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Abstract: The flotation of hemimorphite using the S(II)-Pb(II)—xanthate process, which includes sulfidization with sodium sulfide, activa-
tion by lead cations, and subsequent flotation with xanthate, was investigated. The flotation results indicated that hemimorphite floats when
the S(II)-Pb(II)—xanthate process is used; a maximum recovery of approximately 90% was obtained. Zeta-potential, contact-angle, scanning
electron microscopy—energy-dispersive spectrometry (SEM—EDS), and diffuse-reflectance infrared Fourier transform spectroscopy (DRIFTS)
measurements were used to characterize the activation products on the hemimorphite surface and their subsequent interaction with sodium
butyl xanthate (SBX). The results showed that a ZnS coating formed on the hemimorphite surface after the sample was conditioned in an
NazS solution. However, the formation of a ZnS coating on the hemimorphite surface did not improve hemimorphite flotation. With the sub-
sequent addition of lead cations, PbS species formed on the mineral surface. The formation of the PbS species on the surface of hemimor-
phite significantly increased the adsorption capacity of SBX, forming lead xanthate (referred to as chemical adsorption) and leading to a sub-
stantial improvement in hemimorphite flotation. Our results indicate that the addition of lead cations is a critical step in the successful flota-

tion of hemimorphite using the sulfidization—lead ion activation—xanthate process.
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1. Introduction

Zinc metal is the third most widely used nonferrous metal
after copper and aluminum [1]. Currently, most of the world’s
zinc metal is produced from sulfide ore resources [2]. China
holds 4.3 x 107 t of zinc metal reserves, and approximately
36wt% of these reserves are sourced from oxidized zinc ore
resources (oxidation rate greater than 30wt%) [3]. For ex-
ample, the Lanping lead zinc deposit, which may rank as the
second largest in the world, contains 1.3 x 107 t of zinc met-
al; however, nearly 30wt% of the zinc ore is generally con-
sidered to be zinc oxide ore [4]. Undoubtedly, with the
gradual exhaustion of the free-milling zinc sulfide ore re-
sources and stricter SO, emissions standards, exploitation of
this zinc oxide ore is becoming imperative [5].

Because of its high efficiency, low cost, and good adapt-
ability, flotation is one of the most widely used techniques in
mineral processing to achieve mineral separation [6]. The
benefits of zinc sulfide ores can be easily realized through
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flotation with thiol collectors; however, concentrating zinc
oxide ores by flotation is substantially more difficult [7-8].
Mining enterprises often only exploit the rich ores and dis-
card the lean ores; the rich ores are then treated by direct
hydrometallurgy without flotation. This process results in
substantial waste of resources and considerable damage to
the ecological environment surrounding the mining areas [9].
Therefore, developing an approach for exploiting zinc oxide
ores using flotation has become an urgent issue in the zinc
industry.

To date, several processes have been used for the flota-
tion of zinc oxide ores [10]: sulfidization using a sulfurizing
reagent and flotation using an amine collector; flotation us-
ing a fatty acid collector; flotation using a chelating collector.
The most widely used technique in the flotation of zinc oxide
ores is the sulfidization—amine collector method [11-12]. This
route has poor performance for the flotation of hemimor-
phite because the amine collector is sensitive to slime. The
slurry contains a large amount of slime, especially oxidized
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ore slime, during the processing of hemimorphite ore, which
results in poor flotation performance because of poor selec-
tivity [11]. Fatty acid collectors show poor selectivity in the
flotation of zinc oxide ores, especially when the hemimor-
phite ore contains gangues such as calcite or dolomite [13].
Chelate-forming collectors are organic molecules that con-
tain at least two functional groups capable of bonding to the
same metal atom [10]. However, because of the high cost of
producing chelating collectors and the lack of a long-chain
hydrophobic hydrocarbon in the molecules, chelating col-
lectors have not been used in large-scale industrial applica-
tions [14].

