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Abstract: About 90% of selenium is obtained from treating copper anode slimes, which are a by-
product of copper electrorefining. Selenium has been traditionally obtained by the pyrometallurgic
treatment of anode slimes, which has been effective in recovery. However, in pyrometallurgical
processes, there are increasingly strict environmental regulations. Hydrometallurgical treatments
have been proposed to totally or partially replace conventional methods, some of which are in the
developmental stage, while others are being used at the industrial scale. The selenium present in
anode slimes is in the form of silver and copper selenides. This article proposes a hydrometallurgy
alternative to recover selenium from decopperized anode slimes generated by a copper electrorefining
plant in Chile by an alkaline-oxidizing leaching media (C1O~ /OH™). The Taguchi experimental
design was used to assess the effects of temperature, reagent concentration, and pH over time. The
results indicated that the optimal selenium dissolution of 90% was achieved at pH 11.5, 45 °C, and
0.54 M of ClIO™. According to the SEM/EDX characterization of the solid leaching residue, the
undissolved percentage of selenium is due to the generation of a layer of AgCl around the selenium
particles that hinders the effective diffusion of the reagent.

Keywords: copper anode slimes; oxidative leaching; sodium hypochlorite; selenium; leaching

1. Introduction

Selenium is found in most rocks and soils in the earth’s crust. It is an essential material
with a wide range of applications in medicine and the production of food, semiconductors,
sensors, and photochemical devices. Selenium is rarely found in its native state, 90% being
obtained from copper anode slimes, which are a byproduct of the copper electrorefining
process [1-6].

During electrolysis, copper dissolved from the anode is deposited on the cathode.
However, other elements in copper anodes, such as gold, silver, arsenic, antimony, selenium,
tellurium, bismuth, lead, iron, and nickel are released from the anode. Some of these are
soluble and accumulate in the solution, while the insoluble elements sink to the bottom of
the cell and form raw anode slime [7], which is collected periodically from the bottom of
the electrolytic cell for subsequent treatment [8,9].

Table 1 shows the ranges of the chemical elements in typical anodic slimes from
refineries such as the Canadian Copper Refinery; Outokumpu (Finland); Saganoseki (Japan);
Balkhash Mining-Metallurgical Combine (Kazakhstan); Kovoguty Krompakhi (Slovakia,
closed); La Caridad Copper Refinery (Mexico); Jinchuan (China); Baiyin (China); and
Ronnskar (Sweden) [10-14]. The elemental contents vary widely, depending on the origin
of the anode slime.

Selenium is currently recovered from anode slimes by hydrometallurgical and py-
rometallurgical processes [5,15,16]. Although the traditional pyrometallurgical method
recovers selenium effectively, there are difficulties relating to high energy costs and increas-
ingly strict environmental regulations [1,3,6,17,18]. Therefore, new alternatives have been
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proposed, such as hydrometallurgical processes in oxidizing media such as nitric acid, alka-
line leaching with sodium nitrate, wet chlorination, pressure leaching, sodium hydroxide,
and acid leaching with MnO, or hydrogen peroxide, among others [1,2,4,6,9,17-20]. The
hydrometallurgical process allows a better stabilization of selenium with respect to the
pyrometallurgical process.

Table 1. Typical chemical composition of anodes slimes [10-14].

Element Wt (%)
Cu 4.00-40.0
Se 0.70-21.0
Te 0.05-22.0
Pb 0.10-31.0
As 0.30-6.00
Fe 0.30-0.50
Bi 0.10-2.00
Ag 1.00-25.0
Au 0.004-2.00

Pt, Pd <0.04

Selenium is commonly present in copper anodes as copper selenide (CuySe), but in
anode slimes, it occurs in various phases of Ag-Cu selenides [2,4,12,14-16,21]. Selenide
is usually one of the main carriers of silver in anode slimes, this is because the silver in
the solid copper matrix and the dissolved silver during electrorefining react with Cu,Se to
form Ag-Cu selenide compounds.

Ag-Cu selenides in anode slimes maintain the morphology of copper selenide (Cu;Se)
in the anode [12,14]. Small quantities of Te, S, and Au were detected in selenide particles
and, according to the literature, almost all the Te, S, and Au initially present in the CuySe of
the copper anode remain in the selenides in anode slimes [9,14].

