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ARTICLE INFO ABSTRACT

Keywords: Dissolution of the exposed sphalerite (marmatite) in abandoned mining sites and tailings may exacerbate acid

AMD and metalliferous drainage (AMD) hazards. Cupric ions are inevitable ions in AMD systems but its action

PH values mechanism on the dissolution of sphalerite is still unclear. In this work, the possible phase transition from

Phase transition . s . . ‘1 .. . .

Chal it sphalerite to chalcopyrite is firstly discovered in acidic cupric ions solution according to the results of Raman and
alcopyrite

DFT calculations

(synchrotron radiation-based) X-ray (micro-) diffractometer spectra, which should be an important reason that
mediates the dissolution of sphalerite. Results of DFT calculations reveal the underlying mechanism that Cu®*

can selectively replace zinc in marmatite lattices and further diffuse into the matrix. Additionally, a strong
correlation between the cupric ion consumption with the pH value variation is discussed and the effects of the
formed new phase on the dissolution kinetics of marmatite were researched. According to this work, the action
mechanism of cupric ions on sphalerite dissolution in acidic environments is furtherly clarified.

1. Introduction

Mining is a strong support for human development, but its damage to
the natural environment has also become a problem that must be solved
for the progress of human society (Mehta et al., 2020; Ogbughalu et al.,
2020). Acid and metalliferous drainage (AMD) is one of the most
important concerns, which mainly occurs at the abandoned mine and
smelting sites due to the oxidative dissolution of the exposed sulfide
minerals (Sanchez-Andrea et al., 2014; Simate and Ndlovu, 2014).
Prevention and treatment are the common AMD management ap-
proaches. The former aims to implement source control, including pre-
venting the migration of AMD, averting the external water sources
flowing/infiltration/seepage into the contaminated areas, and man-
aging acid-generating waste. The latter is various, including physical
remediation techniques (e.g. acid extraction, soil washing, encapsula-
tion, dilution, and removal of polluted soil), chemical processes (e.g.
lime neutralization/precipitation, cement neutralization), and biolog-
ical approaches (e.g. phytoremediation, natural or man-made wetlands),
etc (Akcil and Koldas, 2006; Sephton and Webb, 2019; Simate and

Ndlovu, 2014; Wetle et al., 2020). However, different methods require
varying degrees of financial support and have various shortcomings,
such as inefficient for large sites, not entirely remove contaminants, and
causing the loss of nutrients in the soil (Jin et al., 2020; Wetle et al.,
2020). Therefore, understanding the internal behavior mechanism of
minerals in AMD can provide a great reference for the prevention and
treatment, which may help to reduce pollution from the source.

Sphalerite and copper sulfides often coexist in deposits, and cupric
ions commonly used as additives to change the surface properties of
sphalerite during flotation or hydrometallurgy processes (Bagheri et al.,
2020; Zhang et al., 2020a). Therefore, cupric ions and sphalerite inev-
itably exist simultaneously in tailings and thus in AMD environments.
Although copper and zinc both are the indispensable elements for life,
excessive emission is potentially toxic (Xie et al., 2019; Yang et al.,
2020). Therefore, investigating the action mechanism of copper ions on
the dissolution of sphalerite (marmatite) may be of great significance to
the control of copper and zinc in AMD.

Sphalerite (ZnS) is one of the most important zinc containing mineral
resource in the earth. During the mineralization process, impurities like
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Fig. 1. XRD analysis of the purified marmatite sample (Zhang et al., 2020b).

iron (Fe) replaced zinc sites in the lattice structure of sphalerite and
formed marmatite (Zn,Fe; _,S. In this work, marmatite means sphalerite
containing high percentages of iron.) with various high percentages of
iron element and exhibited dark-black color (Cook et al., 2009; Liu et al.,
2018). The structure (Chen et al., 2010b; Osadchii and Gorbaty, 2010),
and dissolution behaviors (Weisener et al., 2004) also can be altered due
to the iron incorporation. The crystal structure belongs to F-3m space
group, and the (Zn, Fe) atom is located at (000) site and S atom at
(0.250.250.25) site. The unit cell of marmatite is consisting of four Zn or
Fe atoms and four sulfur atoms with cell parameters of a =b = ¢ = 0.54
nm, a = f =y = 90°, cell volume of 0.158 nm® (Edelbro et al., 2003;
MclIntyre et al., 1980). Except for iron element, some other minor and
trace elements, such as Ag, Cd, Sn, Cu, In, Ge, Ga, Co, are also commonly
incorporated in zinc sulfides (Cook et al., 2009).

