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Abstract: Copper content in copper smelter slag exceeds that in copper ores, which has attracted
increasing interest to recover copper from this by-product of pyrometallurgical copper production.
The isopropanol-sulfuric acid-ozone system has been tested under different conditions to extract
this metal from copper smelter slag containing chalcopyrite as a copper mineral. Isopropanol as a
solvent played a key role in increasing the copper recovery to 87% after 5 h of leaching, while the use
of an aqueous solution of sulfuric acid allowed only 13% of copper to be recovered. Iron extraction
under these conditions was only 10%. The role of ozone was spectroscopically proven to oxidize
ferrous ions to form ferric ions, which are effective oxidizers of chalcopyrite. The presence of copper
in solution in the form of cuprous (Cu*) ions was proven electrochemically. The increased copper
extraction in the solution was caused by the stabilization of cuprous ions by isopropanol. The limiting
stage of the process was the chemical reaction on the chalcopyrite surface with the activation energy
of 73.4 k] mol 1.
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1. Introduction

Copper smelter slag is a by-product of pyrometallurgical copper production. It is
estimated that approximately 37.7 million tons of copper smelter slag is produced annu-
ally worldwide [1,2]. The disposal of these massive amounts of copper slag necessitates
significant expanses of land, posing waste management issues [3,4]. Containing such
toxic components as As and Cd, copper smelter slag is a potential source of pollution
affecting soil, surface water and groundwater [5-7]. On the other hand, the copper con-
tent in this slag (about 1 wt.% or more) exceeds that in copper ores (0.3-1.7 wt.%) [8].
This has attracted increasing interest to recover copper from copper slag using various
methods; among them is hydrometallurgy, involving the raw material processing with
an aqueous solution of a chemical reagent, mainly mineral acids (H,SO4, HNO3, or HCI),
or bases (NHs or NaOH) [9-16]. The use of hydrometallurgy for the processing of raw
materials is associated with a number of significant disadvantages, such as increased water
consumption and the need to dispose of a large amount of wastewater, significant acid
consumption, low selectivity in leaching, as well as silica gel formation causing difficulties
in pulp filtration [17,18]. A more acceptable alternative seems to be leaching by using
water-immiscible (nonpolar) organic solvents with dissolved extractants [19,20]. This new
branch of extractive metallurgy, called solvometallurgy, has a number of advantages over
traditional hydrometallurgy. Among them are a sharp decrease in the volume of water
used and the absence of the need for wastewater disposal, the relatively easy filterability of
the pulp, as well as the possibility of selective leaching [21-24].

Solvometallurgical processes have been successfully used to extract copper [23,25-28].
Raghavan and Fuerstenau developed a process of copper recovery from one of the principal
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oxidized copper minerals—chrysocolla—by leaching it with the extractant LIX 63 dissolved
in kerosene in the presence of a small amount of ammonia; 70%—-75% of copper recovery to
the solution was achieved [25]. A much more effective route of chrysocolla leaching was
proposed by Lukas Gijsemans and co-workers [23]. By using 50 vol.% LIX 984 N solution
in a solvent, 99.9% of copper recovery was achieved after three stages of leaching.
Copper minerals in smelter slag are represented mainly by sulfides, such as bornite
CusFeSy, chalcopyrite CuFeS,, and chalcocite Cu,S [1]; in this regard, the leaching of copper
in non-aqueous solvents from sulfide minerals was of particular interest. Parker applied
acetonitrile to recover copper from chalcocite by using Cu?* ions as an oxidizer [26]. The
idea was in the complex formation of copper with acetonitrile according to the reaction (1):

CuyS + 2Cu®* + 8CH;CN = 4[Cu(CH3CN), | + S 1)

Acetonitrile is recycled in this process by distilling the acetonitrile-water mixture;
when the volume of organic solvent to water ratio is too low, the acetonitrile complex is
destroyed and free (metallic) copper is released (2):

4[Cu(CH5CN),]* = 2Cu + 2Cu®" + 8CH;CN @)

