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Abstract: The processing of zinc ore using hydrometallurgical methods leads to the formation and
accumulation of a by-product called jarosite, which contains concentrated precious metals. In this
study, we propose the recovery of In and its separation from Cu, Zn, Fe, Pb, and Ag. This study also
presents a proposal for a new technological procedure for jarosite treatment. First we roasted the
jarosite, and then the calcine collected was leached in water. The leaching extraction values obtained
for Cu, Zn, Fe, and In were 91.07%, 91.97%, 9.60%, and 100.0%, respectively. Following the leaching of
the roasted material in water, Pb, Ag, and most of the Fe obtained remained in the solid residue. The
leaching solution was treated further by a precipitation process using NaOH, where In and Fe were
precipitated and consequently separated from Cu and Zn. The In (OH); and Fe(OH)3 precipitates
were dissolved further in a diluted H,SO, solution, and then the cementation of In with Al was
performed. We used HCl acid to remove Al from the In, after which unwrought In was obtained.

Keywords: hydrometallurgy; jarosite treatment; roasting; water dissolution (water leaching); precipi-
tation; indium recovery

1. Introduction

Increased ore-processing activity and the demand for metals worldwide have in-
evitably led to the depletion of high-grade ore resources. The new challenges faced by the
industry, in terms of the economic and sustainable exploitation of complex low-content ore
deposits, are the subject of research being conducted by many scientists to date [1,2].

In addition to zinc, zinc concentrates also contain several commercially important
metals, one of which is indium. This metal does not occur in its own mineral deposit,
but rather as a companion with zinc. During the hydrometallurgical production of zinc
by roasting, leaching, and electrolytic extraction processes, indium is concentrated in the
output sediments of so-called jarosite as a by-product [3,4]. Thus, the by-product creates
a new resource and forms a reserve [5,6]. In Serbia, this by-product occurs throughout a
large area of the country, the processing of which, in addition to Cu, Zn, Pb, Ag, and Au,
can also produce indium, which favorably affects its overall economic value, since the price
of these metals is relatively high [7,8].

Jarosite, as a newly formed mineral, is very stable and poorly soluble in diluted acid [9].
The accompanying zinc metal collected from jarosite is usually obtained using the Waelz
pyrometallurgical process. The pyrometallurgical methods of processing the secondary raw
materials and waste sludge produced by zinc hydrometallurgies are very efficient; however,
they involve the use of expensive, high-capacity industrial plants in order to be economical.
These processes release harmful gases that can have a serious impact on the environment.
Some authors have shown in the literature that the application of pyrometallurgical pro-
cesses, such as the Waelz and Ausmelt methods, expends a considerable amount of coal to
provide the power required to attain a high operating temperature (1100-1300 °C) [10,11].
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These methods are not economically viable in the industry; therefore, jarosite is usually
deposited as a waste product.

Additionally, in a study conducted by a group of authors [12], the processes of treating
Pb-Ag jarosite sludge using magnetic separation, flotation, and melting are presented. From
the results, it can be concluded that none of the applied procedures produced satisfactory
results because it was not possible to achieve metal selectivity.

There are several studies that present different procedures useful for the treatment
of jarosite-rich raw materials. Some authors have shown the processes of acid and brine
leaching for the extraction of Zn and Pb [13], whereas other authors successfully developed
a mixing process using HySOy, roasting, water leaching, and finally leaching with NaCl
to obtain Zn and Pb [14]. In India and Italy, some researchers, at present, intend to
produce construction and ceramic materials with jarosite [15-18]. This activity creates a
risk of environmental pollution, and valuable elements can be lost in the process. The
extraction of lead and silver using brine leaching and then Na,S precipitation to obtain
the Pb—Ag concentrate is also one of the methods proposed by the authors [19]. The
Jarogain hydrometallurgical process produces additional metals; however, it requires
sulfide precipitation, dissolution in the NHy4 solution, and hot H,SO,. Working in such an
aggressive environment is unsafe and can lead to environmental damage.

