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Copper tailing is a widespread and intractable solid waste in copper production. Traditional leaching and
recovery technology for copper tailing focuses on copper but neglects the leaching of iron. With the
increase in applications and demands of iron-containing materials for environment, understanding
the leaching behaviors of iron can promote the utilization of copper tailings. In this study, the kinetics
and mechanism of the leaching of iron from copper tailings using sulfuric acid were studied. Under
optimal conditions (40 °C, sulfuric acid concentration of 0.53 mol L™, stirring speed of 400 rpm,
solid/liquid ratio of 1: 10 and leaching time of 120 min), 66.45% of Fe, along with 65.32% of Zn and
59.95% of Cu, were leached from the tailings. The leaching of iron was confirmed to be controlled by
solid-film diffusion. The reaction orders for sulfuric acid concentration, solid/liquid ratio, and stirring
speed were found to be 0.85, —0.70, and 0.40, respectively. Results from XRF, XRD, and SEM
indicated that oxides (including CaO, CuO, and ZnO) were leached first, after which Fe,SiO4 was
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1. Introduction

Copper tailing is the residual ore left after copper extraction
during a floatation process, which is more difficult to recycle
as compared to the copper slag. Its main components are
fayalite (Fe,SiO4) and magnetic iron oxide (Fe;0,4), accounting
for more than 55% of the copper tailings." In 2015, it is esti-
mated that 68.7 million tons of copper tailings were produced
worldwide.> Copper tailing is often discarded into stock
dumps or sold for use in cement and roadbed production.®*
These methods not only waste limited mineral resources but
also potentially damage the ecological environment.>®
Recently, several approaches for more comprehensive utiliza-
tion of copper slag have focused on pyrometallurgy. Green
reductants, such as walnut shell char,” and waste cooking oil,*
were employed to recycle iron from the waste copper slag.
Fuentes et al.” have also used reduced copper slag as a catalyst
for carbon oxide hydrogenation. However, traditional pyro-
metallurgy is expensive and requires a large amount of energy
consumption.
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Hydrometallurgy is another way to recycle metals with more
convenience and less energy consumption.* If the goal is the
separation of valuable metals, the leaching of iron and silicon
ions is undesirable. In these cases, bioleaching™** and high-
pressure leaching'>'* can be used to recycle copper. On the
other hand, metal ions contribute to the liquid catalytic
oxidation of SO,,*'® and elements such as iron and silicon are
important components for water treatment’’™*® and soil
remediation.”® Thus, it is important to explore the leaching
behavior of metals in copper tailings to improve the applica-
tion possibility of copper tailings. Rogowski et al*' used
various acids for the dissolution of metals from copper flota-
tion tailings. However, to the best of our knowledge, the acid
leaching behavior with respect to iron has rarely been
reported.

Herein, a theoretical analysis of the leaching of iron from
copper tailings was performed. Then, the effects of key factors
on iron leaching were investigated, including the reaction
temperature, sulfuric acid concentration, ratio of solid to liquid
(S/L ratio), and stirring speed. The kinetics of leaching was also
analyzed based on a shrinking model. The behavior of Ca, Zn,
Cu, and Si in the leaching process was also studied. Charac-
terizations including X-ray fluorescence (XRF), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), scanning elec-
tron microscopy (SEM), Fourier transform infrared spectros-
copy (FTIR), as well as the measurements of particle size
distribution (PSD), and magnetic properties were investigated
to reveal the leaching behavior of copper tailings.
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2. Experimental

2.1. Materials

The copper tailings used in this study were obtained from the
Yunnan Tin Group (Holding) Company Limited, China. The
major element components present in the copper tailings are
shown in Table 1. Other chemicals, including H,SO, (98%,
Xilong Chemical Group Co. Ltd.), were of analytical grade.

2.2. Instruments and procedure

Fig. 1 shows the set-up used to study the leaching process of
copper tailings. The experiments were performed according to
the following procedure. First, 200 mL of the leaching agent was
prepared using H,SO, and deionized water, and poured into
a three-necked round-bottom flask. The leaching agent was
heated to the desired temperature. Then, the copper tailings
were added into the flask at the set speed. At the desired time
interval, 4 mL of the solution was removed and filtered. The iron
ion concentration in the filtrate was measured via titration."
The Ca**, Zn**, Cu®** and Si** ion concentration in the filtrate
was measured using ICP-OES (Agilent 730). Each sulfuric acid
leaching experiments of copper tailings was repeated three
times, and the average value of these three values was used to
reported to avoid any errors.