Chalcopyrite is one of the most industrially significant copper minerals [27]. Its leach-
ing in acidic aqueous solution under non-harsh conditions (near-ambient temperatures,
atmospheric pressure) is challenging because of surface passivation [28-33]. Successful
attempts have been made in the field of solvometallurgical leaching of chalcopyrite [34-39].
Ethylene glycol has been proven to be an excellent media for this purpose; no passiva-
tion layer was formed on the surface of the mineral that ensured the almost quantitative
recovery of copper into solution [34—43]. Solis-Marcial and Lapidus have been tested in
alcoholic acid media, namely, isopropanol and methanol, for acidic leaching copper from
chalcopyrite [44]. It was found that alcohol plays a beneficial role in oxidative chalcopyrite
leaching, consisting of the stabilization of Cu* ion with alcohol. Under relatively soft
conditions (0.5 M HpSOy, 0.2 M CuSOy, 40 °C, atmospheric pressure, O3 flow rate), more
than 80% copper was extracted into the solution. The following overall reaction has been
proposed (3):

12CuFeS, + 2Cu** + 7053 + 14H* + 14R = 14Cu*R + 7H,0 + 70, + 14S + 10FeS + 2Fe* (3)

where R is the isopropanol.

About 80% copper was recovered into solution under the following conditions: 0.5 M
H)S0y4, 6.9 M methanol (70%-30% v/v), 0.2 M CuSOy, Os flow rate 0.035 g min~?, pulp
density 3 g/280 mL.

In the present paper, the «isopropanol-sulfuric acid-ozone» system has been tested
under different conditions to extract copper from copper smelter slag, collected from
«Kazakhmys Smelting» (Balkhash, Kazakhstan). The use of expensive copper sulfate for
leaching relatively copper-poor raw materials is impractical; therefore, this reagent was not
applied. Copper smelter slag is a much more difficult system to leach than the chalcopyrite,
as it also contains a number of other minerals, most notably fayalite. Based on the best
knowledge of the authors, no study has yet been undertaken to evaluate the indicated
system for the leaching of copper smelter slag.

2. Materials and Methods
2.1. Raw Material

A sample of copper smelter slag was collected from «Kazakhmys Smelting» copper
plant (Kazakhstan, Balkhash). Milled and sieved (~90% of particles <74 um) slag was
subjected to leaching.

2.2. Reagents

Isopropanol (>99.5%), sulfuric acid (96%), 1,10—phenantroline (>99%), sodium acetate
anhydrous (>99%), and sodium hydroxide (>97%) were purchased from Sigma-Aldrich
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(Darmstadt, Germany) and used without further purification. Bidistilled water was used in
all washing and cleaning procedures.

2.3. Leaching Procedure

The batch leaching experiments were performed in a 200 mL round-bottom glass
reactor, equipped with a thermometer. In the reactor, 100 mL of sulfuric acid solution 0.4 M
(or 2.0 M, respectively) in isopropanol was added. In the case of leaching in an aqueous
solution, bidistilled water was used instead of isopropanol. Then, the reactor was placed
on the magnetic stirrer (IKA RT 5, Darmstadt, Germany), and the required temperature
was set. Once the desired temperature was reached, 10 g of the slag sample was placed
into the solution; thus, the pulp density was 10% in all leaching tests. When using ozone,
it bubbled into the solution throughout the leaching time. The ozone (0.05 g/min) was
produced by supplying oxygen into the ozonizer (Lepse Ozon 5-04, Kirov, Russia). The
copper and iron concentrations were determined by taking liquid samples of the solution
every hour.

To evaluate the efficiency of leaching, the recovery of copper and iron (&) was calcu-
lated using the following formula:

a = T 0 100% @)
Mo
where m, and mg are masses of metal in solution and initial sample, respectively.

Once the leaching procedure was completed, solid residue after drying was subjected

to XRD analysis.