Data from the literature show that liquid extraction enables the isolation and separation
of almost all metals with high efficiency and selectivity [20]. Moreover, these data also show
that using amino acids to conduct the extraction process requires a long time to establish
an extraction equilibrium in the form of stable complexes, and the amino acids produced
are toxic. They accumulate in the environment and are not readily biodegradable. The use
of oxime and azomethine for the extraction of heavy metals, especially those present in
multimetallic solutions, showed that the extraction was not complete.

Our study also incorporated the SX extraction process; however, since high selectivity
and utilization parameters were not achieved, we did not conduct additional tests. In
addition, extraction was used for an unlimited quantity of raw materials that can be
exploited for many years. Since the extractants used in the research are very expensive,
we decided to continue the research by adopting the classic hydrometallurgical treatment
method. Since the jarosite used in the study was not formed naturally, but as a by-product
during the production of Zn, its quantity was limited because the production of Zn was
terminated. For such a limited quantity of the product, the extraction procedure using
organic extractants was expensive, and the hydrometallurgical procedure we utilized
presented good selectivity and relatively high utilization properties.

Indium is an important metal that is widely used in the fields of electronics, medicine
and healthcare, photo-electronics, and computers. It is predominantly one of the most
widely dispersed metals and is found mainly in sphalerite as an isomorphic impurity.
For this reason, sphalerite is the most important source of indium, which is required for
improving the national economy [21].

To successfully produce a very pure form of indium, such as that used in the semi-
conductor industry, the following raw-metal-refining processes were used: chemical, elec-
trolytic refining, vacuum distillation, and zonal refining.

Chemical purification processes, in which indium is obtained with only 1073%~10"%%
impurities, include (a) melting under a layer of sodium hydroxide, where, at 320-350 °C,
most of the remaining zinc, aluminum, lead, and tin obtained from indium are converted
into sodium hydroxide slag; (b) melting under a layer of ammonium chloride and glyc-
erin where, at 160-170 °C, impurities with affinities closer to chlorine than indium (zinc,
cadmium, iron) are converted into chlorides; and (c) melting under a layer of potassium
iodide and glycerin, where indium is purified from cadmium and thallium, which form
very stable iodides [22].

Ordinary electrolytic refining processes using unwrought indium anodes are generally
performed in weakly acid chloride solutions, which usually contain 40-60 g/L In and
30-80 g/L NaCl. Sheets of pure indium, aluminum, or titanium, on which indium is
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deposited, can serve as cathodes. This process can produce indium that does not contain
more than 10~4% of any impurities [23].

Amalgam refining occurs in a three-part electrolyzer with a mercury bipolar electrode.
The unwrought indium at the anode first becomes an electrolyte and then forms an amalgam
on a mercury cathode. In the middle space, the amalgam is decomposed anodically and
then indium is converted back into an electrolyte. These amalgamations and dissolutions
are repeated until indium, cleansed of any impurities, finally settles on the platinum. This
procedure produced a product containing 99.999% indium [24].

The vacuum-refining process conducted at 600-900 °C and 1.3 x 10 Pa pressure
removes any evaporable impurities, such as zinc, cadmium, and mercury [25].

The zonal-refining process is usually used in the final stage of obtaining a high-purity
form of indium. In this way, nickel, silver, and copper can be almost completely removed;
however, this method is not suitable for the removal of lead, cadmium, and zinc [26].

This paper describes a hydrometallurgical method for processing jarosite Pb-Ag
tailings waste. The present study presents the possibility of separating the metals and
obtaining commercial, unwrought In. Jarosite + Pb—Ag sludge, obtained from the Elixir
Zorka factory in Sabac, Serbia, is the residue produced by hot-acid leaching. The product
is obtained by using traditional refining technology to obtain zinc, where, in addition to
Pb-Ag precipitates, jarosite is also obtained. The jarosite + Pb—Ag sludge obtained from the
factory, presented in Figure 1, was the residue produced by the hot-acid leaching process.
It was obtained according to the traditional refining method used to obtain zinc, where, in
addition to Pb—Ag precipitates, jarosite was also obtained.

Figure 1. View of jarosite waste tailings at the Elixir Zorka Sabac factory.

