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Abstract: The present paper describes the technological solution for obtaining Cu, Zn, Pb, and Ag
from jarosite waste raw material, with its simultaneous separation from In and Fe. By roasting at low
temperatures, iron was transformed from the Fe;(SO4); form into Fe,O3, which is insoluble in water
and slightly soluble in acid. Copper sulfate and zinc sulfate are present in jarosite as sulfates. During
temperature roasting, the copper and zinc were still in the form of CuSO4 and ZnSQy, i.e., they were
easily dissolved in water. This procedure led to good selectivity of Cu and Zn compared to Fe. After
water leaching, PbSO, and Ag,;SO,4 remained in the solid residue. By treating jarosite with a content
of 0.7% Cu, 5.39% Zn, and 5.68% Pb, products of commercial quality were obtained. By roasting
jarosite in an electric furnace and leaching the roasted sample in water, leaching degrees of 91.07%,
91.97%, and 9.60% were obtained for Cu, Zn, and Fe, respectively. Using 1 M NaOH in the leaching
solution, 99.93% Fe was precipitated to pH = 4. Cu in the form of CuSO,4 was further treated by
cementation with Zn, after which cement copper was obtained as a commercial product. Zn in the
form of ZnSO, was further treated by precipitation with Na,COj3 to obtain ZnCOj3 concentrate of
commercial grade. The total recovery of Pb and Ag, which were treated by chloride leaching, was
96.05% and 87.5%, respectively. The resulting NaPbClj solution was further treated with Na,CO3
solution, whereby PbCO3 was obtained as a commercial product. The produced PbCOj3; could be
further subjected to roasting to obtain soluble PbO. In these investigations, PbCO3 was smelted where
a Pb anode was obtained; this was electrolytically refined to a Pb cathode. The proposed process does
not pollute the environment with As and Cd.

Keywords: jarosite processing; hydrometallurgy; low-temperature roasting; water leaching; metal recovery

1. Introduction

The demand for increasing metal production and decreasing grades of primary mineral
deposits has led researchers to seek alternative methods of pyrometallurgical processing.
There has been an increasing share of hydroprocessing plants for secondary raw material
treatment since the 1990s [1]. One of these secondary raw materials is jarosite which, in
its precipitation process, loses significant amounts of copper, zinc, lead, and silver [2].
The first three are widely used in various branches of the industry. Lead and zinc play
important roles in human lives and are widely used in lead-acid batteries, galvanization,
rolled and extruded products, alloys, pigments, brass and bronze, and chemicals [3-5].
Erdem et al. [6] and Turan et al. [7] conducted important studies on jarosite (zinc plant
residue) as a raw material, with the main goal being the recovery of Pb and Zn from jarosite.
The demand for lead and zinc increases every year, and by 2050, it will be measured in
millions of tons [8]. New lead-zinc deposits have not been discovered in recent years,
and exploring the new sources of these metals will be a challenge. Considering that
primary ore deposits have been exhausted, secondary raw materials have been gaining
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increasing importance. The uncertainty surrounding the behavior of jarosite waste has
spurred the implementation of metallurgical procedures. Lead is a toxic metal and is
discharged as a by-product from different types of industries [9-11]. The presence of lead
in water resources can cause diseases such as hepatitis and anemia [12-15]. Researchers
have proposed diverse methodologies for recovering valuable minerals from these wastes.
Where pyrometallurgical treatment was the primary treatment of such kinds of waste in
the past, ecological hydro- and biotechnological procedures are now being increasingly
applied. The advantages of the hydrometallurgical technique include high metal recovery,
higher tolerance towards impurities, modularity, flexibility, lower energy consumption, and
lower capital and operative costs. Several attempts have been made to decompose jarosites
using sulfuric acid, hydrochloric acid with the addition of calcium chloride, ammonia, and
sodium or calcium hydroxides [16-19]. Obtaining metal from waste of any kind, solid or
liquid, is of great importance [20,21]. Obtaining useful metals from waste can be more
energy efficient, economical, and ecological. The opening of new mines requires large
investment (connection to infrastructure, excavation, transport, etc.), and, considering that
the reserves of useful metals have been depleted in existing mines (low concentrations
of metals in the ore) and that their exploitation is unprofitable, the world is increasingly
tending to use available resources, such as tailings and other waste.

