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1. Introduction

Smithsonite is increasingly recognized as a
valuable resource for zinc extraction, particularly
as sulfide ore reserves diminish. Recent research
has focused on developing innovative technologies
for its recovery [1,2]. However, smithsonite can
appear in various colors, including white, green,
blue, yellow, and pink, influenced by trace
elements such as copper, iron, or manganese [3,4].
Recently, it has attracted attention for its
environmental potential, including its role in zinc
recycling and as a material for carbon capture,
thanks to its ability to absorb carbon dioxide. In the
past, zinc sulfide ores exhibited superior
floatability compared to oxide ores during
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industrial production. However, these resources are
steadily depleted as zinc sulfide ores have been
extensively mined and  utilized [5-9].
Consequently, the effective utilization of zinc oxide
minerals has become a crucial strategy for
supplementing zinc metal supply [10-12]. If the
zinc oxide ore contains minimal carbonate gangue
minerals, the zinc can be leached directly with acid
[13,14]. However, the colloidal siliceous material
produced by silicate minerals complicates filtration
and hinders subsequent zinc extraction. Ammonia
selectively leaches zinc oxide but is ineffective for
dissolving zinc in silicates, resulting in low
leaching rates [15]. These challenges hinder the
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industrial hydrometallurgical processing of zinc
oxide ore.

Currently, due to its relatively low zinc content
compared to higher-grade ores, low-grade
smithsonite is typically recovered using various
flotation methods, including fatty acid flotation,
flocculation flotation,

sulfidization amine flotation, chelating
flotation, cationic/anionic collector flotation, and
sulfidation xanthate flotation. Fatty acid flotation,
which uses anionic collectors such as fatty acids, is
particularly effective for ores containing siliceous
and argillaceous gangue [16-19]. The study
conducted by Liao et al. [20] examined the
effectiveness of a mixed collector system
consisting of dodecyl amine (DDA) and sodium
diethyl dithiocarbamate (DDTC) in enhancing
smithsonite flotation. The mixture improved
flotation efficiency, showing synergistic effects,
increased  hydrophobicity, and  multilayer
adsorption on the smithsonite surface, as verified
through various methods. Sulfidization flotation is
a widely used technique for extracting base metals
from oxide ores, particularly zinc, copper, and lead
[21]. In this process, sodium sulfide nonahydrate
(SSN) is commonly used as the sulfidizing agent.
For smithsonite, sulfidization involves introducing
sulfur or sulfur-containing compounds, such as
hydrogen sulfide (H2S) or sulfur dioxide (SO2), to
convert zinc oxide into zinc sulfide (ZnS), thereby
enhancing surface characteristics and floatability
during flotation [22-25]. Zinc sulfide is more
hydrophobic, which enhances its separation from
gangue minerals during flotation and significantly
reduces collector consumption [26]. Wu et al. [27]
investigated the effect of sulfur ion adsorption on
smithsonite during sulfidization in the extraction of
oxidized zinc. Their findings revealed sulfur
adsorption, alterations in surface charge, and the
development of a ZnS film, with sulfur ions
integrating into the mineral's crystal structure.
Although smithsonite is a semi-soluble mineral that
releases Zn?' in solution, it interacts with OH™ in
alkaline conditions, as given in Equations (1) — (6)
bellow:

Zn?* + 20H™ 5 Zn(OH)y s (1)

The reaction product, Zn(OH):(s), forms a
hydroxylated surface on the smithsonite in the pulp
solution [28]. In the alkaline solution, the
sulfidization process is considered an ion-exchange

between HS-, Sz, COs*, and OH on the
smithsonite surface [27,29,30].
Na,S & 2Na* + S2- 2)
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S2~ +H,0 & HS™ + OH~ 3)
ZnCO, ) + HS™ 5 ZnSs) + HCO™ 4)
ZnCOs ) + S~ 5 ZnS(g) + C0,%~ (5)
Zn(OH), ) +HS™ = ZnS(s) + H,0 + OH~ (6)