2. Materials and Methods

The sample of jarosite tailings waste used in this study was a by-product collected from
the Elixir Zorka Sabac factory. The sample was homogenized, dried, and re-homogenized,
followed by exposure to granulometric, mineralogical, SEM-EDS, and chemical analyses.

Analytical Determinations

The solution acidity was measured using a combined pH electrode produced in
Germany. Zinc, copper, and iron present in the solution were measured by absorption
spectrometry (PerkinElmer 403, USA). The concentration of indium in the solution was
determined by using an inductively coupled plasma optical emission spectrometer (ICP-
OES; Spectro Arcos model) manufactured in Germany. X-ray diffraction (XRD) analysis
was performed on a Rigaku MiniFlex 600 instrument produced in Japan with a D/teX Ultra
250 high-speed detector and an X-ray tube with a copper anode. The recording conditions
were the following: angle range: 3°-90°, step: 0.02°, and recording rate: 10°/min. The
X-ray tube’s voltage was 40 kV and the current was 15 mA. Mineral identification was
performed using PDXL 2 Version 2.4.2.0 software, and the diffractograms we obtained
were compared to the data obtained from the ICDD database (PDF-2 Release 2015 RDB).
The detection limit for the XRD analysis was approximately 1%. The elemental analyzer
LECO CHN 628, produced in the USA, was used to determine the presence of Ny, C,
and H; in the jarosite sample. Thermogravimetric analysis was performed using an SDT
Q600 V20.9 Build 20 instrument (Milford, MA, USA), with the temperature ranging from
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2510 700 °C. TGA analysis was performed in a stream of nitrogen with a flow rate of
100 mL/min and heating value of 10 °C/min using a ceramic pot. Particle size distribution
measurement of the jarosite sample was performed using an optical laser particle size
analyzer (MASTERSIZER 2000, Hydro2000MU) produced in the United Kingdom, which
could determine grain sizes ranging from 20 nanometers to 100 microns. For the analysis
of the samples, a scanning electron microscope (JSM IT 300 LV (JEOL, Japan)) was used,
which can function in both low- and high-vacuum conditions, achieving high image
resolutions with magnifications of up to 300,000 x by using a tungsten filament as an
electron source (cathode). The microscope was equipped with a detector for the secondary
electrons (SEDs) and backscattered electrons (BEDs), and with a modern energy-dispersive
spectrometer (EDS).

3. Results and Discussion
3.1. Grain Size Distribution of the Jarosite Sample

The particle size distribution measurement of the jarosite sample was performed on an
optical laser particle size analyzer. The sample was measured three times and the average
value of the three measurements was used as the final result. The particle size distribution
of the jarosite sample is presented in Figure 2.
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Figure 2. Graphical presentation of the identified size classes and particle size distribution of the
jarosite sample: (a) incremental (direct) curve values that correspond to the left axis; (b) undersize
distribution curve values that correspond to the right axis.

It can be observed from the graph that the size class of 31.467 um is represented by
90%, the size class of 7.258 um is represented by 30%, and the size class of 2.307 um is
represented by 10%.

It can also be observed in Figure 2 that a fine jarosite size was obtained as an interme-
diate during the production of zinc. This fine size of jarosite does not need to be exposed to
additional crushing or pulverizing for further treatment.

3.2. Mineralogical Composition of the Jarosite Sample

The XRD pattern obtained for the jarosite sample is presented in Figure 3. The XRD
of the pulverized samples was performed prior to and following the roasting process of
the jarosite.

The diffractogram produced by the XRD analysis of the jarosite tailings waste sample
is presented in Figure 2. The following minerals were identified in the sample: (a) jarosite,
in the form of (KFe3(SO4)2(OH)s) and/or (NH4Fe3(SO4)2(OH)g); (b) magnetite (FezOy);
and (c) anglesite (PbSOy). Jarosite and magnetite were the most prevalent minerals in the
sample, while anglesite was less abundant. For the analyzed sample of jarosite, the peaks
of potassium jarosite and ammonium jarosite matched each other because their angles also
matched one another; therefore, these minerals presented the same crystal structures.
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Figure 3. Diffractogram of the jarosite tailings waste sample.