The sulfidization—xanthate collector route has been suc-
cessfully used in the industrial flotation of lead oxide ores
and copper oxide ores [15-19], whose properties are highly
similar to those of zinc oxide ores. Therefore, we assume
that this route can be applied to the flotation of zinc oxide
ores for industrial use. For this method, the most important
step is the sulfurization procedure. The dose of the sulfiding
agent, such as sodium sulfide (Na,S), is critical to achieving
successful flotation. Excess sulfiding agent strongly de-
presses flotation, whereas an insufficient amount does not
adequately improve the floatability [18,20-21]. Current re-
search on the sulfurization—xanthate process for the flotation
of zinc oxide ores is mainly focused on the smithsonite
minerals. Wu et al. [22], who have recently studied the in-
teraction between Na,S and smithsonite, demonstrated that
the sulfidization product formed on the surface was ZnS.
Unfortunately, for metal silicate minerals such as chrysocol-
la or hemimorphite, the sulfurization procedure is even more
difficult [23].

Hemimorphite is a zinc hydroxyl silicate hydrate with the
chemical formula Zn4(H>O)[Si,O7](OH),. Hemimorphite is
the most abundant zinc oxide ore, second only to smithson-
ite, and it is mainly distributed in the United States, Mexico,
Congo, Germany, Austria, and China [24]. Presently, re-
search on the flotation of zinc oxide ore using the sulfidiza-
tion—xanthate collector route is insufficient; in particular, the
literature contains very few studies regarding the zinc sili-
cate mineral hemimorphite. In the present study, the flota-
tion of hemimorphite using the S(II)-Pb(Il)—xanthate pro-
cess, including sulfidization with Na,S, activation by lead
cations, and subsequent flotation with xanthate, was studied.
We used a combination of zeta-potential, contact-angle, and
scanning electron microscopy—energy-dispersive spectrome-
try (SEM-EDS) measurements to explore the activation
mechanism involved in the S(II)-Pb(II)-xanthate process.
Finally, the between
fresh/activated hemimorphite minerals were investigated
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using diffuse-reflectance infrared Fourier transform spec-
troscopy (DRIFTS) to clarify the effects of hemimorphite
activation on xanthate adsorption. Our findings could aid in
the development of an ore flotation process for industrial
use.

2. Experimental
2.1. Materials

A high-purity natural hemimorphite (Zn4(H>O)[Si>O7](OH),)
sample (Yunnan province, China) was used in this study.
The chemical composition of the sample was studied by
X-ray fluorescence (XRF, Philips X Unique2); the results
are shown in Table 1. The sharp and narrow peaks observed
in the X-ray diffraction (XRD, Bruker D8 Advance powder
diffractometer with Co K, radiation source) pattern indicate
that the hemimorphite sample was pure (Fig. 1). Some cubic
pieces from the large specimens of hemimorphite were used
for contact-angle measurements. The other samples were
dry ground with a ceramic mortar and pestle and then
screened with stainless steel sieves. The +38 to —106 um
size range was used in the microflotation tests, and the <38
um size fraction was further ground in an agate mortar to
obtain a particle size of <5 pm; this sample was subse-
quently used in the zeta-potential, SEM—EDS, and DRIFTS
measurements.

Table 1. XRF chemical analysis of the fresh hemimorphite
sample wt%
Zn (0) Si P Pb S Other

5798  27.88 11.27  0.15 0.10  0.05 2.57
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Fig. 1. X-ray diffraction pattern of the fresh hemimorphite
sample.

Commercial-grade sodium butyl xanthate (SBX) (pur-
chased from Honghua Reagent, Changsha, China), which
was used as a collector, was purified by dissolution in ace-
tone and recrystallization in petroleum ether. Methyl isobu-
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tyl carbinol (MIBC) was used as a frother. The water used
in this study was ultrapure water. Sodium sulfide (Na,S) and
lead nitrate (Pb(NOs),) were used as the sulfiding agent and
the metal-ion activator, respectively. Hydrochloric acid (HCI)
and sodium hydroxide (NaOH) were used to adjust the pH
value. A KNOjs solution (2 x 10 M) was used to maintain
the ionic strength. All tests were performed at room tem-
perature (25°C), and unless otherwise stated, all chemicals
used in this study were of analytical grade.

