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Abstract: The influence of high concentration Zn>" on the floatability of sphalerite in an acidic system was investigated
via flotation experiments, zeta potential measurements, contact angle measurements, and X-ray photoelectron
spectroscopy. The results indicated that Zn®" was adsorbed on the sphalerite surface and a Zn-hydroxyl complex was
formed at a pH of 4 and a Zn®" concentration of 4x10 2 mol/L. The zeta potential increased and the contact angle
decreased from 84.80° to 36.48°, strongly inhibiting the floatability of sphalerite. When S** or Cu®" activator was used
alone, sphalerite was not activated after Zn>" was adsorbed, and its contact angle did not change significantly. However,
by using a combination of S*” and Cu®" activators, its floatability was realized after Zn®" adsorption. This result was
attributed to the removal of the Zn-hydroxyl complex on the surface of sphalerite by S*. After this removal, Cu*" was
adsorbed on the sphalerite surface to form a Cu,S-S” hydrophobic film.
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1 Introduction

Sphalerite, a common zinc mineral, is the main
raw material for zinc smelting. Zinc metal
production usually begins with the recovery of
sphalerite concentrate from ore by flotation,
followed by the process of “roasting—acid leaching—
purification—electrodeposition” [1,2]. A small
amount of sphalerite is left in the leaching residue
produced by zinc hydrometallurgy [3,4]. In
addition to hydrometallurgical recovery and
pyrometallurgical recovery [5—9], flotation is also
an important method for recovering valuable metals
from zinc leaching residues [10]. Sulfuric acid is
used as the leaching agent for the roasted zinc
sulfide product. Sulfuric acid and Zn®" remain in the
zinc leaching residues from different thickening and
filtration stages of zinc hydrometallurgy. Thus, the

pulp has generally a pH between 3 and 5 and
contains a Zn’" high concentration during the
pulping and flotation of sphalerite from zinc
leaching residues. Sodium hydroxide or calcium
oxide is usually not used to improve the pH of the
pulp before the flotation of sphalerite from zinc
leaching residues. This is primarily because a large
amount of reagent is required for adjusting the pH
value of the pulp to an alkaline value, which
increases the beneficiation cost. Moreover, large
amount of gold, silver, and other associated
precious metals are present in the zinc leaching
residues. However, a high pH inhibits the flotation
of gold and silver, which is not conducive to the
full recovery of valuable metals in the residues.
Mineralogical research on zinc leaching residues
indicates that most of the zinc in the residues is in
the form of sphalerite, zinc sulfate, zinc ferrite, and
zinc silicate, and sphalerite is the major recovered
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material [2,11,12].

Cu®" is widely used as an activation ion for
sphalerite. Under alkaline conditions, Cu*" is
adsorbed on the sphalerite surface in the form of
Cu®" or Cu(OH), and interacts with Zn*" in the
sphalerite lattice to form copper sulfide, polysulfide,
and elemental sulfur to activate sphalerite [13,14].
ANDER et al [15] studied the mechanism of
sphalerite activation by Cu®" at a high pH and
proposed a model for surface adsorption. According
to ALBRECHT et al [16], the mechanism of
sphalerite  activation by Cu** in alkaline
environments is that Cu”" is adsorbed on the surface
of sphalerite to complete a one-to-one zinc—copper
exchange and form copper sulfide and polysulfide/
elemental sulfur, as shown in Reactions. (1)—(4):

In basic medium:

ZnS+Cu(OH),=~ZnS—Cu(OH), (1)

ZnS—Cu(OH),==CuS+Zn(OH), )
In acidic medium:

ZnS+Cu*"==ZnS—Cu** (3)

ZnS—Cu*'==CuS+Zn*" 4)

The CuS generated on the sphalerite would be
further transformed into Cu,S and elemental sulfur
with Reaction (5):

2CuS==Cu,S+S" (5)
(with Si_ as an intermediate oxidation product)

