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Abstract: Zinc plant residue (ZPR) is a secondary material generated during hydrometallurgical
zinc production that contains considerable contents of valuable elements such as Zn, Cu, Fe, Pb, Cd,
Ag, In, Ga, Tl. Zinc, copper and accompanying elements in ZPR are in different minerals, mainly
in the ferrites. A promising approach for recycling ZPR is the sulfating roasting using iron sulfates
followed by water leaching. In this study, the composition of ZPR and the obtained products were
thoroughly investigated by various methods including X-ray diffraction analysis (XRD), chemical
phase analysis and Mössbauer spectroscopy. The effect of temperature, amount of iron sulfates and
roasting time on the conversion of valuable metals into a water-soluble form was thermodynamically
and experimentally studied both using pure ferrites and ZPR. Based on the results of time-resolved
XRD analysis and synchronous thermal analysis (STA), a mechanism of the sulfation roasting was
elucidated. The rate-controlling step of zinc and copper sulfation process during the ZPR roasting
was estimated. The sulfating roasting at 600 ◦C during 180 min with the optimal Fe2(SO4)3·9H2O
addition followed by water leaching enables to recover 99% Zn and 80.3% Cu, while Fe, Pb, Ag, In,
Ga retained almost fully in the residue.

Keywords: zinc plant residue; zinc ferrite residue; zinc ferrite; copper ferrite; iron sulfate; sulfating
roasting; Mössbauer spectroscopy; time-resolved X-ray diffraction; chemical phase analysis

1. Introduction

Zinc complex sulfide ores are the main raw materials for zinc production that contain
associated components such as lead, copper, cadmium, silver, gold, bismuth, indium,
gallium and thallium [1]. Therefore, zinc production generates intermediate products and
wastes with significant contents of non-ferrous metals that are considerably higher than the
contents in the ore. Due to a depletion of deposits of non-ferrous metals ores and a decrease
of ore grade [2], as well as the need to solve environmental problems associated with the
storage of highly toxic metallurgical wastes in dumps [3,4], it is necessary to recycle the
generated materials.

Currently, more than 90% of zinc is produced by the hydrometallurgical route [5]
that includes oxidative roasting in fluidized-bed furnaces, sulfuric acid leaching and
electrolysis. The process of the roasting of zinc sulfide concentrates is a substantially cost-
effective technology due to its autogenicity, a satisfactory removal of harmful impurities for
the subsequent electrolysis and the associated production of sulfuric acid [6] (pp. 38–54).
However, during the roasting, besides highly soluble zinc oxide, a certain amount of zinc
and other valuable non-ferrous metals reacts with iron to obtain ferrites of a low solubility.
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It necessitates the application of additional stages after the leaching of zinc oxide to extract
the remaining ferritic zinc. Currently, the most widely used method is the leaching of
the residue by strong hot sulfuric acid with following precipitation of iron in the form of
jarosite [7]. Other industrial methods are the same leaching with the precipitation of iron
as goethite or hematite [8], as well as the pyrometallurgical processing of the ferrite residue
by the Waelz process [9,10].

Some authors have studied other leaching methods for the processing of zinc ferrite
residue by sulfuric acid [11–13], di-2-ethylhexyl phosphoric acid [14], sodium hydrox-
ide [15,16], chloride solutions [17–19], and even by ionic liquids [20] and deep-eutectic
solvents [21]. The methods using pyrometallurgical processing of such materials by re-
duction roasting [22–25], sulfiding roasting [26,27], roasting with the addition of sodium
compounds [28–31], chloride volatilization process [32] were also reported. However, these
methods are still hardly applicable in the industrial practice.

Separately, methods should be noted to obtain water-soluble zinc sulfate by the
roasting with elemental sulfur in air [33], sulfuric acid [34–36], ammonium sulfate [37,38],
as well as using blowing of mixture of sulfur dioxide and air [39,40]. Sulfation method
has several advantages compared with other methods. The main advantages are relatively
low roasting temperature range, lack of fuel consumption due to exothermic sulfating
reactions [41], the application of water leaching rather than acid leaching after the roasting
to extract zinc and other valuable components. Some authors have studied iron sulfates
as sulfating agents for roasting of zinc ferrite residues [42,43], copper slag [44,45], copper
tailings [46,47] and electric arc furnace dust from steelmaking [48].

This paper focuses on the investigation of the mechanism of zinc and copper sulfation,
as well as a behavior of iron, cadmium, lead, silver, indium, gallium and thallium during
the roasting of zinc plant residue (ZPR) with iron sulfates. The study presents the results
of multifactorial research of the effect of temperature, roasting time and amount of iron
sulfates on the conversion of non-ferrous metals into water-soluble form both using pure
zinc and copper ferrites, as well as ZPR.

2. Materials and Methods
2.1. Raw Materials

Chemically pure reagents FeSO4·7H2O and Fe2(SO4)3·9H2O were used in the exper-
iments. Ferrites were prepared from compounds of analytical grade. A V-shell blender
treatment with a duration time of 24 h was used to prepare powder mixtures of raw materials.

Pure zinc ferrite ZnFe2O4 was prepared by the following method. Pure Fe2O3 and
ZnO were mixed in a 1.0:1.1 molar ratio with a 10% excess of zinc oxide and briquetted
by hand hydraulic press. The briquettes from each 1 g of the mixtures were prepared
using a mold of 17 mm in diameter; the used pressure was 200 MPa. The briquettes were
calcined in a muffle furnace at 1000 ◦C for 6 h in air. The calcined sample was ground and
sieved up to the fraction of 0.2 mm. Then the residual free zinc oxide was leached from the
calcine by ammonium chloride solution containing 22 g NH4Cl in 200 g of 14% NH4OH at
50–60 ◦C for 2 h [49] (p. 111). The leached residue was calcined again in the muffle furnace
at 1000 ◦C for 2 h. The obtained ferrite powder was grinded, sieved, and then it was tested
for impurities by X-ray diffraction (XRD) analysis.

Pure copper and zinc-copper ferrites were prepared according to the method [50].
Pure reagents Fe2O3, CuO and ZnO were weighed in exact molar ratios to obtain the
corresponding ferrites CuFe2O4 and Zn0.5Cu0.5Fe2O4. The mineralizer (1% KCl) was also
added to oxide components. After mixing and briquetting, the samples were calcined at
925 ◦C for 28 h in the muffle furnace in air. The calcined samples were ground and sieved
up to the fraction of 0.2 mm. The calcines were leached by water at 50–60 ◦C for 1 h, and
then the residue was dried at 300 ◦C for 2 h. The obtained copper and zinc-copper ferrites
were also tested for impurities by XRD analysis.