The metal ion leaching rate for Fe**, Ca®*, Zn*", Cu®" and Si**
was calculated using eqn (1).

GV

X = % 100% (1)

S
where X is the leaching rate of the target metal, %; C, is the ion
concentration in the leachate, mg L™ '; V is the volume of
leachate, L; wy is the elemental content of the target metal in the
copper tailings, wt%; and m is the mass of copper tailing, g.

2.3. Kinetic analysis

In a heterogeneous solid/liquid leaching reaction system, the
soluble reactants diffuse across the interface and/or through the
solid layer first.?>** The leaching is generally controlled by either
diffusion through the product layer, chemical reaction at the

Table 1 The XRF analysis of copper tailings before and after leaching
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surface of the solid particles or a mixture of diffusion and
chemical reaction.

If the leaching is controlled by diffusion through the product
layer, it will follow the rate equation,* expressed in eqn (2).

1—2R)X -1 - X =kyt (2)

If the leaching is controlled by the chemical reaction at the
surface of the solid particles, it will follow the rate equation,>
expressed in eqn (3).

1—(1—-X)" =kt (3)

where X is the fraction reacted for iron; k4 and &, are the rate
constants for diffusion through the product layer and chemical
reaction at the surface of the solid particles (min~"), respec-
tively, and ¢ is the leaching time (min).

The apparent activation energy can be obtained using eqn
(4).
Ea

lnkzlnA—RT (4)

where A is the frequency factor, E, is the apparent activation
energy, R is the ideal gas constant (8.314 J mol ' K1), and T'is
the leaching temperature (K).

2.4. Characterization of the samples

The elemental composition of the copper tailings before and
after the leaching reaction was detected using an XRF spec-
trometer (PANalytical Axios, Holland). The crystalline phases of
the tailings were identified via XRD (D8 Advance, Germany) with
Cu Ko radiation (« = 0.154056 nm). XPS (Thermo Fisher, USA)
was used to identify the states of the main elements in the
samples. Surface morphology and composition were identified
via SEM (GeminiSEM 300, Germany) with EDS (Oxford X-MAX,
Germany). The functional groups and particle size distribu-
tion in the samples were recorded using an FTIR (Bruker Vertex
70, Germany) and a laser diffraction particle size analyzer
(Mastersizer 3000, USA). Magnetic properties were determined
using a vibrating sample magnetometer (PPMS-9, USA).

Raw copper tailings

Copper tailings Copper tailings

Component (Wt%) after 1 h leaching (wt%) after 2 h leaching (wt%)
Fe 36.76 28.49 28.44
Si 14.25 17.16 17.11
Ca 3.06 4.65 5.00
Al 2.45 3.62 3.76
Zn 2.06 1.65 1.69
Mg 1.03 0.32 0.29
Na 0.88 0.78 0.77
K 0.44 0.57 0.59
Cu 0.26 0.25 0.24
S 0.17 0.69 0.65
As 0.17 0.21 0.22
Mn 0.11 0.06 0.05
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Fig.1 Diagram of the setup used to study the leaching process: 1 — water bath thermostat; 2 — water bath; 3 — three necked round-bottom flask;
4 — thermometer; 5 — condenser; 6 — mechanical agitator; 7 — stirring speed controller.
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Fig.2 (a) En-pH diagram of the Fe—Si—H,O system at 25 °C under ar.2*(aq) = 1, (b) A,G° vs. T, and (c) A,H° vs. T for eqn (5) and (6) (drawn by the
HSC 6.0 chemistry software, Outokumpu Research; FactSage web, ThermFact Inc. & GTT-Technologies).
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Fig. 3 (a) The effect of temperature on the leaching rate of iron from copper tailings, (b) 1 — (1 — X)¥3 versus time at different temperatures, (c) 1 —
2/3X—(1 — X)?’* versus time at different temperatures, and (d) In kq versus temperature.

