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Abstract: The leaching of Cu from low-grade polymetallic complex chalcopyrite ore (LPCCO) in acidic ferric
electrolyte was increased by adding tartrate. To explain the reason resulting in this phenomenon, a systematical study
about the effects of tartrate on the interfaces where reactions occurred was conducted by using electrochemical methods.
The Mott—Schottky experiment results showed that whether tartrate was added or not, the initial n-type LPCCO surface
transformed to the surface with a p—n junction that seriously hindered charge transfer. After adding tartrate, a shorter
Debye length and higher charge carrier density were obtained, which were related to the decrease in intergranular
energy barrier height by tartrate’s bridging semiconductor particles. Additionally, EIS results combined with Tafel and
LSV analysis revealed thin passive film and double-layer, large diffusion coefficient, and low apparent activation energy.
These favorable changes in interface properties facilitated the LPCCO dissolution.
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1 Introduction

As the continuous exploitation and
consumption of copper ores, poor mineral ores
containing CuFeS,, PbS, FeS,, and ZnS, etc, have
to be faced for utilization. For the reason that these
components are mutually entangled tightly in the
original ore, it is difficult to separate them by
dressing process. Therefore, a large amount of
low-grade polymetallic complex chalcopyrite ore
(LPCCO), a typical refractory mineral ore, is
produced. For effective utilization of copper
resources contained in LPCCO, it is necessary and
significant to research and develop effective
extracting methodologies. When this kind of raw
material is treated by traditional pyrometallurgical
methodologies, not only the recovery rate of metal
is low and the economic and technical index is not

ideal, but also large amounts of greenhouse gases
and harmful sulfur dioxide are emitted as well.
Alternatively, hydrometallurgical process of the
extracting valuable metals from an aqueous solution
at low temperature or normal temperature with low
energy consumption and strong environmental
compatibility [1] has gradually become an efficient
method to treat copper sulfide, especially LPCCO.
Leaching, one of the unit procedures in
hydrometallurgical processes, is an attractive
separation method of valuable metals from LPCCO.
Due to the special crystal and electronic structure of
chalcopyrite, a solid passive film is formed on its
surface, which limits the contact and diffusion
process between the leaching agent and the mineral,
leading to the reduction of the leaching rate of
valuable metals. Additionally, the composition of
passive film is still under debate, although most
speculations are related to elemental sulfur (S°),
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polysulfide (S?7), metal defect sulfide, jarosite/lead
jarosite [2], and secondary minerals [3]. Therefore,
it has become a hot problem how to find new
methods to improve the dissolution rate of
chalcopyrite and extract valuable metals from
chalcopyrite more efficiently.

Although the conditions of high temperature
(200 °C) and high O, partial pressure (1.2 MPa)
could achieve more than 98% leaching rate of Cu
from LPCCO [4], these leaching conditions are
harsh. Other attempts have been made to weaken the
negative effects of the passive film during leaching
of LPCCO. One of these attempts is adding additives,
such as organic [5,6], Ag" [7] and pyrite [8]. The
functions of these additives involve increasing the
porosity [9], hydrophilicity [10] and conductivity of
passive film by attacking or doping it, and
constructing stable galvanic effects between ores.

Essentially, these additives improve the
properties of leaching interfaces [11], such as
structure, composition and thickness, thus
enhancing the leaching rate of chalcopyrite. It was
reported that natural chalcopyrite was a p-type or
n-type semiconductor [12—14]. The leaching
interfaces and processes will become more complex
if passive species with special conducting
properties are produced or deposited on the
semiconductor surface. However, few systematic
and comprehensive studies involving the interfaces
associated with semiconductor—semiconductor and
semiconductor—solution have been reported, which
are closely related to the leaching behaviors of
chalcopyrite and/or LPCCO. Recently, tartrate has
attracted more and more attention for its
outstanding performance as a catalytic additive in
hydrometallurgy. It could increase the reactivity and
leaching efficiency of metals from the spent
batteries [15]. Additionally, tartrate ligands could
promote the dissolution of metals [16] and prevent
metals and passive species from accumulating on
the solid surface [17,18]. As a surfactant and
catalyzer, tartrate could be used as an additive for
improving the extracting efficiency of lead [19,20],
zinc [20], as well as gold and silver [21].