The ZPR sample was delivered from JSC Chelyabinsk Zinc Plant (Chelyabinsk, Rus-
sia, 55.210339◦ N, 61.376907◦ E), which currently utilizes ZPR by the Waelz process. The
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elemental composition of ZPR was analyzed by X-ray fluorescence spectrometer Axios
Advanced (PANalytical, Almelo, The Netherlands). The carbon content was determined
by CS–400 analyzer (LECO, St. Joseph, MI, USA). Gallium, indium and thallium contents
were analyzed by the method of inductively coupled plasma mass spectrometry (ICP-MS)
using Elan 6100 DRC (PerkinElmer Inc., Waltham, MA, USA) device. The XRD pattern
of ZPR, as well as roasted and leached samples, were obtained by diffractometer ARL
X’TRA (Thermo Fisher Scientific, Waltham, MA, USA) using Cu-Kα radiation. The qual-
itative phase analysis was performed by Match! 3.11 Software (Crystal Impact, Bonn,
Germany) [51] using Crystallography Open Database. The quantitative phase analysis of
zinc, copper and cadmium minerals was carried out using methods of chemical phase anal-
ysis [49]; Appendix A presents these methods. The analysis of iron-containing components
of ZPR, as well as the roasted and leached samples, was carried out at both 77.5 ± 0.3 K
and 296 ± 3 K by Mössbauer spectrometer MS1104EM (CJSC Cordon, Rostov-on-Don,
Russia) using the 57Co source in rhodium matrix with 16 mCi activity. Mössbauer spectra
was processed by SpectrRelax 2.8 software (Lomonosov MSU, Moscow, Russia). The values
of chemical shift were presented relative to α-Fe.

2.2. Thermodynamic Calculation

To simulate equilibrium states at roasting conditions, HSC Chemistry 9.9 software
(Outotec, Pori, Finland) [52] was used. Equilibrium compositions were calculated at
300–900 ◦C using 100 kg of ZPR at P = 0.1 MPa and model gaseous phase containing
79 at. % N2 and 21 at. % O2. The ZPR composition was calculated according to the results
of elemental, XRD and chemical phase analysis. Components of insignificant contents,
as well as missing or doubtful thermodynamic data, were neglected from the calculation.
Table 1 lists the model composition for the thermodynamic simulation.

Table 1. Model composition of the ZPR sample for thermodynamic calculation, wt. %.

Species Content Species Content Species Content Species Content Species Content

ZnFe2O4 40.56 CuFe2O4 5.13 PbSO4 7.99 H2O 2.94 Ca3Al2Si3O12 4.84
ZnS 1.34 CuSO4·5H2O 4.68 BaSO4 2.12 CdO 0.38 SiO2 1.88

ZnSO4·6H2O 10.86 Cu2S 0.18 FeS 2.25 CdSO4 0.14 Fe2O3 1.84
ZnO 2.67 CuO 0.08 CaCO3 2 CdS 0.05 As2O3 0.50

Zn2SiO4 1.09 CaSO4·2H2O 4.32 MnS 1.19 MgO 0.95 CuFeS2 0.02

2.3. Experimental Procedure

The laboratory experiments were carried out using the mixtures of iron sulfates with
either pure ferrites or ZPR. The mixtures in selected ratios were prepared in the V-shell
blender and briquetted into tablets of 1 g in molds of 17 mm in diameter by hand hydraulic
press at pressure of 40 MPa. Then 3 g of the samples as tablets in a corundum crucible
32 mm high and 25 mm in diameter were placed in a muffle furnace heated to a certain
temperature in the range from 575 to 675 ◦C. The holding time was in the range from 5
to 240 min, then the samples were taken out; after cooling down they were ground and
sieved up to the fraction of 0.054 mm.

The roasted ZPR samples were leached by distilled water using a magnetic stirrer
at 70 ◦C with solid to liquid ratio of 1:160 for 30 min. The content of zinc, copper, iron,
cadmium, indium, gallium and thallium in the leaching solutions were analyzed by ICP-MS
method using Elan 6100 DRC (PerkinElmer Inc., Waltham, MA, USA) device and by atomic
emission spectroscopy (AES) method using Varian Vista Pro (Varian Optical Spectroscopy
Instr., Mulgrave, Australia) device.

Mechanism of the interactions of ferrites with sulfates was investigated by the methods
of synchronous thermal analysis (STA) and time-resolved X-ray diffraction (TRXRD).
STA was carried out using simultaneous thermogravimetric and differential scanning
calorimetric methods by SDT Q–600 (TA Instruments, New Castle, DE, USA) device.
The mixtures of 15–40 mg in weight were heated with a rate of 10 ◦C/min within the



Materials 2021, 14, 5020 4 of 28

temperature range of 25–900 ◦C in corundum crucibles in air. TRXRD method can collect
XRD data in-situ during roasting [53]. To obtain XRD patterns, the integrated device was
used based on DRON (JSC Bourevestnik, Saint-Petersburg, Russia) diffractometer with
iron anode and a resistance furnace. The samples were heated up to 625 ◦C with a rate
of 10 ◦C/min and were held during 15 min. The experiments were carried out in air.
Temperature was set by automatic controller using chromel-alumel K-type thermocouple.
XRD patterns at 2-theta range 25◦–57◦ were recorded continuously during the heating. The
exposure time of an individual XRD pattern was 6 s.

3. Results
3.1. ZPR Characterization

Tables 2 and 3 show the elemental composition and the phase distribution of zinc,
copper and cadmium in ZPR, respectively. Table 4 demonstrates a water-soluble part of
minor valuable elements of ZPR. Figure 1 illustrates the XRD pattern of ZPR.

Table 2. Chemical composition of the ZPR sample 1.

Element Zn Cu Cd Fe Pb S C Al Si Mn Ca Mg Ba Sb As Ag Ga In Tl

Unit wt.% mg/kg

content 17.32 2.66 0.44 23.36 5.46 5.72 0.24 0.58 1.92 0.75 3.10 0.57 1.25 0.07 0.38 283 193 170 20

1 the rest are other minor elements and oxygen.

Table 3. Phase composition of zinc, copper and cadmium minerals in the ZPR sample.

Phase Zn Distribution,
Rel. % Phase Cu Distribution,

Rel. % Phase Cd Distribution,
Rel. %

Zn sulfates 15.2 Cu sulfates 44.8 Cd sulfates 16.6

Zn oxide 12.4 Cu oxides 2.3 Cd oxide + Cd
silicates 13.7

Zn silicates + Zn
arsenates 3.7 Cu2S + CuS +

Cu5FeS4
5.5 Cd sulfides 0.8

Zn sulfides 5.2 CuFeS2 0.3 Cd ferrites 37.9

Zn ferrites 63.5 Cu ferrites 47.1 Cd low-soluble 31

Table 4. Percentage of water-soluble forms of silver, gallium, indium and thallium in ZPR.

Element Ag Ga In Tl

solubility in water, rel. % not detected 0.1 not detected 5.3

The analyses have pointed out that ZPR is a multi-component complex material that
contains not only minerals formed during the oxidizing roasting of zinc concentrates such
as various ferrites and silicates, but different sulfates formed during the sulfuric acid
leaching including water-soluble ones. Zinc, copper and cadmium in ZPR are mostly in
complex ferrites, but there are also significant contents of sulfates, oxides, and sulfides
unoxidized in fluidized-bed furnace. A water-soluble part of minor elements is proved to
be insignificant.
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152–8838); I—ZnSO4∙6H2O (96–901–4481); S—Zn0,9Fe0.11S0.99 (96–901–6494); R—Ca3Al2(SiO4)3 (96–
900–0442); H—α–Fe2O3 (hematite) (96–901–5066); B—BaSO4 (96–900–4486); W—Zn2SiO4 (96–900–
9628). 
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Figure 1. The XRD pattern of the ZPR sample, where F—ZnFe2O4 (96–151–3088); K—Zn2(Cu4.8Zn3.2)(SO4)4(OH)12·12H2O
(96–900–8271); G—CaSO4·2H2O (96–230–0259); A—PbSO4 (96–152–8838); I—ZnSO4·6H2O (96–901–4481); S—
Zn0,9Fe0.11S0.99 (96–901–6494); R—Ca3Al2(SiO4)3 (96–900–0442); H—α–Fe2O3 (hematite) (96–901–5066); B—BaSO4 (96–900–
4486); W—Zn2SiO4 (96–900–9628).