Cupric ion (Cu") as an important metal ion additive in the flotation
processes of sphalerite (marmatite) was considered that the cu®t
adsorption can form trace amount of copper sulfide on the surface and
changed the surface properties, thus enhancing the surface reactivity
with flotation collectors (Chandra and Gerson, 2009; Qiu et al., 2017).
Similarly, Cu?* has also been widely reported as catalyst in hydromet-
allurgy of zinc sulfides (Pathak et al., 2017), in which the formation of
copper sulfides on marmatite surface was proposed but the detailed
information and generation mechanism are still not clearly and
completely interpreted (Meng et al., 2019; Zhang et al., 2020b).

In a previous work, Elliot and Watling (2011) found that pyrrhotite
(Fej_4S) can be partly transformed to chalcopyrite (CuFeSy) due to the
incorporation of Cu?* into pyrrhotite at normal pressure and tempera-
ture. Therefore, the present work utilized experimental techniques and
theoretical calculations to explore the possibility of marmatite phase
transformation in acidic solution (pH 0.5-4.5) in the presence of Cu?t.
Moreover, a strong correlation between the cupric ion consumption with
the pH value variation was proposed and the effects of the added Cu®*
and the formed new phase on the dissolution kinetics of marmatite were
discussed. The obtained results would not only help interpret the role of
Cu®" on sphalerite dissolution in AMD, but suggest the probable reason
of the evolution of sphalerite and chalcopyrite symbiotic deposits.

2. Methodology
2.1. Transformation experiments

Marmatite samples were obtained from Guangxi Province of China.
Result of X-ray diffraction (XRD) (Fig. 1 (Zhang et al., 2020b)) suggested
that its purity was extremely high and almost no impurities coexisted.
The chemical elements analysis of the sample showed it contained
48.28% Zn, 14.67% Fe, and 33.78% S respectively. Hence, it could be
represented by the chemical formula Zng 74Fe( 26S. Some highly purified
samples were crushed and ground to less than 0.074 mm. In addition,
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some samples were cut into polished electrodes or tablets with diameter
of about 10 mm and thickness of about 2 mm. In the transformation
experiments, 0.25 g marmatite samples (or marmatite electrodes) were
firstly added into each 250 mL flask containing different concentrations
of aqueous copper solution (100 mL), which was adjusted by 10 g/L
cupric ion solution (Prepared by Copper (II) sulfate pentahydrate,
CuS04-5H,0, CAS number 7758-99-8, Analytical Reagent (CuSO4-5H,0
> 99.0%), Batch No. 20150210, Sinopharm Chemical Reagent Co., Ltd,
China). Flasks were placed in an orbital shaker with temperature of
75 °C (This temperature can be reached inside the mineral heap and in
the mine waste recycling reactors.) and rotating speed of 170 rpm. In
experimental systems of Section 3.2 (investigating the effects of pH
values), pH values (Measured by Precision pH/ORP meter, BPP-920, Bell
Analytical Instruments (Dalian) Co., Ltd.) were regularly controlled
constantly by dilute sulfuric acid (Prepared by sulfuric acid, HySO4, CAS
number 7664-93-9, Analytical Reagent (H2SO4 = 98.08%), Batch No.
20180821.1, Hunan Huihong Reagent Co., Ltd, China), while in exper-
imental systems of Section 3.1 (investigating the effects of cupric ions
concentrations) pH values were not adjusted. After reactions, solid and
liquid samples were separated through washing and filtration.

2.2. Analytic techniques

Ton concentrations of copper, zinc and iron were regularly monitored
by an inductively coupled plasma atomic emission spectrometry (ICP-
AES) (ICAP 7400 Radial, Thermo Fisher Scientific Co.). Standard curves
utilized in ICP-AES tests were established by using single element
standard reference solutions of copper (Chinese national matter stan-
dard sample (GSB) 04-1725-2004, Unique Identification (UI) 192033-
5), zinc (GSB 04-1761-2204, UI 17C035-1) and iron (GSB 04-1726-
2004, UI 196002-7), they were all produced by National Nonferrous
Metal and Electronic Materials Analysis and Testing Center, China. After
treatment, solid samples were dried in vacuum oven (DZF, Huanghua
Guangming Instrument Co.), and were then detected by different ana-
lytic techniques, including inVia Raman microscope combined with
software Wise 5.0 (Renishaw Co.), synchrotron radiation-based X-ray
diffraction (SR-XRD), X-ray micro-diffractometer (Rigaku D/max Rapid
IIR), scanning electron microscopy (SEM) (JSM-6490LV/JEOL for
treated samples and JSM-ITS500LV/JEOL for treated samples), X-ray
photoelectron spectroscopy (XPS) (ESCALAB 250Xi) and polarizing
microscope (Leica-DM RXE). SR-XRD was conducted at beamline 4B9A
in Beijing Synchrotron Radiation Facility (BSRF) in Beijing, China. X-ray
diffraction (XRD) performed on X-ray micro-diffractometer with X-ray
collimation of 0.1 mm in diameter was conducted at 40 kV and 250 mA
(Cu Ka), with exposure time of 20 min and step length of 1°/s. Addi-
tionally, conventional X-ray diffraction (Bruker D8 Advance) was
operated under the conditions of Cu Ka (2.2 kW), tube current of 40 mA,
voltage of 40 kV, extra scanning range of 29-32° (20) and scanning
speed of 0.5°/min. XPS analysis was recorded at a constant pass energy
of 20 eV and 0.1 eV/step using an Al Ko X-ray source.

