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Abstract: The traditional separation process of pyrite and marmatite is carried out under highly alkaline
conditions. Therefore, a large amount of lime is demanded and the zinc recovery cannot be guaranteed.
However, under weakly alkaline conditions, copper-activated pyrite has good floatability, which is
difficult to separate from marmatite. In this paper, ammonium chloride (NH4Cl) is used for depressing
the flotation of copper-activated pyrite to achieve the separation of these two minerals under weakly
alkaline environment. The flotation tests show that NH4Cl can significantly reduce the floatability of
pyrite in weakly alkaline conditions. The results of adsorption tests and X-ray photoelectron
spectroscopy (XPS) analyses indicate that NH4Cl can obviously change the composition of pyrite surface
by increasing the content of iron/copper hydroxide and reducing the content of copper sulfides.
Calculation of the solution composition demonstrates that the addition of NH4Cl results in the
occurrence of Cu(NHs),2* and the pH buffering property. Based on these results, it can be concluded
that the depression of NH4Cl on copper activated pyrite is mainly derived from two aspects: 1) the pH
buffering property of the conjugated acid-base pair (NHi*/NH;) can impede the decline of OH-
concentration, which results in more hydroxide adsorbed on pyrite; 2) NHs(aq) competes with the pyrite
surface to consume Cu?* through complexation, which causes a reduction in the amount of copper
sulfides formed on the pyrite surface.
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1. Introduction

Pyrite (FeS,) is the most common sulfide mineral and it is usually associated with zinc sulfide minerals
(Jiang et al., 1998). The removal of pyrite from zinc sulfide minerals is necessary to meet the
requirements of subsequent metallurgy (Ahmadi et al., 2012). But there are some technical difficulties
in this beneficiation process. In order to improve the separation efficiency, a large amount of lime is
demanded to maintain the highly alkaline of pulp, which could lead to pipe scaling and the floatability
of marmatite significantly decreased (Shen et al., 1998). Because the adsorption of iron hydroxide and
zinc hydroxide could reduce the hydrophobicity of marmatite (Shen et al., 2001; Boulton et al., 2005; Qin
et al, 2012). When reducing the pH, the recovery of zinc sulfide minerals is improved, and lime
consumption is drastically reduced. The flotation separation of pyrite and zinc sulfide minerals in a
weakly alkaline environment becomes a choice worth exploring.

Under weakly alkaline conditions, the insufficient depression of pyrite leads to its transportation
into zinc concentrate. Hence, many researchers have made various attempts to improve the flotation
selectivity. These works can be summarized in two aspects: searching for new selective collectors to
reduce the collection of pyrite (Shen et al, 1998; Buckley et al., 2014); looking for more effective
depression methods of pyrite to prevent collector adsorption (Peng et al., 2012; Bulut et al., 2012). The
most frequently studied selective collectors are mainly thionocarbamate and thiourea-type collectors
(Shen et al., 1998; Buckley et al., 2014). These collectors, chemisorb on copper sulfides through chelation
between the S/O of the collector and Cu on the mineral surface (Buckley et al., 2014), but physically
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adsorb on pyrite surface. However, xanthate could chemically adsorb on the surface of both copper
sulfide minerals and pyrite (Deng et al., 2013). Hence, these collectors exhibit higher selectivity against
pyrite than xanthate. However, in weakly alkaline environment, copper activation could lead to the
formation of CuFeS;-type layer on pyrite surface, which decreases the selectivity of these collectors
(Ejtemaei and Nguyen, 2017). Regarding the depression of pyrite, adding depressants and controlling
the Eh value by gas purging have been adopted (Boulton et al., 2001; Guo et al.,, 2015). For the
depressants, both inorganics (cyanide, sulfoxyl reagents, etc.) (Guo et al.,, 2015; Davila-Pulido et al.,
2011) and organics (polysaccharides, polyacrylamides, modified lignosulfonate biopolymers,
diethylenetriamine, etc.) (Bicak et al., 2007) have been applied. However, there are various defects in
these depression methods. Gas purging is time consuming and its industrial feasibility is low (Boulton
et al,, 2001). High dosages of sulfoxyl reagents lead to high costs (Bulut et al., 2012). Cyanide is harmful
for the environment and poisonous for humans (Mehrabani et al., 2011). Organic depressants usually
have poor selectivity and need a modification in structure. Therefore, the separation of zinc sulfide
minerals and pyrite under weakly alkaline environments still need to be studied.