Figure 2 and Table 5 show the results of Mössbauer analysis of iron-containing phases
in ZPR.
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Table 5. Parameters 1 of the Mössbauer spectra of the ZPR sample.

Temperature of Spectra Collecting, K 296 78

Subspectrum, # Phase
δ ∆ = 2ε Γexp Heff S δ ∆ = 2ε Γexp Heff S

mm/s mm/s mm/s kOe % mm/s mm/s mm/s kOe %

1 α-Fe2O3 0.37 -0.21 0.22 516.1 4.5 0.46 0.40 0.27 537.4 5.5
2 Zn1−xAxFe2−yByO4 0.34 0.50 0.43 - 83 0.43 0.50 0.44 - 82
3 ZnFe2O4 0.34 0.36 0.21 - 13 0.43 0.36 0.21 - 13

1 δ—isomer shift; ∆ = 2ε—quadrupole splitting; Γexp—line width; Heff—hyperfine magnetic field; S—relative area of a subspectrum #.

As can be seen, there is an intense paramagnetic doublet and a very weak sextet
on the spectra. The central doublet can be described as a combination of two paramag-
netic subspectra with the same isomer shift value of Fe+3 atoms in an octahedral oxygen
surrounding [54]. The values of isomer shift and quadrupole splitting point out that the
doublet is zinc ferrite, which is ferrimagnetic [55] with Neel point about 9 K [56]. Parti-
cle size reduction of zinc ferrite can lead to the spectrum distortion already at 77 K [57]
owing to increasing Neel point up to 30 K [58], but there is no the spectra distortion, so
zinc ferrite, especially related to the inner doublet, is well crystallized. Apparently, the
outer doublet corresponds to substituted zinc ferrites Zn1−xAxFe2−yByO4, where A and
B are substituents with oxidation state +2 or +3, respectively, e.g., Cd+2 [59], Mn+2 [60],
Al+3 [61,62], etc. Probably, the substitution of zinc or iron atoms in their crystal sublattices
causes an increase in the quadrupole splitting and line width for the outer doublet due to
the variation of elements A and B and the degree of substitution x and y.

Low-intensity sextet is hematite [63] due to a specific temperature dependence of the
quadrupole shift of α-Fe2O3 caused by the Morrin transition [64]. Obviously, hematite in
ZPR appears during oxidation of iron sulfides during the roasting in fluidized-bed furnace.

3.2. Sulfating of Pure Ferrites
3.2.1. STA Analysis

Figure 3 compares TG-DSC curves of pure iron sulfate (II) heptahydrate and ZnFe2O4
+ FeSO4·7H2O mixture.
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Figure 3. TG-DSC thermogram of pure FeSO4·7H2O (a) and ZnFe2O4 + FeSO4·7H2O mixture in 1:4 molar ratio excluding
hydrated moisture (b).

As can be seen, the temperature ranges of all peaks obtained during the heating the
mixture of ZnFe2O4 + FeSO4·7H2O approximately match with the temperature ranges
of peaks of thermal decomposition of pure FeSO4·7H2O. All obtained thermograms for
the ferrite–sulfate systems involving ZnFe2O4, CuFe2O4, Zn0.5Cu0.5Fe2O4, FeSO4·7H2O,
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Fe2(SO4)3·9H2O were similar in the temperature ranges of peaks to the thermal decomposi-
tion of iron sulfates (see dataset [65]). It indicates the identity of the interaction mechanism
in all the studied ferrite–sulfate systems. Evidently, reactions of the ferrites with the sulfates
occur in the range of 550–700 ◦C that coincide with sulfur oxides removal.

3.2.2. Roasting Experiments

Firstly, to verify the ferrite–sulfate reactions, roasting experiments with pure com-
pounds followed by XRD analysis of the roasted samples were carried out at 550–700 ◦C.
Table 6 shows the general results of the experiments for all the systems. As in the case of
STA analysis similarity, the XRD patterns of the roasted samples at the same temperature
were qualitatively identical for all the ferrite–sulfate systems.

Table 6. General results of XRD analysis of the samples obtained in the experiments in the systems
MFe2O4–FeSO4·7H2O and MFe2O4–Fe2(SO4)3·9H2O, where M is Zn, Cu or Zn0.5Cu0.5, at 550–700 ◦C
for 60–240 min in molar ratios from 1:0.5 to 1:4 excluding hydrated moisture.

Temperature, ◦C Phase Composition of Roasted Samples

550

α-Fe2O3
MFe2O4

Fe2(SO4)3
MSO4·nH2O (<5%)
unidentified phases

600
α-Fe2O3
MxFe2O4

MSO4·nH2O

650
α-Fe2O3
MxFe2O4

MSO4·nH2O

700
α-Fe2O3
MxFe2O4

MSO4·nH2O (<5%)

It is clear that across the entire temperature range the ferrites decomposes to form zinc
and copper sulfates. The sulfating degree was significant in the samples obtained at 600
and 650 ◦C, while it was less 5% in the samples obtained at 550 and 700 ◦C. However, it
should be noted that besides Fe2O3, which is the main phase of all the obtained samples, the
amount of undecomposed ferrites was also substantial at all the temperatures and ratios.
Based on XRD analysis, quantitative dependences of the sulfating degree on temperature,
roasting time and mixture ratios in the experiments with pure compounds is proved to
be equivocal.

3.2.3. TRXRD Experiments

To find out the reactions in the systems, TRXRD experiments were carried out. Figure 4
shows the XRD patterns at different temperatures during heating of the mixtures of
FeSO4·7H2O and Fe2(SO4)3·9H2O with zinc and copper ferrites.
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Figure 4. The XRD patterns obtained at different temperatures during TRXRD experiments using mixtures of 18.2%
ZnFe2O4 + 81.8% FeSO4·7H2O (a), 18.1% CuFe2O4 + 81.9% FeSO4·7H2O (b), 17.2% ZnFe2O4 + 82.8% FeSO4·7H2O (c) and
17.1% CuFe2O4 + 82.9% FeSO4·7H2O (d), where a—ZnFe2O4; b—FeSO4·4H2O; c—FeSO4·H2O; d—FeSO4; e—Fe(OH)SO4;
f—Fe2(SO4)3; g—Fe2O3; h—ZnSO4; i—CuFe2O4; k—CuSO4; l—Fe2(SO4)3·5H2O; m—Fe2(SO4)3·7H2O; n—Fe2(SO4)3·9H2O.

It was revealed that FeSO4·7H2O decomposes and transforms sequentially with tem-
perature increasing to trivalent anhydrous sulfate according to the scheme:

FeSO4
FeSO4·7H2O→ FeSO4·4H2O→ FeSO4·H2O→ Fe(OH)SO4 → Fe2(SO4)3

Fe2O(SO4)2

(1)

These results are generally consistent with [66,67]. Fe2(SO4)3·9H2O also dehydrates
sequentially according to the scheme:

Fe2(SO4)3·9H2O→ Fe2(SO4)3·7H2O→ Fe2(SO4)3·5H2O→ Fe2(SO4)3 (2)

Then Fe2(SO4)3 transforms into hematite, and zinc or copper sulfates appear simulta-
neously. Thus, the performed investigation has found out the mechanism of the sulfating
process. Above 500 ◦C decomposition of Fe2(SO4)3 and sulfating of ferrites by emitted
sulfur trioxide occur according to the reactions:

Fe2(SO4)3(s) → Fe2O3(s) + 3SO3(g) (3)

ZnFe2O4(s) + SO3(g) → ZnSO4(s) + Fe2O3(s) (4)
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CuFe2O4(s) + SO3(g) → CuSO4(s) + Fe2O3(s) (5)

As a generalization, both FeSO4·7H2O and Fe2(SO4)3·9H2O affect similarly on the
sulfation of ferrites that agrees well with another study [68].