Sodium hypochlorite (CIO~/OH™) was used in several investigations as a highly
oxidizing reagent that can be applied to leach chalcopyrite, enargite, and precious met-
als [22-27]. The authors [25,28] performed leaching experiments on enargite (CuzAsSy)
in CIO~/OH™ media and found that arsenic dissolves and can be directly precipitated
as a stable phase such as scorodite or as an amorphous ferric arsenate. According to [24],
copper selenides (krutaite, CuSep) and gold telluride (calaverite, AuTe,) are attacked by
a ClO~ /OH™ system, dissolving selenium and tellurium, while copper and gold remain
in the solid as tenorite (CuO) and elemental gold, respectively. Sodium hypochlorite
was also widely used as an oxidant in various fields, for example, in flotation processes
with ilmenite [29], the extraction of molybdenum from a Ni-Mo mineral by oxidant leach-
ing [30,31], and the extraction of molybdenum from a copper concentrate [25].

The objective of this study is to evaluate the effect of the variables that influence the
dissolution of selenium from decopperized anode slimes by alkaline oxidative leaching
(CIO~ /OH™). Considering the oxidative characteristics of sodium hypochlorite, in addi-
tion, this reagent has not been directly explored for the dissolution of selenium from anode
slimes. Decopperized anode slime was obtained by the pretreatment of raw anode slime by
agitated acid leaching with air injection. This paper does not analyze the decopperization
process. The variables analyzed in this study are C1O™ /OH™ concentration, temperature,
and pH.

2. Materials and Methods
2.1. Materials

The sample of decopperized anode slime used in this work was obtained from a large
Chilean electrolytic refinery. The sample was washed three times with distilled water to
remove impregnated soluble copper and acid, and the solid sample was dried at 343 K
(70 °C) for subsequent chemical analysis by atomic absorption spectrometry (AAS) (Perkin
Elmer, model PinA Acle 500, Singapore) and X-ray diffraction (XRD) (Siemens model D5600,
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Bruker, Billerica, MA, USA) with an analysis time of one hour. The ICDD (International
Centre for Diffraction Data, Version PDF-2, Bruker, Billerica, MA, USA) database was used
to identify the phases present, and the TOPAS (total pattern analysis software, Version 2.1,
Bruker, Billerica, MA, USA) program was used for quantification. The XRD equipment
uses an internal corundum standard. Scanning electron microscopy (SEM) (JEOL USA Inc.,
Peabody, MA, USA) with dispersive X-ray energy spectroscopy (EDX) (Zeiss Ultra Plus,
Zeiss, Jena, Germany) was used to determine particle size.

The copper anode slimes were characterized in an earlier work [8], which indicated
that the average particle size was 11 um, and contained the following main elements: Se
(10.9%), Cu (0.97%), As (0.92%), Pb (1.1%), Sb (1.1%), Au (0.23%), and Ag (0.49%). The
main phases in the decopperized anode slime were selenium, such as CuAgSe, and phases
of Ag-Se, Ag(r_)Se, Sb-As-O, and antimony arsenate, AsSbOy, as well as phases of BaSO,
and AgCl.

2.2. Leaching Experiments

The leaching experiments were conducted in a 500 mL, four-necked glass reactor at
atmospheric pressure, with 10 g of the sample treated in a 250 mL solution. The central
reactor opening had a mechanical stirrer with a digital display screen (IKA, model RW20,
Staufen im Breisgau, Germany). Temperature, pH, and Eh were measured using a pH-ORP
meter (Hanna Instrument, HI 3221, Padova, Italy), which was inserted in a lateral neck of
the reactor. The system was placed in a thermostatic bath (Julabo, model MP-19A, St. Louis,
MO, USA) to maintain the required temperature. A 25 mL microburette was used to add
sodium hydroxide (NaOH, 3 M) and sulfuric acid (H,SO4, 1 M) through the lateral neck to
control the pH level. The aqueous solution was sampled at 5, 15, 30, 60, and 120 min of
leaching to measure selenium and hypochlorite concentrations. Selenium was measured
by AAS and Flow Injection System (FIAS) for hydride generation and hypochlorite by
iodometric titration. The parameters of the study varied from 0.27, 0.4, and 0.54 M of C1O~;
25, 35, and 45 °C; and pH 11.5, 12.0, and 12.5. All experiments were run at a stirring speed
of 300 min~!. At the end of the leaching, the product solution and residue were filtered.
The leaching residue was washed three times with distilled water and then dried in a
drying oven at 70 °C for 24 h. Experiments were performed in duplicate, and the results
presented here are the averages of the obtained data (£2.0% in selenium dissolution). In
addition, the elements of the experimental setup can be identified in Figure 1 (e.g. reactor,
stirrer, pH-ORP meter, thermostatic bath, etc.).