2.3. DFT calculations

Spin-polarized density functional theory (DFT) (Hohenberg and
Kohn, 1964; Kohn and Sham, 1965) calculations were performed by
using the plane-wave based Vienna ab-initio simulation package (VASP)
(Kresse and Furthmiiller, 1996). The generalized-gradient approxima-
tion (GGA) parametrized by Perdew-Burke-Ernzerhof (PBE) (Perdew
et al., 1996) was used to treat the exchange-correlation functional. The
interactions between atomic cores and electrons was represented
through the projector augmented-wave (PAW) method of Blochl (Blochl,
1994; Kresse and Joubert, 1999) as implemented in VASP. An optimized
cut-off energy of 400 eV was adopted throughout, which was found
sufficient in optimization of slab models. In geometry optimizations, the
total energy was converged to 10> eV, and forces acting on ions were
required to be less than 0.01 eV/A.
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Fig. 2. Dissolution of marmatite in different cupric ion concentrations in 1 day
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(normal pressure, 75 °C, 170 rpm, cupric sulfate solution with pH uncontrolled): (a)

metal ions consumption/extraction (The initial cupric ion concentrations shown on the abscissa axis were derived from the actual measurement); (b) Raman spectra
of marmatite samples after treatment; (c) XRD of marmatite samples after treating by 100 mg/L Cu®*: No. 1 (synchrotron radiation-based X-ray diffraction), No. 2

and 3 (X-ray micro-diffractometer, different locations).

To simulate sphalerite (110) surface, we used a model containing a
2 x 2 (110) slab with eight atomic layers, within which five Zn atoms
were randomly replaced by Fe atoms with an approximate chemical
formula of Zng 32Fe( 15S0.5. A vacuum layer of 15 A was employed in the
perpendicular direction to avoid spurious interactions between two
images. In the calculations of the substitution and diffusion, all the
atomic layers in the slab models were allowed to fully relax by using a
conjugate-gradient algorithm. The Brillouin zone integrations were
performed using Monkhorst-Pack scheme (Monkhorst and Pack, 1976)
with a 3 x 4 x 1 k-point grids with a generalized Gaussian smearing
method with the smearing width set to 0.05 eV.

The substitution energy of a Cu?' ion for Zn
sphalerite (110) surface is calculated as:

2+ or Fe*' ions of

Eun = ES, g jros + e — e &
where Efl}fer (eV) and Ef,’;?ore (eV) are the total energies of the slab model
after and before the substitution happens, whereas, u (eV) is the
chemical potential of these ions in the substitution in their isolated
states. More negativity of Eg,, (eV) is for a much easier substitution re-
action to occur.

On the other hand, the diffusion energy (Eyir (eV)) of a cu?t ion on
the surface into the body of sphalerite via site exchanging with nearby
Zn?* or Fe?" ion is defined as:

_ pdi i
Egs = Eyp,, — Epl e (2)

where Eif (eV) and E‘;gore (eV) are the total energies of the slab model
after and before the diffusion happens.