Generally, sphalerite has good floatability at a
low pH and exhibits a high recovery rate even when
Cu®’ is not activated [17,18]. However, in actual
zinc leaching residue flotation in industrial
production where the acidic pulp contains a large
amount of Zn®', sphalerite recovery from the
leaching residue via direct flotation or activated
flotation is difficult when Cu®" is used alone.
Effective sphalerite activation can be achieved only
when appropriate amount of Na,S and CuSO, are
added simultaneously. This phenomenon is due to
the high concentration of Zn*" in the pulp, which
interacts with sulfate to form ZnSO, and replaces
the active metal ions on the mineral surface
under specific pulp conditions; consequently, a
hydrophilic zinc hydroxy film is formed on the
surface of sphalerite, which inhibits its floatability.
Most researchers believe that sphalerite is inhibited
by zinc salts in alkaline environments because of
the formation of zinc hydroxide on the surface
of sphalerite [18—21]. However, only a few

experimental and theoretical studies have explored
the problem of strong sphalerite inhibition in acidic
pulp containing large amount of Zn** and the
difficulty of achieving direct or activated flotation
using Cu”" alone. The addition of an appropriate
amount of a combined activator, i.e., Na,S and
CuSQO,4, can effectively activate sphalerite. The
inhibition mechanism of Zn®* on sphalerite in acidic
pulp and the activation mechanism of sphalerite
after addition of a combined activator (Cu®" and
S*7) should be further analyzed through testing and
experimental verification.

In this study, using sphalerite as the research
object, the influence of high concentration Zn*" on
the flotation behavior of sphalerite and the
mechanism of activating the suppressed sphalerite
with a combination of Cu®" and S*~ activators were
investigated through mono-mineral flotation
experiments, zeta potential measurements, contact
angle measurements, and X-ray photoelectron
spectroscopy (XPS) in an acidic environment with a
pH of 4. This research provides a theoretical basis
for recovering sphalerite from leaching residues via
direct activation flotation.

2 Experimental

2.1 Materials and reagents

A pure sphalerite sample was collected from a
lead—zinc ore in Guanxi, China. Elemental analysis
indicated that the sample had 66.20 wt.% Zn and
32.40 wt.% S with a purity above 98%. The X-ray
diffraction spectrum of the sample is shown in
Fig. 1. The sphalerite samples were processed into
powder and block samples. The particle size of the
powder samples was 45—74 um, and that of
the block samples was approximately 200 pum.
Analytical grade H,SO, was
pH-controlling agent, while analytical grade CuSOy,
and Na,S were utilized as activators. Analytical
grade ZnSO, was employed as a modifier for
sphalerite. Industrial grade ammonium dibutyl
dithiophosphate (ADD) was used as a collector, and
deionized water was applied in all experiments.

Sphalerite after the adsorption of ZnSO4 was
labeled as sphalerite—Zn®*, whereas sphalerite
activated by CuSO, alone was labeled as
sphalerite—Cu®". Sphalerite—Zn>" samples activated
by CuSO, alone, Na,S alone, and a combination
of CuSO, and Na,S were labeled as sphalerite—

used as the
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Zn*—Cu*', sphalerite—Zn**—S*", and sphalerite—
Zn*"—Cu*—S*", respectively.

a 4 — Sphalerite
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10 20 30 40 50 60 70 80
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Fig. 1 X-ray diffraction spectrum of sphalerite sample

2.2 Flotation experiments

Mono-mineral flotation experiments were
performed in an XFGCII hanging trough machine
with a 25 mL flotation cell at an impeller speed
of 1800 r/min. Firstly, 3 g of the pure sphalerite
sample was ultrasonically cleaned for 5 min. Then,
deionized water was added to the flotation cell for
pulp conditioning. Subsequently, size mixing was
conducted, followed by (1) addition of sulfuric acid
to adjust the pH to 4; (2) addition of ZnSO, solution
(1x107* mol/L) and stirring for 5 min; (3) addition
of the activator (2x107*mol/L Cu®"), collector
(2x10° mol/L ADD), and stirring for 2 min;
(4) flotation and scraping of bubbles for 4 min;
(5) filtering and drying of the foam products and
products in the cell; (6) calculation of the recovery
rate after weighing and recording. The recovery rate
(¢) of sphalerite was calculated using the following
formula:

m
E=

(6)

m, +m2

where m; and m, are the masses of the flotation and
bottom products, respectively, after drying. The
tests were duplicated, and the average recovery rate
was reported together with the error bars of the 95%
confidence interval of a Student’s t-distribution.