2.2. Methods

2.2.1. Microflotation

Flotation was achieved in an XFG flotation machine with
a rotational speed of 1900 r/min. First, a 2.0 g sample of
hemimorphite with particle sizes ranging from 38 to 106 pm
was added to the flotation tank and 40 mL of ultrapure water
was added. The samples were conditioned in ultrapure water
for 3 min and then conditioned in the reagent levels as fol-
lows: SBX (3 min); Na,S (3 min)-SBX (3 min), and Na,S
(3 min)-Pb(NO3), (3 min)-SBX (3 min). After the frother
(MIBC) was added, the suspension was agitated for 1 min
and the pH value was measured before flotation. The flota-
tion was conducted for 5 min; the concentrate and tailings
were then collected, dried, and weighed for calculation of
the flotation recovery.

2.2.2. Zeta-potential measurements

Zeta-potential measurements of the hemimorphite parti-
cles conditioned with the given reagents were obtained us-
ing a Brookhaven zeta-potential analyzer. In each case, the
test was conducted in a 2 x 1073 M KNOj; background elec-
trolyte solution. A 0.03 g sample of hemimorphite was dis-
persed in 80 mL of electrolyte solution for 5 min, and the
pH value of the resultant suspension was adjusted. Next, a
few milliliters of the dispersion from the top of the suspen-
sion was transferred by syringe into the electrophoretic cell
and the zeta potential was measured. Three tests were con-
ducted for each measurement, and the results were subse-
quently averaged.

For the experiments of sulfurized hemimorphite samples,
the ultrasound-treated samples were conditioned in a 1 x
1073 M NayS solution for 10 min. The sulfurized samples
were then cleaned to eliminate the residual S(II) and any
suspended colloidal particles on the mineral surface through
a centrifugation/decantation and washing stage. After the
samples were conditioned with pH modifier, the zeta-potential
measurements were conducted as previously described. The
experiments were repeated for the hemimorphite samples
treated with NapS (1 x 107°M, 10 min)-Pb(NO3), (1 x 1073
M, 10 min) and Na,S (1 x 103 M, 10 min)}-Pb(NOs), (1 x

107°M, 10 min)-SBX (2 x 10> M, 5 min).
2.2.3. Contact-angle measurements

The contact angle was measured using a DIGIDROP-DS
goniometer (GBX, France) via the sessile-drop method. The
cut, hand-picked, and pure crystalline hemimorphite sam-
ples were successively polished with 6, 3, and 0.5 pm liquid
diamond paste on the polishing cloth and then cleaned with
ultrapure water. The samples were prepared following the
same procedure as that used for the zeta-potential experi-
ments. After conditioning, the polished minerals were
washed twice with ultrapure water, dried in a vacuum drying
oven at 20°C, and then used for contact-angle measurements.
Each sample was placed on the stage with its polished face
pointing upward. A 4 pL droplet of ultrapure water was de-
posited onto the polished face of the sample, and the contact
angle was simultaneously measured. The contact angle was
automatically calculated by the GBX software. The contact
angles of five different areas of each sample were measured,
and the values were averaged [25].
2.2.4. SEM-EDS observations

The samples used for SEM measurements were condi-
tioned using the same procedure as that used for the con-
tact-angle measurements. A KYKY-2800 scanning electron
microscope was used to observe the samples. Chemical
analysis of the new film formed on the hemimorphite surface
was conducted using a FINDER-1000 energy-dispersive
spectrometer. The samples were coated with a thin layer of
gold to prevent charging [26].
2.2.5. DRIFTS measurements

DRIFTS measurements were performed using a Shi-
madzu IRAffinity-1 Fourier transform infrared (FTIR) spec-
trophotometer (Shimadzu, Japan) equipped with a Shimadzu
sampling accessory (DRS8000A) operating in dif-
fuse-reflection mode. The samples were conditioned using
the same procedure as that used for the contact-angle meas-
urements, except that the concentration of SBX was 0.2 M
in each test. Each sample was transferred onto a DRIFTS
sample holder and flattened with a plastic coverslip. Each
spectrum was recorded at a resolution of 4 cm™! in the
4000400 cm™' region after 100 scans against a KBr back-
ground.