Copper activation, could result in a significant increase in pyrite floatability within the pH range of
6-10 (Valdivieso et al., 2004), and it should be responsible for the deterioration of the separation of pyrite
and zinc sulfide minerals under weakly alkaline environment. Therefore, weakening the copper
activation of pyrite is the key to achieve separation in weakly alkaline conditions. The ammonia
molecule has a great affinity for copper ions (Bidariand Aghazadeh, 2015) and the observation of
Xiaojun and Kelebek (2000) has demonstrated that ammonium salts can hinder the flotation of copper-
activated pyrite, so adding NH4Cl into the flotation system to regulate the copper activation of pyrite
has been studied here. In this paper, microflotation tests are carried out to assess the effect of NH4Cl on
the separation of marmatite and pyrite. The weakening effect of NH,Cl on copper activation of pyrite is
further studied through adsorption tests, XPS analyses and the calculation of solution equilibrium.

2. Experimental
2.1. Materials and reagents

The pure pyrite and marmatite samples are obtained from the Chi Hong Mine, Yunnan Province, China.
After the manual removal of gangue minerals such as quartz and calcite, the samples are dry-ground in
a porcelain ball mill and dry-screened to obtain the size fraction of -0.075 mm ~ + 0.044 mm. The samples
are packed and sealed under an atmosphere of N in nitrogen storage cabinet (DQ, Yongheng
Experimental instrument factory, China). The chemical compositions of the samples are given in Table
1 and the XRD spectra are shown in Fig. 1. The results of chemical and the XRD spectra indicate that
both marmatite and pyrite samples have high purity. Before conducting the experiments, the pure
mineral samples are scrubbed under ultrasonication (25 °C, 40 KHz, 150 w) for 5 min and then washed
three times with deionized water to obtain fresh and consistent mineral surface.

The water is purified through an ultra-pure water machine (UPT-I-10T, ULUPURE, China) with a
reverse osmosis RIO unit to obtain the Milli-Q water with a resistance of 18.2 MQ -cm- for experimental
use. The pH is measured with a high precision pH meter (PHS-3C, Shenzhen Liang yi Laboratory
Instrument Co., Ltd., China). The CuSO, -5H>O (activator), NH4Cl (activator), HCl/NaOH (pH adjuster),
Na»B4O7 10H2O (pH buffering agent) and CioH14N2NaxOs (disodium EDTA) (extractant) used in the
experiment are all of analytical purity. The potassium n-butyl xanthate (KBX) is purified by dissolving
it in acetone and then recrystallizing it from ether (Leppinen, 1990).

Table 1. The chemical compositions of marmatite and pyrite sample

Element Zn S Fe Pb Cu Si CaO  MgO
Content in marmatite (%) 57.68 3291 8.51 0.025 0.039 047 0.15 0.12
Content in pyrite (%) - 52.86 4613 0.046 0.051 0.59 0.11 0.16

2.2. Flotation tests

The flotation tests are conducted in a modified Hallimond tube (see Fig. 2) with 1 g pyrite sample for
each test (1 g pyrite and 1 g marmatite for the mixed flotation). After cleaning, the sample is conditioned
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by magnetic stirring (800 rpm) for 5 min in 40 mL activator solution. The pH of the activator solution is
adjusted by adding 0.01 mol/L NaOH or 0.01 mol/L HCI in advance. The sample is then conditioned
for another 2 min with 10 mg/L of KBX. After that, flotation is performed for 10 min (2/4/6/8 min for
the mixed flotation) with an air-flow rate of 0.010 L/min. After flotation is completed, the floated and
nonfloated fractions are filtered, dried at 40 °C, and then weighed to calculate the recovery. For the
mixed flotation, the recovery is calculated based on the product grades assessed by chemical analyses.
Each test is repeated three times, and the average recovery is calculated for final reporting. The standard
deviation in the figure reflects the error of the experimental data.
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Fig. 1. XRD analyses spectra of (a) marmatite and (b) pyrite
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Fig. 2. The schematic diagram of the modified Hallimond tube