3. Results
3.1. Effects of cupric ions concentrations

Firstly, the effects of cupric ions concentrations on the dissolution of
marmatite were investigated. Marmatite samples were soaked in the
different cupric ion solutions with concentrations from 50 to 1000 mg/
L, and the pH values were uncontrolled. After 1 day, the results indi-
cated that a fraction of cupric ions was consumed, along with the
decomposition of marmatite (Fig. 2a). The appearance of samples
treated by different cupric ion concentrations was also changed, as
shown in Supplementary materials Fig. 1s. Typically, the group with
around 100 mg/L initial cupric ions showed the most obvious distinc-
tions, exhibiting the high extractions of iron and zinc as well as the high
consumption of cupric ions. Furtherly, Raman spectroscopy, SR-XRD, X-
ray micro-diffractometer (micro-XRD) and X-ray diffractometer (XRD)
were utilized to characterize the treated samples (Fig. 2b, ¢ and Sup-
plementary materials Fig. 2s). Compared with the group without cupric
ions, an extra new Raman peak appeared at the position of 468 cm™! in
the groups with cupric ions, which represented the existence of Cu-S
bonds (White, 2009; Zmuda-Trzebiatowska et al., 2016). Although the
existence of Cu—S bond was confirmed, the exact Cu mineral phase was
still uncertain as the Cu—S bond could belong to several copper sulfides
such as chalcopyrite and covellite (Zmuda-Trzebiatowska et al., 2016).
Therefore, XRD (SR-XRD, micro-XRD and general XRD of marmatite
samples after treating by 100 mg/L Cu®") was performed in order to
furtherly detect the Cu mineral phase. As shown in Fig. 2¢, the new
peaks marked as b were located at around 29 and 59°, which might be
attributed to the (112) crystal plane and the (204) crystal plane of
chalcopyrite, respectively (Majuste et al., 2013). As the chalcopyrite
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Fig. 3. Dissolution of marmatite in different pH conditions (normal pressure, 75 °C, 170 rpm, in the presence and absence of 100 mg/L Cu®"): (a-i) pH values are
0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 and 4.5, respectively. Zn-1 and Fe-1 represent zinc and iron extraction in the absence of Cu®*; Zn-2 and Fe-2 represent zinc and

iron extraction in the presence of 100 mg/L Cu®*; Cu was Cu®" consumption.
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Fig. 4. Dissolution of marmatite in different pH conditions in the first day and
the last day (normal pressure, 75 °C, 170 rpm, in the presence and absence of
100 mg/L Cu®").

phase was not originally present in the samples, it suggested that the
consumed cupric ions might occupied segmental lattice sites of mar-
matite which originally belong to zinc and iron, causing the formation of
chalcopyrite phase.

3.2. Effects of pH values

Subsequently, a series of experiences with pH value variables were
performed for the most effective cupric ion concentration of 100 mg/L.
Fig. 3 demonstrates the zinc and iron extractions in the presence and
absence of cupric ions, and the cupric ion consumptions. In general, with
the increase of pH values, the dissolution rate of marmatite samples
decreased gradually both with and without the addition of cupric ions,
which was coincide with the previous reports (Acero et al., 2007;
Stanton et al., 2008). Additionally, the presence of cupric ions appar-
ently impeded the dissolution of marmatite at pH = 0.5 and 1.0 (Fig. 3a
and b), and slightly affected marmatite dissolution at pH = 1.5 and 2.0
(Fig. 3c and d), but obviously enhanced marmatite dissolution at
pH = 2.5-4.5 (Fig. 3e-i). This phenomenon suggests that the effect of
cupric ions on marmatite dissolution is related to the pH values. Fig. 3
shows that the consumptions of cupric ions are tend to stable only after
1 day, the dissolution behavior of marmatite after the first day is
therefore analyzed as shown in Fig. 4. On the other hand, the dissolution
of marmatite is a continuous process, so data of the last day is also
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Table 1
Several E, values summarized by Acero et al. (2007).
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pH values <0.5 <1
Fe (Wt%) 0.3-2.15 0.1-0.45
E, (kJ/mol) 83.4 37.4-44.3

34+t4

2 2 3
6.2 1.0 0.1
46.9 £11.3 27 143+19

showed in Fig. 4.

According to Fig. 4, in the absence of Gu?*, the dissolution rate of
marmatite changes obviously with the increase of pH values. Acero et al.
(2007) summarized different reports about the apparent activation en-
ergies (E4 as shown is Table 1) of sphalerite dissolution in various pH
values with the temperature around 20-90 °C. They suggested that
Eq <20kJ/mol usually meant transport-controlled mechanisms
(diffusional control). Moreover, according to the kinetic regimes
research of Lorenzo-Tallafigo et al. (2018), E; > 40 kJ/mol normally
indicated sphalerite dissolution was under chemical control. Combined
with the dissolution curve of marmatite in the absence of Cu?* in Fig. 4,
it may speculate that when the pH value is less than 1, between 1.5 and
2.5, and greater than 3, marmatite dissolution are respectively in
chemical control, mixed control and diffusional control.