3. Results and discussion

3.1. Flotation performance of hemimorphite

Fig. 2 shows hemimorphite flotation as a function of the
lead ion concentration in the presence of increasing concen-
trations of Na,S. In the absence of either Na,S or lead ions,
hemimorphite displayed very poor floatability when SBX
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was used as a collector, with a maximum recovery of only
33% (point 1, Fig. 2). However, as shown in Fig. 2 (point 2),
the sulfidization process did not substantially improve the
flotation of hemimorphite. Instead, the addition of Na,S re-
sulted in a substantial decrease in hemimorphite flotation.
However, regardless of whether a ZnS species was formed
at the mineral surface after sulfidization conditioning, the
unexpected abundance of residual sulfur ions in the pulp
depressed flotation [27-29]. The depression of sulfidized
hemimorphite was analogous to the mechanism of sphalerite
depression by S(II) when thio-compounds were used as col-
lectors. The addition of Pb(I) yielded a significant im-
provement in hemimorphite flotation, and a maximum re-
covery of 90% was obtained (point 3, Fig. 2). The relation-
ship between the Na,S and Pb(II) concentrations exerted an
obvious effect on hemimorphite flotation, and the maximum
recovery occurred when the [S(IDJ/[Pb(II)] ratio was ap-
proximately 1 in solution. Our results indicate that the
S(II)-Pb(IT)—xanthate process can successfully induce flota-
tion of the refractory hemimorphite and that the addition of
Pb(II) is essential for this sulfidization—xanthate technology.
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Fig. 2. Effects of the Na:S and Pb(II) concentrations on the flo-
tation behavior of hemimorphite at 2 x 10 M SBX (at a pH
value of approximately 9).

3.2. Zeta-potential analysis

Zeta-potential measurements were used to study the ad-
sorption of additives onto the surfaces of hemimorphite
samples involved in the S(II)-Pb(I)-SBX process because
the shift in the zeta potential of the corresponding condi-
tioned sample indicates whether the SH™, Pb(Il), or SBX from
the solution was adsorbed onto the mineral surface [30-31].
Fig. 3 shows the zeta potential of hemimorphite as a func-
tion of pH value before and after activation in the presence
and absence of a collector. As shown in curves a and b in
Fig. 3, the presence of Na,S caused the zeta potential of the
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minerals to shift in the negative direction. This change is at-

tributed to the adsorption of S*” or SH ™~ from the solution.
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Fig. 3. Zeta potential of hemimorphite as a function of pH value:
(a) fresh hemimorphite; (b) He + 1 x 10> M Na:S (decantation);
(¢) He + 1 x 103 M Na:S (decantation) + 1 x 10 M Pb(II) (de-
cantation); (d) He + 1 x 10 M Na:S (decantation) + 1 x 10> M
Pb(II) (decantation) + 2 x 10> M SBX. “He” denotes hemimor-
phite.

The zeta potential of the sulfurized hemimorphite acti-
vated by Pb(II) (labelled as sample c) as a function of pH is
shown in curve c in Fig. 3. The increased zeta-potential val-
ue of sample ¢ indicates that the Pb(II) from the solution
adsorbed onto the surface of the mineral sample [32]. Fur-
thermore, the results show that the color of the mineral sam-
ples gradually deepened from dark-yellow to dark-black
with the addition of Pb(II).

After pretreatment with the S(II)-Pb(II) process, the
hemimorphite samples were conditioned in an SBX solution
(labelled as sample d). The zeta potential of sample d shifted
in the negative direction compared with that of sample c, in-
dicating butyl xanthate anions (BX") adsorbed onto the
hemimorphite surface pre-modified by Na,S and Pb(II).