NaOH/H,S0, r
Ll

OO

]

—

LT _*¢
1231
5678
sox*

) pH-meter

Figure 1. Experimental setup.

The residue leaching sample was briquetted with epoxy resin, polished, and coated
with carbon. The briquette obtained was analyzed using scanning electron microscopy
(SEM) (JEOL, model JSM 840) with dispersive X-ray energy spectroscopy (EDX), which
provides information on elemental analysis and the morphology of the different phases.



Minerals 2022, 12, 1228 4 0f 15

2.3. Taguchi Experimental Design

The Taguchi optimization method was used to determine the optimal combination of
variables. Three factors and three levels were evaluated in the experiments, as shown in
Table 2:

Table 2. Leaching conditions with sodium hypochlorite.

Level/Factor Low (1) Medium (2) High (3)
Temperature in °C 25.0 35.0 45.0
[CIO7], M 0.27 0.40 0.54
pH 11.5 12.0 12.5
Agitation, min~! 300 300 300

The application of the orthogonal Taguchi matrix yielded the L7 experimental model
to evaluate the reaction progress (see Table 3) and the Ly model to identify the optimal
combination of variables. This orthogonal array was selected because of its potential
to pattern the interactions among the factors. Table 4 shows the experimental design
developed in this research (Lo).

Table 3. Experimental model to evaluate the reaction progress, Ly (effects).

Test No. Temperature, °C Clo-, M pH
1 25.0 0.54 11.5
2 35.0 0.27 11.5
3 35.0 0.27 12.5
4 25.0 0.54 12.5
5 25.0 0.27 11.5
6 45.0 0.54 11.5
7 45.0 0.54 12.5
8 45.0 0.40 12.5
9 45.0 0.40 12.0
10 45.0 0.27 11.5
11 25.0 0.40 11.5
12 35.0 0.40 11.5
13 35.0 0.54 11.5
14 25.0 0.54 12.0
15 35.0 0.54 12.0
16 25.0 0.40 12.5
17 35.0 0.54 12.5
18 25.0 0.27 12.5
19 45.0 0.40 11.5

20 25.0 0.40 12.0
21 35.0 0.40 12.5
22 45.0 0.54 12.0
23 35.0 0.40 12.0
24 25.0 0.27 12.0
25 45.0 0.27 12.5
26 35.0 0.27 12.0
27 45.0 0.27 12.0

Table 4. Taguchi experimental design (Lg) to determine the optimal combination of leaching with
sodium hypochlorite.

Test No. Temperature, °C CloO-, M pH
1 25.0 0.27 11.5
2 35.0 0.27 12.0
3 45.0 0.27 12.5
4 35.0 0.40 11.5
5 45.0 0.40 12.0
6 25.0 0.40 12.5
7 45.0 0.54 11.5
8 25.0 0.54 12.0
9 35.0 0.54 12.0
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3. Results and Discussion
3.1. Effect of Temperature

The effect of temperature on the Se leaching was evaluated at 25, 35, and 45 °C. Figure 2
shows the results in terms of the selenium dissolution with an initial sodium hypochlorite
concentration of 0.54 M. The selenium dissolution increased slightly in the first 15 min
due to an increase in temperature and then continued to increase for up to 120 min as
temperature increased, reaching a dissolution of 90% at 45 °C. During the advance of
the reaction, an effect of the temperature with respect to the concentration of C1O~ was
observed. This is because of the high reagent concentration, which leaves the ClO~
available at 45 °C, generating a slow decomposition of the reagent [31]. According to [25],
the temperature has a significant effect on the dissolution of arsenic from enargite with
CIO~ /OH™, reaching an extraction of 65% in 30 min. According to [28], the temperature
has a significant effect on leaching molybdenum in sodium hypochlorite, with extractions
of 83% and 99.9% at 20 and 50 °C, respectively. However, the accelerated decomposition
of CIO~ /OH™ begins to occur at temperatures above 50 °C [32]. These results show that
sodium hypochlorite is highly oxidizing and an effective reagent for dissolving selenium.