Various studies have been conducted on the treatment of jarosite, including the fol-
lowing: the co-precipitation of copper and zinc with lead jarosite [22]; the cyanidation of
argentian potassium jarosite in alkaline media [23]; sodium arsenojarosite decomposition
in alkaline media [24]; the release of arsenic and antimony in alunite—jarosite and beu-
dantite group minerals [25]; the alkaline decomposition of ammonium-sodium jarosite
with arsenic [26]; and the thermal decomposition of jarosites with potassium, sodium,
and lead [27].

Considering that waste contains harmful and useful metals, and because it is important
to add value to useful metals, a new, environmentally acceptable method for the extraction
of these useful metals should be proposed.

Our initial studies were focused on the application of different types and conditions
of leaching [28], where, in addition to the metals Cu, Zn, and In, more than 80% of Fe was
leached. For this reason, further experiments were carried out to convert Fe into insoluble
hematite through roasting and water leaching, and to selectively extract Cu, Zn, and In in
this way. The roasting and leaching conditions, with selected parameters, are presented in
the paper “Indium Recovery from Jarosite Pb—Ag Tailings Waste Part 17 [29].

The roasting of jarosite was conducted at three different temperatures: 530 °C, 570 °C,
and 630 °C. The results show that almost all the iron was transformed into hematite in the
sample fired at 630 °C, whereas in the samples fired at 530 °C and 570 °C, part of the iron
remained in the form of magnetite. Subsequent leaching of the precipitates revealed that
the greatest leaching of useful metals was achieved by leaching the precipitates obtained at
530 °C. Copper sulfate and zinc sulfate are present in jarosite as sulfates. They decomposed
at 600 °C and 740 °C, respectively. For this reason, at the selected drying temperature, they
remained in the form of sulfates that are easily leached in water.

Jarosite Pb~Ag sludge was formed at the Elixir Zorka factory in Sabac, Serbia, and is a
valuable residue obtained by leaching with hot acid.

This work represents significant technical support for the valorization of Cu, Zn, Pb,
and Ag from jarosite waste and for obtaining products (cement Cu, ZnCOj3, PbCOj3, and
Pb) of commercial quality.

2. Materials and Methods
Analytical Determinations

The acidity of the leach solution was measured using a combined pH electrode Aqua
Lytic SD300, produced in Germany. The concentration of zinc, copper, iron, lead, and
silver in solution was measured using absorption spectrometry (Perkin-Elmer 403) with a
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spectrometer produced in the USA. An optical laser particle size analyzer (MASTERSIZER
2000, Hydro2000MU, UK) was used to determine the particle size distribution of the products.

XRD analysis was performed using a “PHILIPS” X-ray diffractometer (Netherlands,
model PW-1710/1820, with a curved graphite monochromator and a scintillation counter.
The intensities of diffracted CuKa X-ray radiation (A = 1.54178 A) were measured at room
temperature in intervals of 0.02° (20), with a time of 1 s, over a range from 4 to 65° (26).

Electron microscopy method: The sample was coated with gold (20 nm layer, density
2.25 g/cm3). The textual part was accompanied by electron micrographs and SEM chemical
spectra. SEM model: JEOL J[SM-7001F—Magnification X 5-1,000,000 (Japan).

The reduction melting of PbCO3; was performed in the electric furnace by FIOA, Italy.

3. Results and Discussion
3.1. Chemical and Mineralogical Analysis of Jarosite

Homogenization was performed and a representative sample was sent for chemical
and mineralogical analysis. The chemical analysis of the sample is shown in Table 1.

Table 1. Chemical analysis of the Pb—Ag jarosite sample.

Cu In Fe Ag Pb In S N, H, C
Element % % % % % % % % % %
Content 07 539 3061 0034 568 00343 961 1315 1670 0.126

The diffractogram obtained from the XRD analysis of the jarosite waste sample is
shown in [29]. The presented minerals are jarosite in the form of NH4Fe3(SO4)2(OH)g,
magnetite in the form of Fe30,, and anglesite in the form of PbSOj,.