2.4. Electrodeposition of Copper

Electrochemical deposition of copper was performed by using the H-type electrolytic
cell (CH2003, Beijing, China) with two separate compartments of 30 mL each. A copper
plate was used as a cathode and a lead dioxide plate was used as an anode; both plates
had a geometrical surface area of 1.25 cm?. Before experiments, the volume of leachate
was reduced by solvent evaporation 8 times to increase copper concentration in the so-
lution. The resulting solution (about 12 mL) was placed into the cathodic compartment,
while the same volume of 0.4 M sulfuric acid in isopropanol was placed into the anodic
compartment. The electrolysis was performed under galvanostatic conditions at a current
density of 0.5 A dm~2, and the current was supplied by potentiostat-galvanostat (Elins
P-40X, Chernogolovka, Russia). The duration of electrolysis was 1 h; every 15 min, samples
were taken from the catholyte and anolyte with a micropipette to determine copper and
ferric (Fe3*) ions, and the masses of these particles in solution were calculated.

2.5. Analytical Techniques

The initial slag’s Cu and Fe content was determined using atomic absorption spec-
trometry (AAS) on an AA-6200 spectrometer (Shimadzu, Tokyo, Japan). AAS was used to
determine the content of the mentioned metals in solid samples after preliminary decom-
position with concentrated nitric acid at 90-95 °C and a pressure of 10 atm.

The XRD patterns were recorded by a D8 Advance diffractometer (Bruker, MA, USA)
with CuKa (40 kV, 40 mA) radiation.

For measuring the concentration of Fe* in the leachates, the technique proposed by
Agustina and co-workers [45] was applied. The technique is based on the selective complex
formation of Fe (II) with 1, 10—phenantroline. The absorption of the complex solution is
very sensitive to the concentration of Fe* in the solution.

To prepare leaching solution samples for Fe>* determination, 1 uL of the leachate was
placed in a 1 L flask by using a micropipette (Rainin, Mettler Toledo, Columbus, OH, USA)
and the volume of the solution was brought to 1 L with bidistilled water. Then, 100 uL of the
resulting solution was mixed with 1 mL of 1, 10—phenantroline solution (0.12 wt.%), 1 mL
of sodium acetate buffer solution (obtained by mixing equal volumes of 6 M CH3;COOH
and 5 M NaOH) and 8 mL of bidistilled water.
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UV-Vis absorption spectra were recorded on CF-56 (St. Petersburg, Russia) spec-
trophotometer to quantify the Fe?* concentration in the solution.

The following relationship between the absorbance (A) at 510 nm and Fe?* concentra-
tion (ppm, or pg mL~!) was used [43]:

A =0.20423 C + 0.00716, R? = 0.99994 (5)

The following equation was used for Fe>* determination in the leachate:
CFe3+ = CFetotal B CFe2+ (6)

where Cge,,, is the total concentration of Fe in the leachate identified by AAS.

3. Results and Discussion
3.1. Characterization of Initial Copper Slag

The chemical composition (wt.%) of the slag sample was: Fe 24.6, Si 38.7, Zn 3.2,
Cul9,527.

Fayalite (Fe,SiOy), ferrosilite (FeSiOs), zinc ferrite (ZnFe;O4) and chalcopyrite (CuFeS;)
have been identified as crystalline phases in the initial sample according to XRD analysis
(Figure 1). The very high background and weak intensities of the diffraction lines indicate
that the slag contains a significant amount of amorphous material. Amorphous phase
content is high in slags that have been cooled rapidly [46].

a - Fe_Si0, (87-0315)
b - CuFeS, (24-0211)
a c-ZnFe,0, (01-1109)
d - FeSi0, (72-1509)

Intensity (a.u.)

2 theta (degree)
Figure 1. XRD pattern of the initial slag.