Figure 5 demonstrates the temperature dependence of Gibbs free energy of the reac-
tions (4) and (5).
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Figure 5. Effect of temperature on Gibbs free energy of the interactions of sulfur trioxide with zinc (4)
and copper (5) ferrites.

As reflected by the plot, the reactions (4) and (5) are possible up to 920 ◦C and 860 ◦C,
respectively. The interval of existence of SO3(g) in the ferrite–sulfate systems depends on
the reaction (3), as well as following reaction in the gas phase:

SO2(g) + 0.5O2(g) ↔ SO3(g) (6)

Figure 6 shows the temperature dependence of Gibbs free energy for the gas reac-
tion (6) of sulfur trioxide generation.
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The equilibrium curve evidences that forward reaction (6) of SO3(g) formation is
possible at temperatures up to 780 ◦C. The logarithm of the equilibrium constant of the
reaction at 680 ◦C and lower have a value above 0.5 with a significant proportion of SO3(g).
This fact explains the obtaining of inconsiderable sulfation degrees of pure ferrites at 700 ◦C
(Section 3.2.2). However, it should be noted that at 550 ◦C there was also an unessential
sulfation degree that is probably due to an insignificant decomposition rate of iron sulfate
at such conditions according to the reaction (3).

3.3. Sulfating of ZPR
3.3.1. Thermodynamic Calculation

Based on the results of the experiments with pure ferrites, the temperature ranges
from 575 to 675 ◦C was chosen for the sulfating of ZPR. Due to the similarity of the effect
of both iron sulfates during roasting, only Fe2(SO4)3·9H2O was used in the experiments
with ZPR.

To determine the required amount of iron (III) sulfate for zinc and copper sulfation,
the thermodynamic simulation was carried out. Figure 7 points out an influence of the
addition of anhydrous iron (III) sulfate on equilibrium amounts of zinc, copper and iron
compounds in ZPR at the roasting conditions.
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Figure 7. Effect of Fe2(SO4)3 addition to 100 kg of ZPR on the equilibrium amounts of Zn, Cu and Fe
compounds at 625 ◦C.

As can be seen, to convert zinc and copper ferrites and other compounds into the
sulfates, approximately 34 kg Fe2(SO4)3 should be added to 100 kg of ZPR that is equivalent
to 48 kg Fe2(SO4)3·9H2O. The calculated amount of the sulfating agent was used during
subsequent experiments.

3.3.2. Influence of Roasting Temperature on the Behavior of Valuable Elements in ZPR

Firstly, an effect of the roasting temperature was investigated at 180 min of the duration.
Figure 8 demonstrates an influence of the temperature on the recovery degree of the metals
after the roasting and subsequent water leaching.
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(b) after 180 min of the roasting and subsequent water leaching with the addition of 48% Fe2(SO4)3·9H2O to 100% ZPR.

The recovery rate of zinc reaches 99% at 600 ◦C and then gradually decreases with
the temperature increase. Therefore, it can be stated clearly that sulfating of zinc minerals
in ZPR, namely, zinc ferrite, zinc oxide, zinc sulfide and zinc silicate, are possible almost
completely according to the reaction (4), as well as the following reactions [42]:

ZnS(s) + 2O2(g) = ZnSO4(s) (7)

ZnO(s) + SO3(g) = ZnSO4(s) (8)

Zn2SiO4(s) + 2SO3(g) = 2ZnSO4(s) + SiO2(s) (9)

The recovery degree of copper proved to be considerable but incomplete. At 600 and
625 ◦C copper recovery rate was 80.3% and 88.0%, respectively. To determine unambigu-
ously the remaining phases that are present in the residue after the roasting at 600 ◦C,
chemical phase analysis of copper phases in the roasted sample was carried out according
to the scheme illustrated in Figure A4. Figure 9 compares copper phase distribution in ZPR
and in the roasted ZPR sample.

Materials 2021, 14, x FOR PEER REVIEW 11 of 27 
 

 

  
(a) (b) 

Figure 8. Effect of the roasting temperature on the recovery degree of Zn, Cu, Cd, In, Tl, Ag (a), as well as Ga, Fe and Pb 
(b) after 180 min of the roasting and subsequent water leaching with the addition of 48% Fe2(SO4)3∙9H2O to 100% ZPR. 

The recovery rate of zinc reaches 99% at 600 °C and then gradually decreases with 
the temperature increase. Therefore, it can be stated clearly that sulfating of zinc minerals 
in ZPR, namely, zinc ferrite, zinc oxide, zinc sulfide and zinc silicate, are possible almost 
completely according to the reactions [42]: 

ZnS(s) + 2O2(g) = ZnSO4(s) (7)

ZnO(s) + SO3(g) = ZnSO4(s) (8)

Zn2SiO4(s) + 2SO3(g) = 2ZnSO4(s) + SiO2(s) (9)

The recovery degree of copper proved to be considerable but incomplete. At 600 and 
625 °C copper recovery rate was 80.3% and 88.0%, respectively. To determine unambigu-
ously the remaining phases that are present in the residue after the roasting at 600 °C, 
chemical phase analysis of copper phases in the roasted sample was carried out according 
to the scheme illustrated in Figure A4. Figure 9 compares copper phase distribution in 
ZPR and in the roasted ZPR sample. 

 
Figure 9. Copper phase distribution in ZPR and in the roasted sample obtained at 600 °C after 180 
min of the roasting with the addition of 48% Fe2(SO4)3∙9H2O to 100% ZPR. 
Figure 9. Copper phase distribution in ZPR and in the roasted sample obtained at 600 ◦C after
180 min of the roasting with the addition of 48% Fe2(SO4)3·9H2O to 100% ZPR.



Materials 2021, 14, 5020 12 of 28

As is clear from the pie chart, a significant part of Cu remains in the roasted sample as
a ferrite. Probably, sulfating of copper phases is similar to zinc, but despite the thermody-
namic possibility, reaction (5) has a hindrance during the roasting at these conditions. The
experiments have shown (Figure 8) that although the roasting at 625 ◦C leads to increasing
of copper recovery degree compared with 600 ◦C, the sulfating degree of copper ferrite
are still less fully than the sulfating degree of zinc ferrite. However, the obtained copper
recovery degrees of about 80% is quite satisfactory taking into account the extraction of
99% Zn.

Cadmium recovery rate is qualitatively similar the copper curve and ranges from 43
to 64%. As shown in Table 3, the main part of cadmium in ZPR is in the ferrite or other
low-soluble forms. It leads to the assumption that as for copper ferrites, the sulfating of
cadmium ferrites proceeds incompletely in the temperature range under study.

The solubility of lead in water is insignificant due to the presence of the main part of
Pb in the sulfate form both before the roasting (Figure 1) and obviously after it.