In the present work, tartrate was employed as
an additive to explore the detailed information
about interface/surface during the leaching of
LPCCO in the acidic ferric ion electrolyte. As the
reason that easier leaching of Zn and Pb from
LPCCO was found, while Cu was more difficult to

be leached. Therefore, only copper leaching is
mentioned in the present work. Electrochemical
methods, such as Mott—Schottky (M—S) measurements,
Tafel polarization, electrochemical impedance
spectroscopy (EIS) and linear sweep voltammetry
(LSV) were utilized aiming at qualifying and
quantifying the effect of tartrate on interface. The
interface  behaviors involving electron/charge
transfer  across  semiconductor—semiconductor
and semiconductor—liquid interfaces, molecular
adsorption, diffusion, and apparent activation
energy were systematically studied, and a model of
p—n junction was proposed to help us have deep
insights into leaching interfaces and de-passivation
mechanisms. The results obtained show that tartrate
is a promising additive that can improve the
interface properties (such as charge carrier density
and resistance of charge transfer) during leaching of
LPCCO, which finally facilitate @LPCCO
dissolution.

2 Experimental

2.1 Characterization of raw material (LPCCO)
The raw material (LPCCO) was from a
mineral enterprise in Yunnan Province of China.
After wet ball milling, screening, filtering and
drying, the experimental raw material with particle
sizes less than 75 pm was obtained. The content of
chemical elements in LPCCO was quantitatively
measured by an Inductively Coupled Plasma-
Atomic  Emission  Spectrometer (ICP-AES)
(Optima—5300DV, Pekin Elmer Company, United
States). As shown in Table 1, the copper content is
11.10 wt.%. The LPCCO was further characterized
by X-ray diffractometer (XRD) (X'Pert Pro MPD,
Panaco  Analytical  Instruments  Company,
Netherlands) combined with Optical microscopy
(OM, Carl Zeiss German) and electron probe
microanalysis (EPMA, JXA—8230 Japan). The
results of mineral composition and relative content
of LPCCO are shown in Table 2. The XRD results
are shown in our previous paper [4]. Table 2 shows
that FeS, has the highest content (45 wt.%),
followed by CuFeS; (30 wt.%) which is more active

Table 1 Main element content of LPCCO (wt.%)
Cu Fe Zn S Pb ALO; SiO, CaO MgO
11.10 28.10 2.97 34.95 8.88 0.50 1.86 0.38 0.43
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Table 2 Mineral composition and content of raw

materials
Mineralogical .. Content/
Type phase Composition Wi %
. Si0,, MgO,

Oxide Gangue Ca0, ALO; 5.0
Chalcopyrite CuFeS, 30.0

Bornite CusFeSy 2.0

Sulfide Pyrite FeS, 45.0
Galena PbS 11.0

Sphalerite ZnS 5.0

than FeS,, but less active than ZnS and PbS [8].

2.2 Leaching experiment

The leaching experiments of LPCCO were
conducted in the flask (250 mL) equipped with
mixer, condenser, and thermometer (Fig. 1(a)). The
solution (50 mL) for extracting Cu consisted of
1 mol/L HCI and 0.1 mol/L FeCl; without or with
0.1 mol/L tartrate. The ratio of LPCCO mass to
liquid volume was 1:25g/mL. The leaching
experiments were performed under atmospheric
pressure at different temperatures (298—358 K) and
time (1—18 h) with 400 r/min stirring speed. The Cu
concentration in the solution after leaching was
determined by the chemical titration and ICP-AES
measure.

The concentrated hydrochloric acid (analytical
reagent, 36—38 wt.%), ferric chloride hexahydrate
(II) (analytical pure, >99 wt.%), L-(+) sodium
tartrate dihydrate (analytical reagent, >99 wt.%)
and distilled water were used to prepare the solution
for extracting Cu.

(b)

Internal 4
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2.3 Working electrode preparation

A self-made LPCCO electrode, working
electrode, was made by pressing carbon paste into
an L-shaped plexiglass tube with force of 50 N. The
carbon paste consisted of LPCCO, graphite power
and liquid paraffin oil with a mass ratio of 2:4:1.35
by mixing the components in an agate mortar and
grinding for 30 min to achieve homogeneity.
Graphite powder (>98%) and liquid paraffin oil
were chemically pure. The Pt line was placed inside
the L-shaped electrode and connected with the
filled carbon paste. A rubber plug was used for
blocking. The epoxy resin was employed to seal the
electrode. The inner diameter of the L-shaped
electrode was 5.0 mm, in which 0.35g of the
carbon paste was filled each time, and the exposed
area of the electrode was 19.6 mm? (Fig. 1(b)).

2.4 Electrochemical measurement

The electrochemical measurements were
carried out in a traditional three-electrode
cylindrical battery without stirring at 318K
(Fig. 1(c)). The electrolyte (50 mL) consisted of
1 mol/L HCI and 0.1 mol/L FeCl; without or with
0.1 mol/L tartrate. The working electrode was the
L-shaped electrode and the auxiliary electrode was
a Pt electrode. The Ag/AgCl electrode (0.222 V vs
standard hydrogen electrode) was employed as the
reference electrode. The working electrode was
placed with a gesture that exposed surface faced
toward the auxiliary electrode, and the distance
between them was 1cm. All the electrochemical
experiments were conducted by using a CHI 660
electrochemical workstation (Shanghai Chenhua
Instrument Co., Ltd., China).