3.3. SEM-EDS Analysis

SEM-EDS analysis was performed on the jarosite sample. Figure 4 presents the SEM
images (a: SED image; b: BED) of the jarosite sample recorded at 1000 x magnification at
two different positions.

Second position (a: SED). Second position (b: BED).

Figure 4. SEM (a: SED; b: BED) images of the jarosite sample recorded at 1000 x magnification at two
different positions.

Clearly visible in the SEM images is that most particles range between approx. 1 and
10 um in size, with a few exceeding 10 um. The results of the SEM analysis are in good
agreement with the laser diffraction grain size analysis results, when considering the
difference between the volume fraction (obtained using the laser-diffraction method) and
numerical frequency (observable when using SEM).

The BED images, acquired in the compositional mode, present a distinct domination
by a single mineral phase: jarosite (observe EDS spectra in Figures 5 and 6). However,
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numerous bright particles can be observed in these images corresponding to magnetite and
anglesite, the two phases also identified by XRD analysis. Moreover, a few dark particles
are evident in the images, corresponding to silicate residuum.

M Spectrum 1

Weight % 50%

M Spectrum 2
fe IS

Po
Zn |
Si
Cu
A
Ba

Weight % 50%

Weight %

(d)

Figure 5. EDS image (a) with EDS spectra (b—d) of the jarosite sample recorded at 1000x magnifica-
tion; first position.
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Figure 6. EDS image (a) with EDS spectra (b-d) of the jarosite sample recorded at 1000x magnifica-
tion; second position.

Jarosite occurs in generally irregular, tabular, and pseudo-cubic crystals, unevenly
fractured and frequently rounded. The presence of well-developed hexagonal crystals,
revealing its true hexagonal scalenohedral symmetry, is quite rare.

Based on the SEM EDS analysis of the jarosite sample, it can be observed in Table 1
that the jarosite sample contains 33.35% to 45.97% iron, 0.65% to 1.48% copper, 5.11% to
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9.85% lead, and 2.04% to 7.44% zinc, in the form of oxides and sulfates. Indium and silver
were not detected when using the EDS method of analysis because their content in the
sample was less than the detection limit.

Table 1. EDS analysis of jarosite sample recorded at 1000 x magnification (Figures 4 and 5).

Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4 Spectrum 5 Spectrum 6
O (%) 28.95 34.25 39.29 35.88 36.21 3222
Al (%) 1.14 0.66 1.11 0.94 1.38 0.86
Si (%) 1.14 0.81 0.65 - - 0.93
S (%) 7.50 12.91 17.15 15.92 14.39 11.07
K (%) 0.11 0.07 - 0.12 - 0.10
Mn (%) 0.22 - - - - 0.29
Fe (%) 45.97 42.72 38.24 33.35 42.81 38.19
Cu (%) 1.48 0.74 0.65 1.19 1.31 1.43
Zn (%) 422 2.09 2.08 2.04 3.15 7.44
As (%) - - 0.83 - - -
Ba (%) 0.90 0.64 - 0.71 0.75 0.71
Pb (%) 8.37 5.11 - 9.85 - 6.76
z 100.00 100.00 100.00 100.00 100.00 100.00
“-” indicates that there are no values of those elements in those spectrums.
3.4. Chemical Analyses
The chemical analysis of jarosite is presented in Table 2.
Table 2. Element content values (Wt% dry basis) for the jarosite sample.
Hement % % " i % "
Content 0.7 5.39 30.61 0.034 5.68 0.034 9.61

3.5. Jarosite Roasting

Previous research has shown that the leaching of jarosite in 15% H;SO4 under the
conditions of 90 °C, 6 h, and S:L = 1:10 produces the best leaching results for Cu, Zn, and
In, namely, 93.76%, 91.64%, and 97.59%, respectively [27]. However, in addition to this
high leaching capacity of the metals of interest, the leaching of Fe over 80% also occurs.
Studies have also shown that the precipitation of Fe with NaOH produces a large mass of
precipitates. When this occurs, a significant amount of Cu and Zn is occluded and, together
with Fe, settles in the precipitate as an irreversible loss. For this reason, the jarosite sample
was subjected to roasting processes.