2.3. Adsorption tests

The adsorption amounts of copper and KBX on the pyrite surface are measured by the residual
concentration method. Additionally, disodium EDTA is used to selectively extract copper and iron
hydroxides adsorbed on the pyrite surface to determine their amounts (Rumbeall et al., 1996; He et al.,
2005). 1 g pyrite is conditioned in copper sulfate (5x10-5 mol/L CuSO4) or cuprammonium solution
(CAS, which is prepared by mixing the copper sulfate and NH4Cl solution in advance.) for 5 min at pH
= 9. After conditioning, the suspension is filtered, and the filtrate is stored as ‘Sample No. 1". The filter
residueis extracted using 3 wt% disodium EDTA solution for 20 min. The suspension is filtered when
the extraction is finished, and the filtrateis stored as ‘Sample No. 2". Before the extraction, nitrogen is
purged in the disodium EDTA solution to prevent the oxidation of pyrite. The extraction is performed
atpH=9.
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The total amount of copper adsorbed and the amount of extracted and unextracted copper on the
pyrite surface can be calculated using the following equations,

T'total = (Co- C1)V1/ (M *SA) ey
Fextracted = C2V2 / (M = SA) 2)
Iunextracted = I'total - I'extracted ©)

where C, C,, and C, are the initial copper concentration, the copper concentration of Sample No. 1 and
that of Sample No. 2, respectively. V, and V, are the volume of the activation solution and the disodium
EDTA solution, respectively. M is the mass of the mineral sample used in each adsorption test. SA is the
specific surface area of the pyrite sample used in this study, which is determined by the Brunnauer-
Emmett-Teller (BET) technique and is found to be 0.048 m2/g. The amount of extracted iron can also be
calculated using Eq. (2). However, in this case, C; is the ion concentration of Sample No. 2. The copper
and iron concentration are measured by inductively coupled plasma atomic emission spectrometry
(ICP-AES) (ICPS-100011, Shimadzu, Japan).

For the measurement of the KBX adsorption amount, 1g pyrite is firstly conditioned in the
corresponding activation solution for 5 min, and then, the supernatant is discarded. The remaining solid
sample is conditioned in the KBX solution for another 2 min. After that, the suspension is filtered, and
the residual concentration of KBX in the filtrate is measured using a 751 UV-vis spectrophotometer
(Inesa Analytical Instrument Co., Ltd., Shanghai, China). During the test, the wavelength of light is fixed
at the maximum absorption wavelength of KBX (301 nm) (Leppinen, 1990). The adsorption amount of
KBX can be calculated using Eq. (1). In this case, Cy is the initial concentration of KBX, C; is the residual
concentration of KBX in the filtrate and Vi is the volume of KBX solution. Measurement under each
condition is performed in triplicate. The experimental errors of the adsorption amount are quantified
though the standard deviation.

2.4. XPS analyses

XPS analyses are used to identify the species present on the surface of pyrite conditioned in different
solutions. A spectrometer (PHIS000 Versa probe II, ULVAC-PHI, Japan) equipped with a
monochromatic Al K X-ray source with a passenergy of 46.95 eV is used to carry out the measurement.
The analyses are carried out at room temperature with a pressure of 5x10 mbar in the analyzer
chamber. The detection process included a survey scan to identify the chemical components present
and high-resolution scans to detect the levels of certain elements. The spectra are processed though the
Multi-Pak Spectrum (Version 9.0) to obtain surface atomic concentrations and all spectra are calibrated
using the C 1s spectral peak at 284.8 eV.

3. Results and discussion
3.1. Flotation results
3.1.1. Effect of NH4Cl on the floatation behavior of pyrite

The effect of pH on the floatability of pyrite is studied and the results are presented in Fig. 3a. As shown
in Fig. 3a, in the pH range of 7 to 10, the recovery of pyrite under activation of CAS is apparently lower
than that under activation of copper sulfate. This suggests that CAS has a weaker activation effect on
pyrite flotation under weakly alkaline conditions. To further explore the effect of NH,Cl on the flotation
of copper-activated pyrite under weakly alkaline conditions, flotation tests of pyrite under activation of
CAS (5%10°mol/L CuSO, + NH,Cl) with different NH4Cl addition are conducted at pH = 9 and the
results are shown in Fig. 3b. As seen from Fig.3b, the recovery obviously decreases with the increase of
NH,4Cl addition, which further prove that NH,Cl can reduce the floatability of copper-activated pyrite

under weakly alkaline conditions.