100
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o 20
v 35°C
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0 20 40 60 80 100 120

Leaching time (min)

Figure 2. Effect of temperature on leaching selenium [CIO~] = 0.54 M; pH 11.5.

3.2. Effect of the Sodium Hypochlorite Concentration

The sodium hypochlorite concentrations were 0.27 M; 0.4 M and 0.54 M. The reaction
was measured with the variable of selenium dissolution. Figure 3 shows that the results
obtained with 0.27 and 0.4 M of ClIO™ at 120 min were not significantly different, represent-
ing selenium dissolution of 66 and 69%, respectively. The concentration of 0.54 M shows
a significant increase in dissolution compared to the lower concentrations, resulting in a
selenium dissolution of 90%. According to [25], they observed similar behavior, with an
increase in the concentration of ClIO™ having a favorable effect on the reaction of enargite
in an alkaline media, which demonstrated that the reaction of enargite is electrochemical.
In the study published by [31], the molybdenum extraction increased significantly (from
16.3% to0 99.99%) with an increase in CIO~ concentration.
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Figure 3. Effect of sodium hypochlorite concentration at pH 11.5 and 45 °C.

3.3. Effect of pH

Leaching experiments were conducted with three pH levels, 11.5, 12.0, and 12.5, with
0.54 M of ClIO™ at 45 °C, to determine the effect of pH on the selenium dissolution over
time. Figure 4 shows the results of the experiments. Figure 4 shows the evident favorable
effect of a decrease in the pH level. A selenium dissolution of 90% was obtained at pH 11.5,
which was significantly higher than the dissolution (63%) at pH 12.5. According to [25],
hypochlorite decomposition increases significantly at pH levels above 12.5, which can
explain the low selenium dissolution rate under this parameter.

100

90 +
g 80 b
g0 .
s 60 A
5 50 .
E 4/ ¢
g
2 30 A * 115
(7]
20, & 12.0
10. A 125
& T r T ]
0 20 40 60 80 100 120

Leaching time (min)
Figure 4. Effect of the pH level on leaching selenium, with 0.54 M of CIO~ at 45 °C.

3.4. Optimizing Leaching in a Sodium Hypochlorite Media

The selenium dissolutions obtained were evaluated with a Minitab 18 computational
tool (Minitab LLC, State College, PA, USA) in accordance with the Taguchi experimental
model. Table 5 presents the average selenium dissolutions for each level of the evalu-
ated variable.

Table 6 and Figure 5 show the statistical data for the average selenium dissolution for
each effect evaluated (ClO~, pH, and T °C). The first data point in Figure 5 represents the
average of the selenium dissolution for all the tests in which the concentration of C1O~
is classified as level 1 (0.27 M) (see Table 5, tests 1, 2, and 3). The second data point of
the Cl1O™ effect represents the average of selenium dissolution for the tests at level 2 (see
Table 5, tests 4, 5, and 6). The third data point represents the average at level 3 (see Table 5,
tests 7, 8, and 9).
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Table 5. Response to the Taguchi experimental model.
Test No. ClO-,M pH Temperature, °C Se dissolution, %
1 0.27 11.5 25.0 53.36
2 0.27 12.0 35.0 51.57
3 0.27 12.5 45.0 29.81
4 0.40 11.5 35.0 60.10
5 0.40 12.0 45.0 65.57
6 0.40 12.5 25.0 35.08
7 0.54 11.5 45.0 90.17
8 0.54 12.0 25.0 65.60
9 0.54 12.5 35.0 59.82
Table 6. Average response to the evaluated variables.
Selenium Dissolution, %
Level ClO— pH Temperature
Low (1) 4491 67.88 51.35
Medium (2) 53.58 60.91 57.16
High (3) 71.86 41.57 61.85
75 Clo- pH o =
70 /’
-
65 / \

- B T W e
50 // ‘\ / )
45 / A

40 .

