit, N. Yaacoub,
J. M. Greneche and S. Ammar, “Co.ZnFe,0, (0 < x < 1)
nanocrystalline solid solution prepared by the polyol method:
Characterization and magnetic properties”, Mater. Res. Bulletin, vol. 47,
Apr. 2012, pp. 2590-2598.

[8] V.L.O.Brito, L. F. A. Almeida, A. K. Hirata and A. C. C. Migliano,
“Evaluation of a Ni-Zn ferrite for use in temperature sensors”, PIER
Letters, vol. 13, Sept. 2010, pp. 103-112.

[9] H. Irakoso, K. Einosuke; W. Atanabe, B. Aba, R. lichi; N. Aagai and T.
Adao, Fundamental studies of zinc ferrite, (Book). Hokkaido University
Collection of Scholarly and Academic Papers (HUSCAP), Hokkaido,
1955, pp. 39-57.

[10] A. M. Gismelseed, K. A. Mohammed, N. M. Widatallah, A. D. Al-
Rawas, M. E. Elzain and A. A. Yousif, “The structural and magnetic
behavior of the MgFe,_,Cr,Oy4 spinel ferrite”, Hyperfine Interact., vol.
217, Jan. 2012, pp. 33-37.

[11] K. N. Harish, H. S. B. Naik, P. N. P. Kumar and R. Viswanath,
“Synthesis, enhanced optical and photocatalytic study of Cd-Zn ferrites
under sun light”, Catal. Sci. Technol., vol. 2, Jan. 2012, pp. 1033-1039.

[12] K. Ali, A. Igbal, M. R. Ahmad, Y. Jamil, S. A. Khan, N. Amin, M. A.
Igbal, and M. Z. M. Jafri, “Structural characterization of CuFe,O,
nanocomposites and synthesis by an economical method”, Sci. Int.
(Lahore), vol. 23, Mar. 2011, pp. 21-25.

[13] M. Chakrabarti, D. Sanyal and A. Chakrabarti, Preparation of
Zng-CdFe;04 (x = 0.0, 0.1, 0.3, 0.5, 0.7 and 1.0) ferrite samples and
their characterization by Mdossbauer and positron annihilation
techniques”, J. Phys.: Condens. Matter, vol. 19, May 2007, pp. 236210—
236220.

[14] M. M. Rashad , R. M. Mohamed, M. A. Ibrahim, L. F. M. Ismail and E.
A. Abdel-Aal, “Magnetic and catalytic properties of cubic copper ferrite
nanopowders synthesized from secondary resources”, Adv. Powder
Technol., vol. 23, May 2012, pp. 315-323.

[15] M. G. Naseri, E. B. Saion, H. A. Ahangar and A. H. Shaari,
“Fabrication, characterization, and magnetic properties of copper ferrite
nanoparticles prepared by a simple, thermal-treatment method”, Mater.
Res. Bull., vol. 48, Apr. 2013, pp. 1439-1446.

[16] I. V. K. Viswanath, Y. L. N. Murthy, K. R. Tata and R. Singh,
“Synthesis and characterization of nano ferrites by citrate gel method”,
Int. J. Chem. Sci., vol. 11, Dec. 2013, pp. 64-72.

[17] H. Ehrhardt, S. J. Campbell and M. Hofmann, “Structural evolution of
ball-milled ZnFe,04”, J. Alloys Compd., vol. 339, June 2002, pp. 255-
260.

[18] S. M. Ismail, Sh. Labib and S. S. Attallahl, Preparation and
Characterization of Nano-Cadmium Ferrite, J. Ceram., vol. 2013, Jan.
2013, pp. 1-8.

[19] W. Kim, S. W. Hyun, T. Kouh and C. S. Kim, “Local Magnetic
Properties of Spinel CdyoM,.1Fe;O4 (M=Zn, Ni) Investigated by Using

770



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

B1]

[32]

International Journal of Chemical, Materials and Biomolecular Sciences
ISSN: 2415-6620
Vol:9, No:6, 2015

External Magnetic Field Mossbauer Spectrometry”, J. Korean Chem.
Soc., vol. 59, Dec. 2011, pp. 3380—3384.

A. Sutka, G. Mezinskisl, D. Jakovlevs and V. Korsaks, “Sol-gel
combustion synthesis of CdFe,O, ferrite by using various reducing
agents”, J. Aust. Ceram. Soc., vol. 49, Jan. 2013, pp. 136-140.

B. Boyanov, “Solid state interactions in the systems CaO(CaCOs)-Fe,0;
and CuFe,04-Ca0”, J. Min. Met., vol. 41 B, Jan. 2005, pp. 67-77.

N. Leclerc, E. Meux and J. M. Lecuire, “Hydrometallurgical extraction
of zinc from zinc ferrites”, Hydrometallurgy, vol. 70, Mar. 2003, pp.
175-183.

J. E. Dutrizac, “The Physical Chemistry of Iron Precipitation in the Zinc
Industry”, (Published Conference Proceedings style)”, in Proc. Lead-
Zinc-Tin '80, New York, 1980, pp. 532-564.

S. Tsunoda, I. Maeshiro, M. Ewi, K. Sekine, The Construction and
Operation of the Iijima Electrolytic Zinc Plant, (Published Conference
Proceedings style)”, in Proc. AIME TMS, Chicago, 1973, pp. A73-65.
Y. A. Naik, T. V. Venkatesha and P. V. Nayak, “Electrodeposition of
Zinc from Chloride Solution”, Turk. J. Chem., vol. 26, May 2002, pp.
725-733.

D. S. Baik and D. J. Fray, “Electrodeposition of zinc from high acid zinc
chloride solutions”, J. Appl. Electrochem., vol. 31, Oct. 2001, pp.
1141-1147.

B. S. Boyanov and A. B. Peltekov, “X-Ray, DTA and TGA analysis of
zinc sulfide concentrates and study of their charging for roasting in
fluidized bed furnace”, Bul. Chem. Communic., vol. 44, Oct. 2012, pp.
17-23.

B. S. Boyanov and A. B. Peltekov, “Two-Face Zinc Ferrite (Published
Conference Proceedings style)”, in Proc. of ICCE-21, Tenerife, Canary
Islands, Spain, 2013, pp. 105-106.

S. Nikolov, B. Boyanov, N. Moldovanska and R. Dimitrov, “Md&ssbauer
Spectroscopy Study on the Oxidation of Sulfide Zinc Concentrate Rich
in Marmatite”, Thermochim. Acta., vol. 380, Nov. 2001, pp. 37-41.

C. N. Chinnasamy, A. Narayanasamy, N. Ponpandian, K.
Chattopadhyay, H. Guerault and J. M. Greneche, “Magnetic properties
of nanostructured ferrimagnetic zinc ferrite”, J. Phys. Condens. Matter.,
vol. 12, July 2000, pp. 7795-7505.

N. M. Deraz and A. Alarifi, “Synthesis and Physicochemical Properties
of Nanomagnetic Zinc Ferrite System”, Int. J. Electrochem. Sci., vol. 7,
May 2012, pp. 3798—3808.

M. P. Sandalski, B. S. Boyanov, P. G. Georgiev, and A. K. Sotirov,
“Web based expert system optimization for processes in chemical
technology (Published Conference Proceedings style)”, in Proc. of 42"
10C of Mining and Metallurgy, Bor, Serbia, 2010, pp. 569-572.

771