3.1.2. Mixed flotation of pyrite and marmatite

The mixed flotation tests of marmatite and pyrite under different activation conditions are conducted
(Fig. 4). As shown in Fig. 4, under highly alkaline condition (pH = 12), pyrite is well depressed, but
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marmatite is also depressed to some extent. When the pH changed from 12 to 9, the recovery of
marmatite increased significantly, but at the same time, the depression of pyrite is deteriorating. After
the addition of NH4Cl, flotation of marmatite is optimized, and the pyrite recovery decreases with the
increase of NH;Cl addition. The mixed flotation test further demonstrates the effectiveness of
adding NH4Cl to improve the separation effect of pyrite and marmatite under weakly alkaline
conditions.
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Fig. 3. Effect of (a) pH and (b) NH4Cl dosage on the floatation behaviour of pyrite (C sx)= 10 mg/L)
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3.2. Adsorption tests
3.2.1. The adsorption of KBX

The adsorption of collector can directly reflect the activation effect of the mineral (Gao et al., 2015).
Therefore, the adsorption of KBX on pyrite under different activation conditions are measured to
evaluate the effect of NH4Cl on the copper activation of pyrite (Fig. 5). As seen from Fig. 5, the
adsorption amount of KBX basically unchanged in NH,Cl solution but clearly decreased with increase
of NH,Cl addition. It can be concluded that NH4Cl itself does not has obvious effect on the flotation of
pyrite. But under activation of copper sulfate, NH,Cl has a significant inhibitory effect on the copper
activation process of pyrite.

3.2.2. The adsorption of copper and iron species

Many previous studies (Valdivieso et al., 2004; Boulton et al., 2003) have identified that copper
activation products on pyrite surface under alkaline environment are copper sulfides and copper
hydroxide. According to the research of Rumball et al. (1996) and He et al. (2005), disodium EDTA can
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be used to selectively leach metal oxides, hydroxides, carbonates, and sulfates from sulfide minerals.
Therefore, the selective leaching using disodium EDTA is adopted here to separately determine the
amounts of adsorbed copper sulfides and copper/iron hydroxides. In the process of leaching,
unextracted copper corresponds to copper sulfides and the extracted copper/iron correspond to
copper/iron hydroxides.
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Fig. 5. Effect of NH,Cl on the adsorption amount of KBX (pH it = 9, C xsx) = 10 mg/L, CAS = 5x10°mol/L

CuSO4 + NH,Cl)

3.2.2.1. Effect of NH,Cl on the adsorption behavior of copper and iron

At pH = 9 (non-buffering system), the amounts of copper adsorbed on pyrite conditioned in copper
sulfate and CAS with different NH,Cl addition are measured, the results are shown in Fig. 6. As seen

from Fig. 6, after adding NH,Cl, the adsorbed amount of the extractable species of copper and iron both

increase firstly and then keep steady with the increase of added amounts of NH,Cl. Conversely, the
adsorbed amount of the unextracted species (copper sulfides) decrease with the increase of NH,ClI

addition.
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The pulp pH decreased from 9 to 7.72 after 5 min of activation by CuSOs. According to the results of
previous research (Evangelou and Zhang, 1995), this may be due to the oxidation process of pyrite and
the hydrolysis of ferric (Fe3*) or ferrous (Fe2*) ions (as shown in reactions (4-6)). In this test, there is no
adjustment of the pH during the stirring process. Therefore, the H* released during the oxidation and
hydrolysis is sufficient to cause a significant drop in the pH under weakly alkaline conditions.