—

75 mm

h=

Fig. 1 Device diagram of leaching (a), working electrode (b) and electrochemistry experiment (c)
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Mott—Schottky (M-S) analysis was conducted
at a frequency of 1 kHz in the potential range from
0.52 to 1.24V with an amplitude of 5mV
peak-to-peak. The Tafel curve was measured at the
scanning rate (v) of 1 mV/s and fitted in the CHI
660 electrochemical workstation. The registered
open circuit potential (OCP) in the case without or
with tartrate was 0.602 and 0.608 V, respectively. A
slightly high OCP was attributed to the decrease in
the concentration of H' caused by the formation of
tartaric acid from some tartrate, which slightly
affected the initial dissolution of MgO, CaO and
ALO; in LPCCO. The electrochemical impedance
spectroscopy (EIS) was implemented from 100 kHz
to 0.1 Hz with an amplitude of 10 mV at different
potentials. Analysis of the EIS data was conducted
by fitting the experimental data in the ZView
software. The LSV was performed at different
scanning rates and/or temperatures.

Before each electrochemical measurement, the
exposed surface of the L-shaped electrode was
polished with a sequence of emery paper of
different grades (18, 13 and 6.5 pm) until a fresh
and smooth surface was produced. Subsequently,
the surface of the electrode was carefully washed
with 1 mol/L HCI followed by distilled water. All
the potentials reported in this work were relative to
the Ag/AgCl electrode.

3 Results and discussion

3.1 Effect of tartrate on LPCCO leaching

Figure 2(a) shows the effect of leaching time
(¢) on the Cu extraction rates in the solution without
and with 0.1 mol/L tartrate. Within 15 h, the Cu
extraction rates keep increasing. When the leaching
time is past 15h, the extraction rates increase
slowly due to the inhibition of passive film for both
cases. When tartrate is present, the Cu extraction
rate is higher than that when it is absent. Figure 2(b)
shows that the increase in temperature (7) can
increase the Cu extraction rate. As temperature
increases in the range of 298-328 K, the Cu
extraction rate increases slower than that in the
range of 338-358 K for both cases. This is
attributed to the fact that the energy barrier
responsible for the slow copper dissolution rate is
overcome. At the scope of 298 to 358 K, the case
with tartrate is of high leaching rate. As shown in
Fig. 2(c), as the increase in the concentration of

tartrate at the scope of 0-0.10 mol/L, the Cu
extraction rate increases. When the concentration of
tartrate is over 0.10 mol/L, the Cu extraction rate
decreases, which is attributed to the agglomeration
of tartrate/tartaric leaching
experiments indicate that tartrate can facilitate Cu
extraction from LPCCO.

molecules. The
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Fig. 2 Effects of leaching time (a), temperature (b) and
concentration of tartrate (c) on Cu extraction rate in
1 mol/L HCI and 0.1 mol/L FeCls solution without and
with 0.1 mol/L tartrate at atmospheric pressure under
400 r/min
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3.2 Analysis of interfaces
3.2.1 Interfaces concerning semiconductor

For explaining the reason why tartrate
improves leaching, the analysis of LPCCO’s
interfaces where reaction occurs was conducted by
using electrochemical methods. To get the stable
electrochemical data revealing the effect of tartrate
on interfaces, the electrochemical experiments were
conducted at 318 K without stirring. According to
the Mott—Schottky equation (Eq. (1)), the flat band
potential (@) can be evaluated because Helmholtz
layer capacitance (Cu) is 2—3 orders larger than
space charge layer capacitance (Cs) [22],

1/2
1 1 1 2 T
Cy, C. C,. |essyn, e

(1)
where C, e, ¢, o, no, E, k and T are the overall
interface capacitance (F/m?), charge of an electron
(1.6x107C), dielectric constant of the semi-
conductor (for chalcopyrite, ¢ varies from 10 to
81 [23]), vacuum permittivity of free space
(8.85x1072F/m), charge carrier density (m™),
applied potential (V), Boltzmann constant
(1.38x1072J/K) and temperature (K), respectively.
The term kT/e is 0.0274 V at 318 K.