Mean selenium dissolution (%)

Level

Figure 5. Effect of the parameters: CIO~, pH, and temperature.

The effect of pH in Figure 5 is also represented by three data points: the first data point
shows the average selenium dissolution at level 1 (pH 11.5; tests 1, 4, and 7 from Table 5);
the second data point at level 2 (pH 12; tests 2, 5, and 8 from Table 5); and the third data
point at level 3 (pH 12.5; tests 3, 6, and 9 from Table 5). The same procedure was applied
for temperature.

The average selenium dissolution (%), the maximum for each effect, is the best
condition—that is, for this experiment, the best combination is 0.54 M of CIO~, pH 11.5,
and a temperature of 45 °C, which were the parameters in experiment No. 7 (Table 5). The
selenium dissolution under these conditions was 90.17%.

Figure 5 shows that the variables CI1O™ and pH have the greatest effect on the selenium
dissolution, with pH 12.5 giving the lowest dissolution.

The results of leaching decopperized anode slime in a C1O~ /OH™ media indicated
that selenium is largely dissolved in the alkaline solution. Although the oxidation state
of selenium cannot be determined, it is possible to find Se(IV) and Se(VI) based on redox
potentials above 0.5 V (SHE) [33]. In this study, in the tests performed, the Eh values were
in the range of 0.8-0.9 V vs SHE.

3.5. SEM/EDX Characterization of Leaching Residues

The leaching residues were vacuum filtered and washed three times with distilled
water after each experiment to eliminate any soluble elements that remained from the
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leaching. The residue from the leaching with optimal results was selected for analysis
(pH 11.5, at 45 °C and 0.54 M of C1O ™). The entire briquette was scanned at two points with
a magnification of x250 (Figure 6¢,d) and x350 (Figure 6a,b) using SEM with backscattered
electron reading (BES), which revealed homogeneity in the present phases. The granulome-
try was not uniform as the result of the formation of agglomerates of fine particles (<35 um)
after chemical crushing compared to decopperized anode slimes [8].

Figure 6. SEM image of leaching residue. x350: (a,b). x250: (c,d).

Figure 7 shows the spectrum from the analysis of the image of the leaching residue in
ClO™ /OH™ media at a magnification of X350 (from the sample of Figure 6b), and Table 7
shows a semi-quantitative analysis.

cl
Fb  Ag
Ag

I T T
0.5 1.0 15 20 25 30 35 4.0 45 5.0
Full Scale 2117 cts Cursor: 5.414 (151 cts) keV

Figure 7. General EDX spectrum of residues from leaching C1O~ /OH™.

Figure 7 shows the most significant elements in the CIO~/OH™ leaching residue,
which are Ag, Pb, Sb, and Cl. As, Cu, Se, Bi, Te, and Ba are present in smaller quantities.
Barium is present because it is used as a release agent in copper anode molding. Au was
not detected because it is a trace element that cannot be detected at the magnification at
which the analysis was conducted (x350), according to Figure 6b.
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Table 7. Semi-quantitative analysis of residues from leaching C1O~ /OH™.

Element Weight, % Atomic, %
O 16.42 52.40
Si 1.75 3.19
S 0.94 1.50
Cl 8.12 11.69

Cu 1.63 1.31
As 1.76 1.20
Se 1.21 0.79
Ag 24.35 11.52
Sb 24.68 10.35
Te 5.45 2.18
Ba 411 1.53
Pb 5.72 1.41
Bi 3.84 0.94

Figure 6 shows the elements in different shades of black and white. The phases with
elements with higher atomic numbers are closer to white, therefore lead, barium, and silver
are in light tones. With the higher magnification of these particles (x600), the image reveals
that the majority of phases are composed of Ag, Pb, Sb, and Se (Figure 8).

e

)
il

18P

HD15

0010 208KV 188rm HDIS
(b)

Figure 8. Representative areas of anode slime CIO~™/OH™ (x600). (a) the particle size is between
10 um and 50 pm, (b) The particle size is between 10 um and 400 um.