3.2. Leaching Experiments

Since copper in the slag sample was represented by chalcopyrite (at least in the
crystalline part of the slag), it was necessary to select the conditions for the dissolution of this
mineral. This task is not easy, since the surface of chalcopyrite undergoes passivation under
the influence of acids, which prevents an acceptable extraction of copper into solution [47].
To achieve the desired solution potential, chalcopyrite must be leached in polar organic
solvents such as isopropanol in the presence of an oxidizing agent [43]. Ozone (O3) was
applied for this purpose in the present work as it was successfully exploited for leaching
chalcopyrite in polar organic solvents [44]. Being a powerful two-electron oxidant, ozone
has one of the highest oxidation potentials (2.07 V vs. SHE).

Figure 2 depicts the relationship between the duration of leaching and the extraction
of copper and iron from the slag into the solution.
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Figure 2. Copper and iron extraction from copper smelter slag vs. time (2 M H,SOy in isopropanol;
O; flow rate of 0.05 g min~!; pulp density of 10%; 70 °C).

Both metals showed a general trend of increasing recovery after 5 h of leaching.
However, the progression in the percentage of recovery for copper and iron was different.
During the first three hours of leaching, the recovery of copper was only 14%, while in
the next hour the recovery increased to 63%. The maximum extraction of copper reached
91% after 5 h of leaching and remained virtually unchanged during the next hour of slag
contact with the solution. The achieved copper recovery was higher than that described by
Solis-Marcial and Lapidus [44]; moreover, in our case, the pulp density was also higher.

For iron, the progression in the percentage of recovery over time was close to linear; in
the first hour of leaching, the recovery was 7%, while the maximum recovery in 6 h was
68%, with the uptrend continuing,.

The next series of experiments were carried out at an acid concentration of 0.4 M; the
rest of the conditions were the same as in Figure 2. The results of the experiments are
presented in Figure 3.

100
L . .

® Cu

- A Fe .

L
A A
A
a * '|‘ 1 1 |

0 1 2 3 4 5 ]
Leaching duration (h)

Cu and Fe recovery ( %)
o5 38883833388

Figure 3. Copper and iron extraction from copper smelter slag vs. time (0.4 M H,SOy in isopropanol;
O3 flow rate of 0.05 g min~!; pulp density of 10%; 70 °C).

In the case of copper, the overall trend and recovery values have changed slightly from
those observed in Figure 2. The maximum recovery was 87% in the first 5 h of leaching
(against 91% shown in Figure 2). For iron, the picture turned out to be completely different.
A decrease in the concentration of sulfuric acid from 2 M to 0.4 M led to a sharp decrease
in the iron extraction, the maximum value of which was 10% (against 68% at 2 M H»SOy4)
with a plateau after 5 h of leaching.

Under both conditions (presented in Figures 2 and 3) recovery of copper into solution
was relatively low in the first 3 h and increased sharply in the next hour of leaching.
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A possible reason was the accumulation of the leaching agent in solution (other than
sulfuric acid and ozone) during the first hours of leaching and its subsequent interaction
with the slag sample. Such a leaching agent could be Fe®* ions. Figure 4 shows the change
in the concentration of iron ions in the solution over time, including Fe** ions. At the end
of the first hour of leaching, the total concentration of iron was 361 mg L1 while in the
next 3 h, the increase in iron concentration was about 490 mg L. The content of Fe3* ions
during the first hour was 41 mg L~! with a sharp increase in the second and third hours of
leaching (up to 627 and 1161 mg L™, respectively). Between the third and fourth hours of
leaching, the content of Fe3* remained approximately at the same level, with an increase
(by 550 mg L~!) in the fifth hour of leaching.

3000
E Fe, total
2500 ~
= Fe(IN)
o 2000 -
[ 7s]
E
= 1500
g
5 1000
Ll
S00
0

1 2 3 4 5 il
Leaching duration (h)

Figure 4. Change in the concentration of Fe(total) and Fe3* ions in solution over leaching time.