Besides, Fig. 4 shows that when the pH value is less than 2, the
addition of Cu?* impedes the dissolution of marmatite both after the
first and the last day, but when the pH value is greater than 2, the sit-
uation is reversed. Especially, marmatite dissolution was obviously
inhibited in the first day by adding Cu®*. According to the Raman and
XRD results (Fig. 2b and c), a Cu-bearing thin layer might be formed on
marmatite surface. It indicated that this thin layer may slow down the
chemical reaction rate of marmatite when the pH value is less than 2,
and the kinetic regimes may be shifted from chemical control (in the
absence of Cu®>" with the same pH range) to mixed control or diffusional
control. However, although the formed Cu-bearing thin layer slow down

the chemical reaction rate under chemical control, it may promote the
surficial electrochemical property of marmatite, thus accelerating its
dissolution under mixed control or diffusional control stages. The phe-
nomenon that the high Zn?* extraction in the presence of Cu®" after 6d
is therefore explained. Moreover, Fig. 4 shows that when the pH value is
greater than 2 (under mixed control or diffusional control), the disso-
lution of marmatite is accelerated both after the first and the last day in
the presence of Cu?*, which may furtherly prove this inference.

Then the consumption of Cu?* was analyzed, which was increased at
first from pH = 0.5 to pH = 2.5, while declined from pH = 3.0 to
pH = 4.5. Especially, at pH = 0.5 and 1.0, only a slight of cupric ions
were consumed. Fig. 3e and f show that the cupric ions are consumed
totally at pH = 2.5 and 3.0, even requiring only 1 day. According to
these results, there is a possible mechanism. The consumption of cupric
ions depends on the amount of the lattice vacancies in marmatite matrix.
In more detail, four transformation states can be defined according to
changes in pH values. The first state, at pH = 0.5and 1.0 (Fig. 3aand b),
only a slight of cupric ions were consumed and the marmatite was dis-
solved sufficiently after 6 days. On the one hand, the formed Cu-bearing
species might be unstable in the low pH environment. On the other
hand, the interface lattices of marmatite were broken entirely, so lattice
vacancies were more difficult to available. Therefore, almost no cupric
ions are consumed. The second state, pH = 1.5 and 2.0, the dissolution
rate of marmatite is gradually slowed down (Fig. 3¢ and d), and more
and more destroyed lattices with vacancies occurred. As the number of
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Fig. 6. SEM images of marmatite samples before (a) and after (b) treated with 100 mg/L cu?t at pH = 2.5, normal pressure, 75 °C, 170 rpm for 24 h: (a-1, b-1)

x1000; (a-2, b-2) x5000; (a-3, b-3) x10,000; (a-4, b-4) x30,000.

vacancies increased, the consumption of cupric ions followed by. Until
the third state, pH = 2.5 and 3.0, all cupric ions entered the lattices
(Fig. 3e and f). Finally, the fourth state, when the pH is excessive high
(pH > 3.0), zinc and iron extractions are declined gradually (Fig. 3g-i),
producing fewer lattice vacancies and thus consuming lesser cupric ions.
Fig. 4 also shows that when the pH value is greater than 2, the trend of
Cu®" consumption coincides with that of Zn?* extraction. Considering
that sphalerite and chalcopyrite having similar crystal structures (Cama
et al., 2006; Li et al., 2013), it is likely that chalcopyrite is formed after
the substitution of zinc by copper.

The iron extraction trend at pH < 3.5 was similar as that of zinc, but
when pH > 3.5, extractions of iron were very low, especially in the
absence of cupric ions, which might be due to the formation of Fe(OH)3
precipitation. In fact, at higher pH conditions, the amount of dissolved
oxygen may increase relatively, thereby accelerating the oxidation rate
of ferrous to ferric (Qian et al., 2018; Zhou et al., 2018). Therefore, most
of the iron ions were subsequently precipitated (Fig. 2g-i).

3.3. Analysis of surface species

According to the results of Sections 3.1 and 3.2, the most distinct
experiment settings of 100 mg/L cupric ions cooperating with the pH of
2.5 were confirmed. Additionally, since almost no cupric ions were
consumed after the first day, sampling at shorter intervals in 1 day was
implemented. In these cases, the zinc and iron extractions and cupric
ions consumption results are shown in Fig. 5a. Before 15 h, as time went
on, both the metal ions consumption and extractions were increasing.
Around 15 h later, the added cupric ions were consumed entirely.

Fig. 5b and ¢ shows the Raman spectra and XRD of marmatite sam-
ples after different hours of treatment. In addition to the apparent
Raman peak at 468 cm ™, another extra peak at 265 cm ™! was observed.
This extra peak might be related to the partial Cu—-S bonds of

chalcopyrite (White, 2009). Moreover, the Raman peaks at 346 cm ™

representing the Zn—S bonds of marmatite (Buzatu et al., 2013) were
quite weak in several groups (12 h, 16 h and 20 h). Therefore, it is
suspected that with the release of zinc from the marmatite lattices,
copper ions enter and occupy the vacancies. Hence, Cu—S bonds appear,
and it is highly probable that the chalcopyrite structure is formed
partially.