As shown in Fig. 3(a), the values of the term
o tkT/e are 0.5700 and 0.5600 V, therefore, ¢ is
0.5426 and 0.5326 V for the cases without and with
tartrate, respectively. For both cases, ¢n is lower
than OCP labeled in Fig. 3(a), indicating that fresh
LPCCO surface remains in the depletion state when
it is contacted with the electrolyte, which is
consistent with that in the literature [12]. The lower
@n when tartrate is present is possibly due to the
change in potential drop across the Helmholtz
layer [24], suggesting a weaker bending of energy
band and less electron transfer (ET) obstacle.

In the region of 0.52—0.74 V (or 0.76 V in the
case without tartrate, Fig. 3(a)), the positive slope
indicates that LPCCO is an n-type semiconductor
contributed by n-type semiconductor construct of
CuFeS; and FeS, [25]. But FeS, is more inert than
CuFeS; [8]. Compared with the slope at the scope
of 0.52—0.60 V, the bigger slope at the scope of
0.60—0.68 V implies a decrease in no of the
surface layer [2], which is induced by the initial
dissolutions of PbS, ZnS and chalcopyrite that
preferentially releases Fe atom. The slopes in
this region were fitted, as shown in Fig. 3(a), for

1
c
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A With tartrate

C2/(10'9F2.cm?)
>

05F

0 -
0.52 0.60 0.68 0.76 0.84 0.92 1.00 1.08 1.16 1.24
Potential (vs Ag/AgCl)/V

(b) P
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0.52 0.60 0.68 0.76 0.84 0.92 1.00 1.08 1.16 1.24
Potential (vs Ag/AgCl)/V

Fig. 3 Mott—Schottky plots (a) and Tafel polarization

curves (b) for LPCCO electrodes at 318 K

calculating no. Additionally, the Debye length (Lp.cfr)
was also calculated by Eq. (2) [2].

1/2
LD.eff:(%J ()
2e’n,

The values of n obtained are 1.14x10% and
1.65x10% m?3, and Lpexr is 2.25 and 1.88 nm,
respectively in the cases without and with tartrate
by assuming the value of ¢ as 81 [23], and assuming
that the capacitance measured by the Mott—
Schottky method is very close to the Cs and that the
dielectric constants of all surface layers are close to
that of the chalcopyrite [2]. In this work, no and
Lo are a little bigger than that (0.88x10% m™ and
0.9 nm) reported in Ref. [2], which are due to the
different acid systems used. When tartrate is added,
the bigger no indicates a higher conductivity and
reaction rate, additionally, a shorter Lp.s is highly
desirable for faster electron-hole separation that can
enhance the activity of the anode [26].

The slopes invert at 0.76 and 0.74V
respectively for the case without and with tartrate,
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indicating the formation of a p-type product. This is
attributed to the formation of a copper-rich,
covellite-like layer mixed with S° induced by the
preferential release of iron atoms, which is verified
by XPS analysis (Fig.4). The newborn peak at
568.5eV in the case without and with tartrate
corresponds to the typical peak of covellite
(CuS) [27], indicating the formation of CuS.

Cu-LMM

CuS

LPCCO

Without tartrate

With tartrate

583 584 580 576 572 568 564 560 556 552
Binding energy/eV
Fig. 4 Cu-LMM of LPCCO and residual solids obtained
after leaching (318 K, 3 h, and 400 r/min) without and
with tartrate in XPS analysis

The copper-rich, covellite-like layer was
regarded as a p-type semiconductor [14]. The
transformation of semiconductor on the surface will
result in the rapid formation of a p—n junction,
leading to the mineral transitions from resistance to
diode.

As shown in Fig. 5, in the p—n junction, there
is a space charge region (SCR) whose energy band
is bent. However, the p—n junction is under the
reverse bias, and the SCR will transform into a
depletion region induced by the exhaustion of the
orienteering charge carrier (Fig. 5). The depletion
region will keep expanding until the diffusion-
current and drift-current reach balance, and the
movement of charge carriers in depletion region is
obstructed. Therefore, there is a very low current in
the p—n junction, as shown in Tafel polarization
curves (Point ¢ in Fig. 3(b)). It can be expected that
the slow kinetics is not only related to the passive
film but also to the p—n junction. Additionally, at
0.75 'V, the biggest resistance of charge transfer (Rc)
which is related to the obstacle of the p—n junction
can be seen from the EIS results in the next section.

The bigger noand smaller Lp.swhen tartrate is
introduced are attributed to a decrease in the

intergranular energy barrier height (£y) [28].
Tartrate not only increases granular electrical
contact by decreasing the insulated S° layer
between particles due to the affinity of two organic
terminals, but also bridges two granules (Fig. 5).
Due to the electrostatic effects, tartrate group
approaches the surfaces of solids (including
covellite-like granule and the LPCCO granule)
which are anodic, and its electronic distribution
rearrangement occurs due to the changes in the
environment (such as electric field, concentration,
and temperature), and intermolecular interaction.
Additionally, the metal elements on solid surfaces
have empty orbitals, which provide affinity for the
carboxyl groups of tartrate and conditions for
coordination. Both rearrangement and coordination
are beneficial for tartrate effectively bridging solid
granules, although the position and direction of
bridging are related to the surface state of solids.
Therefore, the parallel consolidation of passive
species is hindered.