A sharp increase in the concentration of Fe3+ is caused by the known processes of
oxidation of Fe?* ions by ozone [48]:

Fe?* + O3 = FeO** + O° 7)
FeO?* + H,O = Fe’* + OH® + OH™ (8)
FeO?* + Fe?* + 2H* = 2Fe®* + H,0 )

As was demonstrated by Zhang and co-workers, in the O3 /Fe?*, the ferrous ion can
promote the breakdown of ozone (Equation (7)) leading to the formation of oxygen and
hydroxyl radicals (Equations (7) and (8)) [48]. In addition, ferrous ions oxidized with the
formation of ferric ions (Equations (8) and (9)). Thus, in the O3/Fe?" system, there are
several types of oxidizing particles that can act as leaching agents.

According to Figure 4, Fe3* ion accumulation occurred during the first three hours of
leaching, while the concentration of these ions practically did not change during the fourth
hour. These data are consistent with those shown in Figure 3; it was in the fourth hour that
copper ions accumulated in the solution, apparently due to the following reaction [34]:

CuFeS, + 3Fe®* = 4Fe?* + Cu™ +2S (10)

This reaction explains the steadiness in the concentration of ferric ions in the fourth
hour of leaching, where almost 50% of copper slag was recovered. In the next hour, 25%
of copper was extracted, and the consumption of ferric ions was lower, which led to an
increase in their concentration in the solution.

The next series of experiments was devoted to the study of ozone flow rate, up to its
absence, for the extraction of copper into solution (Figure 5). The rest of the parameters
were the same as in Figure 4.



Minerals 2022, 12, 1047

7 of 13

100
L Ozone flow
20 . L
20 L rate, g min
3 0 r +0.04
— 00 »*
> A A 4003
§ 50
3 40 *0.02
a
el 0 + A L XD
3
o 20 -
10 +* ® X
0 & : * $ ~ I i
0 2 4 i a

Leaching duration (h)

Figure 5. Effect of ozone flow rate on copper extraction from copper smelter slag (0.4 M H,SO; in
isopropanol; pulp density of 10%; 70 °C).

Extraction of copper into the solution at an O3 flow rate of 0.04 g min~! almost coincided
with that at 0.05 g min~—!, while reducing this parameter to 0.03 g min~—! sharply reduced
the maximum extraction of copper to 55% (compared to 86% at 0.04 and 0.05 g min~—! of O3).
In both cases, copper extraction plateaued after the fifth hour of leaching. The subsequent
decrease in the ozone flow rate expectedly reduced the copper extraction into the solution,
and with an increase in the duration of leaching, an upward trend was observed up to the
entire time interval under study.

Figure 6 shows the X-ray diffraction pattern of the leach residue after 5 h of leaching
under the conditions presented in Figure 5.

a - Fe_SiO, (87-0315)
c-ZnFe,0,(01-1109)

a d - FeSi0, (72-1509)
e - o.FeO(OH) (29-0713)

Intensity (a.u.)

2 theta (degree)

Figure 6. XRD pattern of the copper slag leaching residue (0.4 M H;SOy; pulp density of 10%;
70°C;5h).

A comparison of Figures 1 and 6 revealed the disappearance of diffraction peaks
associated with chalcopyrite; at the same time, peaks appeared at 22, 33, 41 and 54°,
belonging to goethite (x—FeO(OH)). This compound is formed following the process
known as iron precipitation in the form of goethite [49]:

2 Fe** +0.50, + 3H,0 = 2FeO(OH) + 4H" (11)

To elucidate the role of isopropanol in copper slag leaching, additional experiments
were carried out under the conditions presented in Figure 3; the only exception was
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the nature of the solvent (water was used instead of isopropanol). The extraction of
copper and iron into the solution depending on the time is shown in Figure 7. The
extraction of iron into an aqueous solution was practically identical to that observed
in an isopropanol solution. Copper recovery, on the contrary, declined sharply: an upward
trend was observed throughout the leaching, with a maximum of 13% after 6 h of leaching.
Thus, the use of isopropanol as a solvent played a decisive role in the extraction of copper,
while the extraction of iron turned out to be practically insensitive to the replacement of
the solvent.