The results of XRD furtherly illustrated two new peaks at around 29.5
and 32.5°, which might belong to chalcopyrite and pyrrhotite, respec-
tively (Majuste et al., 2013; Mikhlin et al., 2002). In addition to the
detected chalcopyrite peaks, Elliot and Watling (2011) proposed that
pyrrhotite could be converted to chalcopyrite under acidic conditions
with the existence of cupric ions. Combined with the theory of Elliot and
Watling, a supplement at the front end probably can be made, that is the
conversion from marmatite to pyrrhotite (Eqs. (3, 4)) (Lan et al., 2009).
Additionally, another study (Keith et al., 2014) proposed that the for-
mation of chalcopyrite and pyrrhotite inclusions in bulk sphalerite were
common in high temperature environments (around 300 °C), which
provided support for the possibility of chalcopyrite and pyrrhotite for-
mation in this work to some extent.

Zn_yFe S +0.50, + 2H' > (1 — x)Zn** + yFe** + (x — y)FeS + (1 —x
+y)8° + H,0
3

FeS +2xH™ +0.5x0,—Fe,_,S + xFe** + xH,0 @

Fig. 6 shows the SEM images of some regional locations of the
marmatite before and after treated with four different resolutions.
Compared with the images of the initial sample, the morphology of
marmatite surface was coarse after treated at pH = 2.5 for 24 h. The
formed crystalline substances were clearly not part of the initial

Fig. 7. Polarizing microscope images of marmatite samples with (left) and without (right) treatment at pH = 2.5 for 24 h (normal pressure, 75 °C, 100 mg/L

Cu®*, 170 rpm).
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Fig. 8. XPS spectra of Cu 2p (a), Fe 2p (b), Fe 3p (c), Zn 2p (d) and S 2p (e — initial marmatite and f — treated marmatite) of marmatite with and without treatment at

pH = 2.5 for 24 h (normal pressure, 75 °C, 100 mg/L Cu®", 170 rpm).

marmatite. Subsequently, SEM-EDS analysis was performed for these
substance and results proved that 12.62 wt% copper was contained in
the formed new phase (Supplementary materials Fig. 3s). Fig. 7 shows
the polarizing microscope images of the untreated and treated marma-
tite tablets. After treatment, the morphology of the fracture zone of
marmatite surface changed significantly. Therefore, it was likely that
new copper-bearing phases were formed after treatment.

Furtherly, the surface species was analyzed using XPS. Fig. 8 shows
the XPS spectra of Cu 2p, Fe 2p, Fe 3p, Zn 2p and S 2p of marmatite
before and after treatment. As shown in Fig. 8a, two typical Cu 2p peaks
(Cu 2p3,2 peak at around 932 eV and Cu 2p; /» peak at around 952 eV)
occurred after the treatment of cupric ions, which might be related to the
binding energy of Cu species, such as chalcopyrite, bornite, chalcocite
and covellite (Matsuoka et al., 2020; Mezgebe et al., 2019). Then, Fe 2p,
Fe 3p and Zn 2p spectra are shown in Fig. 8b-d in sequence. Apparently,
the characteristic peak areas of them all decreased after the treatment of

Cu?" for 24 h, which reflected the extraction results of the above.

However, S 2p spectra shown in Fig. 8e and f demonstrate that the S
atom proportion of marmatite surface is augmented after treatment. By
using the software Thermo Avantage 5.52, these XPS spectra were
further fitted. In this process, charge correction was accomplished by
referring to the C 1s level at 284.8 eV, the background was obtained
using the Shirley method, and the peaks fitted to the corresponding
spectra were achieved using the Gaussian-Lorentzian line (SGL) func-
tion (Shirley, 1972). Results suggested that monosulfide (%) was the
main chemical state of S before treatment (Fig. 8e), while disulfide (S%’)
and polysulfide (Sﬁ’/SO, n > 2) formed after treatment (Fig. 8f). Equa-
tions (5-8) described the possible formation process of them (Weisener
et al., 2004). And the insoluble and non-conductive polysulfide may
passivate the marmatite surface in acidic positions (pH < 6.0) (Heidel
et al., 2011), and should be the reason of rate-limiting of mixed control
and diffusional control (Cama et al., 2006).