There is a possibility that Zn is in the jarosite structure. The detection limit is about
1%. Jarosite and magnetite raise the baseline of the diffractogram because they contain
a large proportion of Fe, which creates secondary fluorescent radiation that is scattered
everywhere. As a result, the detection limit is higher than 3-5%, meaning that crystalline
phases containing Zn may be below the detection threshold.

There is a possibility that zinc is present in the form of an amorphous substance that
cannot be detected.

Magnetite belongs to the spinel group, so the presence of other minerals from the
spinel group that have peaks that coincide with magnetite is also possible. Therefore, there
is a possibility that zinc minerals in the sample may be present in the form of zinc-ferrite,
franklinite, and granite.

3.2. Roasting and Leaching of Jarosite Pb—Ag Deposits

Detailed laboratory tests of the combined process, which includes roasting the jarosite
Pb—Ag sample and leaching the resulting product (calcine), were performed. The results
are presented in [29]. The accepted treatment parameters for Pb—Ag jarosite sample include
roasting for 4 h at a temperature of 530 °C and leaching of the calcine with water at a
solid-liquid phase ratio of 1:5 for 1 h, during which high leaching of the examined metals
and low iron leaching obtained Cu and Zn. The conditions of the combined process and
the obtained results of percentage metal leaching are shown in Table 2.

Table 2. Conditions for the jarosite roasting and leaching process.

Leaching with H,O
Roasting Time 4 h (Solid-Liquid = 1:5), Recovery
t =1h and pH after Leaching
Sample Mass Roasting Cu Zn Fe
() Temperature pH o o o
8 C)
1. 100 530 2.25 91.07 91.97 9.60




Minerals 2024, 14, 791

40f18

From Table 2, it can be seen that under the applied conditions of roasting and leaching,
the recovery amounts of Cu, Zn, and Fe were 91.07%, 91.97%, and 9.6%, respectively. It can
also be observed from the results that after the roasting of jarosite and the leaching of the
calcine in water, the measured pH of the solution was 2.25.

After leaching, Pb and Ag remained in the solid leach residue.

3.3. Treatment of Sulfate Solution

A sulfate solution containing Cu, Zn, Fe, and In was treated to separate the metals.
During the precipitation phase, the pH level was controlled and maintained at 4 using a
concentrated NaOH solution. The detailed procedure is described in [29].

3.4. Cementation of Cu from the Solution after the Precipitation of Fe

After precipitation, the macro-components Cu and Zn remained in the solution, which
were present in the solution in the form of sulfates, specifically CuSO4 and ZnSOy, respec-
tively. To selectively extract copper from the solution, cementation was performed at a pH
of 2 with zinc powder, a metal that is more electronegative than copper. The necessary
amount of zinc for the cementation process was calculated based on the stoichiometrically
required amount with 50% excess. The process of cementation, during which copper is
converted into cement slurry, takes place according to reaction (1).

CuSOy4 + Zn| — ZnSOy4 + Cul (1)

The obtained cement copper was washed, dried, and subjected to chemical analysis.
Characterization of the obtained cement copper showed that the metal content in it was
as follows: Cu = 75.97%, Zn = 7.31%, Fe = 0.005%, In < 0.095%, S = 1.9%, Ga < 0.002%,
Ge < 0.002%, Ag = 0.042%, and Pb = 0.06%.

In the leaching phase, copper was not completely leached but was recovered at 91.07%,
which means that the loss in this phase was 8.93%.

Copper losses occurred during indium precipitation and copper cementation, amount-
ing to 11.3%. During the precipitation process, approximately two-thirds of the total 11.3%
of Cu remained trapped (occluded) in the precipitate and the remaining one-third of the
total 11.3% was not fully cemented because the cementation process was never completed.

The product Cem Cu was offered to the ZiJin Copper Bor Srbija smelter. The limiting
factors for product quality were as follows: 3% moisture content, up to 5% Pb, up to 8% Zn,
and granulometric composition for treatment in the smelter.

The offered product was accepted by the company for further processing and to obtain
cathodic copper.