3.5.1. Roasting Pb—Ag Jarosite Sludge

XRD analyses for each roasted sample were performed to determine the relevant
decomposition effect. Diffractograms, obtained by the XRD analysis of a sample roasted at
530, 570, and 630 °C, are presented in Figure 7.
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Figure 7. Diffractogram of calcined jarosite samples at 530, 570, and 630 °C.

A diffractogram obtained from XRD analysis of the jarosite sample roasted at 570 °C
is presented in Figure 6. In this sample, the following minerals were identified: hematite
(FexO3), anglesite (PbSO4), and magnetite (Fe304). Hematite was the most common mineral
identified in the sample, anglesite was less evident, while magnetite was the least evident.
By comparison, the magnetite peak intensities presented in the diffractograms of the
samples at 530 and 570 °C showed that the presence of magnetite in the jarosite sample
roasted at 570 °C was less than in the sample roasted at 530 °C.

A diffractogram obtained from XRD analysis of a sample roasted at 530 °C is pre-
sented in Figure 6. In this sample, hematite (Fe;O3) and anglesite (PbSO,) were identified.
Hematite was the more common mineral in the sample, while anglesite was less evident.
The XRD analysis showed that, at 630 °C, iron was completely transformed into Fe,Os.

With increasing roasting temperature the sulfate decomposed, releasing SO, that en-
tered the atmosphere and thus reduced the acidity in the environment; therefore, the metal
leaching activity was reduced (Table 3). According to the data, the sulfates of some metals,
as well as sulfuric acid, decompose when exposed to the following temperatures [28]:

CuSOy 500-600 °C

ZnS0y 740 °C

Fe2 (804)3 480 °C

Iny (SO4)3 600 °C

H,S04 338 °C

At temperatures higher than 480 °C, Fe;(504)3 decomposes and transforms into FeO,
and by increasing the temperature to 630 °C, Fe304 and Fe,O3 completely transform into
Fe;O3, which is insoluble in water and slightly soluble in a weak sulfuric acid solution.
Here, the separation of iron from other metals can be achieved by leaching.
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Table 3. Conditions for the jarosite roasting and leaching process.
. . Leaching with H,O (S:L=1:5),t=1h .
Roasting Time 4 h and pH after Leaching Extent of Leaching
S;;;s:e Roasting Temperature H Cu Zn Fe In
e P % % % %
(g
1. 100 530 2.25 91.07 91.97 9.60 100.00
2. 100 570 2.73 72.74 74.23 1.30 37.91
3. 100 630 4.97 42.87 71.10 0.51 0.08

After the roasting stage, the material was leached in water. Table 3 displays the
roasting and leaching conditions for the experiments we performed, presenting only those
that provided the best recovery of metals.

It can be observed in Table 3 that the best leaching result for the metals is obtained
after roasting the jarosite at a temperature of 530 °C under a roasting time of 4 h and
leaching the roasted material in water, where 91.07%, 91.97%, and 100.00% of Cu, Zn, and
In were leached separately. It can also be observed from the results that in experiment
1, following the roasting of jarosite at 530 °C and the leaching of the roasted material in
water under the conditions of S:L = 1:5 and a leaching time 1 h, the measured pH of the
solution after leaching was 2.25. Compared with the measured pH of the solutions obtained
in experiments 2 (pH = 2.73) and 3 (pH = 4.79), it can be observed that in experiment 1,
there was sufficient acid to perform the leaching process; in other words, the acid was not
spent. The reason for the greater degree of In, Cu, and Zn leaching during the roasting
process at low temperatures was that they remained in the form of sulfates that are easily
leached in water, while the iron was transformed into hematite, which is virtually insoluble.
Additionally, in experiment 1, in addition to the leaching of Cu, Zn, and In, the increased
leaching activity of Fe was obtained in comparison to experiments 2 and 3; however, Fe
leaching activity was relatively low compared to the direct leaching of the raw jarosite in
sulfuric acid [27]. Since the jarosite sample was obtained as a by-product during the zinc
production process by the conventional electrolytic refining process, it is well known from
the literature that focuses on the structure of sulfate minerals. Extensive research on the
leaching process in both acid and water, separately, has been conducted. By measuring pH
after leaching, it was determined that there was no need to perform leaching in acid because
the pH was lower than 1. For this reason, we decided to use water for the leaching process.
Based on the previous experience gained through long-term research, it was decided that
the S:L ratio should be 1:5, which is a reasonable ratio. The selected leaching time of 1 h
was sufficient because sulfates are easily soluble in water.