Silver recovery degree increases with a temperature rise that is likely due to a promo-
tion by the roasting temperature of the reaction of silver sulfating:

2Ag(s) + SO2(g) + O2(g) = Ag2SO4(s) (10)

As silver sulfate solubility in water is substantial [69], it is expedient to suppress its
formation to remain Ag almost completely in the residue. As can be seen from Figure 8a,
the roasting temperature of 600 ◦C is quite suitable for this purpose.

As can be expected, the main part of iron is insoluble owing to decomposition of
unreacted ferric sulfate according to the reaction (3). The dissolution degree of iron
dramatically drops with an increase of the roasting temperature from 575 to 675 ◦C. High
separation efficiency of zinc and iron should be noted.

The recovery degree of indium and gallium are less than 1% across the entire tem-
perature range except for 575 ◦C with 15% In passed into solution. The remaining of In
and Ga in the residue under the roasting conditions is likely due to the decomposition
of the water-soluble sulfates to the corresponding oxides of low solubility [70] at lower
temperatures according to the reactions [71,72]:

In2(SO4)3(s) = In2O3(s) + SO3(g) (11)

Ga2(SO4)3(s) = Ga2O3(s) + SO3(g) (12)

The recovery rate of thallium is in the range from 40 to 60%, which is considerably
different compared with the indium and gallium recovery rate because water-soluble
Tl2SO4 is stable within the temperature range of the roasting [73].

Thus, the sulfating roasting at 600 ◦C and following water leaching lead to the recovery
degree of Zn and Cu of 99.0% and 80.3%, respectively, and almost full remaining of Fe, Pb,
Ag, In, Ga in the residue.

3.3.3. Influence of Iron Sulfate Amount on the Behavior of Valuable Elements in ZPR

Effect of the sulfating agent amount was investigated at 600 ◦C of the roasting temper-
ature and 180 min of the duration. Figure 10 illustrates an influence of Fe2(SO4)3·9H2O
addition to ZPR on the recovery rate of major and minor elements after following wa-
ter leaching.
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Figure 10. Effect of Fe2(SO4)3·9H2O addition to 100% ZPR on the recovery degree of Zn, Cu, Cd, Fe, Pb (a), as well as In, Tl,
Ga, Ag (b) after 180 min of the roasting at 600 ◦C and subsequent water leaching.

As shown in Figure 10a, the recovery rates of zinc, copper and cadmium achieve
plateau in the ranges of 97–99% Zn, 80–83% Cu, 51–55% Cd with the addition over 48%
Fe2(SO4)3·9H2O that is consistent with the results of thermodynamic simulation (Figure 7).
As anticipated, an increment of the sulfating agent addition causes an increase of iron
dissolution degree due to a probably higher amount of undecomposed iron sulfate in
the roasted samples. Moreover, an increased consumption of Fe2(SO4)3·9H2O not only is
cost-inefficient, but leads to a significant rise of dissolution degree of In and Ag (Figure 10b)
that is unfavorable for their selective extraction.

3.3.4. Kinetics of ZPR Sulfating Roasting

Figure 11 shows an influence of the roasting time on the recovery degree of major
and minor elements at 600 ◦C and 48% Fe2(SO4)3·9H2O addition to ZPR. As can be seen
from the plots, the sulfating of zinc, copper, cadmium and thallium is quite rapid process,
which occurs almost fully in the range from 5 to 40 min. Furthermore, the same roasting
duration ranges enable to suppress the dissolution of indium and gallium. In contrast with
the other elements, the dissolution degree of iron achieves a plateau only after 150 min of
the roasting at a minimum level of 0.4%.

To elucidate a behavior of zinc and copper during the sulfating process, the additional
experiments were carried out at the roasting time up to 20 min. Figure 12 gives kinetic
curves of zinc and copper sulfation. It should be noted from Figures 11a and 12b that
copper achieved a maximum recovery degree at 10.0–12.5 min, then a sloping decreasing
occurs. Such copper behavior is likely due to a partial decomposition of copper sulfate to
oxide and subsequent ferritization, so the elevated temperature and the prolonged roasting
duration are unfavorable for copper recovery.
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Figure 12. Effect of roasting time on the recovery degree of zinc (a) and copper (b) at 600 and 650 ◦C with the addition of
48% Fe2(SO4)3·9H2O to 100% ZPR and subsequent water leaching.

Experimental data were processed by reduced time method [74] using various well-
known kinetic models. The zinc kinetic curve was divided into two sections of high and
low rate, namely, from 0 to 12.5 min and from 12.5 to 90 min, respectively. The copper
kinetic curve was processed only for the section of high rate from 0 to 12.5 min due to a
peculiar behavior of copper at longer duration described above. Table 7 lists the results of
the data processing and indicates adequacy of the models for the experimental data.
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Table 7. Comparison of various kinetic models for the sulfating zinc and copper during the roasting at 600 and 650 ◦C with the addition of 48% Fe2(SO4)3·9H2O to 100% ZPR.

Model Name Integral Form Time Range, min T, ◦C
R2

(Adjusted R-Squared) T, ◦C
R2

(Adjusted R-Squared)

Zn Cu Zn Cu

Jander [1 − (1 − x)1/3]2 0–12.5 600 0.7247 0.5797 650 0.8275 0.7160
12.5–90 600 0.3372 - 650 0.5000 -

Hinstling-
Brounstein 1 − 2x/3 − (1 − x)2/3 0–12.5 600 0.7716 0.6484 650 0.8538 0.7563

12.5–90 600 0.4211 - 650 0.5693 -

Shrinking sphere 1 − (1 − x)1/3 0–12.5 600 0.9562 0.8599 650 0.9802 0.9569
12.5–90 600 0.6074 - 650 0.7959 -

Erofeev-Avrami n = 2 [−ln(1 − x)]1/2 0–12.5 600 0.9738 0.9906 650 0.9644 0.9741
12.5–90 600 0.8030 - 650 0.9691 -

Erofeev-Avrami n = 3 [−ln(1 − x)]1/3 0–12.5 600 0.8333 0.9139 650 0.8331 0.8361
12.5–90 600 0.9837 - 650 0.9653 -

Erofeev-Avrami n = 4 [−ln(1 − x)]1/4 0–12.5 600 0.6968 0.5004 650 0.7122 0.7138
12.5–90 600 0.9571 - 650 0.8578 -

Chemical reaction of
first order

−ln(1 − x)
0–12.5 600 0.9077 0.7469 650 0.9578 0.9125

12.5–90 600 0.4351 - 650 0.6597 -

Chemical reaction of
second order

(1 − x)−1 − 1
0–12.5 600 0.7278 0.4778 650 0.8639 0.7578

12.5–90 600 0.2317 - 650 0.4316 -
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As follows from the kinetic calculation, the initial section of the zinc and copper curves
fits Erofeev–Avrami equation with n = 2, which points out that generation and growth
of nuclei is a rate-controlling step in the range from 0 to 12.5 min. However, it should be
noted that the models of shrinking sphere and chemical reaction of first order are also quite
suitable for the experimental data due to high values of adjusted R-squared. Therefore,
one cannot exclude a mixed mode that can consist of two rate-controlling steps, namely,
nuclei generation and growth, as well as chemical process, e.g., the reaction (3). The second
section of the reaction for zinc corresponds well to Erofeev–Avrami equation with n = 3,
while the reaction-controlled equations are unfit, so rate-controlling by nuclei generation
and growth in the range from 12.5 to 90 min is a fair assumption.