The different phases in the leaching residue can be observed in Figure 8, which shows
attacked particles (Figure 8a,b) agglomerated oxidized phases with varying contents of Se,
Pb, Ag, and Cl. The particle size is between 10 um and 400 um, as shown in Figure 8b. This
is because it has been leached, and therefore the particle size is smaller than that of particles
in the slime that were initially fed into the leaching [8], which resulted in the formation
of agglomerates.

3.5.1. Phase Ba-S-O

Barium is homogeneously distributed throughout the sample, with a variable size of
2 um (Figure 9a), reaching sizes of 50 um, as shown in Figure 9b. The barium phase (barium
sulfate) was present in the anode slime before leaching in C1O~™/OH™ media [8], which
remained without reaction after leaching in oxidizing alkaline media. The elements were
quantified in an analysis using particles of approximately 50 um (Figure 9b), which allowed
for reliable results. Table 8 shows the results of the analysis, which were the average values
of three analyses of the central particle shown in Figure 9b. According to the quantification
in atomic percentages, the ratio between Ba and S is 1:1, which confirms the presence of
barium sulfate. The spectrum in Figure 10 shows these elements.
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Figure 9. Pb-rich particles of BaSOy (phase 6), AgCl (phase 2), Ag-Cl-Se, and Sb-Pb-O (phase 4).
Variable size between 2 pum (a) and 50 pm (b).

Table 8. Semi-quantitative analysis of Ba-5-O.

Element Weight, % Atomic, %
O 21.23 58.64
S 15.15 20.88
Ba 63.62 20.48
S Ba

'
/ “l
| !
I IR Ba | “.! U»\ga
\ \

‘.w/-f | VLY TAW
[.-‘.-.....-..-.....-......-....-..?’:’.",‘ﬁ‘:.:w-:—:-.—-ﬂ
i1 2 3 4 5 6 7 8 ] 10
Full Scale 1451 cts Cursor: 10.449 (34 cts) keV

Figure 10. Spectrum and quantification associated with Ba-S-O particles.

The Figure 9, Figure 11 and Figure 13 identify the phases with the following numbering:
1 (AgySe), 2 (AgCl), 3 (O-Pb-Ag), 4 (a, b, c) (O-Sb-Pb-Ag, Cl), 6 (BaSOy).

aB27 20KV 10k HD15 @117 28KV 1@rm WD1S

Figure 11. Oxidized O-Sb-Pb (phase 4) (with traces of Cu-Bi-Cl-Ag).

3.5.2. Oxidized Phases

The area in Figure 6d was scanned and oxidized areas were detected. These areas are
in isolated form or as an amorphous mass that serves as the basis for the formation of other



Minerals 2022, 12, 1228

110f15

phases, as shown in Figure 11. Figure 12 shows the spectrum of the oxidized phases, in
which there are O-Sb-Pb phases associated with traces of Cu-Bi-Cl-Ag.

Sb
Te

20 4.0 6.0 8.0 10 12
Full Scale 1701 cts Cursor: 12.371 (30 cts) keV

Figure 12. Spectrum of the oxidized O-Sb-Pb phase (with traces of Cu-Bi-CIl-Ag).

In much of the leached slimes, there were oxidized phases that differed from each other
in terms of the composition and quantity of elements present. According to the analysis by
the researchers of this work, decopperized anode slime has the following behavior during
oxidative alkaline leaching;:

The decopperized slime fed into the leaching in CIO~/OH™ media had a remnant
AgCuSe content [8] that formed oxidized phases of the same during the leaching.

The following Equations (1) and (2) can be hypothesized.

AgCuSe +45CIO~ +OH~ — AgCl+CuO +5e0; +3.5C1~ +05H,0 (1)

AgCuSe +3.5CIO™ + OH™ — AgCl+ CuO +Se03 +25CI~ +05H,0 (2

In previous studies, the research team found that the lead in the decopperized slime
is in the form of anglesite PbSOy [8], which reacts in the C1O™ /OH™ media according to
Equation (3).

PbSO4 +20H~ — PbO +S0% + H,O ®3)

There can be a remnant phase of As-Sb-O, rich in Sb and poor in As, compared to
decopperized slime, in which As-Sb-O formed AsSbOy [8]. The reason for this is that As is
soluble in an oxidizing alkaline media [22,25].