3.4.1. Granulometric Analysis of Cement Copper

A granulometric analysis of cement copper was performed, and the results are shown
in Figure 1.
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Figure 1. Graphic representation of the content of the identified size classes and the granulometric
sample composition of Cem Cu, showing the average undersize distribution curve values.
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From the results of the granulometric composition of the sample, it can be observed
that the size class of 50.258 um is represented by 90%, the size class of 23.019 um is
represented by 50%, and the size class of 8.157 um is represented by 10%.

3.4.2. SEM-EDS Analysis of Cement Copper

The diffractogram of Cu cement samples is shown in Figure 2. Copper (Cu) and
cuprite (CuyO) crystalline phases were identified in the Cu cement sample. Copper is more
present in the sample than cuprite.

Meas. data:Cementni talog Cu-1132-24 ——
Copper, syn, Cu, 00-004-0836 _—
Cuprite, syn, Cu2 O, 01-071-4310 —_—
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Figure 2. Diffractogram of cement copper.

The presence of the elemental copper crystalline phase was determined in the analyzed
sample. The sample was very homogeneous. The elemental copper content was much
more present, whereas the rest was copper oxide. Photomicrographs of the tested sample
are shown in Figure 3.

Electron Image 19

Figure 3. Photomicrograph of elemental copper in the “Cu cement” sample.



Minerals 2024, 14, 791 60f 18

Figure 4 shows the chemical spectrum of spectrum 61, which was mapped using
photomicrograph 3.

M Spectrum 61
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Figure 4. Chemical spectrum from Figure 3 (spectrum 61).

Table 3 presents the results of the chemical analysis of the summary spectrum of the
cement copper sample.

Table 3. Chemical composition from Figure 4 (spectrum 61).

Spectrum 61
Element Line Type Weight % Weight % Sigma
Cu K series 100.00 0.00
Total 100.00

Figure 5 presents the mapping of the entire surface of the sample, highlighting the
distribution of the copper element.

Cu Kal

Spectrum &0

I‘.I._J,rnl

Figure 5. Copper mapping image. Mapping of the copper element from Figure 3.

3.5. Precipitation of ZnCO3 from the Solution after the Cementation of Cu

After copper cementation, the solution was filtered and prepared to obtain ZnCOj3
from ZnSOy. The pH value of the solution after Cu cementation was measured as 2.84. The
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precipitation of Zn as ZnCOj3; was achieved by adding 10% Nap,COj3 solution until the pH
reached 8. The precipitation process of Zn as ZnCO3 occurs according to reaction (2).

ZnSO4 + Nay;CO3 — ZnCOs3] + NapSOy )

The resulting zinc carbonate was washed, dried, and subjected to chemical analy-
sis. Characterization of the obtained zinc carbonate showed the following composition:
Zn = 52.22%, Cu = 0.26%, Fe = 0.84%, Pb = 0.002%, Ag < 0.001%, S = 2.24%, and In < 0.002%.

The obtained ZnCOj3 product, along with the presented analysis, was offered to KCM
Bulgaria Company. The company itself analyzed the product and determined that the
content of As and Cd metals was <0.001% and 0.14%, respectively, and that the quality of
the product met their needs. The offered product was accepted by the company for further
processing and to obtain cathodic zinc.

3.5.1. Granulometric Analysis of ZnCOj3

A granulometric analysis of zinc carbonate was performed, and the results are shown
in Figure 6.

Pa ricle S ize Distribution
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Partide Size (um)
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Figure 6. Graphic representation of the content of the identified size classes and the granulometric
sample composition of ZnCOj3, showing the average undersize distribution curve values.

From the results of the granulometric composition of the sample, it can be observed
that the size class of 65.035 um is represented by 90%, the size class of 18.052 um is
represented by 50%, and the size class of 3.214 pm is represented by 10%.

3.5.2. SEM-EDS Analysis of ZnCOs

The diffractogram of the following crystalline phases was determined in the analyzed
sample and is presented in Figure 7, including ZnCO3, ZnO, Zn5(CO3),(OH)s, and CaCOs.

250

ZnCO. 4 .
2 l-énCO_;
2-Zn0
200 4 3-Zn(CO,) (OH),
4-CaCoO,
% 150} : 3;
i~
3 2
%“ 4
=
2
= 3
d T0 pi) 30 0 30 B0

200)

Figure 7. Diffractogram of the ZnCOj3 sample.
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A photomicrograph of the tested sample is shown in Figure 8.