3.3.5. Characterization of Roasted and Water-Leached ZPR

Figure 13 demonstrates the XRD patterns of roasted ZPR at 600 ◦C and 625 ◦C. Al-
though the roasting conditions is almost similar with distinction of the temperature of only
25 ◦C, the XRD patterns has a substantial difference. The main iron-containing phase of the
sample roasted at 600 ◦C is maghemite (γ-Fe2O3); moderate peaks of hematite (α-Fe2O3)
and low-intensity peaks of the remaining ferrite are also present (Figure 13a). The sample
roasted at 625 ◦C contains most of iron in hematite, the ferrite appears to have insignificant
but higher intensive peaks than in the other sample that is consistent with the results of the
experiments illustrated in Figure 8a. Maghemite in a substantial proportion is proved to be
undetected in the sample roasted at 625 ◦C (Figure 13b). Other phases such as anhydrous
and hydrated zinc and copper sulfates, as well as containing in the original ZPR grossular
and sulfates of lead, calcium and barium are qualitatively similar in both the samples.
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Figure 13. The XRD pattern of the ZPR sample roasted with the addition of 48% Fe2(SO4)3·9H2O during 180 min at 600 (a)
and 625 ◦C (b), where H—α-Fe2O3 (hematite) (96–901–4881); M—γ-Fe2O3 (maghemite) (96–152–8613); F—ZnFe2O4 (96–151–
3088); A—PbSO4 (96–900–0653); U—ZnSO4·H2O (96–900–9374); Z—ZnSO4 (96–900–7445); L—CuSO4·5H2O (96–101–0528);
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To elucidate iron distribution in the maghemite-containing sample, Mössbauer anal-
ysis of the sample roasted at 600 ◦C before and after water leaching was carried out.
Figure 14 illustrates the Mössbauer spectra of the roasted and leached samples, Table 8
gives the parameters of the illustrated spectra. Appendix B includes the parameters of the
supplementary samples, which provided to clarify and confirm our hypotheses regarding
phase identification.
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Table 8. Parameters 1 of the illustrated in Figure 14 Mössbauer spectra of ZPR roasted with the addition of 48% Fe2(SO4)3·9H2O during 180 min at 600 ◦C, as well as of the same sample
after water leaching.

Temperature of Spectra Collecting, K 296 78

Sample Subspectrum, # Phase
δ ∆ = 2ε Γexp Heff S δ ∆ = 2ε Γexp Heff S

mm/s mm/s mm/s kOe % mm/s mm/s mm/s kOe %

Roasted

1 α-Fe2O3 0.37 −0.18 0.32 513.3 21.8 0.48 0.33 0.33 539.6 18

2
γ-Fe2O3

0.31 −0.01 0.55 488.2 23 0.47 0.05 0.41 526.5 17

3 0.32 −0.08 1.17 441 17 0.41 −0.03 0.67 508.3 29

4 FeSO4·H2O 1.26 2.72 0.47 - 3.6 1.37 3.12 0.71 - 5.3

5 Fe2O(SO4)2·xH2O 0.40 0.60 0.63 - 21 0.50 0.61 0.57 - 21

6 ZnFe2O4 0.35 0.41 0.29 - 14 0.46 0.37 0.30 - 10

Leached

1 α-Fe2O3 0.37 −0.19 0.32 513.9 31.4 0.48 0.38 0.30 539.7 27

2
γ-Fe2O3

0.33 −0.03 0.72 486.8 26 0.47 0.02 0.53 527.2 30

3 0.34 −0.03 1.77 438 19 0.41 0.01 0.74 505 24

6 ZnFe2O4 0.35 0.44 0.35 - 11.3 0.44 0.41 0.32 - 9

7 Fe+3
Oh 0.33 - 1.77 - 11.9 0.44 - 2.0 - 11

1 δ—isomer shift; ∆ = 2ε—quadrupole splitting; Γexp—line width; Heff—hyperfine magnetic field; S—relative area of a subspectrum #.
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The obtained Mössbauer spectra has an appreciable temperature dependence. The
temperature decrease of the spectra collecting causes a narrowing and significant intensity
increasing of lines 1 and 5, as well as broadening of lines 2 and 6 that indicates the
presence of a superposition of several sextets. Three sextets correspond to Fe+3 atoms in an
octahedral oxygen environment, but belong to different phases. The parameters of sextet
#1 is similar to the sextet detected in the sample of the original ZPR (Figure 14 and Table 8)
and corresponds to α-Fe2O3 [75]. Evidently, two other sextets (##3–4, Table 8) are related
to γ-Fe2O3 [76–78]. The reduced values of the magnetic splitting for the sextets at room
temperature and the high value of the resonance line width with a strong temperature
dependence suggest that this is a poorly ordered and very defective phase [79]. It could be
assumed that the group of the sextets ##1–3 also includes the group of copper ferrite sextets
with ultrafine parameters close to the indicated oxides—CuFe2O4 [80–83] or substituted
analogs of copper ferrite Cu1-xAxFe2-yByO4, where A and B are a substituent element in
the oxidation state +2 or +3, respectively, for example, Zn+2 [84–86], Cd+2 [85], Al+3 [87],
Ga+3 [86]. However, this hypothesis was not confirmed because after calcination of these
samples at 900 ◦C, no other iron-containing phases were found in the samples except for
zinc ferrite and α-Fe2O3 (Appendix B).

The doublets ##4–5 (Figure 14 and Table 8), which is present in the roasted sample, but
is absent in the water-leached sample, corresponds to Fe+2 and Fe+3 atoms in an octahedral
oxygen environment [54], respectively. The hyperfine parameters of #4 for both the temper-
atures are in good agreement with the data for FeSO4·H2O [88–90]. The presence of Fe+2 is
inconsistent with the results of the Section 3.2, so it is an open question how FeSO4·H2O
was formed during the roasting. As shown in Figure 15, it is thermodynamically possible
that divalent iron can be a product of interactions of Fe2(SO4)3 with sulfides containing in
a substantial amount (Table 3) in ZPR according to the reactions:

4Fe2(SO4)3(s) + ZnS(s) = 8FeSO4(s) + ZnSO4(s) + 4SO3(g) (13)

5Fe2(SO4)3(s) + Cu2S(s) = 10FeSO4(s) + 2CuSO4(s) + 4SO3(g) (14)
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However, this fact, as well as the fact of the presence of γ-Fe2O3, should be investi-
gated further.

Doublet #5 obviously corresponds to the iron (III) sulfate dehydration products [91–93],
e.g., Fe2O(SO4)2·xH2O [66]. The very broadened singlet #7 in the water-leached sample
can be related to Fe+3 atoms in an octahedral oxygen environment [52] and, apparently,
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corresponds to amorphous products of hydrolysis of soluble iron salts. After the additional
calcination of the samples at 900 ◦C, all the indicated paramagnetic iron-containing com-
pounds are not detected (Appendix B). The doublet #6, which has the same parameters
with the one in the ZPR sample, is unsulfated zinc ferrite.

Thus, the characterization of the roasted and water-leached samples has pointed out
that the sample treated under the optimal conditions to obtain the highest recovery degree
of valuable elements contains the main part of iron in the form of γ-Fe2O3 rather than
α-Fe2O3. Taking this result into account, it is possible to apply low-intensity magnetic
separation to extract iron from the residue rather than high-intensity magnetic separation
used in [40] to recover α-Fe2O3 that can improve the efficiency of iron separation.