Zhang et al. [31,32] studied the effect of Pb ion
pre-modification on smithsonite ~ during
sulfidization-xanthate flotation. They found that Pb
pre-modification improved floatability by forming
Pb carbonates on the mineral surface, which
reacted with sulfur to form Pb-S species. This
enhanced the stability of the sulfide layer and
improved flotation recovery, without significantly
increasing sulfur ion adsorption. Luo et al. [33]
used density functional theory calculations to
investigate the depression effect of Ca ions on the
sulfidization of smithsonite. Their results showed
that Ca ion adsorption significantly reduced the
reactivity of the smithsonite surface. The presence
of Ca ions weakened Ca-S bonds and made the
hydration shell harder to break, inhibiting the
adsorption of HS, thus explaining the Ca ions’
negative effect on smithsonite sulfidization. Jia et
al. [34] found that smithsonite's natural
hydrophilicity = makes  flotation  recovery
challenging. Conditioning with sodium sulfide
alone was ineffective, but combining S(II), Pb(Il),
and xanthate improved flotation, achieving a
95.8% recovery. Analytical techniques revealed
that S(II) treatment formed an amorphous ZnS
layer, while S(II) and Pb(Il) created a cubic PbS
layer, aiding flotation. Another study by Bai et al.
[35] investigated the promotion of smithsonite
sulfidization by adding ammonium chloride
(NH4Cl). Their findings show that NH4+Cl enhances
flotation recovery by ~17%, increases the surface
concentration of zinc sulfide species, and improves
sulfidization via ion-exchange and adsorption of
sulfide and xanthate species, as confirmed by
various experimental analyses. Feng et al. [36]
used lead ions to activate the surface flotation of
smithsonite and reported that the Pb*" pre-
treatment enhanced surface sulfidization, increased
xanthate adsorption, and enhanced hydrophobicity
more than direct sulfidization.

Furthermore, a few studies have explored the
use of STG as an enhancer reagent. For example,
Xiao et al. [37] investigated the enhancement of
galena separation from sphalerite using CaO and
sodium thioglycolate as synergistic enhancers and
found that the process achieved high galena
recovery and low sphalerite recovery. Mechanistic
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studies showed that CaO and sodium thioglycolate
effectively depressed sphalerite flotation. Although
Pb?* has been extensively studied as an activator in
flotation processes, the combination of Pb* and
STG as a co-activation mechanism in sulfidized
smithsonite flotation has not been fully explored.
Previous studies have focused on individual
activators such as Pb* without examining the
synergistic effects of combining Pb>" with STG.
This study, however, introduces a novel co-
activation system in which Pb** and STG work
together to enhance the flotation of smithsonite
more effectively than either Pb** or STG alone. The
combined mechanism, particularly its impact on
sulfide interactions and surface activation, has not
been investigated previously. Thus, this study
offers new insights into flotation chemistry and
advances methods for improving mineral
separation.

This study investigates the functionalization of
the co-activation mechanism on sulfidized
smithsonite using lead nitrate (Pb(NOs)2) and
sodium thioglycolate (STG) to enhance adsorption
performance through various analyses, with DDTC
as the collector. Additionally, the changes in the
surface structure, sulfidization behavior, and
sulfide layer stability of smithsonite before and
after adsorption were analyzed using various
techniques, including flotation experiments, X-ray
photoelectron spectroscopy (XPS), Time-of-Flight
secondary ion mass spectrometry (ToF-SIMS),
electron probe micro-analyzer (EPMA), atomic
force microscopy (AFM), field emission scanning
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electron microscopy-energy dispersive
spectroscopy (FESEM-EDS), Fourier transform
infrared spectroscopy (FT-IR), and adsorption
experiments. These results will pave the way for
understanding the co-activation mechanism of
adsorption systems and their relation to the
sulfidization behavior in smithsonite flotation.

2. Materials and methods
2.1. Materials and reagents

The smithsonite ore sample was sourced from
Yunnan Province, China. The mineral sample was
first crushed to the desired particle size and then
sieved into a specific, homogenized size fraction,
typically 38-74 um, to optimize flotation
conditions.  Analytical-grade = Lead  Nitrate
(Pb(NO:s)2) and Sodium Thioglycolate (STG) were
used as co-activation reagents, each at a
concentration of 3 x 10* mol/L, while sodium
sulfide nonahydrate (SSN, Na,S-9H,O =2 x 1073
mol/L) was employed in the sulfidation steps, and
sodium diethyldithiocarbamate (1 % 10™* mol/L
DDTC) served as the collector. All reagents were
freshly prepared to maintain their stability. The pH
was adjusted using diluted hydrochloric acid (HCI)
to lower the pH or diluted sodium hydroxide
(NaOH) to raise it, depending on the flotation
requirements. Deionized water (DI) with a
resistivity of 18.25 MQ-cm was used in all tests.
The X-ray fluorescence (XRF) results for pure
smithsonite are shown in Table 1.

Table 1. XRF analysis results of pure smithsonite ore.