Electron Image 1

—oum
10pm

Figure 8. Photomicrograph of the ZnCOj; phase.

Figure 9 shows the chemical spectrum of spectrum 3, which was mapped using
photomicrograph 8 of the analyzed sample.

B Spectrum 3
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Figure 9. Chemical spectrum from Figure 8 (spectrum 3).

Table 4 shows the results of the chemical analysis of the spectrum of the zinc carbonate
sample.

Table 4. Chemical composition from Figure 9 (spectrum 3).

Spectrum 3
Element Line Type Weight % Weight % Sigma
C K series 15.73 0.67
(@) K series 29.15 0.28
S K series 0.07 0.03
Cl K series 0.02 0.02
Ca K series 292 0.04

Mn K series 5.37 0.07
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Table 4. Cont.

Spectrum 3
Element Line Type Weight % Weight % Sigma
Fe K series 0.05 0.03
Cu K series 0.51 0.05
Zn K series 44.66 0.39
Cd L series 1.52 0.06
Total 100.00

3.6. Characterization of the Solution after the Precipitation of ZnCO3

The characterization of wastewater after ZnCOj3 precipitation is shown in Table 5.

Table 5. Characterization of wastewater after ZnCOj precipitation.

Parameter Unit of Measure Test Result Emission Limit Value
pH 8.0 6.5-9.5
Chemical consumption of oxygen mg/L 7.34 1000
Biochemical consumption of oxygen mg/L 24 500
Total inorganic nitrogen N (NH3-N, NO3-N, NO,-N) mg/L 1.15 120
Total nitrogen, N mg/L 1.472 150
Ammonia, NH4-N mg/L 0.37 100
Precipitable substances after 10 min mg/L <0.2 150
Phosphorus, P mg/L <0.03 20
Extract with organic solvents mg/L <0.05 50
Mineral oils mg/L <0.05 30
Total salts mg/L 142 5000
Phenols mg/L <0.1 50
Sulfates, SO4%~ mg/L 83.7 400
Chlorides, C1— mg/L 9.47 30
Fluorides, F~ mg/L 1.30 50
Sulfides, S*~ mg/L <0.005 5
Arsenic, As mg/L <0.02 0.2
Copper, Cu mg/L 0.009 2
Barium, Ba mg/L <0.009 0.5
Zinc, Zn mg/L 0.196 2
Iron, Fe mg/L <0.007 200
Chrome, Cr mg/L <0.005 1
Chrome, Cro* mg/L <0.005 0.5
Cadmium, Sd mg/L 0.045 0.1
Tin, Sn mg/L <0.05 2
Cobalt, Co mg/L 0.062 1
Manganese, Mn mg/L 0.006 5
Molybdenum, Mo mg/L <0.007 0.5
Nickel, Ni mg/L 0.037 1
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Table 5. Cont.
Parameter Unit of Measure Test Result Emission Limit Value
Lead, Pb mg/L <0.02 0.2
Silver, Ag mg/L <0.005 0.2
Mercury, Hg mg/L <0.0005 0.05

Based on the results shown in Table 5, it can be concluded that the emission limit
values of polluting substances in the technological wastewater, before their discharge into
the public sewage system, meet the limit values.

The resulting wastewater can be returned to the process as technical return water and
used for leaching the calcine.

3.7. Chloride Leaching of the Solid Residue with NaCl

After calcine leaching in water, a solid residue containing PbSO,4 was subjected to
chloride leaching in NaCl in order to leach Pb. The leaching conditions were as follows:
a salt concentration of 250 g/L NaCl, a solid-liquid phase ratio of 1:20, a temperature of
80 °C, and a leaching time of 20 min. These conditions were determined in our earlier
research when polymetallic raw material was leached [30]. The results of metal leaching
are shown in Table 6.

Table 6. Percentage of metal recovery in the process of chloride leaching of the solid residue.

Metal Pb 0/0 Ag 0/0 Fe 0/0 Cl,l 0/0 Zl‘l 0/0
Recovery 96.05 87.50 0.02 6.22 751

After chloride leaching, a solution of NaPbCl; was obtained. The measured pH value
of the solution was 6.86. The precipitation of Pb in the form of PbCO3 was achieved by
adding 10% NapCOj3 solution until the pH reached 8.