3.3. Contact-angle measurements

Changes in the contact angle of the mineral surface be-
fore and after treatment with reagents can be used to indi-
rectly show the change in hydrophobicity of the mineral and
to characterize the reagent adsorption mechanism on the
mineral surface [33—34].

As shown in Fig. 4, the contact angle of fresh hemimor-
phite is 22.66°, and the sample exhibits high hydrophilicity
and poor floatability [35-36]. After the hemimorphite sam-
ple was conditioned in SBX solution, its contact angle in-
creased to 53.51° because of slight SBX adsorption. The
contact angle of sample 3 (hemimorphite + Na,S + SBX)
further increased to 64.38°. Sample 4 (hemimorphite + Na,S
+ Pb(Il) + SBX) exhibited the highest contact angle of
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93.60°, with the corresponding highest hydrophobicity and
floatability, which suggests that the surface of sample 4 had
the strongest affinity toward the collector, resulting in this
sample exhibiting the highest adsorption level of SBX
among the investigated samples [37]. This result was most
likely due to the formation of PbS species, which occurs as a
result of Pb(Il) activation on the surface. This phenomenon
is similar to that of natural galena, which has the highest
adsorption capacity of xanthate.

3.4. SEM and EDS analyses

We observed the hemimorphite samples by SEM to ana-
lyze the morphology of fresh hemimorphite (Fig. 5(a)) and
hemimorphite conditioned in an Na,S solution (Fig. 5(b)) or
with the S(II)-Pb(II) process (Fig. 5(c)). The hemimorphite
samples before and after conditioning in an Na,S solution
exhibited a smooth surface (Figs. 5(a) and 5(b)), whereas
the hemimorphite conditioned in an Na,S solution followed
by Pb(II) activation exhibited a rough surface and contained
numerous fine floccules of compounds with a diameter of
approximately 30-50 nm (Fig. 5(c)). The flocculent shape of
the mineral surface might be derived from the crystal struc-
ture of the newly formed compounds.

det | —500 nm —

120
/] Contact angles of minerals

100 -
= sof //
3
ER .
< -
5 60 T 7 7
=
S 40 /% 7.

20 //

0

1 2 3 4
Fig. 4. Comparison of the contact angles of the samples:
1—fresh hemimorphite; 2—He + 2 x 10> M SBX; 3—He + 1 x
1073 M NazS (decantation) +2 x 10> M SBX; 4—He + 1 x 10> M
Na:S (decantation) + 1 x 10 M Pb(II) (decantation) +2 x 10> M
SBX. “He” denotes hemimorphite.

Fig. 6 shows the EDS results of the corresponding min-
eral samples. Sulfur peaks were not observed for the fresh
hemimorphite samples (Fig. 6(a)), consistent with the XRF
results (Table 1). To ensure the accuracy of the results, we
selected two locations representing coarse and fine particles

for analysis of the surface elemental contents of the condi-
tioned samples (b and c).

500 nm —
Nova Nano A

Fig. 5. SEM micrographs of the hemimorphite
samples: (a) fresh hemimorphite; (b) He + 1 x
1073 M Na:S (decantation); (¢) He + 1 x 10 M
NazS (decantation) + 1 x 10 M Pb(II) (decanta-
tion). “He” denotes hemimorphite.
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Fig. 6. EDS spectra collected from the rectangular zones of Fig. 5: (a) point 1 marked in Fig. 5(a); (b-1) point 1 marked in Fig. 5(b); (b-2)
point 2 marked in Fig. S5(b); (c-1) point 1 marked in Fig. 5(c); (c-2) point 2 marked in Fig. 5(c).

For the sulfurized sample, the EDS spectrum shows an S
peak as well as peaks that correspond to hemimorphite (Zn,
O, Si). More sulfur atoms adsorbed onto the fine particles
(area 2 in Fig. 5(b)) than onto the coarse particles (area 1 in
Fig. 5(b)), likely because of the large specific area and the
resulting high activity of the fine particles. Because the cen-
trifugation/decantation and washing procedures eliminated
the interference from the residual sulfur ions in solution, this
observation provides conclusive evidence for the existence
of a sulfide film.