- M
Vi

p-type, Cu-rich ‘:_Lf ::i*j
covellite-like f 7 2 0

granule :
SO ]
1 H(())Ies v
Tartrate”o'é;ﬁ, Elegrons
Q Depletion region
e ey Skt
Cu2+ L4 l®) ® .0 o muaL
S50 H

[ ] [ )
0@ o
O O .@ 0 !
ot R/_/
p-type n-type Bulk
surface LPCCO LPCCO
product o surface

Fig. 5 Description of dissolution of LPCCO in the
presence of p—n type semiconductor interface

Vertically, conductive tartrate inserts to the
granular domain, thus the barrier height of
intergranular hetero-junction or homo-junction
decreases. Another electron transfer route via
tartrate can be realized by tunneling after the
electronic level of tartrate couples with that of two
granules. The electron transfer between inter-
granular semiconductors facilitated by the organic
molecule with a suitable lowest unoccupied molecular



Xin-Jie LIU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 4049—-4062 4055

orbital has been reported in the literature [28].
The maximum charge transfer can also be obtained
by intimate connections between nanoparticles [29].
Moreover, the increase in the galvanic effect
and electron transfer between two sulfides by
removing insulating, hydrophobic and impermeable
S products and impurities has also been put
forward [30,31].

To evaluate the widths (ds.) of the SCR in both
cases, Eq. (3) was employed.

dsc :ZLD.eff ( eAqOSC - lj (3)

where Ags is the potential across the SCR [32].
While the value of Ags is assumed as 0.75 V for
both cases, the values of d. are calculated as 118.8
and 99.0 nm respectively for the cases without and
with tartrate, which is in the range of 10—1000 nm
reported in the literature [32]. The smaller ds. under
the same assumed condition suggests less obstacle
for charge carriers when tartrate is present, which
may be related to the effect of tartrate on charge
carrier density and Debye length.

The negative slope (Fig. 3(a)) at the scope of
0.77-1.24 V indicates that the p-type layer still
exists. At the scopes of 0.77—0.97 V and 1.10-
1.20 V, the decrease in slope implies an increase in
charge carrier density induced by formation of CuS,
which is a p-type semiconductor [14]. CuS can be
further oxidized to Cu;S [33], leading to an
increase in slope in the range of 0.97-1.10V,
compared with the slope in the range of
0.77-0.97 V. At higher potential (>1.20V),
intermediate (CuS or Cu;-,S) can be oxidized to S°
or SO; [34], and the downward trend of slope also
slows down. When holes are on the way to the
surface, they oxidize intermediately to Cu®* [23]
that transfers to surface too, subsequently, Cu** is
captured by tartrate (Fig.5). The complex ion
finally enters into bulk solution via electric double
layer (EDL). At the scope of 0.52—1.24V, the
smaller value of C? in the case with tartrate is
attributed to the demolition of the passive film [35].

Table 3 Kinetics parameters obtained by fitting Tafel curves

3.2.2 Solid-liquid interface
The surface occupancy () of tartrate adsorbed
on LPCCO electrode can be obtained by Eq. (4) [36].

HZ(ICOIT_I(;OU)/ICOU (4)

where Ieorand Lo are the corrosion current in the
absence and presence of tartrate, respectively. By
fitting Tafel polarization curves (Fig. 3(b)) [34,37],
the corrosion currents were obtained, as shown in
Table 3. The € was calculated as 0.295. Additionally,
according to Egs. (5) and (6),

0/(1-0)=KsCa (5)
AG=-2.303RT-1g(55.5Kaas) (6)

where R, C, and 55.5 are the molar gas constant
(J’ K "mol™), concentration of tartrate (g/L), and
the concentration of water in the solution (mol/L),
respectively, the equilibrium constant (K,ds) and
Gibbs free energy (AG) of the adsorption process
were calculated as 0.026 L/g and —92.74 kl/g,
respectively.