The precipitation of PbCOj takes place according to reaction (3).

NanC13 + Nap,CO3 — PbCOgi + 3NaCl (3)

Characterization of the obtained lead carbonate showed the following content: Pb = 67.50%,
Ag =0.47%, Cu = 0.55%, Zn = 5.63%, Fe = 0.08%, S = 0.14%, and In < 0.06%.
3.7.1. Granulometric Analysis of PbCO3

A granulometric analysis of lead carbonate was performed, and the results are shown
in Figure 10.

Pa rbicle Size Distribution
100 /,,-
g 80 ‘//
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£
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g 40 /
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8.01 0.1 1 - 10 100 1000 3000
Partide Size (um)
—PbCO3 - Average, Thursday, April 25, 2024 8:47:00 AM

Figure 10. Graphic representation of the content of the identified size classes and the granulometric
sample composition of PbCOj3, showing the average undersize distribution curve values.
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From the results of the granulometric composition of the sample, it can be observed
that the size class of 28.629 um is represented by 90%, the size class of 10.976 um is
represented by 50%, and the size class of 3.966 um is represented by 10%.

3.7.2. SEM-EDS Analysis of PbCOs

The diffractogram of PbCO3 samples is shown in Figure 11. In the PbCO3 sample, the
crystalline phases are sodium-lead—carbonate-hydroxide (NaPb,(CO3),OH), sanromanite
(NapCaPb3(CO3)s5), cerusite (PbCOs3), and lauronite (Pb(OH)CI). Sodium-lead—carbonate—
hydroxide and sanromanite are more abundant in the sample than cerusite and lauronite.

Mess . dsta:PCO2-1132-24 —_—
Sodium Lead Carbonate Hydroxide, Na Pb2 ——
3000 (C 02)20 H,00-0237-0501

Sanromanite, Na2Ca Pb3( C O3 )5, 01078 ——
66847

Cerussite, Pb( C 02 ), 01-071-4901

Laurionite, syn, Pb( O H) C1,01-072-46432 ——

20004

Intensity (counts)

1000

“ b MM; mmbzwww

20
2-theta (deg)

Figure 11. Diffractogram of the PbCO3; sample.

Photomicrographs of the tested sample are shown in Figure 12.

Electron Image 10

s

< Spectrim 31
+

s
2.5um

Figure 12. Photomicrograph of PbCOs.

Figure 13 shows the chemical spectrum of spectrum 37, which was mapped using
photomicrograph 12 of the analyzed sample.
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Figure 13. Chemical spectrum from Figure 12 (spectrum 37).

Table 7 shows the results of the chemical analysis of spectrum 37 of the lead carbonate
sample.

Table 7. Chemical composition from Figure 13 (spectrum 37).

Spectrum 37
Element Line Type Weight % Weight % Sigma
C K series 21.32 0.39
(@) K series 4.45 0.12
Al K series 0.12 0.02
Cl K series 12.07 0.09
Cu K series 8.16 0.09
Zn K series 1.99 0.07
Pb M series 51.89 0.29
Total 100.00

Figure 14 presents the mapping of the entire surface of the sample, showing the
distribution of lead, calcium, and oxygen elements.

Pb Mol 7 ~CaKal O Kal

| e |

2.5um 2.5pum

(a) (b) ()

Figure 14. Lead mapping images. (a) Mapping the lead element from Figure 12. (b) Mapping the

calcium element from Figure 12. (¢) Mapping the oxygen element from Figure 12.

XRD shows the crystalline phase of the product and the form in which it is present.
SEM-EDS was performed to unequivocally confirm the presence of Cucem, ZnCOj3, and
PbCO;. The percentage content on the spectra does not show the metal content in the
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analyzed sample; yet, based on the percentage ratios in the spectrum, it indicates the phase
ratio and shows the compound.

The copper content in the cement suspension was determined using the electrogravi-
metric method. The content of Zn in ZnCOj3 and Pb in PbCO3; was determined by dissolving
them and determining the metal content using volumetric titration. Based on the calcula-
tions, the metal content in the products was determined. Chemical analysis is a precise
quantitative analysis that shows the exact composition of the product.