Cu?* Ist Cu 2nd Cu 3rd Cu In* 72
Cu?t \\A substitution substitution substitution — Zn**
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Fig. 9. Illustration of the ion exchange mechanism in the sphalerite at low concentrations of Cu®>". Route 1 represents for the Zn sites on the (110) surface of
sphalerite replaced by the 1st, 2nd, and 3rd Cu ions with the substitution energies of approximately — 3 eV, meanwhile it results in 1:1 release of Zn ions into the
solution. Route 2 denote the Fe sites on the (110) surface of sphalerite replaced by the Cu ions, however, it is less energetically favorable than route 1 since the

substitution energy of ~— 1 eV is much more positive than that of route 1.
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3.4. DFT calculations

To validate the experimental observations at the atomic scale, DFT
calculation were further calculated to study the reaction mechanism of
the Cu?* substitution and migration in the marmatite. According to
previous study (Chen et al., 2010a), the first layer of Zn sites for Cu
substitution is more energetically favorable, therefore we only consider
the seven Zn sites and one Fe site for the Cu substitution on the surface of
modeled sphalerite (110). Based on the calculation results, the calcu-
lated Egy, is — 3.13 eV when one of the Zn sites is replaced by the first
Cu, compared to that of — 1.09 eV for Fe site, which indicates that Cu
ions would incorporate into Zn site when they are approaching to the
surface of sphalerite with release of Zn ions into solution. Considering
that the substitution energy is significantly negative for this process, this
ion exchange mechanism will continue to take place with the second and
third Cu substitution (— 2.99 and — 3.04 eV respectively), and finally
results in 1:1 release of Zn ions approximately when increases the con-
centration of Cu ions, as shown in Fig. 9.

At higher concentration of Cu ions, as pointed out by Gerson et al.
(1999), further substitutions to the subsequent layers of sphalerite
would occur by the site exchange mechanism where the Cu in the first
layer will diffuse into the Zn site in the second layer or by interstitial
movement of Cu atom. To confirm this possible mechanism, we also
carried out DFT calculations to study the diffusion path of Cu migration
when upper several layers are uptake by Cu ions. As shown in Fig. 10,
route 1 represents for the migration of surface Cu via site exchanging
with nearby Zn and finally diffuse into the body of sphalerite. The
calculated Egjs for different migration steps are — 0.18 and — 0.02 eV
respectively, which indicates that it is a facile process with small energy
changes. In comparison, route 2 denotes the migration of surface Cu via
site exchanging with nearby Fe, however, it is less energetically favor-
able than route 1, since the energy change of ~0.28 eV for the migration
step 1 is much more positive than that of route 1.
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; (iy(i/ «

®
©
@

<

Journal of Hazardous Materials 403 (2021) 124058

Fig. 10. Illustration of the site exchange mechanism in the
sphalerite at high concentrations of Cu®>". Route 1 repre-
sents for the migration of surface Cu via site exchanging
with nearby Zn and finally diffuse into the body of sphal-
erite is a facile process with small energy changes for
different migration steps of — 0.18 and — 0.02, respec-

...... tively. Route 2 denote the migration of surface Cu via site
exchanging with nearby Fe, however, it is less energetically
favorable than route 1 since the energy change of
~0.28 eV for the migration step 1 is much more positive
than that of route 1.

Cu
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4. Discussion

Results of the batch experiments (Effects of cupric ions concentra-
tions and pH values) showed that the highest Zn?* extraction is acquired
with Cu?* concentration around 100 mg/L in the condition of pH un-
controlled (Fig. 2a). Additionally, the added 100 mg/L Cu®’" was
consumed quickly and entirely at pH 2.5 and 3.0 (Fig. 3). Results of
SEM-EDS (Supplementary materials Fig. 3s) and XPS spectra of Cu 2p
(Fig. 8a) revealed that the consumed Cu®" was transferred to the surface
of marmatite. Similarly, Liao et al. (2019) reported that a Cu-containing
layer with several nanometers on sphalerite surface was formed after
being soaked in a Cu®" solution without any other processes, while the
further information about the new phase, the extraction of Zn®" and the
effects of pH values was absent. Subsequently, results of Raman spectra
(Figs. 2b and 5b) confirmed that the new Cu-S bond (265 em~! and
468 cm 1) occurred on marmatite surface after treated but the exact Cu
phase was still uncertain (White, 2009; Zmuda-Trzebiatowska et al.,
2016). According to the research of (Meng et al., 2019), a passivation
surface layer containing Cu—S and Cu—O species was formed during
marmatite dissolution with high Cu?* concentration in the solution. And
in our another work (Zhang et al., 2020b), the interaction mechanism
between marmatite and chalcocite in acidic (microbial) environments
was discussed, from which the speculation of the new mineral phase on
marmatite surface was proposed. In this work, three kinds of XRD were
therefore carried out for the treated samples to study the new phase, and
results suggested that three new XRD peaks occurred, in which peaks
located around 29.5 and 59° could be attributed to chalcopyrite
(Majuste et al., 2013), and peaks located around 32.5° could result from
the formation of pyrrhotite (Mikhlin et al., 2002). In addition to the
formation of chalcopyrite peaks, the occurrence of pyrrhotite might also
provide a considerable mineral phase conversion pathway from mar-
matite to pyrrhotite (Fe;_,S) (Egs. (3, 4) (Lan et al., 2009)), then from
pyrrhotite (Fe; _,S) to copper-pyrrhotite (CuFe;Sg) to unnamed mineral
CuFesS4 to isocubanite (CuFeSs3) and finally to chalcopyrite (CuFeS;)
(Elliot and Watling, 2011).