When tartrate is present, the smaller anodic
Tafel slope (f.) is observed (Table 3), indicating
a faster current increase which continues at the
scope of 0.64—0.77 V (b—c region in Fig. 3(b)).
Conversely, in the b—c region the current when
tartrate is absent only experiences decrease.
Additionally, the anodic transfer coefficient (o)
increases to 0.87 from (.74 (Table 3), illustrating
that tartrate can effectively facilitate the anodic
charge/electron transfer across the solid—liquid
interface, which is related to the complexation with
ions and the attack to passive film [5]. The sum of
0, and o, exceeds 1 in both cases, indicating the
multiple oxidation reactions involving intermediate
products [34].

To further study the solid—liquid interface, EIS
experiments at different potentials were conducted.
According to the four breaks (Points a, b, ¢ and d)
labeled in Fig. 3(b), the potentials conducted in EIS
were chosen as OCP, OCP+50 mV, OCP+150 mV
and OCP+500 mV. As shown in Figs. 6(a—d), for all
cases, an incomplete semicircle can be seen at the

Condition Pcor(vs Ag/AECH/V  Leon/107° A Ba/(decade- V) B/(decade- V) *a ac
Without tartrate 0.601 1.433 0.0213 0.0112 0.74 1.41
With tartrate 0.612 1.010 0.0182 0.0130 0.87 1.21

@corr, fe and ac are corrosion potential, cathodic Tafel slopes and transfer coefficient, respectively
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Fig. 6 Nyquist plots in EIS including fitting results by using Randles circuit under different potentials at 318 K: (a) OCP;

(b) OCP+50 mV; (¢) OCP+150 mV; (d) OCP+500 mV

high-frequency zone, which is attributed to charge
transfer (CT) process occurring at the solid—
solution interface [38]. At OCP and OCP+500 mV,
the low-frequency zone shows a linear behavior
(Figs. 6(a) and (d), indicating the diffusion-
controlled impedance [35]. By contrast, at OCP+
50 mV, the low-frequency zone shows another
incomplete semicircle (Fig. 6(b)), which is
attributed to CT across the passive film. While at

OCP+150 mV  (namely about 0.75V), the
low-frequency zone and high-frequency zone
jointly constitute the incomplete semicircle
(Fig. 6(c)).

By using different Randles circuits (as shown
in Figs. 6(a—d)) with constant phase element (CPE),
the EIS data was modeled for phase <0° by
stepwise fixing values whose errors were less than
10% on ZView software for obtaining interface
parameters. There is a good agreement between the
experimental and fitting data (Figs. 6(a—d)). The
fitting values with errors were presented in Table 4.
Here, R; is the resistance of the solution. R and R

are the charge transfer resistance of ore oxidation
and the resistance of the passive film [3],
respectively. The e (non-ideality of capacitor) and
O (capacitances) are the parameters associated with
the CPE. Usually, @ is between 0 to 1. When ce
value equals 0.5 or 1, it represents a porous
electrode or a pure capacitance, respectively. Qi
and @, are the double-layer capacitances of the
electrode—electrolyte  interfaces and  passive
layer-electrolyte interfaces, respectively. The Zw.r
is the diffusion resistance, and Zw.p is about 0.5.
Here, Zwr has a relationship (Eq. (7)) with the
effective diffusion thickness (d) and the diffusion
coefficient (Dr) [39].

ZW.T=52/ Df (7)

As shown in Table 4, in both cases, as the
increase in potential, the variation of R« is
‘A-shaped’, namely, it increases, subsequently
peaks at OCP+150 mV and finally decreases. This
variation is consistent with that in the EIS results
of the literature [9]. The increase or decrease in R
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Table 4 Mode parameters for equivalent circuit of Fig. 6
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Condition R/(Q-cm?) Q/(107*F-cm?) e R/(Q-cm?) Zw-1/s Zwre  Zwr/(Q-cm?)
OCP 4.82+0.04 0.57+0. 01 0.71£0.01 72.6+0.7 5.20+0.06 0.52+0.01  1252+18
OCP &T 5.54+0.04 0.91+0. 01 0.69+0.01 20.4+0.2 84.75+0.84 0.57+0.01 406+18
OCP+500 mV ~ 4.20+0.04 2.66+0. 02 0.61£0.01 117.7£2.5 10.71£1.01 0.31+0.01 71+5
OCP+500 mV &T 4.30+0.04 11.93+0.10  0.56+0.01 102.8+1.1 12.26+1.39 0.58+0.05 20+2
OCP+150 mV ~ 5.16+0.09 4.37+0.08 0.77£0.01 3809+208 - - -
OCP+150 mV &T 5.09+0.09 3.214+0.06 0.77£0.02 2432475 - - -
Condition R/(Q-cm?) 01/(10*F-cm™?) e R/(Q-cm?) Oy (10*F-cm™?) @ Ry/(Q-cm?)
OCP+50 mV 4.37+0.05 0.33+0.01 0.68+0.01 391.4+5.2 4.08+0.06 0.69+£0.01 6784+202
OCP+50 mV &T 5.59+0.39 2.78+0.11 0.57+0.01 139.9+2.9 8.73+0.16 0.76+0.01 3539+179