3. Results and discussion

3.1. Theoretical analysis of the leaching behavior of copper
tailings

The leaching of copper tailings in the sulfuric acid solution may
involve the reactions shown in eqn (5)-(10).*****° The Gibbs free
energy (AG®) is calculated to be —101.81 k] mol~" for Fe;0,,
—203.58 k] mol™' for Fe,Si0,, —265.06 k] mol~' for CaO,
—114.65 k] mol™* for CuO, —131.22 k] mol™* for ZnO, and
—399.03 k] mol ™" for CuS, implying that metallic oxide can be
directly leached under acidic condition, while oxidation is
necessary for the leaching of CuS.>**

Fe;04 + H,SO,4 = FeSO,4 + Fe,O3 + H,O (5)
Fe,Si0, + 2H,S04 = 2FeSO, + H,SiO4 (6)
CaO + H,S04 = CaSO,4 + H,O (7)
CuO + H,S0, = CuSO,4 + H,0 (8)

5744 | RSC Adv, 2021, 11, 5741-5752

ZnO + H2SO4 = ZHSO4 + H20 (9)

2CuS + O, + 2H,S04 = 2CuSO, + 2S + 2H,0 (10)

Fig. 2(a) depicts the Eh-pH diagram of the Fe-Si-H,O system
at 25 °C under ap.’*'(aq) = 1. Fe;0, leaching requires more
acidic conditions than Fe,SiO,, indicating that there exists
aregion in which Fe,SiO, is leached, while Fe;0, is not leached.
The plots of the Gibbs free energy change versus temperature, as
shown in Fig. 2(b), further indicate that Fe;0, and Fe,SiO, can
be leached into the sulfuric acid solution. A.H for both reac-
tions is negative between 0 and 100 °C, as shown in Fig. 2(c),
indicating that the two reactions are exothermic.

3.2. Leaching kinetics of iron

3.2.1. Effect of the leaching temperature. Temperature
plays a vital role in the leaching reaction.”® The effect of
temperature in the range of 20-60 °C on the leaching of iron is
shown in Fig. 3. As shown in Fig. 3(a), the leaching temperature
significantly affects the iron leaching. Iron leaching rapidly
proceeded in the first 120 min, and then proceeded more slowly.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) The effect of the sulfuric acid concentration on the leaching rate of iron from copper tailings, (b) 1 — 2/3X — (1 — X)?'3 versus time at
different sulfuric acid concentrations, and (c) In k4 versus the sulfuric acid concentration.

The leaching of iron was 49.53% at 20 °C, and increased to
69.18% at 60 °C. As shown in Fig. S1,f when the leaching
temperature reached 50 °C, some of the Fe;O, gradually
decomposed to increase the iron ion concentration. To separate
Fe;0,, the dissolution of Fe;0, must be avoided. Thus, 40 °C
was determined to be the optimum temperature, and used for
subsequent experiments.

Fig. 3(b and c) shows the fits of the iron leaching results
using the chemical reaction and diffusion control model,
respectively. The diffusion control model provided a better fit to
the data, indicating that diffusion control was the rate-limiting
process. The apparent activation energy for the iron leaching
from copper tailings was calculated to be 10.83 k] mol * using
the Arrhenius equation, as shown in Fig. 3(d). The apparent
activation energy being below 12 k] mol " (ref. 23) confirms that
the leaching was controlled by diffusion. Moreover, the
apparent activation energy was lower than that (38.69 k] mol )
of pyrite cylinder (mainly consisting of Fe,O; and Fe;0,),”

© 2021 The Author(s). Published by the Royal Society of Chemistry

indicating that iron was not supplied by Fe;O, in the copper
tailings.

3.2.2. Effect of the sulfuric acid concentration. Based on
eqn (6)-(9), the theoretical consumption of sulfuric acid for the
leaching of CaO, CuO, and Fe,SiO, from the copper tailings is
about 0.53 mol L™ " at a S/L ratio of 1 : 10. Thus, the effect of the
sulfuric acid concentration was investigated in the range of
0.31-0.64 mol L', As shown in Fig. 4(a), the iron leaching rate
increased from 46.87 to 67.83% after 120 min when the sulfuric
acid concentration increased from 0.31 to 0.64 mol L™ ". At the
sulfuric acid concentration of 0.31 mol L™, the amount of
sulfuric acid was insufficient to fully leach Fe,SiO,. When the
sulfuric acid concentration was 0.64 mol L™, some of Fe;0,
decomposed to increase the iron concentration in the
leachate.®

Fig. 4(b) shows the results of these experiments fitted using
the diffusion control model. The plot shown in Fig. 4(c) indi-
cates that the reaction order with respect to the sulfuric acid
concentration was 0.85.