4. Discussion

The investigation on the mechanism of sulfating roasting using pure zinc and copper
ferrites has pointed out that the process occurs through an interaction of the ferrites with
SO3(g), which are generated through decomposition of iron sulfates, to form appropriate
sulfates. Therefore, it can be inferred that the reversible gas-phase reaction (6) is a crucial
process to control efficiency of sulfation of the ferrites. These results are consistent with [68],
where a similar conclusion was drawn, but inconsistent with [40], where authors claimed
that zinc ferrite transforms into sulfate via interaction with SO2(g). However, it should
be noted that authors of [40] used gas mixtures of sulfur dioxide and air. This leads to
the assumption that, as previously stated, sulfur trioxide generated during the reversible
reaction (6) play a key role during the gaseous sulfating of the ferrites.

It is deduced, based on the previous discussion, that sulfation process can be realized
using both gaseous and solid sulfating agents. Although gaseous sulfation seems to be
more promising due to a possible variation of the roasting temperature in a wider range
than with the application of solid sulfating agents, authors [41] reported that industrial
implementation of gaseous sulfation in a conventional fluidized bed reactor is impracti-
cable because of sticking of formed sulfates to the reactor walls causing the maintenance
problems. Moreover, gaseous sulfation requires a proper charge preparation and a binder
addition for efficient operation in a selected metallurgical unit. Therefore, to avoid the prob-
lems, the gaseous sulfation requires suitable metallurgical units to prevent the undesirable
effects that restricts an industrial application of the gaseous sulfation method.

The sulfation roasting using iron sulfates have some advantages over gaseous sulfation
such as lack of binders due to the binding property of iron sulfates [94–96], the possibility
of the application of conventional metallurgical furnaces for the roasting. Our study has
shown that there is no difference in the mechanism of the both iron (II) and (III) sulfates
influence; the distinction is only a different required amount of a sulfating agent based
on the one or the other iron sulfate for the process. In addition, it is well-known that the
reaction (6) is significantly catalyzed by iron oxides [97], which generated through the
decomposition of the iron sulfates during the roasting, so the sulfation using iron sulfates
is an autocatalytic process that seems to be important factor to obtain such a high zinc
recovery degree. Furthermore, it is interesting to note that the best recovery degrees of
valuable elements in the experiments using the mixture of ZPR and iron (III) sulfate under
optimal conditions were obtained with a simultaneous generation of γ-Fe2O3 in the roasted
sample, while the presence of only α-Fe2O3 led to lower recovery degrees. However, it
was reported that the catalytical effect of γ-Fe2O3 on the reaction (6) is slightly less than
α-Fe2O3 [98,99], therefore, not only the autocatalysis is the reason of high recovery degrees
under optimal conditions.

The sulfating roasting at 600 ◦C during 180 min with addition of 48% Fe2(SO4)3·9H2O
to 100% ZPR and subsequent water leaching led to the recovery of 99.0% Zn, 80.3% Cu,
55.0% Cd, 39.0% Tl into the solution, as well as retaining of 99.6% Fe, 98.1% Pb, 99.6%
In, 99.8% Ga, 96.6% Ag in the solid residue. Copper and cadmium can be convention-
ally extracted and separated from the leached solution by zinc dust cementation [6,100],
then the zinc-containing solution after its appropriate purification can be used for zinc
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electrowinning. Lead, which is in the solid residue as PbSO4, can be recovered using
leaching by NaOH solution [101,102]. Undoubtedly, whatever method was chosen for iron
extraction from the remaining part, economic feasibility of the sequential process can be
achieved providing iron regeneration into solid sulfate to recirculate it for the roasting.
The same applies to off-gas for the roasting process, which needs to be recycled through
a conventional contact method of sulfuric acid production. Economic assessment of the
recovery of minor elements such as In, Ga, Tl and Ag from both leached solution and solid
residue should be carried out depending on their contents in the original ZPR and difficulty
to extract them from intermediate products.

5. Conclusions

The study has shown that sulfating of ZnFe2O4, CuFe2O4 and Zn0.5Cu0.5Fe2O4 by
FeSO4·7H2O and Fe2(SO4)3·9H2O at the range from 550 to 700 ◦C is based on the interaction
of the ferrites with sulfur trioxide generated through the sulfate decomposition, so the
reversible reaction SO2(g) + 0.5O2(g) ↔ SO3(g) is a controlling stage of the sulfating.

ZPR has a complex composition and contains zinc and copper mainly as ferrites,
as well as sulfides, sulfates, oxides and silicates. The sulfating roasting under optimal
conditions, which are the roasting temperature of 600 ◦C, roasting duration of 180 min,
the addition of 48% Fe2(SO4)3·9H2O to 100% ZPR, and subsequent water leaching led
to recovery of 99% Zn and 80.3% Cu, while Fe, Pb, Ag, In, Ga retained almost fully in
the residue. Thus, the approach based on the sulfating roasting using iron sulfates has
a high efficiency for the extraction of valuable elements from ZPR and can be used as a
crucial stage for comprehensive processing of various secondary materials containing zinc
in ferrite form.
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Appendix B

Figure A5 and Table A1 show the supplementary Mössbauer spectra and their param-
eters, respectively, which were obtained to clarify and confirm phase identification of the
main spectra. All the raw data for the main and supplementary spectra can be found in
dataset [103].
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Table A1. Parameters 1 of the Mössbauer spectra collected at 296 K of ZPR samples treated at different conditions; roasting
and calcination durations were 180 min.

Sample Phase
δ ∆ = 2ε Γexp Heff S

mm/s mm/s mm/s kOe %

ZPR roasted without additions at 600 ◦C
α-Fe2O3 0.36 −0.20 0.22 515.8 5.5

ZnFe2O4 0.33 0.42 0.36 - 94.5

ZPR roasted with addition of 48%
Fe2(SO4)3 at 600 ◦C, then additionally

calcined at 900 ◦C
ZnFe2O4 0.33 0.43 0.36 - 100

ZPR roasted with addition of 48%
Fe2(SO4)3 at 600 ◦C, water-leached, then

additionally calcined at 900 ◦C

α-Fe2O3 0.37 −0.21 0.29 514.5 75.2

ZnFe2O4 0.34 0.41 0.32 - 24.8

1 δ—isomer shift; ∆ = 2ε—quadrupole splitting; Γexp—line width; Heff—hyperfine magnetic field; S—relative area of a subspectrum.
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11. Rüşen, A.; Topçu, M.A. Investigation of zinc extraction from different leach residues by acid leaching. Int. J. Environ. Sci. Technol.
2017, 15, 69–80. [CrossRef]

12. Xing, P.; Ma, B.-Z.; Zeng, P.; Wang, C.-Y.; Wang, L.; Zhang, Y.-L.; Chen, Y.-Q.; Wang, S.; Wang, Q.-Y. Deep cleaning of a
metallurgical zinc leaching residue and recovery of valuable metals. Int. J. Miner. Met. Mater. 2017, 24, 1217–1227. [CrossRef]

13. Xie, T.F.; Sun, C.Y.; Li, G.J.; Luo, Y.G.; Zheng, X.M.; Ma, A.Y. Zinc Extraction from Industrial Waste Residue by Conventional Acid
Leaching. In Characterization of Minerals, Metals, and Materials; Li, J., Zhang, M.M., Li, B.W., Monteiro, S.M., Ikhmayies, S., Kalay,
Y.E., Hwang, J.-Y., Escobedo-Diaz, J.P., Carpenter, J.S., Brown, A.D., et al., Eds.; Springer: Cham, Switzerland, 2021; pp. 121–129.