14
L ]
— 12 r L]
= ® Cu
> 10 - A Fe A A
o [ 1
2 8 |
o
Fa
v 6 A
-E A [ ]
o a4 r
o o2 ¢ [
0 I I I I I I
0 1 2 3 4 5 (7]

Leaching duration (h)

Figure 7. Copper and iron extraction from copper smelter slag vs. time (0.4 M H;SOy in water;
O3 flow rate of 0.05 g min~!; pulp density of 10%; 70 °C).

3.3. Kinetic Study

A shrinking core model is widely used to describe the leaching process [50-52]. De-
pending on the nature of the rate-limiting step, the relationship between the metal fraction
extracted to the solution (Xp.) and the rate constant of chemical reaction (k) at a certain
leaching time (7) is described by the following models [53]

1—(1— Xue)s =kt (12)
1—(1—Xpe)? =kt (13)
1-3(1— Xpre)? +2(1 = Xpge) = kt (14)

The equations presented fit the processes with the rate-limiting step of the mass
transfer in the fluid layer that surrounds the solid particle (Equation (12)), the chemical
reaction on the surface of the particle (Equation (13)), and the mass transfer in the layer of
solid products of chemical reaction (Equation (14)).

To reveal the actual rate-limiting step of the copper leaching process under study, the
dependences of copper extraction on the leaching duration in accordance with models (12)—(14)
were found (Figure 8). A three-hour leaching period (from the second to the fifth hour) was
chosen, in which significant changes in the extraction of copper into solution were observed,;
copper recovery data was taken from Figure 7.
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Figure 8. The consistency of leaching models with experimental data on copper recovery (0.4 M
H,S0y in isopropanol; O3 flow rate of 0.05 g min~!; pulp density of 10%; 70 °C).

The coefficients of determination (R?) for all three models were quite high; at the same
time, the highest R? was observed for the model corresponding to Equation (13), indicating
that the limiting stage of copper extraction is the chemical reaction on the surface of the
particle. A similar conclusion about the limiting stage of chalcopyrite leaching with iron
(IIT) chloride in ethylene glycol was made by Li et al. [34].

To reveal the effect of temperature on the kinetics of copper leaching from slag, leaching
experiments were carried out at 30 and 50 °C; the rest of the conditions were the same as in
Figure 7, except for the ozone flow rate, which was 0.04 g min~—!. The dependence of copper
extraction on leaching temperature is presented in Figure 9. Lowering the temperature to
50 °C and further to 30 °C significantly reduced copper extraction into the solution. With
increasing leaching duration at both temperatures, an upward trend was observed, with
maximums of 9% (30 °C) and 24% (50 °C) after 6 h.

100
%0 430°C . .
—_ B30 .
) 50 C
:Tﬂ—
g 60 I ®70°C s
g %0
g Y
o 30
= *
O 5 L *
10 | b . A
A
[} l ! x + 1 i
0 1 2 3 4 5 b

Leaching duration {h)

Figure 9. Effect of temperature on copper extraction from copper smelter slag (0.4 M HySO, in
isopropanol; O3 flow rate of 0.04 g min~!; pulp density of 10%; 70 °C).

To calculate the apparent rate constant of chemical reaction, the data from Figure 9
were used in combination with Equation (13); the resulting plot of 1 — (1 — Xpe) /3 vs.
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leaching duration is presented in Figure 10. The chemical reaction rate constants (h~!) at
indicated temperatures are: 0.0069 (30 °C), 0.0258 (50 °C), and 0.2258 (70 °C). Arrhenius
plot for copper recovery from copper smelter slag was created by using these calculated
rate constants (Figure 11). The linear fitting confirms that the copper recovery into the
solution is controlled by the chemical reaction on the slag’s surface.