The degree of metal leaching & (%) was calculated according to the following equation:

_ Y_Mejeacsol.
Mecalcine

£ x 100%, 1)

where £ is the mass of the metal Mejeac 501 (g) that was transferred into the solution by
leaching.

ZMeleacAsol. = CMe (g/L) x V (L), )

where Cypte (g/L) is the concentration of the metal in the solution obtained by chemical
analysis, and V (L) is the volume of the leaching solution. Me icine (g) is the mass of the
metal in the initial calcine solution, which is calculated according to the following equation:

Mecalcine = CMecalcine (0/0) X Mealcine (g)/ 100%. (3)

CMecalcine (%): metal concentration in calcine.
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Mylcine (8): the mass of calcine for leaching.

Table 4 presents the metal content in the solution following the leaching of calcine, on
the basis of which the metal leaching activity was calculated.

Table 4. Metal concentrations in the leaching solution.

Cu (g/L) Zn (g/L) Fe (g/L) In (g/L)

0.63 4.95 293 0.034

3.5.2. TGA Analyses of Jarosite Pb—Ag Sludge

Figure 8 presents the thermogravimetric analysis of jarosite Pb—Ag sludge. The TGA
curve shows that the sample is thermally stable up to 260 °C. In the temperature range
260-610 °C, a loss of mass in the sample was detected during two steps. It could be
observed that a more significant mass loss from the sample started at 430 °C and was
almost complete at a temperature of 610 °C, amounting to approximately 25%, and at
higher temperatures it increased to 34.83%.

Weight (%)

601 T T T T T
0 100 200 300 400 500

34.83%|

T
600 700

Temperature (°C) Universal V4.7A TA Instruments

Figure 8. TGA curve of jarosite Pb-Ag sludge.

The mechanisms of thermal decomposition and dissociation occur in four stages:

Up to 120 °C (loss of absorbed water)

(M)F83 (504)2(OH)6 X HZO(S) = (M)Fe3 (804)2(01—1)6(5) + XHZO(g)
At 120-260 °C (dihydroxylation, loss of OH™)
(M)Fe3 (SO4),(OH) ) = (M) (FeO)(SO4),) +3H20yg
(M) present in jarosite can be NHy, K, Na, Pb.

At 260-389 °C (loss of ammonia and water)

6(NHj) (FeO)(SOy4), (o) = 6NHy(g) + 3H0 ) + 3Fez(SO4)5.s
This equation represents a loss of ammonia and water.

At 465-610 °C (loss SO,)

This equation represents the overall decomposition equation for iron sulfate.

2F62(804)3(s) + 302(g) = 2F6203(S) + 6802(g)

This equation represents the loss of sulfur dioxide from iron sulfate.

4)

©)

(6)

@)
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At temperatures up to 120 °C for reaction 1, the moisture present in the sample
evaporated, the mass loss was almost negligible, and it coincided with the TGA curve.

At 260-389 °C for reaction 3, the theoretical mass loss related to the loss of ammonia
and water presented small deviations in relation to the TGA curve.

At 465-610 °C according to reaction 4, there were also certain deviations of the theo-
retical values from the results presented by the TGA curve.

Ammonium jarosite was stable up to 260 °C, after which there was a loss of structurally
connected water, followed by a loss of ammonia and water at 389 °C and sulfur dioxide at
temperatures higher than 465 °C.