The case with tartrate is abbreviated as “&T”

with increasing potential is attributed to the formation
of the high-resistance passive film [40] or the
transpassive dissolution and demolition of film [41],
respectively. It is reported that R also includes the
resistance that a charge carrier overcomes when it
crosses the p—n junction [14]. The maximal R in
this work at OCP+150 mV (about 0.75 V) is related
to the obstacle of the p—n junction. A high potential
can overcome its resistance, even induce a dielectric
breakdown, thus, R decrecases. While at OCP,
because the fewest film is formed on surface, R is
the lowest. At all potential, after adding tartrate, R
becomes lower, indicating an easier CT.

The lower e and e in the case with tartrate
indicate severe attacks of the exposed surface and
higher surface roughness [35], which also illustrates
that tartrate hinders the consolidation of passive
species. At OCP and OCP+500 mV, when tartrate
is present, the lower Zw.x indicates an easier
diffusion. Additionally, the Zwr at OCP+500 mV is
much lower than that at OCP, illustrating that a
higher applied potential favors diffusion. At
OCP+50 mV, R; is much bigger than R, suggesting
a greater impact of passive film on oxidation [42].
When tartrate is present, the lower R, demonstrates
that the CT across the passive film is easier. This is
attributed to the capture and coordination of
tartrate’s two —COQ™ similar to two hands that can
grasp metal ions (Fig. 5). When tartrate complex is
deported, the organic terminal —CH in tartrate
incidentally takes S° away by attacking it. Once
tartrate complex reaches a certain height, one of
—OH resets to its normal position due to the
weakening of the electric field, leading to that S%is
kicked away. The released S is forced to deposit on

the unoccupied adjacent position and heap together,
therefore, lower @ and «; are obtained. The attack
to the passive film by organic terminal can open a
channel for leaching [43]. While the S° insulating
layer hinders ET at the solid—liquid interface, which
is the rate-limiting step of redox reactions [44].
Additionally, the increase in the accessibility of S°
to the electrolyte [43] and the decrease in S film [45]
could facilitate ET.

The double-layer capacitance (Cg, F) of the
electrode can be calculated by Eq.(8). The
thickness of passive film (d,) can be estimated by
Eq. (9) [46].

Cy _&&

8
Y (8)
C
% 9)
A4 d,

where d, C, and 4 represent the thickness (m) of the
double-layer, the double-layer capacitance (F) of
the passive layer—electrolyte interfaces, and the
exposed surface area (m?) of the electrode,
respectively. It is worth noting that Q; or O, in
Table 4 actually stands for the capacitance in per
area (F/cm?) which is equivalent to the term Ca/A4 or
Cy/A, respectively [46]. By using the value of Qi or
(O, and ¢ [23], d is calculated as 2.17 or 0.26 nm,
and d, is 0.18 or 0.08 nm for the case without or
with tartrate respectively. The value of d is in the
same order as that (1 nm) reported in the literature,
and d, is smaller than that (1 nm) reported by the
literature [46]. The difference is owing to the
different leaching systems used. The thinner d,
when tartrate is present can contribute to less
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passivation, and fast electron/charge transfer and
diffusion through film. Additionally, because of the
thinner d, at the same applied potential difference,
the electric field intensity of double-layer in the
case with tartrate is stronger, which suggests a
faster reaction rate.
3.2.3 Interface diffusion

Interface diffusion is commonly considered to
have a significant effect on reaction rate [46]. Here,
based on Eq. (7), the value of diffusion thickness
(0) can be obtained if diffusion coefficient (Ds) is
known. Moreover, Dr can be calculated by the
Randles—Sevcik equation as

J:O'4463ZI.5F1.5Df0.5CinO.STO.SVO.S (10)

where J, z, F, and C; are the peak current density
(A/m?), electron number of reaction, Faraday
constant (C/mol), and concentration of oxidant
(mol/L), respectively. Consequently, to obtain Dy,
the LSV experiments were performed at different
scanning rates (v, V/s). As shown in Fig. 7, in both
cases, at the potential around 0.75 V, the current is
feeble. A main anodic peak at the scope of
0.8—1.2 V is observed, which is attributed to the
formation of CuS [47,48], as

2CuFeS,—8e=CuS+Cu?*+2Fe**+3S° (11)

Figure 7 shows that the peak potential (¢p)
shifts positively as v increases, which is attributed
to that the bigger v leads to severer concentration
polarization caused by untimely diffusion, implying
that the diffusion is closely relative to dissolution
reaction. The increase of current with the increase
in v may be attributed to the increase in current of
EDL. Compared with ¢, and /, (peak current) in the
case without tartrate at scanning rate of 0.5 mV/s
(the LSV curve at lower v can be used to more
representatively analyze the passivation and
dissolution [13]), the lower ¢, and higher /, in the
case with tartrate indicate an easier and faster
oxidation reaction.