3.5.3. Silver Selenide and Silver Chloride Phases

The selenium phases in the residues are presented as an Ag-Se phase associated with
Ag-Cl and isolated traces of the Ag-Se phase. Traces of selenium remain trapped in the
Ag-Cl phase because the reaction progresses through the AgCl layers, which does not allow
the reagent to diffuse. Consequently, the reactions that govern the selenium phases can be
hypothesized by Equations (4) and (5). These reactions are thermodynamically possible
given that they have a Gibbs free energy of -174.228 kcal (Equation (4)) and —134.143 kcal
(Equation (5)). Equation (4) is more spontaneous than Equation (5).

Ag,Se +4CI0~ — 2AgCl+SeOF +2CI~ (4)

Ag,Se +3ClIO~ — 2AgCl+SeOf +Cl™ @)

Several selenide particles can be seen surrounded by AgCl (Figure 13). Figure 14 and
Table 9 show examples of quantification and EDX analysis, respectively. This allowed
for determining that the selenide phase of the decopperized slime, Ag(>_«)Se [8], was not
attacked because of the AgCl layer that surrounds it.
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Figure 13. Silver selenide Ag,Se (phase 1), AgCl (phase 2), O-Sb-Pb (phase 4), BaSO4 (phase 6).
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Figure 14. Spectrum associated with the Se-Ag phase (phase 1).

Table 9. Semi-quantitative analysis of the Se-Ag phase (phase 1).

Element Weight, % Atomic, %
Se 29.92 36.84
Ag 70.08 63.16

The EDX analysis (Figure 15) at the edge of the particles (phase 2) shown in Figure 13
determined that the selenide is surrounded by AgCl. The semi-quantitative analysis shown
in Table 10 indicates an atomic Ag:Cl ratio of 1:1. The AgCl layer did not allow the effective
diffusion of the reagent in the pH 11.5 leaching tests, 45 °C and 0.54 M, resulting in the slow
kinetics of the system at 60 min. Given the above, it is proposed to evaluate a two-stage
leaching process or to increase the reaction time.
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Figure 15. Spectrum associated with Ag-Cl (phase 2).

Table 10. Semi-quantitative analysis of the Ag-Cl phase.

Element Weight, % Atomic, %
Cl 24.55 49.75
Ag 75.45 50.25

4. Conclusions

The Levels of pH of 11.5 and 12 have a positive effect on selenium dissolution, yielding
90 and 80% dissolution, respectively. The dissolution decreases at pH 12.5, reaching
a maximum of 60% since the hypochlorite decomposition increases significantly at pH
levels above 12.5. A CIO~ /OH™ concentration of 0.54 M significantly affects the selenium
dissolution, reaching values of over 60%, with a maximum of 90%, for all the evaluated
parameters of pH and temperature. However, no significant effect on selenium dissolution
was observed over time for concentrations 0.27 and 0.4 M, and at pH 11.5 and a temperature
of 45 °C. The temperature was noted to affect selenium dissolution in the assessed range
of 25 °C to 45 °C. The best results of 74 and 90% dissolution were obtained at 35 and
45 °C, respectively. The temperature has a significant effect on the dissolution of selenium.
However, temperatures above 50 °C accelerated the decomposition of CIO~/OH™. The
best conditions for dissolving selenium are pH 11.5; 45 °C and 0.54 M of C1O~, which yields
a dissolution of 90%, according to the Taguchi design The selenium was not completely
dissolved because a layer of AgCl is generated around the selenium particles (Ag(_,)Se)
during leaching that obstructs the progress of the reaction. Ag, Pb, Sb, and Cl compounds
were detected as major phases in the leaching residue from the test at pH 11.5, 45 °C, and
0.54 M of CIO™. Silver was found mainly as AgCl. Lead sulfate became lead oxide. The
arsenic phase present in the decopperized anode as SbAsO, decreases after leaching with
CIO™ /OH™. This occurs because arsenic dissolves in alkaline oxidizing media.

Our results at the laboratory level indicate that hypochlorite is an interesting reactant
for dissolving selenium from anode slime, and the pyrometallurgic stage can be replaced
by hydrometallurgical process under moderate conditions.
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