Possible reactions during roasting include:

2CuSO4(S) + Oz(g) — ZCUO(S) + 4SOz(g) (8)

4Fe304(s) + OZ(g) — 6Fey O3 (S) 9)

Destruction reactions of other sulfates, such as zinc and lead sulfates, occurred at
temperatures of 740 °C and more than 1000 °C, respectively; therefore, they were not
considered for this study because we were only interested in roasting at a temperature of
530 °C.

In the sample of ammonium jarosite, a subsequent analysis determined the contents
of Np—1.315%, C—0.126%, and H,—1.670%, which confirmed the XRD analysis result that
confirmed the presence of ammonium jarosite.

The total mass loss for up to 610 °C according to the TGA curve and the results
obtained in the experiment during the drying of the ammonium jarosite sample was
approximately 25%; however, there is a slight discrepancy in the theoretically calculated
values we obtained based on the assumed reactions that occurred in the system during the
drying process.

The loss of mass during roasting at temperatures higher than 610 °C was not important
to us for these investigations because at higher temperatures, and as can be observed in
reaction 4, there was a significant increase in the formation of SO,, which indicates a loss of
sulfur that was required for the additional leaching of sulfate compounds in the water.

3.6. Leaching of the Roasted Jarosite Sample

After roasting the sample, leaching with water was performed. The best leaching
result for the metals was obtained by jarosite roasting for 4 h at 530 °C and then the leaching
of the roasted material with water. In experiment 1 (Table 1), a sulfate solution was obtained
with a relatively low iron leaching value of 9.6% and high leaching values of Cu, Zn, and
In, namely, 91.07%, 91.97%, and 100%, respectively; this is also one of the prerequisites for
accepting the conditions in which the raw material of jarosite would be treated.

3.7. Treatment of the Sulfate Solution

The sulfate solution containing Cu, Zn, Fe, and In was treated to separate the metals
present. During the precipitation phase, the pH level was controlled and maintained at
4. By applying this pH, selectivity was achieved in terms of separating Cu and Zn from
Fe and In. Fe and In were precipitated in the form of hydroxides. The precipitation of Cu
and Zn occurred at a pH greater than 4.5; therefore, Cu and Zn remained in the solution.
Copper and zinc were present in the solution in the form of easily soluble sulfate salts
(zinc and copper sulfates). The treatment of the sulfate solution with NaOH produced
indium hydroxide, In(OH)3, in the form of a precipitate. The solubility of In(OH)s in the
water was very low at (6 x 1073 g/L) [29]. In addition to indium, iron was deposited as
Fe(OH)s. Precipitation was carried out by using 1 M NaOH, where 94% Fe and 98% In
were precipitated from the solution. In this way, Fe and In were separated in the form of
precipitate enriched with indium, which contained Fe(OH)3 and In(OH);3.
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The treatment of 100 g of the Pb—Ag jarosite sample by roasting, leaching, and precipi-
tation processes produced approximately 3 g of dry precipitate, which means that In was
concentrated 30 times, indicating that 0.9% In was present in the precipitate.

It is well known in the literature that the main sources in the world for obtaining In
are intermediate and waste products from the processing of zinc, lead, tin, and other ores.
In these raw materials, In is present in amounts as much as 0.001% [30]. It can certainly be
concluded that the treated sample is far richer in indium than the usual raw materials from
which it is exploited. The percentages of tested metals in the solution after leaching and
precipitation processes are presented in Table 5.

Table 5. Percentages of metals in the solution after leaching and precipitation.

Metals Fe In
Leaching degree, % 9.60 100.00

Percentage of metal content in solution after

precipitation, % 0.61 2.10
Concentration in solution, g/L 2.93 0.034
Concentration of metal content in solution after 0.018 0.00071

precipitation, g/L

It can be observed from Table 4 that Fe and In are almost absent from the solution
following precipitation, thus indicating nearly complete precipitation. In this way, indium
and iron were separated from the basic mass of copper and zinc, which remained in
the solution.

The sulfate solution can be treated further to recover Cu and Zn, and a solid leaching
residue can be treated further for the recovery of Pb, Ag, and Au.