In order to explore the possibility and mechanism of Cu?* entering
the marmatite lattices, DFT calculation were further calculated. Results
suggested that Cu?* would easily incorporate into Zn site on marmatite
surface with the Egp around —3 eV (Fig. 9), and migration into the
deeper layer also was proved to be possible (Egi are —0.18 and
—0.02 eV) (Fig. 10). However, the substitution (—1.09 eV) and migra-
tion (0.28 eV) at Fe site were difficult. The selective substitution of
copper for zinc in marmatite lattice provided important conditions for
the production of chalcopyrite.

Subsequently, the effects of the added Cu?>* and the formed new
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Fig. 11. Schematic of the interface phase transformation of marmatite matrix in aqueous copper solution at normal pressure and temperature and the mechanism of

Cu?* consumption with a change in pH: Data of Cu®>* consumption and Zn>*

extraction after 6 days were shown. Marmatite dissolution without Cu®*

could be

divided into three stages according to pH values: chemical control, mixed control and diffusional control, while, only mixed control and diffusional control were

existed in the presence of Cu®>*. The consumption of Cu®*

states defined according to changes in pH values. The most distinct settings of 100 mg/L Cu®"

Cu?* was consumed and the new chalcopyrite phase might be formed.

phase on the dissolution kinetics of marmatite were researched. Results
of Figs. 3 and 4 indicate that marmatite dissolution can be promoted
with 100 mg/L Cu?* when the pH values > 2, and impeded when the pH
values < 2. According to the E, researches shown in Acero et al. (2007)
and Lorenzo-Tallafigo et al. (2018), three kinetic regimes (without
Cu®") were proposed that respectively are chemical control (pH < 1),
mixed control (1.5 < pH < 2.5) and diffusional control (pH > 3). The
formed new phase may shift the kinetic regimes from chemical control
to mixed control or diffusional control in the low pH range (pH < 2),
thus inhibiting marmatite dissolution. But it could promote the surficial
electrochemical property of marmatite which may accelerate the
dissolution rate of marmatite in mixed control or diffusional control
stages. Furtherly, a model of the Cu?" consumption mechanism during
marmatite dissolution with a change in pH was proposed as discussed in
Section 3.2. Finally, a schematic diagram of this work is shown in
Fig. 11.

5. Conclusions

At normal pressure and temperature, marmatite dissolution was
affected by the added Cu?* and changes in pH values (0.5-4.5). At the
most distinct settings of 100 mg/L Cu?" cooperating with pH 2.5, all
Cu?* was consumed and the new chalcopyrite phase was very likely
formed. The phase transition path might be from marmatite (to pyr-
rhotite) to chalcopyrite by the selective substitution and migration of
Cu?* on Zn sites of marmatite lattice. Furtherly, the occurred new phase
could impede marmatite dissolution by shifting the kinetic regimes from
chemical control to mixed control or diffusional control compared to the
Cu?*-free conditions at pH < 1.5, while accelerate marmatite dissolu-
tion at pH > 1.5 by promoting the surficial electrochemical property
under mixed control or diffusional control stages. About the relation
between Cu?* consumption and pH value variation, a mode was pro-
posed that the substitution of Cu?>* depends on the amount of the lattice

might depend on the amount of the lattice vacancies in marmatite matrix, including four transformation

cooperating with the pH of 2.5 was confirmed, in which all the added

vacancies in sphalerite matrix: most of the interface lattices are entirely
destroyed in the over dissolved range (pH < 1.0) of marmatite, and few
metal ions are released in the slow dissolving ranges (1.0 < pH < 2.5,
pH > 3.0), therefore, fewer lattice vacancies result in the low cupric ion
substitutions; but for the optimum dissolution range (2.5 < pH < 3.0),
the largest cupric ion substitution should attribute to the adequate lat-
tice vacancies.
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