RSC Adv, 2021, N1, 5741-5752 | 5745
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and (c) In kq versus S/L ratio.

3.2.3. Effect of the S/L ratio. The effect of the S/L ratio on
the iron leaching is shown in Fig. 5. As shown in Fig. 5(a), the
iron leaching rate was approximately 66.50% at the S/L ratio of
1:12 to 1:10, and it decreased when the S/L ratio further
increased from 1:10 to 1:4. This can be attributed to two
reasons. First, a lower S/L ratio means greater possibility of the
reaction of the solid with sulfuric acid. Second, a lower S/L also
decreases the product diffusion resistance, favoring the iron
leaching.

Fig. 5(b) shows the results of the S/L series experiments fitted
using the diffusion control model, indicating that the model is
consistent with this data set. Fig. 5(c) is a plot of the relation-
ship between In k4 and In(S/L), showing that the reaction order
with respect to the S/L ratio was —0.70.

3.2.4. Effect of the stirring speed. Stirring speed (r) affects
the diffusion process during leaching. Thus, the effect of the
stirring speed on the iron leaching is shown in Fig. 6. The
leaching rate of iron increased significantly from 45.87 to
66.45% when the stirring speed was increased from 100 to
400 rpm, and remained unchanged with the further increase in

5746 | RSC Adv, 2021, 1, 5741-5752

the stirring speed. Therefore, 400 rpm was used as the stirring
speed in the other experiments.

Fig. 6(b) shows the fitting results of the stirring speed
experiments using the diffusion control model. The model is
consistent with this data set. Fig. 6(c) plots the relationship
between In k4 and In r, showing that the reaction order with
respect to the stirring speed was 0.40 for the iron leaching.

3.2.5. Kinetic model. According to the experimental results
described above, the leaching of iron from copper tailings was
determined to be controlled by the product diffusion model.
The leaching of iron can be expressed by the following equation.

2 2
11— X —(1-X)3 =Kyt

3
S 70 10.83
= k() [HZSO4]O'85 (—) 10'40 eXp (——> t

(11)

where X is the fraction of iron reacted, k, is the correlation
coefficient, [H,SO,] is the concentration of sulfuric acid (mol
LY, S/L is the ratio of solid to liquid, and r is the stirring speed

(rpm).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.3. Leaching behaviors of Ca, Zn, Cu and Si Fig. 7. The sulfuric acid concentration significantly affected the

leaching rate of Zn and Si, while it had no effect on the leaching

As the other main elements in the copper tailings, the leaching
behaviors of Ca, Zn, Cu, and Si were studied, as presented in
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Fig. 7 The leaching rate of Cu, Zn, Ca, and Si at (a) different sulfuric acid concentrations, and (b) different leaching times under the optimum
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increased from 0.10 to 0.53 mol L™ %, the leaching rate increased
from 27.23 to 65.32% for Zn and from 18.80 to 49.03% for Si.
The leaching rate was constant at roughly 20% for Ca and 59%
for Cu, respectively, indirectly indicating that Ca and Cu were
more easily leached from the copper tailings. As shown in
Fig. 7(b), at S/L of 1:10 and sulfuric acid concentration of
0.53 mol L', Ca was the first element to achieve an optimal
leaching rate, followed by Zn and Cu. The leaching rate of Zn
increased from 50.70 to 64.08% when the leaching time
increased from 30 to 60 min. These results are consistent with
the mineral composition of copper tailings.**** Regarding the
recovery of metals, Fig. S31 demonstrates a process route for the
recovery of metals based on fractional precipitation,* providing
a possible way to recover Cu, Zn, and Fe.