3.8. Indium Recovery Procedure

The indium-enriched hydroxide precipitate was treated with diluted 50 g/L HySO4
at room temperature to transfer it into the solution. The acid was carefully added and
stirred until the hydroxide precipitate was completely dissolved. Following its dissolution,
the chemical analysis showed the presence of trivalent iron in the solution. Since Fe>* is
detrimental in the cementation process, it must be transformed into Fe2* by reduction [31].
For this reason, SO, was used to reduce trivalent iron present in the solution to divalent
iron. Following its reduction, the acidity of the solution increased and, as the cementation
process occurred at pH = 2, it was necessary to adjust the pH. The pH was adjusted by the
addition of 1 M NaOH solution. Indium obtained from the sulfate solution was treated by
cementation, i.e., a process in which more electronegative metal is oxidized and transferred
into the solution and a greater amount of electropositive metal is reduced and precipitated
from the solution.

Zinc powder is commonly used for indium cementation [32]. Al powder was used
in our experiments. The cementation of In with Al powder was performed at an elevated
temperature (t = 70 °C). Cementation was performed at an elevated temperature to increase
the efficiency and rate of the cementation process. After the completion of the cementation,
which was determined by the analysis of the In content in the solution prior to and following
cementation, the cement sludge obtained was filtered and rinsed with water. The filtrate,
together with rinsing water, was neutralized further to pH = 7. The cementation of In with
Al occurred according to the following reaction (10):

In** + Al - In® + AP (10)

Cementation was performed with Al due to the very easy separation of Al from In.
Following cementation, the dissolution of Al with saturated NaOH solution was performed,
in which In was isolated as unwrought In. The unwrought In obtained was filtered and
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washed with water. The filtrate, together with the washing water, was neutralized further
to pH =7. The unwrought indium obtained was not pure; however, it produced the desired
indium concentrate, a mixture of the cementation sludge of indium and other metals
(cadmium and copper).

The unwrought indium contained 49.66% In, 12.62% Cu, 12.88% Fe, 9.40% As, 0.07%
Ag, 0.86% Zn, and 14.5% Cd. The methodological approach for processing the jarosite
tailings waste with the aim for recovering In is presented in Figure 9.

Jargsite
(1000 g)
Roasting
(1=530 °C, time=4h)
(“%p
Water leaching
(S:L=1:5, ime=1h
room temp.)
l—ul,.— I—wnlp—l
Leach solution Solid residue
(Cu, Zn, Fe, In) (Fe, Pb, Ag. Au)
IM NaOH 1
 —
Precipitation Further processing
(pH=4)
l (30 g dry)
Solution with Precipitate of In
(Cu, Zn) (In(OH);, Fe(OH);)
l l H3504 - S0g/L
— ol
Further processing Dissolution of precipitate
SO; gas ST T o -
Reduction Fe' —Fe*
Al powder IM NaOH
77}77 J, . ,L( H,S0,
ementation of In with Al Waste water
(pH=2, t=70 ) neutralization
sat. NaOH

Waste water
neutralization

Dissolution of Al

|

Unwrought In
0.7g)

Figure 9. Methodological approach for processing jarosite tailings waste.

4. Conclusions

Indium in jarosite tailings waste was recovered through the following main stages of
treatment:

Jarosite roasting to convert iron sulfate into insoluble hematite;

Leaching in water in order to leach In;

The precipitation of In from the leaching solution, 1 M NaOH;

The dissolution of precipitate with dilute sulfuric acid and the cementation of In from
solution with Al;

e  The dissolution of Al with saturated NaOH, in which In was isolated as unwrought In.

This study showed that the combination of roasting and leaching provided a promis-
ing process for obtaining unwrought In. By using methods such as chemical processes,
electrolytic refining, vacuum distillation, and zonal refining, it was possible to refine raw
indium into high-purity indium. By treating the jarosite sample, a technological procedure
for obtaining In, Cu, Zn, Pb, Ag, and Au was developed and presented in the technological
schema. In this study (part I), we presented a procedure for obtaining raw In; in part
II, a procedure for obtaining commercial products based on other metals was presented.
Compared to the research conducted by many authors, our proposed technological process
was not only efficient, but can be both cost-effective and environmentally friendly.

Future research should aim to valorize all useful metals from waste to commercial
products.
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