By using the slopes in the inserts of Fig. 7, the
values of Dy were calculated as 5.5x107!' and
24.8x10"""m?/s for the cases without and with
tartrate, respectively. The big Dr indicates that
tartrate can facilitate species diffusion. Combining
Ds with Zw.r at OCP+500 mV in Table 4, the ¢ was
calculated as 24.3 and 55.1 um for the cases
without and with tartrate, respectively. The big o
when tartrate is present is due to the adsorption on
surface.
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Fig. 7 LSV curves at different v without (a) and with (b)
tartrate at 318 K (The insert shows the plot of Jversus
v*3 and corresponding fitting results and linear slopes)

3.2.4 Apparent activation energy of interface
reaction
The apparent activation energy (£.) of
interface reaction is one of the most important
parameters in electrochemical kinetic, which can be
described by the Arrhenius equation (Eq. (12)):

Ea

lek, 7led, 2.303RT (12)
where k, and A4, are the apparent reaction rate
constant and pre-exponential factor, respectively.

As shown in Fig. 8, in both cases, the peaks in
LSV at the scope of 0.8—1.2 V are attributed to the
interface Reaction (11) [47,48]. The ¢, shifts
negatively with the increase in temperature and the
addition of tartrate at the same temperature,
indicating that these operations make interface
reaction easier. Additionally, /, increases with the
increase in temperature, suggesting that heating can
promote reaction rate. When lgJ was plotted against
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T!, a linear relationship was obtained, as shown in
the insert of Fig. 8. Therefore, the value of FE,
(namely, ‘pseudo’ activation energies [49]) was
calculated as 48.1 and 28.4 kJ/mol, respectively for
the cases without and with tartrate. The lower E, in
the case with tartrate illustrates a lower threshold
for interface reaction.
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Fig. 8 LSV curves at different 7 without (a) and with (b)

tartrate (v=1 mV/s) (The insert shows the plot of lgJ

versus T ! and corresponding fitting results and linear

slopes)

According to the above experiments, the
energy process involving E, of interface reaction is
put forward. As shown in Fig. 9, the Point 4 is the
lowest energy state of the reactants ([Reactants]). In
the case without tartrate, the reaction process
initials from Point 4, via the Point C which is the
activation energy barrier (namely F,), and finally
reaches the lowest energy state (Point D) of
products ([Products], red line in Fig. 9), assuming
that Reaction 11 is exothermic. When tartrate is
present, due to the coordination of tartrate to metal
ions around electrode surface, ions become more
stable and the energy of products state becomes

lower ([Products]’, blue dot line in Fig. 9), leading
to that E. decreases to E,'. The lower E,' is more
favorable to interface reaction. As a result, the
interface reaction process changes to D’ via C'. The
greater stability of product (e.g. copper complex)
determining a higher leaching rate has been
confirmed [50].

Energy

[Reactants]

[Products]

o
.

TN “[Products]’

’

Reaction process

Fig. 9 Energy process involved E, of interface reaction
without (solid line) and with (dot line) tartrate

4 Conclusions

(1) M-S plot indicates that LPCCO is an
n-type semiconductor which produces a p-type
copper-rich, covellite-like layer (e.g. CuS) during
leaching, leading to the formation of a p—n junction
on the surface that hinders electron transfer and
makes R reach the maximum at 0.75 V. When
tartrate is present, the bigger no, and smaller Lp.e
and di are obtained.

(2) Tafel polarization result presents a lower S,
and higher o, illustrating that tartrate can
effectively facilitate anodic charge/electron transfer
across solid—liquid interface. The results of EIS at
different potentials based on the four breaks in the
Tafel curve reveal a lower e, @1, Zwr, R, and R
with tartrate, indicating rougher surfaces, and the
improvement of interface diffusion, favorable CT of
LPCCO oxidation and CT across passive film,
respectively. The thinner d and d, after addition of
tartrate illustrate a stronger electric field intensity of
double-layer and a less passivation effect,
respectively.

(3) By combining the results of EIS and LSV
experiments, the favorable effect of tartrate on
interface diffusion is also verified by a big D;. The
lower E; implies a lower threshold for interface
reaction after adding tartrate. These favorable
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changes in interface properties resulting from the
addition of tartrate improved Cu extraction from
LPCCO.
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