2.3 Surface zeta potential measurements

The zeta potential of the sphalerite surface was
measured using a zeta potential analyzer (Zetasizer
Nano Zs90). Before the measurements, sphalerite
was ground to 5 um in an agate mortar. Then, pulp
with a content of 0.01 wt.% was prepared in a

beaker, and its pH was adjusted using H,SO,4. The
reagents were added according to the order of the
flotation experiments, and the mixture was blended
using a magnetic stirrer for 5 min. The suspension
was allowed to settle for 10 min with stirring.
Afterward, the supernatant suspension of sphalerite
was obtained to measure the zeta potential before
and after the interaction between the minerals and
reagents. Zeta potential
performed in duplicate, and the average value of the
measurements was reported together with the error
bars of a 95% confidence interval of a Student’s
t-distribution.

measurements were

2.4 Contact angle measurements

The wetting contact angle of the mineral
surface was determined using an automatic surface
tension meter (K100C, Germany). Before
measuring the contact angle, the pure mineral block
was cut and polished into a 10 mm X 20 mm X
10 mm smooth rectangular prism. The surface was
finely ground with a metallographic sandpaper and
cleaned ultrasonically for 5 min. Afterward, the pH
of the pulp was adjusted to a set value. Different
reagents were added as required, and the mixture
was stirred for 10 min. The contact angle () was
measured after stirring. Seven points were tested for
each sample.

2.5 XPS tests

XPS tests carried out wusing a
multifunctional X-ray photoelectron spectrometer
(ESCALAB Markll, USA) equipped with an
Al K, X-ray source (1486.6 eV). The instrument
was calibrated by the binding energy of C ls
(284.60 eV) with an error of £0.3 eV. For the XPS
tests, the powder samples reacted adequately in
accordance with the designed solution conditions.
The samples were filtered using a qualitative filter
paper, washed repeatedly with deionized water,
placed in a vacuum drying oven, dried at 80 °C, and
tested afterward.

WwWere

3 Results and discussion

3.1 Effect of Zn** concentration on flotation
behavior of sphalerite
Figure 2(a) shows the effects of different Zn*"
concentrations on the flotation performance of
sphalerite at a pH of 4 and an ADD concentration



Ting-sheng QIU, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2128-2138 2131

of 2x10” mol/L. The flotation recovery rate of
sphalerite reaches 96.2% in the absence of Zn™',
indicating that sphalerite has good floatability even
without the addition of any activator. This result is
consistent with that of a previous study [17].
However, the flotation recovery rate of sphalerite
significantly ~decreases with increasing Zn>*
concentration. When the concentration of Zn*"
reaches 4x102mol/L, the recovery rate of
sphalerite decreases to 55%, indicating that Zn>*
has a strong inhibitory effect on sphalerite flotation.

100

(a)
—8&— Sphalerite

Recovery rate/%
()]
(e
.

20 L L L 1 L 1

0 1 2 3 4 5 6 7
Zn?* concentration/(1072 mol-L™")
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Recovery rate/%
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Flotation time/min
Fig. 2 Flotation recovery rates of sphalerite under

different conditions: (a) Different Zn>* concentrations;
(b) Different ion combinations

Figure 2(b) illustrates the flotation recovery
rate of sphalerite under different conditions
as a function of flotation time at a pH of 4.
The concentrations of Zn**, S*°, Cu**, and ADD
are 4x107, 2x107, 2x107™%, and 2x10~° mol/L,
respectively. Sphalerite—Zn®" cannot be activated
effectively by a single activator such as Cu*" or S*
in the acidic system, and its flotation recovery rate
does not exceed 60%. However, sphalerite—Zn*"
can be activated effectively by a combination of
Cu”*" and S* activators, and the flotation recovery

rate reaches 94.32%. Generally, Cu*" can
effectively activate sphalerite, but the experimental
results show that the activation effect of Cu®* is
considerably reduced in the presence of Zn*". A
possible explanation is that sphalerite reacts with
Zn*" and forms a zinc hydrophilic compound on the
sphalerite surface, thus preventing Cu®* from being
adsorbed on the surface of sphalerite, which is
consistent with a previous study [22]. The
activation mechanism of sphalerite with Cu®*" in
acidic media is described by the following reaction:

ZnS+Cu* —CuS+Zn*" —1/2Cu,S+1/28+Zn*"  (7)

Similar to the process described in
Reaction (5), the adsorption and incorporation of
Cu”" in the crystal network of sphalerite cause an
oxidation—reduction reaction in which Cu®" oxidizes
the sulfide of the mineral. Consequently, it is
reduced to Cu’, yielding the final products of
covellite (CuS), chalcocite (Cu,S), and elemental
sulfur, which are hydrophobic in nature. Based on
the above results, it is inferred that Zn?', as a
common ion added to the solution, decreases the
solubility of sphalerite and is adsorbed on the
surface as ZnOH', which inhibits Cu®" adsorption,
thus avoiding the conventional activation
mechanism, which gives rise to the formation of
hydrophobic species (Reactions (1)—(5)).