3.4. Characterization of the raw and treated copper tailings

3.4.1. XRF. The concentrations (by weight) of the major
elements in the raw and leached copper tailings are listed in
Table 1. After 2 h of leaching, the Fe content decreased from
36.76% to 28.44%, Zn decreased from 2.06% to 1.69%, and Cu
decreased from 0.26% to 0.24%. It shows that Fe, Zn, and Cu
were leached differently in the process, which may be attributed
to the crystal structure and morphology of copper tailings.
Theoretically, the Fe contents in pure Fe,SiO4, Fe;O,4, and
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(a) XRD patterns, (b) FTIR spectra, (c) magnetic hysteresis loops, and (d) PSD of raw and leached copper tailings.

CaFeSi,Og are 54.81%, 72.35%, and 22.51%, while the Si
contents in pure Fe,SiO, and CaFeSi,Os are 13.78% and
22.64%, respectively. The presence of Ca, Fe, and Si in the
leached copper tailings indicates that it can be used as cement
raw materials, avoiding secondary pollution.*®

3.4.2. XRD, FTIR, magnetization, and particle size. Fig. 8(a)
shows the XRD patterns of raw and leached copper tailings.
Fe,Si0O,, Fe;04, and CaFeSi,O4 are the main crystalline phases
of the raw copper tailings. During the leaching process, most of
Fe,SiO, gradually disappeared, while peak intensity related to
Fe;O, and CaFeSi,O, were relatively stable. The results are
consistent with the thermodynamic calculations and mineral
properties.*”

FT-IR spectra of the raw and leached copper tailings are
shown in Fig. 8(b). The absorption peaks at around 1640 cm "
are ascribed to O-H bending vibrations, peaks at around
1097 cm™ ' correspond to the symmetrical stretching vibrations
of Si-0-Si, and peaks at about 798 and 467 cm™ "' correspond to
the symmetrical stretching vibrations of Si-0.%*3° After leach-
ing, the intensity of the Si-O stretching vibration peak slightly
weakened, while the other main peaks remained almost iden-
tical. This is consistent with the dissolution of Fe,SiO,, while
the other main structures of the copper tailings were stable
during the leaching.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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To further verify the identity of the species involved in acid
leaching, the magnetic properties of ferrite were investigated at
room temperature using PPMS DynaCool, and the results are
shown in Fig. 8(c). The magnetic properties of the copper tail-
ings increased with leaching. The reason for this is that the
nonmagnetic components and the weakly magnetic Fe(u) in
fayalite were leached by the acid and migrated to the liquid.

The particle size distributions of raw and leached copper
tailings are plotted in Fig. 8(d). The average particle sizes of the
raw copper tailings and residuals after 1 h and 2 h of leaching

were 25.2, 39.3, and 42.6 um, respectively. Compared to the raw
copper tailings, the average particle size of the leached copper
tailings did not change noticeably, further indicating that the
leaching process followed the shrinking core model. Moreover,
particles in the size range of 211.0-974.5 um were found in the
leached copper tailings, which are due to the formation of
insoluble substances, including CaSO, and SiO,.

3.4.3. XPS. To further investigate the chemical changes
involved in the leaching process, XPS data were collected for the

Table 2 Peak positions, full width at half maximum (FWHM), and relative abundance of chemical states from fitting the Fe 2p,,3 feature from raw

and leached copper tailings

Percentage
Sample BE (eV) FWHM (eV) State of iron (%)
Raw copper tailings 709.88 2.04 Si-O-Fe(u) 22.59
713.79 4.11 Fe()-O-Fe(im) 33.08
711.46 2.66 Fe-O-Fe(u)/Si 44.33
Copper tailings after leaching 1 h 709.50 1.45 Si-O-Fe(u) 11.24
713.75 4.64 Fe(u)-O-Fe(m) 41.61
711.04 2.62 Fe-O-Fe(u)/Si 47.14
Copper tailings after leaching 2 h 709.72 1.60 Si-O-Fe(u) 15.16
713.45 3.95 Fe()-O-Fe(im) 38.72
711.28 2.52 Fe-O-Fe(u)/Si 46.11

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 SEM/EDS analysis of raw and leached copper tailings. (a and b) Raw copper tailings, (c and d) copper tailings after leaching for 1 h, and (e

and f) copper tailings after leaching for 2 h.

Fe 2p, O 1s, and Si 2p core levels from raw and leached copper
tailings.