FeS; +7/2 O, + HyO — Fe2 + 2 SO+ 2 H (4)
Fe2* +1/4 Oy + H'— Fed* + 1/2 H,0 )
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Fe3* + n HO — Fe(OH)a(s) + n H* (n =2 or 3) (6)

The change in pH is gradually reduced with the increase of the added amount of NH4Cl. When the
added amount is greater than 1x10 2 mol/L, the pulp pH after activation basically stabilizes at 9. The
above trends in pH after the addition of NH4CI may be attributed to the pH buffering property of the
conjugated acid-base pair NH4*-NHs. The addition of NH4Cl leads to the appearance of NH;* and NHs,
and the subsequent pH buffering property maintains a higher solution pH (Stumpp et al., 2012). The
change in pH will result in a consequent change in the solution composition, which will further affect
the composition of the product formed on the mineral surface. To confirm this from a quantitative
perspective, the concentration of Cu?* and the precipitation ratio of copper hydroxide in copper sulfate
and CAS are calculated by Visual MINTEQ (Version 3.1), a chemical equilibrium model frequently used
in related fields to calculate metal speciation, solubility equilibria, adsorption, etc. in aqueous solution
(Sierra et al., 2017; Zuo et al., 2015). The results are shown in Table 2.

Table 2. The comparison of solution compositions of copper sulfate solution and CAS

Solution pH Log activity (Cu?*)  (M(Cu(OH)2)/M(Total(Cu))) %
5x105mol/L CuSO, 7.72 -6.15 95.66
5%105 mol/L CuSO4+1.5x103 mol/L
NH,CI 9.00 -8.71 99.56

As seen from Table 2, although the pH of the system is not much different before and after the
addition of NH4C], the activity of Cu?* in the two systems differs by more than 100-fold, and the content
of copper hydroxide also has a significant difference. Through the above results of experiment and
calculation, it can be concluded that the pH buffering property caused by the addition of NH4Cl has
two significant effects on the copper activation process: on the one hand, the higher pH will cause the
result that more hydroxide appears and absorbs on pyrite surface, which can block the adsorption of
copper; on the other hand, under higher pH, the lower concentration of Cu?*is not conducive to the
activation process.

Further comparison found that when the NH,Cl addition is more than 1x10 mol/L (the pH is
basically stable at 9), the content of copper hydroxide remains basically unchanged, but the adsorption
amount of copper sulfides still shows a clear downward trend. That is, the adsorption amount of copper
sulfides is not completely controlled by pH. Therefore, the adsorption behavior of copper under the
buffered condition (pH = 9) is studied in Section 3.2.2.2.

3.2.2.2. Effect of NH,Cl on the adsorption behavior in pH-buffer system

To obtain a stable pH of 9, 5 mL of 0.1 mol/L Na2B4Oy7 is added to the system. The pH after stirring is
measured, and the result showed that the pH is still stable at 9. The adsorption amount of copper and
iron on mineral surface under the buffered condition of pH =9 is shown in Fig. 7.
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As seen from Fig. 7, in the pH buffer system, the amount of the extracted iron and copper do not
change significantly, but the adsorption amount of copper sulfides still decreases with increase of
NH,C1 addition. This result again verifies the change trend of the adsorbed amount of copper sulfides
in Section 3.2.2.1.

To explore the mechanism behind the above phenomenon from the perspective of solution
chemistry, the solution composition of CAS at pH 9 is calculated by Visual MINTEQ, the results are
listed in Table 3.

Table 3. The solution composition of CAS (5%10->mol/L CuSO4+ 1.5%x10-3 mol/L NH4Cl) at pH =9

Components Concentration Components Concentration Components Concentration
(mol/L) (mol/L) (mol/L)
Cu2+ 2.30x10- Cu(OH)2(aq) 1.15x107 CuCl* 5.84x10-12
Cu(NHz)2+ 1.29x10-8 Cu(OH)3- 4.65x109 CuCl(aq) 2.22x10-15
Cu(NHz)22* 1.62x10-8 Cu(OH)s2 4.28x10-13 CuCl- 3.11x10-20
Cu(NHz)a2* 5.46x10- Cu,(OH)3+ 1.07x10-15 CuCly2- 2.54x10-5
Cu(NHz)42* 3.60x10-10 Cup(OH),2+ 1.44x10-10 Cu(HSO4)* 1.87x10-20
CuOH* 6.47x10-8 Cus(OH)42* 1.42x10-11 CuSO4(aq) 1.88x10-11

It can be seen from Table 3 that the concentration of Cu(NHs).2* (n = 1/2/3) is large than the
concentration of Cu?*, which indicates that the extent of the complex reaction of copper and ammonia
is significant. Therefore, the explanation for the decrease in the adsorption amount of copper sulfides is
the complex reaction of copper and ammonia. The extent ofcomplex reactionis large (the reaction
constants are listed in Table 4) and NH3(aq) competes with the pyrite surface to consume Cu?*, which
cut back the amount of copper sulfides formed on the pyrite surface.