The appearance of Au in the spectra is due to the steam up of samples using gold
during the preparation process for SEM-EDS analysis.

The practical importance of determining the granulometric composition of the ob-
tained products is that it allows the future customer to understand in which part of the
production process can be applied, considering that these are commercial products.

3.8. Processing of PbCO3

PbCOj3 can be roasted at 550 °C to obtain PbO, which can be sold. However, in our
investigation, PbCO3; was melted at 950 °C to produce the Pb anode. This Pb anode was
further treated through electro-refining to obtain the Pb cathode (Figure 15).

(a) Smelting PbCOs

(b) Casted lead (c) Pb anode (d) Pb cathode

Figure 15. Smelting of PbCO3 and the refinement of Pb: (a) smelting, (b) casting, (c) Pb anode, and
(d) Pb cathode.

The mixtures for reduction melting were as follows: 81 g of PbCOs, 66 g of NayCOs,
33 g of Borax, and 16 g of carbon. When melting PbCO3, the following reactions occur:

PbCO; — PbO + COyt @)

2PbO + C — Pb + CO,* ®)

Raw lead (lead anode) was obtained through the reduction smelting of lead oxide.
After melting, the raw lead was poured and a seal was made, which was rolled into the
anode. The rolled Pb anode was further subjected to electrolytic refining.

Electrolytic Refining of the Pb Anode

Cathodic lead is obtained through the electrolysis of raw lead, according to the
following reactions:

Cathode: Pb(CH3503), + 2e~ —PbO + 2CH;3S0;5 6)

Anode: HyO — %0, + 2H" + 2e~ (7)
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The electrolyte for electrolytic lead refining is obtained by dissolving lead oxide or
lead carbonate in methane-sulfonic acid, according to the following reactions:

PbO + 2CH3503H — Pb(CH350s), + H,O 8

PbCO3 + 2CH3SO3H — Pb(CHg,SOg)Z + H,O + COQT (9)

The conditions for anode lead refining were as follows: methane-sulfonic acid at
100 g/L, Pb at 200 g/L, organic additive (polyethylene glycol) at 0.25 g/L, a temperature of
20-30 °C, and a Dk of 1.5-3 A/dm?.

Commercial-quality lead with 99.95% purity was obtained through the electrolytic
refining of lead anodes.

Pb was further used in MMI Bor as a collector during cupellation for the analytical
determination of Au and Ag in the samples.

3.9. TCLP and LP Test of Solid Residue after Pb and Ag Leaching

After Pb and Ag leaching, the LP test of the solid residue and the TCLP (Toxicity
Characteristic Leaching Procedure) test were performed. The solid residue was examined
for disposal. The waste was examined using a leachability test and a toxicity test. The
results of the LP test are shown in Table 8. The results of the TCLP test are shown in Table 9.

Table 8. Results of the chemical test of the solid residue: LP test.

Parameter Unit Found Value Reference Value for Reference Value for Reference Value for
Inert Waste Non-Hazardous Waste Hazardous Waste
Antimony, Sb mg/kg x dm <0.11 0.06 0.7 5
Arsenic, As mg/kg x dm <0.2 0.5 2 25
Copper, Cu mg/kg x dm 0.07 2 50 100
Barium, Ba mg/kg x dm 0.13 20 100 300
Cadmium, Cd mg/kg x dm <0.08 0.04 1 5
Molybdenum, Mo  mg/kg x dm <0.15 0.5 10 30
Nickel, Ni mg/kg x dm <0.07 0.4 10 40
Lead, Pb mg/kg x dm 0.20 0.5 10 50
Selenium, Se mg/kg x dm <0.33 0.1 0.5 7
Chrome, Cr mg/kg x dm <0.05 0.5 10 70
Zing, Zn mg/kg x dm 0.6 4 50 200
Mercury, Hg mg/kg x dm <0.005 0.01 0.2 2
S0, mg/kg x dm 900 1000 20,000 50,000
Cl™ mg/kg x dm 120 800 15,000 25,000
F~ mg/kg x dm <8 10 150 500
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Table 9. Results of the physical and chemical tests for the toxic characteristics of the solid residue
intended for disposal: TCLP test.