3.2 Zeta potential

Figure 3 shows the zeta potential of sphalerite
under different ion combination conditions at pH 4,
and Zn*", $*, and Cu*" concentrations of 4x1072,
2x107%, and 2x10*mol/L, respectively. In the
absence of Zn**, the zeta potential of sphalerite is
(—22.31+£1.02) mV, which is consistent with
previously reported test data [23]. By contrast, the
zeta potential increases to (—13.25+1.12) mV in the
presence of Zn*", which may be attributed to Zn**
adsorption that neutralizes the negative charge on
the sphalerite surface. The addition of the Cu**
activator significantly reduces the zeta potential of
sphalerite to (—39.35+1.23) mV in the absence of
Zn*, suggesting that Cu®" is adsorbed on the
sphalerite surface. CuS, Cu,S, and (Cu")y(S,)* are
probably formed on surface of sphalerite [23,24].
The zeta potential of sphalerite—Zn*—Cu®* is
(—15.27+0.93) mV, which is slightly different from
that of sphalerite—Cu®’, indicating that Cu*" does
not play an active role in the presence of Zn>". With
the addition of S*, the surface zeta potential of
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sphalerite~Zn*"—S*” becomes (—16.52+1.16) mV
and exhibits a negative shift, indicating that S*~ is
absorbed on the sphalerite—Zn®" surface to
neutralize the positive charge. When the combined
activator of Cu”" and S*~ is added to the pulp, the
zeta potential of sphalerite—Zn**—Cu*"~S*” becomes
(—35.36+1.07) mV, which is similar to that of
sphalerite—Cu”". This result indicates that Cu*" can
be effectively adsorbed on the sphalerite—Zn*"
surface and can perform its activation effect in the
presence of S*.

40 .

< 1}? Q&X Q&X mx,%r 1}?;
X\/ ‘0/ X2 g & X\/ x/%
o o < %Qxﬂ) SRS
e
Sample
Fig. 3 Zeta potential () of sphalerite (Sph) under

different ion combination conditions

3.3 Contact angle

Figure 4 displays the contact angle of
sphalerite  under different ion combination
conditions at pH 4, and Zn**, §*, and Cu**
concentrations of 4x1072, 2x10~*, and 2x10~* mol/L,
respectively. The contact angle of pure sphalerite is
84.80°, indicating that it has good floatability in the
acidic system. In contrast, that of sphalerite—Zn®" is
significantly reduced to 36.48°, indicating a
hydrophilic state. Without the addition of Zn**, the
contact angle of sphalerite activated by Cu®" is
90.40°, which indicates a hydrophobic state. The
angles of sphalerite—Zn**—Cu®" and
sphalerite—Zn**—S** are 40.17° and 43.79°,
respectively, indicating a hydrophilic state. Thus, a
single activator cannot significantly improve the
hydrophobicity of sphalerite—Zn*". However, when
Cu®" and S* are combined, the contact angle of
sphalerite—Zn**—Cu**~S*" increases to 102.29°,
indicating a hydrophobic state and suggesting that
the addition of a combined activator promotes the
activation of sphalerite—Zn>".

contact
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Fig. 4 Contact angle of sphalerite under different ion
combination conditions

3.4 XPS spectra
3.4.1 Surface properties of sphalerite—Zn*"

XPS analysis was conducted on pure sphalerite
and sphalerite—Zn>" at a pH of 4, and Zn*
concentration of 4x107> mol/L to further ascertain
the adsorption form of Zn®* on the sphalerite
surface.

Figure 5 shows that the binding energy of the
photoelectron characteristic peaks of Zn 2p, S 2p,
C 1s, and O 1s are 1021.96, 161.73, 284.78, and
531.65 eV, respectively, which are consistent with
previous test data [14,25]. Figure 6 and Table 1
present the binding energies of Zn 2p and S 2p; the
peak area and shape of sphalerite—Zn>" are not
significantly different from those of pure sphalerite,
indicating that the states of Zn and S atoms are not
changed during Zn** adsorption on sphalerite.
However, the mole fraction of O 1s on sphalerite—