The EDS results of sample ¢ are shown in Fig. 6, which
shows that, in addition to the peaks of Zn, O, and Si corre-
sponding to hemimorphite, the presence of Pb and S peaks
indicates that PbS-like species formed on the surface and
that the fine slime (area 2 in Fig. 5(c)) particles contained
more Pb and S than the coarse slime (area 1 in Fig. 5(c))
particles. The fine floccules of compounds on sample c, as

revealed by the SEM images, are most likely crystalline PbS.

Because the sulfurized hemimorphite was rinsed thoroughly

to remove the remaining S(II) from the solution, all of the
newly formed PbS species at the surface were PbS grains
derived from the interactions of Pb(II) with sulfur atoms
from newly generated ZnS species and were not derived
from precipitation reactions. However, the semi-quantitative
results of S from the surface are not accurate because the
peaks of S overlap with those of Au (a gold coating was
used for SEM-EDS) and the atomic ratio of Pb/S could not
be used to characterize the stoichiometric composition of the
newly generated species [36]. Our results confirmed the
presence of PbS species at the conditioned hemimorphite
surface.

3.5. DRIFTS spectral analysis

To better understand the adsorption mechanism of SBX
by hemimorphite samples before and after conditioning,
DRIFTS was performed. Fig. 7 shows the DRIFTS spectra
of the hemimorphite pretreated with S~ or Pb(II) with and
without SBX.
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Fig. 7. DRIFTS spectra of the hemimorphite samples: (a) fresh
hemimorphite; (b) He + 0.2 M SBX; (¢) He + 1 x 10 M NasS
(decantation); (d) He + 1 x 10> M Na:S (decantation) + 0.2 M
SBX; (e) He + 1 x 10 M Na:S (decantation) + 1 x 10 M Pb(II)
(decantation); and (f) He + 1 x 10 M Na;S (decantation) + 1 x
103 M Pb(II) (decantation) + 0.2 M SBX. “He” denotes hemi-
morphite.

The two broad intense bands located at approximately
1042 and 1142 cm! in the spectra in Fig. 7 are attributed to
the Si—Opp vibration and va(Si—Ow—Si) vibration in hemi-
morphite, respectively [38-39]. Curves a and b in Fig. 7
shows that the infrared spectra of hemimorphite before and
after immersion in 0.2 M SBX without sulfidization are ba-
sically the same and that no absorption peaks attributable to
xanthate species are observed. Curves ¢ and d in Fig. 7
shows the spectra of the presulfurized hemimorphite before
and after interaction with SBX (0.2 M). Because of overlap
between the weak peaks of adsorbed butylxanthate species
and the intense peaks of hemimorphite in the region from
1300 to 900 cm™!, where some characteristic vibrations of
the xanthate functional groups occur [40—41], useful chem-
ical information about the adsorbate is difficult to discern in
this region. Only a new weak band at 1168 cm ! was ob-
served in curve d. Curves e and f in Fig. 7 shows the spectra
of presulfurized hemimorphite with subsequent activation by
Pb(II) before and after interaction with SBX (0.2 M). In this
case, a new weak band is observed at 1174 cm™! in curve f.

The new bands at 1168 and 1174 cm™! are characteristic
of zinc xanthate (Zn(BX),) and lead xanthate (Pb(BX),) co-
ordination complexes, respectively, and can be assigned to
C—O—C asymmetric stretching [42—46]. This result indicates
that the chemisorbed metal xanthate (Me(BX),) coordina-
tion complex was formed on the surface of the sulfurized

hemimorphite. Interestingly, new intense peaks located at
2871, 2933, and 2960 cm ' were observed only for the
hemimorphite sample treated with the S(II)-Pb(II)-SBX
process in curve f. According to previous studies [47-50],
the band at 2871 cm™! is associated with symmetric CH;
stretching vibrations, the band at 2933 cm™! is assigned to
asymmetric CH, stretching, and the band at 2960 cm™' is
due to asymmetric CHj3 stretching. These new intense bands
are associated with molecules containing long alkyl chains
that originated from adsorbed SBX species at the surface,
indicating that the newly formed PbS on the surface of the
sample treated with the S(II)-Pb(Il) process has a much
stronger affinity for xanthate than the corresponding ZnS
species on the surface of the sample treated with S(II),
which improves the flotation of hemimorphite.