Reference Value for

Parameter Unit Found Value Non-Hazardous Waste
Antimony, Sb mg/L <0.011 15
Barium, Ba mg/L 0.09 100
Chrome, Cr mg/L <0.005 5
Molybdenum, Mo mg/L <0.007 350
Nickel, Ni mg/L <0.036 20
Selenium, Se mg/L <0.033 1
Zing, Zn mg/L 1.72 250
Copper, Cu mg/L <0.005 25
Arsenic, As mg/L <0.020 5
Cadmium, Cd mg/L 0.72 1
Lead, Pb mg/L <0.020 5
Mercury, Hg mg/L <0.0005 0.2
Vanadium, V mg/L <0.008 24
Silver, Ag mg/L <0.005 5

The results of the leachability test (LP test) showed that the waste was non-hazardous.
The TCLP test showed that the waste had no toxic characteristics and could be disposed of

in landfill as non-hazardous waste.

3.10. Treatment of the Solution After PbCOj3 Precipitation

After PbCOj3 precipitation, the precipitation solution was adjusted to a concentration
of 250 g/L of NaCl for reuse in PbSOy leaching.

If the solution contained increased concentrations of impurities (Fe, Cu, Zn, Ag, SO42’,
etc.), it could be treated with NaOH solution until a pH of 10 was reached to precipitate
residual silver in the form of Ag,O. The Ag,O precipitate can be further reduced with

hydrazine and melted to obtain pure Ag.

The filtrate is chloride wastewater, which is then further purified at a chloride wastew-

ater treatment plant.

3.11. Proposal for a Technological Scheme for the Treatment of Jarosite Pb—Ag Tailings

The proposed technological scheme for obtaining Cu, Zn, and Pb from jarosite waste,
including a material balance, is shown in Figure 16.



Minerals 2024, 14, 791

16 of 18

Jarosite
(1000 )
)
Roasting
(t=530 °C, time=4h)
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Figure 16. Technological scheme for obtaining Cu, Zn, and Pb from jarosite waste.
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4. Conclusions

Copper, zing, lead, and silver from jarosite tailings waste were extracted through the fol-
lowing treatment phases: (I) the roasting of jarosite to convert ferric sulfate to water-insoluble
hematite and (II) leaching Cu and Zn with water to obtain a CuSO4 + ZnSOj solution.

There was also insignificant dissolution of Fe because the following stages were
conducted: (III) the precipitation of Fe from the leach solution with 1 M NaOH, (IV) the
cementation of Cu with zinc from the CuSOy4 + ZnSOy solution, (V) the precipitation of Zn
from the ZnSOy solution with NayCOs, (VI) leaching of the solid residue obtained after
water leaching with NaCl to dissolve Pb and its precipitation as PbCO3 with Na,CO3, and
(VII) PbCO3 was further melted to obtain a Pb anode, which was then converted into a Pb
cathode by electrolytic refining.

This work shows that the combination of roasting and leaching provides a promising
process for obtaining Cu cement, ZnCOj3, PbCO3, and Pb in the form of commercial products.

The total recovery of Cu and Zn after roasting, leaching, Fe precipitation, cementation,
and carbonate precipitation was 79.73% and 86.64%, respectively. The total recovery of
Pb and Ag after chloride leaching was 96.05% and 87.5%, respectively. The technological
scheme, along with the material balance, is presented in this paper.

The quality of the obtained products was as follows:

The composition of Cu cement was Cu = 75.97%, Zn = 7.31%, Fe = 0.005%, In < 0.095%,
S =1.9%, Ga < 0.002%, Ge < 0.002%, Ag = 0.042%, and Pb = 0.06%.

The composition of ZNCO3; was Zn = 52.22%, Cu = 0.26%, Fe = 0.84%, Pb = 0.002%,
Ag <0.001%, S =2.24%, and In < 0.002%.

The composition of PbCO3 was Pb = 67.50%, Ag = 0.47%, Cu = 0.55%, Zn = 5.63%,
Fe = 0.08%, S = 0.14%, and In < 0.06%.

Pb =99.95%.

The obtained results were confirmed at an enlarged pilot level, after which the design
of the plant was initiated by Elixir Company in Sabac, Serbia.
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