The survey scans in Fig. 9(a) show that the relative intensity
of the Fe 2p and Zn 2p peaks decreased, while a relatively
stronger S 2p characteristic peak could be observed from the
samples after acid leaching, which is consistent with the XRF
result and which might be due to the deposition of sulfate in the
leached copper tailings. Fig. 9(b) shows the XPS spectra of Fe 2p,
where the binding energy of 713.79 eV is attributed to Fe(u)-O-
Fe(u), while the peak at 709.88 eV corresponds to Si-O-Fe.* A
summary of the Fe 2p fitting results and the Fe chemical state in
the near surface region is shown in Table 2. The relative content
of Si/Fe—O-Fe decreased from 66.92% to 61.27%, while that of

Fe(u)-O-Fe(m) increased from 33.08% to 38.73% during leach-
ing, implying that Fe>* was leached from Fe,SiO,. Fig. 9(c)
shows the O 1s spectra, which indicated that Si-O-Si was
present in the leached copper tailings.** The binding energy of
O 1s shifted to a higher energy after leaching. The relative
abundance result (Table S17) indicated that SiO, was generated
in the process. The Si 2p feature also shifted to a higher binding
energy after leaching, as shown in Fig. 9(d), indicating the
decrease in the electron density near the silicon atoms.*>**
3.4.4. SEM/EDS. Images showing the morphology of the
raw and leached copper tailings are presented in Fig. 10. The
raw copper tailing appeared as compact and uneven solid
(Fig. 10(a and b)). In comparison, some irregular holes and

Leaching process .
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H,SO0,

Solid phase

FeSO,
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+
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Fig. 11 Schematic of the mechanism of the sulfuric acid leaching of copper tailing.
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small loose particles were observed in the leached copper tail-
ings (Fig. 10(c-f)). The related EDS analysis indicated that
during leaching Fe was extracted, while the content of S and Si
increased. Small particles (CaSO, and SiO,) may accumulate
and cover the surface of copper tailing, thus impeding the
sulfuric acid from diffusing to the interior of the particles and
leaching the iron.

3.5. Mechanism of leaching

Based on the results discussed above, a leaching mechanism
can be proposed, which is shown in Fig. 11. When the copper
tailings are contacted with sulfuric acid, oxides (including CaO,
CuO, and ZnO) from the copper tailings preferentially react with
sulfuric acid, generating sulfates (including CaSO,, CuSO,, and
ZnS0,).""**** Subsequently, Fe,SiO, reacts with sulfuric acid,
thus generating FeSO, and H,SiO,. As the reaction proceeds,
H,Si0, is partly converted into H,SiO; and SiO,.*” The accu-
mulation of SiO, and CaSO, reduces the contact of sulfuric acid
with the soluble iron of copper tailings, thus inhibiting the
further leaching of iron. Sulfuric acid concentration and
temperature both have a significant effect on leaching process.
When the sulfuric acid concentration reached 0.53 mol L™, FeO
from Fe;0, was slightly decomposed.” However, an excess of
sulfuric acid would destroy the leaching system due to the rapid
formation of H,SiO, by the quick dissolution of Fe,SiO,."* The
elevated temperature enhances the leaching of metal ions and
oxidation of Fe** to Fe*". In the presence of Fe*", the copper
leaching rate is enhanced.*

4. Conclusions

In this study, the leaching characteristics of the major metal
components from copper tailings by sulfuric acid were investi-
gated, with a particular focus on iron. After 120 min, 66.45% of
Fe, along with 65.32% of Cu and 59.95% of Zn in the tailings
were leached under the optimal conditions of 40 °C, sulfuric
acid concentration of 0.53 mol L™", stirring speed of 400 rpm,
and solid/liquid ratio of 1 : 10. The iron leaching was found to
be controlled by the product diffusion model with an apparent
activation energy of 10.83 k] mol~". The reaction orders for the
sulfuric acid concentration, stirring speed, and solid/liquid
ratio were 0.85, —0.70, and 0.40, respectively. During leaching,
the amount of Fe,SiO, in copper tailings was obviously reduced,
while that of Fe;O, remained stable. The accumulation of
CaSO, and SiO, inhibited the further leaching of iron.
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