Sphalerite

Sphalerite-Zn?*

1200 1000 800 600 400 200 0
Binding energy/eV

Fig. 5 XPS spectra of sphalerite before and after Zn*"
adsorption
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(2)

Zn 2ps;,
--Zn2pp

Sphalerite

Sphalerite-Zn?*

1050 1045 1040 1035 1030 1025 1020 1015
Binding energy/eV

(b)
S2p

-~

Sphalerite~=Zn?*
Sphalerite

174 172 170 168 166 164 162 160 158
Binding energy/eV

Fig. 6 Zn 2p (a) and S 2p (b) spectra of sphalerite before
and after Zn®" adsorption

Table 1 Binding energy and mole fraction of elements
identified on sphalerite surface before and after Zn>*

adsorption

Atomic Binding Mole
Sample . .
orbital energy/eV fraction/%

S 2p 161.73 34.48
Cls 284.78 26.32

Sphalerite
O 1s 531.65 8.09
Zn 2p 1021.96 31.11
S 2p 161.05 27.34
Sphalerite— Cls 284.55 25.21
Zn* Ols 531.58 12.06
Zn 2p 1021.69 35.39

Zn*" is 12.06%, which is 3.97% higher than that on
the pure sphalerite, indicating that O atoms may
have participated in the Zn®" adsorption reaction on
sphalerite.

Figure 7 illustrates the narrow spectra of O 1s
in sphalerite and sphalerite—Zn®". The peaks at
531.28 and 532.15 eV are attributed to the O 1s of

OH from metal hydroxy complexes on the mineral
surfaces and O 1s from the hydration layer on the
mineral surface or water molecules on the sphalerite
surface by chemical adsorption, respectively [26].
After the adsorption of Zn®", the peak of OH™ in
the spectra of O 1s (531.49 e¢V) on sphalerite is
enhanced, indicating that the proportion of OH
on the surface of sphalerite increases (Figs. 7(a)
and (b)).

(a) XPS data —

Total fit

532.15eV
™

N

531.28 eV
_—

N —
~ y

535 534 533 532 531 530 529 528

Binding energy/eV
b XPS dat
®) a Total fit
531.49eV—L o
532.50 eV
535 534 533 532 531 530 529 528

Binding energy/eV

Fig. 7 O 1s spectra of sphalerite before (a) and after (b)
Zn*" adsorption

Table 2 presents the mole fractions and peak
areas of the oxygen-containing compounds on the
surfaces of sphalerite and sphalerite—Zn®>". The
proportions of hydroxyl complexes in the surface
oxygen-containing compounds significantly
increase on the surface of sphalerite—Zn*", with a
mole fraction of 71.16%. Meanwhile, the mole
fraction of the hydroxyl complexes in the
oxygenated compounds on the surface of pure
sphalerite is 44.04%. Zn>" was absorbed on the
surface of sphalerite in the form of a metal hydroxyl
complex, which made the surface of sphalerite
hydrophilic, reduced the floatability, and inhibited
the recovery of sphalerite.
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Table 2 O 1s species compositions of sphalerite before
and after Zn®" adsorption

Sample  Speci Binding Peak area  Mole

ample ecies
P p energy/eV (cps)  fraction/%
~ OH 531.33 4136.60 44.04
Sphalerite

H,0 532.10 5409.71 57.76

Sphalerite— OH" 531.52 12083.33  71.16

Zn* H,0 532.34 5636.69 28.84

3.4.2 Surface properties of sphalerite—Zn*"—Cu*"
The reason for the fact that sphalerite—Zn*"
was difficult to activate by Cu®" alone was
determined by subjecting sphalerite—Cu®" and
sphalerite—Zn>"—Cu®" to XPS tests at a pH of 4. The
details of the analysis are presented in Table 3.

Table 3 Binding energy and mole fraction of elements
identified in Cu®'-activated sphalerite before and after
Zn*" adsorption

Sample Atomic Binding M.ole
orbital energy/eV fraction/%

S2p 161.57 26.82

' Cls 284.83 27.32

Sphglirfte_ O ls 53220 8.84

! Cu2p 9324 8.25

Zn2p 1021.67 28.77

S2p 161.62 27.56

' Cls 284.79 28.32

SZp;i‘l_egf;: 0 1s 532.36 11.36

Cu2p 932.18 2.14

Zn2p 1021.35 30.62

As shown in Table 3, the mole fractions of
Cu 2p on the sphalerite—Cu®" and sphalerite—Zn>"—
Cu*" surfaces are 8.25% and 2.14%, respectively,
indicating that Cu®" is difficult to adsorb on the
sphalerite—Zn®" surface. The adsorption of Cu®" on
the sphalerite—Zn**—Cu®" surface is mainly due to
the combination reaction between Cu”" and S atoms
on the sphalerite surface.