3.6. Mechanism

Hemimorphite is a sorosilicate silicate mineral composed
of Si,07 units. As shown in Fig. 8, the crystal structure of
hemimorphite includes zinc atoms coordinated with three
oxygen atoms of an Si;O; group and one oxygen atom of a
hydroxide ion to form a Zn—O tetrahedron. The Si,O7 group
is composed of two Si—O tetrahedra linked by a common
oxygen atom. Both crystal water (a in Fig. 8) and frame wa-
ter (b in Fig. 8) exist in the structures of hemimorphite min-
erals [39,51].

.— Oxygen

Hydrogen:
§ C—silicon

Fig. 8. A 3-dimensional view of the bulk lattice structure of
hemimorphite.

Because the frame water molecules are arranged on the
(110) surface of the hemimorphite crystal, perfect cleavage
occurs along the (110) plane. The Zn—O bonds are broken
along the (110) plane by fracture or cleavage, and the Zn
atom of the Zn—O tetrahedron and the OH™ in the crystal
skeleton are exposed on the (110) cleavage surface, as
shown in Fig. 9 [52].
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Fig. 9. Schematic of the cleavage of hemimorphite along the (110) plane.

According to the theory of chemical reaction kinetics, the
reason for the solid—liquid interface reaction when a solid is
immersed into a liquid arises from the collision of the reac-
tants in the solution with the solid reactants. In a heterogene-
ous reaction, collision and reaction occur after the adsorption
of the reactants onto the solid surface. The solid-liquid reac-
tion process of hemimorphite in aqueous solution can be de-

composed into several processes. First, the water molecules
adsorb onto the cleavage surface of hemimorphite, and a hy-
dration film is formed. The exposed Zn atoms react quickly
with the OH™ ions, forming zinc oxyhydroxide, as suggested
in Fig. 10. Because the hydroxylation products on the surface
are hydrophilic, natural hemimorphite has a strong affinity for
water, with a contact angle of 22.66° (sample 1, Fig. 4) [53].

Fig. 10. Schematic of the hydroxylation of exposed zinc atoms on the (110) surface of hemimorphite (the dotted lines represent the met-

al-hydroxyl coordination bonds).

The flotation results show that hemimorphite can be suc-
cessfully floated using the S(II)-Pb(II)-SBX process. Ac-
cording to the negative shift in the zeta potential after condi-
tioning in an Na,S solution, the S>” or SH™ ions were ad-
sorbed onto the hemimorphite surface. A film of ZnS-like
species was formed on the surface, which was further con-
firmed by the contact-angle and SEM—EDS results. Notably,
the contact-angle and SEM—EDS results did not contradict
the flotation result for sulfurized hemimorphite (point 2, Fig.
2) because residual sulfur ions were present in the flotation
pulp. This new film was similar to natural sphalerite, in-
cluding the very apparent color change from white to canary
yellow. At a pH value of approximately 9, where the highest
flotation recovery was obtained, the sulfidization of hemi-

morphite by Na,S occurred by forming more insoluble ZnS
compounds, as shown in Fig. 11.

HO—Zn S—7
HO—Zn HO—Z
HO—Zn S—7
SH-+ ™ HO+
HO—2 HO—Z2
HO—Zn S—7
HO—Zn HO—Z
HO—Z% S—Z%

Fig. 11. Schematic of sulfurized interactions that may occur at
the hemimorphite surface (at pH 9).
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Sphalerite responds poorly to xanthate collectors com-
pared with other metal sulfide minerals (e.g., galena and
chalcocite), largely because of the good solubility of
Zn—xanthate species [54—58]. In addition, the newly formed
quasi-sphalerite film on the hemimorphite surface was very
thin. As a result, the sulfurized hemimorphite exhibited a
weak affinity for SBX, as demonstrated by the contact-angle
measurement results (Fig. 4) and the DRIFTS results (Fig.
7). Additionally, the residual sulfur ions could strongly de-
press flotation, thus explaining why poor flotation was ob-
served (Fig. 2).