Table 4. The equations and constants of complex reaction of copper and ammonia (from Ref. (IUPAC stability
constants database, 2001))

Reaction number Reaction equation LogK
1 Cu2*+ NH3 — Cu (NH3z)2* 431
2 Cu2++2 NH3; — Cu (NHs)»?* 7.98
3 Cu2++3 NH; — Cu (NH3)32+ 11.02
4 Cu2*+4 NH; — Cu (NHs)42* 13.32

Table 5. The treatment conditions of pyrite samples for XPS analyses (pH = 9 (non-buffering system)) and the XPS
survey scan results of it

Content of the surface elements (%)

Sample Treatment condition
Code Fe 2p S2p O1s Cu2p
a deionized water, 35.27 56.96 7.77 0.00
stirred for 5 min
105 1/L ,
b 5x10 mol/L CuSO 32.79 51.46 10.05 5.70

stirred for 5 min
CAS (5%10-°mol/L CuSO4 + 0.5%10-3
29.32 47.37 16. .
¢ mol/L NH4Cl), stirred for 5 min 93 3 698 6.3
CAS (5%10-°mol/L CuSO4+ 1x103mol/L
NH,4C), stirred for 5 min
CAS (5%10-°mol/L CuSO4 + 1.5%10-3

28. 43. 23.07 4.4
: mol/L NH,Cl), stirred for 5 min 8.85 3.59 3.0 9

27.75 42.71 24.29 5.25
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3.3. XPS studies

To verify the reliability of the results of adsorption tests through a more accurate surface inspection
method, the XPS analyses are adopted. The XPS spectra and surface atomic ratios of pyrite samples are
calculated based on the Multi-Pak Spectrum software (Version 9.0). The conditions of sample processing
and the XPS survey scan results are listed in Table 5. It can be seen from the table that the content of O
1s shows a significant upward trend after the addition of NH4Cl. This implies that more hydroxide is
adsorbed on the pyrite surface.

3.3.1. Surface copper analyses

According to the Cu 2p, /2 binding energies of copper specieson the pyrite surface conditioned under
similar conditions given in the literature (Deng et al., 2013), the following two copper species can be
identified on surface of these samples: Cu,S (932.50 eV) and CuO (934.50 eV). CuO may be formed
through the dehydration of adsorbed copper hydroxide during the vacuum-drying process (Ghotbi and
Rahmati, 2015) and Cu,S is generated via the reduction of Cu(ll) (Ejtemaei and Nguyen, 2017). The peak
fitting results for the Cu 2p, , XPS data are shown in Fig. 8, and the corresponding copper content are
listed in Table 6. Comparing the composition of copper species on surface of these samples, it can be
seen that the relative amount of CuO decreases and the relative amount of Cu,S increases as the NH4Cl
addition increases.

Table 6. Binding energies and relative contents of different copper species occurring on the surface of pyrite
samples conditioned in different solutions

Samole Cod CusS (%) CuO (%)
ample Code
P 932.50 eV 934.50 eV
b 84.95 15.05
C 77.28 22.72
d 62.23 37.77
e 56.78 43.22
+ XPS dat
****** Backg?o?md b
Total Fit
"Fit for Cu 2p, ,(Cu(1)-S)"
"Fit for Cu 2p, 2(Cu(lAl)‘-‘(?).(icieé)’"
C
)
z .
h—1 1 I ~q 1 1
w
=
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Fig. 8. Cu 2ps/2 XPS spectra of pyrite conditioned in different solutions: b,c,d and e

3.3.2. Surface sulfur analyses

According to the S 2p binding energies of sulfur specieson the pyrite surface (Ejtemaei and Nguyen,
2017), there are three sulfur species on the unactivated pyrite surface are found: S* (161.2 eV/162.4 V),
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S- (bulk) (162.7 €V /163.9 eV) and Sy?- (165.0 eV /166.2 eV). After activation, a new doublet formation at
161.9 eV and 163.1 eV is found, and which corresponds to S* in the activation product CusS. The peak-
fitting results for the S 2p XPS data are shown in Fig. 9, and the corresponding sulfur content is listed
in Table 7.