The narrow spectra of S 2p on the surface of
pure sphalerite and sphalerite—Zn**—Cu*" were
analyzed via peak fitting and separation to further
examine the change in S valences (Fig. 8).

Figures 8(a) and (b) display two peaks of the S
atoms in the spectra of pure sphalerite. The S 2p;);
spectra with binding energies of 161.35 and

162.58 eV are attributed to S* and S; or
metal-deficient sulfide on the sphalerite surface,
respectively [27,28]. Two valence peaks of the S
atoms are also observed in the spectra of
sphalerite—Zn**—Cu*", and their binding energies
are 161.36 and 162.54 eV, respectively. These
values are consistent with the binding energies of
the two valence states of the S atoms on the pure
sphalerite surface, indicating that the wvalence
state of the S atoms on the surface of
sphalerite—Zn**—Cu®" is not changed and Cu®" is
hardly adsorbed.

(2)
16135 eV

162.58 eV

N\

Total fit
XPS data

172 170 168 166 164 162 160 158
Binding energy/eV

(b)

161.36 eV

162.54 eV

Total fit

XPS data ~

172 170 168 166 164 162 160 158
Binding energy/eV
Fig. 8 S 2p spectra of sphalerite (a) and sphalerite—
Zn*—Cu** (b)

3.4.3 Surface properties of sphalerite—Zn*"—Cu*—
S

Figure 9 depicts the narrow spectra of S 2p
on the surface of sphalerite—Cu*" (Fig. 9(a)),
sphalerite—Zn**—S* (Fig. 9(b)), and sphalerite—
Zn*—Cu**-S* (Fig. 9(c)), which were analyzed via
peak fitting and separation.

Figure 9(a) displays three peaks of the S atoms
of the sphalerite—Cu’" surface. The S 2ps, spectrum
with a binding energy of 161.21 eV is assigned to
S*” in Zn—S on the sphalerite surface, and that with
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(a)
16121eV__

XPS data |
Total fit

162.33 eV

168.79 eV
y

/
/

/

172 170 168 166 164 162 160 158
Binding energy/eV

b
®) Total fit

162.19 eV

172 170 168 166 164 162 160 158
Binding energy/eV

© Total fit

162.71 eV

168.82 eV

172 17I0 16I8 16I6 16I4 l6l2 16IO 158
Binding energy/eV

Fig. 9 S2p spectra of sphalerite under different

jon combination conditions: (a) Sphalerite—Cu’";

(b) Sphalerite—Zn*'—S*"; (c) Sphalerite—Zn**—Cu*'—S*"

a binding energy of 162.33 eV is attributed to S5~ or
metal-deficient sulfide. Sphalerite is activated by
Cu’" mainly because thermodynamically metastable
copper(Il)-substituted zinc sulfide phases may
undergo a redox disproportion into either copper(I)
sulfide and elemental sulfur (Cu,S-S°) or copper(I)
polysulfide (e.g., (Cu")x(S,)*)[23]. In addition, the
S 2psn, spectrum with a binding energy of
168.79 eV is assigned to SOﬁ_, indicating that SO;~

is formed on the sphalerite surface during sphalerite
activation by Cu®".

In Fig. 9(b), two peaks of the S atoms on the
surface of sphalerite—Zn>*—S*" are shown in the
spectra, and the binding energies are 161.58 eV and
162.19 eV respectively. They are assigned to S*~ in
Zn—S on the sphalerite surface and S%f or
metal-deficient sulfide. Figures 8(a) and 9(b) also
exhibit a small difference in the fitting
results between sphalerite and sphalerite—Zn*"—S*",
indicating that the valence state of the S atoms in
sphalerite—Zn**—S*" is not changed. According to
the results of the previous flotation experiments,
Cu’" can effectively activate sphalerite—Zn*" when
S*" is added.