06
430°C y=0.0069x - 0.0106
0.5 +50°C y=0.0258x - 0.0563

o70'Cc y=0.2258x -0.6352

&
3 4 5
Leaching duration (h)

Figure 10. A plot of 1 — (1 — Xjz,)!/2 vs. leaching duration for copper recovery from copper smelter
slag (0.4 M H,SOy in isopropanol; O3 flow rate of 0.04 g min~!; pulp density of 10%; 70 °C).

u T T T T T 1
0.0p28 0.0029 0.003 0.0021 0.0032 0.0033 0.0034
14

y=-8334x + 24.061

Ink {h!)
w

_E L
YT (k)
Figure 11. Arrhenius plot for copper leaching from copper smelter slag (0.4 M H,SO,; O3 flow rate
of 0.04 g min~}; pulp density of 10%; 70 °C).

The activation energy (E;) and pre-exponential factor (A) of the overall chemical
reaction determining the copper extraction into solution were determined using Arrhenius’s
law (Equation (15)) [54]:

E, (1
Ink = _R<T> +InA (15)
where k is the rate constant of chemical reaction, R is the universal gas constant, and T is
absolute temperature).
The calculated E, and A were 73.4 k] mol~! and 24.06 h~!, respectively; both values

are in the same range as those reported for chalcopyrite leaching [55].
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3.4. Electrochemical Deposition of Copper

Electrochemical deposition has been used to determine the oxidation state of copper in
the solution after leaching. During the entire time of electrolysis, copper and iron ions were
not found in the anolyte. In the catholyte, a decrease in the mass of copper took place; the total
mass of iron in the solution remained constant, but the proportion of ferric ions decreased.

Table 1 shows the change in the masses of copper and Fe* ions in the solution during
electrolysis. The decrease in the mass of ferric ions is caused by their cathodic reduction
with the formation of ferrous (Fe?*) ions:

Fe3* + e = Fe?* (16)

Table 1. Change in masses of copper and ferric ions in solution during electrolysis.

Electrolysis Duration, min 0 15 30 45 60
Mass of copper ions, mg 159.2 158.1 157.2 156.5 155.9
Mass of Fe** ions, mg 1683.6 1681.3 1678.8 1676.2 1673.4

The decrease in the mass of copper ions is caused by their deposition on the cathode
surface. Isopropanol is electrochemically stable under the conditions under considera-
tion [56], and the cathodic release of hydrogen gas was not visually observed. Thus, the
electric current was consumed only for reaction (16) and for the electrodeposition of copper.

Every 15 min, 1.563 mA h of electricity passed through the electrolyzer. Considering
that 0.478 mA h is required to reduce 1 mg of iron ions, 0.419 mA h was consumed for
every 1 mg of copper deposited. This amount of electricity corresponds to the cathodic
reduction of cuprous (Cu*) ions:

Cut+e=Cu’ (17)

Because cupric (Cu?*) ions are more stable than cuprous ions, cathodic reduction of
cupric ions was expected, resulting in a lower (twice) rate of copper ion consumption than
observed. This circumstance is caused by the stabilization of cuprous ions by isopropanol,
as Marcial and Lapidus stated [44]. An electrochemical method was used to demonstrate
the fact that cuprous ions can be stabilized with isopropanol.

4. Conclusions

The «isopronalol—sulfuric acid—ozone» system was found to be effective for selective
copper recovery from copper smelter slag. The role of isopropanol in the acid leaching
of slag was to increase the degree of copper extraction in comparison with an aqueous
solution under conditions of relatively low initial acidity. Under these conditions, most
of the leached iron precipitated with the formation of goethite. Due to the stabilization of
copper (I) ions with isopropanol, copper did not precipitate in the form of poorly soluble
compounds, but remained in the solution. The role of ozone was to oxidize ferrous ions
to form ferric ions, which are effective oxidizers of chalcopyrite. These conclusions were
confirmed spectroscopically, as well as electrochemically.

The optimal conditions for copper leaching from copper smelter slag in the «isopronalol—
sulfuric acid—ozone» system was determined as follows: 0.4 M H,;SO,; O3 flow rate of
0.04¢g min~!; pulp density of 10%; 70 °C. Under these conditions, copper extraction was 87%,
while only 10% of iron passed to the solution. A kinetic study revealed that the limiting stage
of copper recovery was the chemical reaction on the surface of chalcopyrite particle.
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