+ XPS date
|------ Background
Total Fit
—— "Fit for S2p, , (bulk sulphide)"
- - - "Fit for S2p, , (bulk sulphide)"
"Fit for S2p,, (surface monosulphide)"

"Fit for S2p, , (surface monosulphide)"
— "Fit for S2p, , (polysulphide)"
- - - "Fit for S2p, , (polysulphidel.

Activation product
(Cu,S)

Intensity (a.u.)

168 166 164 162 160
Binding Energy (eV)

Fig. 9. S 2p XPS spectra of pyrite conditioned in different solutions: a,b and d

Table 7. Binding energies and relative contents of the different sulfur species occurring on the surface of pyrite
samples conditioned in different solutions

Sample Code S (%) CusS (%) S- (bulk) (%) Su (%)
161.2 eV 161.9 eV 162.7 eV 165.0 eV

a 11.32 0.00 82.33 6.35

b 5.26 12.74 75.20 6.80

c 6.72 10.46 76.94 5.88

d 7.75 8.83 76.50 6.92

e 7.80 8.21 78.13 5.86

The main doublet peaks at 162.7 eV and 163.9 eV are attributed to S in the bulk of FeS,. The
polysulphide species (Sn2) is the polymer formed through the redox of surface sulfur, which frequently
appears on the surface of sulfide minerals (He et al., 2005; Ejtemaei and Nguyen, 2017). Pyrite contains
both Fe2*-5,2-bonds and S-S bonds, therefore, the fracture mode of the bond has an important influence
on the composition of S species on the pyrite surface. According to the research of Mc Cleverty (1985),
the energy required to rupture the S-S bond (< 245 + 20 k] /mol) is less than the energy needed to rupture
the Fe2*-5,2- bond (> 300 k] / mol). Therefore, the weaker S-S bond should be ruptured during the fracture
of pyrite and this could produce surface with sulfur monomer (S-) (Ejtemaei and Nguyen, 2017).
However, the S is thermodynamically unstable and will further capture electrons from iron to produce
monosulphide (5*) (as shown in reaction (7)), which corresponds to the doublet peaks at 161.2 eV and
162.4 eV (Ejtemaei and Nguyen, 2017).

FeZ*surface + Ssurface — F€3*surface + S¥surface (7)



1080 Physicochem. Probl. Miner. Process. 55(5), 2019, 1070-1081

It can be seen from Table 7 that the content of Cu,S on the surface is reduced with the increase of
NH,4CI addition. The result of the sulfur analyses is in good agreement with the information obtained
from the XPS analyses. This further illustrates the reliability of the results of XPS analyses and the
adsorption tests.

4. Conclusions

In this paper, the weakening effect of NH4Cl on the copper activation of pyrite has been studied and the
main conclusions are summarized as follows:

(1) Under weakly alkaline conditions, NH4Cl has a weakening effect on the activation of pyrite by
copper. The addition of NH4CI can significantly reduce the floatability of pyrite both in single mineral
system, and the mixed mineral system of pyrite and marmatite.

(2) The mechanism of the weakening effect of NH4Cl on the copper activation of pyrite can be
attributed to two aspects: The addition of NH4Cl leads to the appearance of the conjugated acid-base
pair (NHs* and NH;) and its pH buffering property can impede the decrease in the concentration of
OH:, which results in more hydroxide appearing on pyrite surface; NH3(aq) can easily react with Cu2*
to generate Cu(NHs),?*, and it will compete with the pyrite surface to consume Cu?*, which causes a
reduction in the amount of copper sulfides formed on the pyrite surface. The increase in the amount of
hydrophilic hydroxide and the reduction in the amount of hydrophobic copper sulfides on the surface
eventually lead to a weakening in the activation effect of copper on pyrite.
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