The valence states of the O atoms on the
surface of sphalerite—Zn>*—S*~ were analyzed via
peak fitting and separation to further determine the
effects of S* addition on the surface of
sphalerite—Zn?" (see Fig. 10 and Table 4). Figure 10
shows that the O atoms are absorbed on the surface
of sphalerite—Zn%—S} in the form of OH and H,O.
The peaks at 531.31 and 532.32 eV are attributed to
the O 1s of OH™ from metal hydroxyl complexes on
the mineral surfaces and the O from the hydration
layer on the mineral surface or water molecules on
the sphalerite surface by chemical adsorption,
respectively. The mole fractions of oxygen-
containing compounds on the surface of sphalerite—
Zn”" are higher than those on sphalerite—Zn*"— S*,
with values of 71.16% (Table2) and 46.75%
(Table 4), respectively. This result indicates that the
addition of S*~ can effectively reduce the content
of the Zn-hydroxyl complex on the surface of the
sphalerite.

Total fi
XPS data Qataits

531.31eV

Vi ~
535 534 533 532 531 530 529 528
Binding energy/eV

Fig. 10 O Is spectra of sphalerite after Zn’" adsorption
by S*” activation
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Table 4 O 1s species compositions of sphalerite after
Zn*" adsorption by S?” activation (sphalerite—Zn>—S*")

Species Binding Peak Mole
energy/eV area (cps) fraction/%

OH 531.31 4614.85 46.75

H,0 532.32 4480.73 53.25

Figure 9(c) illustrates the narrow spectra of
S2p on the surface of sphalerite—Zn>"—Cu**—S*"
analyzed via peak fitting and separation. Three
peaks of the S atom at 161.61, 162.71, and
168.82 eV, which are respectively assigned to S*,
copper(I) sulfide and elemental sulfur (Cu,S-S°) or
copper(I) polysulfide (e.g., (Cu")x(S,)*), and SO;
on sphalerite, are shown. These results are similar
to the three valence states of the S atom on the
surface of sphalerite—Cu®", indicating that the
hydrophobic products formed on the surface of the
three types of sphalerite are consistent. These can
be verified further by the narrow spectral analysis
of the Cu 2p of Cu atoms on the surfaces of
sphalerite—Cu*" and sphalerite—Zn**—Cu*—S*" in
Fig. 11.

(@
932.18 eV

932.62 eV

Total fit
XPS data

938 936 934 932 930 928
Binding energy/eV

(b)
932.06 eV

932.64 eV

Total fit
XPS data

938 936 934 932 930 928
Binding energy/eV

Fig. 11 Cu2p,; spectra of sphalerite under different
jon combination conditions: (a) Sphalerite—Cu*"; (b)
Sphalerite—Zn>"—Cu®'-S§*

As displayed in Fig. 11(a), the peak at
932.62 eV is attributed to Cu' [29], indicating that
Cu”" activated the sphalerite in the acidic system in
the form of Cu’ species, that is, a Cu,S-S°
hydrophobic film was formed on the sphalerite—
Cu’" surface [16]. Figure 11(b) shows that the same
hydrophobic product is formed on the surface of
sphalerite—Zn**—Cu**—S*".

4 Conclusions

(1) The mono-mineral flotation results
indicated that a high concentration of Zn>" at a pH
of 4 strongly inhibited the sphalerite recovery. It
was difficult to activate sphalerite—Zn*" using a
single activator (S* or Cu’), but effective
activation was achieved with a recovery of 94.32%
by a combination of S*~ and Cu®" activators.

(2) The =zeta potential and contact angle
analyses revealed that the inhibiting effect of the
high concentration Zn*" was due to Zn>" adsorption
on the sphalerite surface, which resulted in an
increased zeta potential and a decreased contact
angle. When a single activator (Cu®” or S*) was
added, the zeta potential and contact angle of
sphalerite—Zn*" did not significantly change.
However, effective activation of sphalerite—Zn®*"
was realized by using a combination of Cu*" and S*~
activators, in which the zeta potential decreased and
the contact angle increased to 102.29°,

(3) XPS analyses showed that O atoms might
have been involved in the reaction of Zn>" adsorbed
on sphalerite
adsorption, Zn>" existed on the sphalerite surface in
the form of a metal hydroxyl complex, which
hindered Cu®** adsorption on the sphalerite and
made its surface hydrophilic, leading to the
inhibition of sphalerite recovery. In addition, S*
could effectively remove the Zn-hydroxyl complex
on the sphalerite surface and promote Cu’”
adsorption to form a Cu,S-S” hydrophobic film
when sphalerite—Zn®" interacted with a combination
of >~ and Cu*" activators.

in the acidic system. During
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2. PHALHIRIEAL B, AR 730900
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