14. Vahidi, E.; Rashchi, F.; Moradkhani, D. Recovery of zinc from an industrial zinc leach residue by solvent extraction using D2EHPA.
Miner. Eng. 2008, 22, 204–206. [CrossRef]

15. Ashtari, P.; Pourghahramani, P. Selective mechanochemical alkaline leaching of zinc from zinc plant residue. Hydrometallurgy
2015, 156, 165–172. [CrossRef]

16. Huang, Y.; Geng, Y.; Han, G.; Cao, Y.; Peng, W.; Zhu, X.; Zhang, T.-A.; Dou, Z. A perspective of stepwise utilization of hazardous
zinc plant purification residue based on selective alkaline leaching of zinc. J. Hazard. Mater. 2020, 389, 122090. [CrossRef]

17. Liu, W.; Sun, S.; Zhang, L.; Jahanshahi, S.; Yang, J. Experimental and simulative study on phase transformation in Bayer red mud
soda-lime roasting system and recovery of Al, Na and Fe. Miner. Eng. 2012, 39, 213–218. [CrossRef]

18. Guo, Z.-H.; Pan, F.-K.; Xiao, X.-Y.; Zhang, L.; Jiang, K.-Q. Optimization of brine leaching of metals from hydrometallurgical
residue. Trans. Nonferrous Met. Soc. China 2010, 20, 2000–2005. [CrossRef]

19. Fan, Y.; Liu, Y.; Niu, L.; Zhang, W.; Zhang, T.-A. High purity metal lead recovery from zinc direct leaching residue via chloride
leaching and direct electrolysis. Sep. Purif. Technol. 2021, 263, 118329. [CrossRef]

20. Palden, T.; Regadio, M.; Onghena, B.; Binnemans, K. Selective Metal Recovery from Jarosite Residue by Leaching with Acid-
Equilibrated Ionic Liquids and Precipitation-Stripping. ACS Sustain. Chem. Eng. 2019, 7, 4239–4246. [CrossRef]

21. Rodriguez, N.R.; Machiels, L.; Onghena, B.; Spooren, J.; Binnemans, K. Selective recovery of zinc from goethite residue in the zinc
industry using deep-eutectic solvents. RSC Adv. 2020, 10, 7328–7335. [CrossRef]

22. Yan, H.; Chai, L.-Y.; Peng, B.; Li, M.; Liu, W.; Peng, N.; Hou, D.-K. Reduction Roasting of High Iron-Bearing Zinc Calcine under a
CO-CO2 Gas: An Investigation of the Chemical and Mineralogical Transformations. JOM 2013, 65, 1589–1596. [CrossRef]

23. Han, J.; Liu, W.; Qin, W.; Peng, B.; Yang, K.; Zheng, Y. Recovery of zinc and iron from high iron-bearing zinc calcine by selective
reduction roasting. J. Ind. Eng. Chem. 2014, 22, 272–279. [CrossRef]

24. Wang, C.; Guo, Y.-F.; Wang, S.; Chen, F.; Tan, Y.-J.; Zheng, F.-Q.; Yang, L.-Z. Characteristics of the reduction behavior of zinc ferrite
and ammonia leaching after roasting. Int. J. Miner. Met. Mater. 2020, 27, 26–36. [CrossRef]

25. Kashyap, V.; Taylor, P. Selective Extraction of Zinc from Zinc Ferrite. Min. Met. Explor. 2020, 38, 27–36. [CrossRef]
26. Zheng, Y.-X.; Lv, J.-F.; Liu, W.; Qin, W.-Q.; Wen, S.-M. An innovative technology for recovery of zinc, lead and silver from zinc

leaching residue. Physicochem. Probl. Miner. Process. 2016, 52. [CrossRef]
27. Min, X.-B.; Jiang, G.-H.; Wang, Y.-Y.; Zhou, B.-S.; Xue, K.; Ke, Y.; Xu, Q.-J.; Wang, J.-W.; Ren, H.-C. Sulfidation roasting of zinc

leaching residue with pyrite for recovery of zinc and iron. J. Central South Univ. 2020, 27, 1186–1196. [CrossRef]
28. Holloway, P.C.; Etsell, T.H.; Murland, A.L. Roasting of La Oroya Zinc Ferrite with Na2CO3. Met. Mater. Trans. A 2007, 38, 781–791.

[CrossRef]
29. Holloway, P.C.; Etsell, T.H.; Murland, A.L. Use of Secondary Additives to Control the Dissolution of Iron during Na2CO3

Roasting of La Oroya Zinc Ferrite. Met. Mater. Trans. A 2007, 38, 793–808. [CrossRef]

http://doi.org/10.1016/B978-0-08-097053-0.00023-6
http://doi.org/10.1007/s13563-018-0165-8
http://doi.org/10.1016/j.resconrec.2003.10.004
http://doi.org/10.1007/s10653-019-00295-6
http://www.ncbi.nlm.nih.gov/pubmed/31011941
http://doi.org/10.3390/met10050655
http://doi.org/10.15834/cimj.2017.21
http://doi.org/10.1007/s13762-017-1365-4
http://doi.org/10.1007/s12613-017-1514-2
http://doi.org/10.1016/j.mineng.2008.05.002
http://doi.org/10.1016/j.hydromet.2015.03.017
http://doi.org/10.1016/j.jhazmat.2020.122090
http://doi.org/10.1016/j.mineng.2012.05.021
http://doi.org/10.1016/S1003-6326(09)60408-8
http://doi.org/10.1016/j.seppur.2021.118329
http://doi.org/10.1021/acssuschemeng.8b05938
http://doi.org/10.1039/D0RA00277A
http://doi.org/10.1007/s11837-013-0711-3
http://doi.org/10.1016/j.jiec.2014.07.020
http://doi.org/10.1007/s12613-019-1858-x
http://doi.org/10.1007/s42461-020-00306-6
http://doi.org/10.5277/ppmp160233
http://doi.org/10.1007/s11771-020-4359-1
http://doi.org/10.1007/s11663-007-9082-x
http://doi.org/10.1007/s11663-007-9083-9


Materials 2021, 14, 5020 26 of 28

30. Holloway, P.C.; Etsell, T.H. Recovery of zinc, gallium and indium from La Oroya zinc ferrite using Na2CO3 roasting. Miner.
Process. Extr. Metall. 2012, 117, 137–146. [CrossRef]

31. Youcai, Z.; Stanforth, R. Extraction of zinc from zinc ferrites by fusion with caustic soda. Miner. Eng. 2000, 13, 1417–1421.
[CrossRef]

32. Wang, H.B.; Zheng, C.Z.; Qin, S.C. Study of a Novel Chloride Volatilization Process for the Treatment of Jarosite Residue. In
Proceedings of the PbZn 2020: 9th International Symposium on Lead and Zinc Processing; Siegmund, A., Alam, S., Grogan, J., Kerney,
U., Shibata, E., Eds.; Springer: Cham, Switzerland, 2020; pp. 835–845. [CrossRef]

33. Zhang, Y.; Yu, X.; Li, X. Zinc recovery from franklinite by sulphation roasting. Hydrometallurgy 2011, 109, 211–214. [CrossRef]
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