Metal sulfide minerals are well known to be activated by
heavy-metal ions such as Cu(Il) and Pb(II) [S9-60]. In this
study, Pb(I) was chosen as the activator to further improve
the flotation behavior of the sulfurized hemimorphite. With
the subsequent addition of Pb(NOs),, a layer of PbS-like
species was formed on the hemimorphite surface, as
demonstrated by the dramatic color change to bright black,
the good flotation performance (Fig. 2), the contact-angle
measurement results (Fig. 4), and the SEM-EDS results
(Figs. 5 and 6).

The heavy-metal-ion activation process of sulfide miner-
als (equivalent to the newly formed ZnS-like species in this
paper) is widely accepted as occurring via a substitution re-
action. According to this hypothesis, the zinc atoms from the
ZnS-like species newly generated on the hemimorphite sur-
face were replaced by Pb(Il) from the solution. This re-
placement could have resulted from the greater affinity of

‘— Hemimorphite

+Na,S
| ————

,+SBX§

.

T
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lead than zinc ions for sulfide ions. Additionally, the newly
formed ZnS-like species exhibited higher chemical reactivi-
ty than natural sphalerite, which facilitated the substitution
reaction, as shown in Fig. 12.

Fig. 12. Schematic of lead activation interactions that can occur
at the NazS-conditioned hemimorphite surface (at pH 9).

These findings demonstrate that, with the addition of
Pb(Il) ions to the sulfurized hemimorphite pulp, the ad-
sorption of the collector increased as a result of the for-
mation of PbS on the surface of hemimorphite, as shown in
the DRIFTS results (Fig. 7). The formation of Pb(BX),
indicates a strong chemical adsorption of xanthate onto
the active sites of the hemimorphite surface. The increase
in SBX adsorption resulted in a marked improvement in
the final hemimorphite flotation. Thus, we can schemati-
cally represent the processes occurring at the hemimor-
phite—water interface in the S(ITI)-Pb(I[)-SBX process, as
shown in Fig. 13.

ZnS PbS
Temimorphite ~——Hemimorphite
“ + Pb(Il)
i {
~ +SBX 4 +SBX {

Fig. 13. Adsorption of SBX onto an activated or inactivated hemimorphite surface.

4. Conclusions

Our work examined hemimorphite flotation using the
S(II)-Pb(IT)—xanthate process. The surface chemistry in-

volved in this process was investigated in detail via
zeta-potential, contact-angle, SEM-EDS, and DRIFTS
measurements to elucidate the mechanism of the activated
reaction. On the basis of our results and discussion, the
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principal outcomes are summarized as follows.

(1) The S(IT)-Pb(II)—xanthate process, including sulfidi-
zation using sodium sulfide, activation by lead cations, and
subsequent flotation with SBX, can successfully float hem-
imorphite, with a maximum recovery of approximately
90%.

(2) During the sulfidization process, the S or SH™ ions
adsorbed onto hemimorphite surfaces, and a film of
ZnS-like species formed at the mineral surface. The newly
formed ZnS-like film on the hemimorphite surface had a
weak affinity for SBX; therefore, adsorption of SBX at the
mineral surface was poor, as indicated by the DRIFTS ex-
periments.

(3) The addition of lead ions induced a phase conversion
at the sulfurized hemimorphite surface, and PbS coatings
were formed. The newly formed PbS species exhibited a
high adsorption capacity for xanthate, and high levels of
SBX were chemisorbed onto the hemimorphite surface with
the generation of Pb(BX), (representing chemical adsorp-
tion), as determined by DRIFTS analysis. The resultant
Pb(BX), species significantly increased hemimorphite flota-
tion.
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