Element (0] Ca

Mn

Fe Zn Cd Pb

Conc. (%) 4143  0.98

0.16

0.51 53.03 0.56 0.28

2.2. Flotation studies

Flotation experiments were conducted using the
XFGC-II flotation machine from Jilin Exploration
Machinery Plant, Changchun, China. 2 grams of
the smithsonite sample and 36 mL of deionized
water were added to the flotation cell and stirred for
2 minutes. Pb(NO:). and STG solutions were then
added to the pulp, and the mixture was conditioned
for 5 minutes each. As needed, the pH was adjusted
using pH modifiers (dilute NaOH or HCI
solutions). The pulp was treated sequentially with
Na,S and DDTC (collector) for 5 and 2 minutes,
respectively. Methyl Isobutyl Carbinol (MIBC,
approximately 50 mg/L) was added to the pulp and
allowed to react for 1 minute. After 3 minutes of
aeration, the floated product was collected. Both

the floated product and residue were dried and
weighed to determine their respective masses. The
recovery of smithsonite (R) was calculated using
Equation (7) as follows:

_ Q1 (floated product) o
R= Q1(floated product)+Q,(residue) X 100%

Q)
Where are:
R- represents recovery,

Q1 and Q; — denote the masses of the float and
residue products.

Each experiment was performed in triplicate,
and the average flotation recovery was calculated.
The entire process (as shown in Figure 1).
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2 g Smithsonite

1 min XX HCL/NaOH
5 min X Pb(NOs),

5 min X STG

5 min )X Na,S-9H,0
2 min )X DDTC

2 min MIBC

(e
5 min flotation

Floated product Tailing
Figure 1. Flowsheet of flotation experiments.

2.3. FESEM-EDS analysis

FESEM (Nova Nano SEM 450, USA) and EDS
(Oxford X—Max) were used to examine the surface
morphology and elemental composition of the
sulfidized smithsonite before and after co-
activation. The elements analyzed included Cu, O,
C, and S through EDS surface analysis. For sample
preparation, the samples were carefully ground into
a fine powder and sieved to a suitable particle size.
A 2-gram representative sample was placed into a
laboratory glass beaker containing 36 ml of
deionized water at pH 9. The reagents were added
as needed, and the sample was conditioned for 5
minutes before being dried in a vacuum oven. The
treated samples were then placed under vacuum
and coated with platinum before conducting the
FESEM-EDS analysis.

2.4. AFM analysis

Atomic force microscopy (AFM) was used to
characterize changes in the surface properties of
sulfidized smithsonite before and after the
adsorption of Pb(NO:s). and STG solutions as co-
activation reagents. For test preparation, a large
smithsonite block sample was cut into small pieces
and polished to obtain a flat surface. The sample
was then immersed in the reagents for 10 minutes
under each condition and allowed to dry naturally.
AFM imaging was performed using a Bruker
Dimension Icon AFM (Germany) to identify
adsorption sites and analyze surface heterogeneity,
both of which are essential for understanding how
co-activation reagents influence the flotation
process.
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2.5. XPS analysis

XPS analysis was performed using a PHIS000
Versa Probe II instrument (ULVAC-PHI Inc.,
Chigasaki, Kanagawa, Japan). The sample
treatment conditions were identical to those used in
the flotation tests. XPS was then employed to
investigate changes in the chemical state of the
smithsonite surface after treatment with various
reagents. The system is equipped with a
monochromatic Al Ko X-ray source (1486.6 eV)
for full- and narrow-spectrum scanning. The Cls
peak (284.80 eV) was used to calibrate the binding
energy. Data were compiled and processed from
the peak region using MultiPak software.

2.6. ToF-SIMS analysis

ToF-SIMS analysis (Ion-ToF IV, Munster,
Germany) was employed to characterize the
smithsonite sample surfaces under various
conditions. The primary ion beam (25 keV Bis")
operated in static mode with a pulsed beam current
of 1.12 pA. Each sample was analyzed over a 150
pm x 150 um area for spectral acquisition. A 1 keV
O: sputter ion with a current of 227.79 nA was
used, and the sputter area was 500 pm x 500 um.
Before statistical analysis (mean analysis), the
intensities of key secondary ions in the ToF-SIMS
spectra were normalized to the total ion yield. The
analysis was conducted in a vacuum at a pressure
of 107 Pa or lower, with sample -charges
neutralized by an electron flood gun.

2.7. EPMA analysis

The composition of smithsonite was analyzed
using an EPMA-1720 (Shimadzu Co. Ltd., Japan),
with an accelerating voltage of 15 kV and a probe
current of 20 nA. The study focused on examining
surface variations of smithsonite, particularly the
effects of surface enhancement through activation
reagents. For preparation, 0.5 g of pure smithsonite
powder was placed in a laboratory beaker with co-
activation reagents and treated for 10 minutes each,
prior to sulfidization. The samples were then dried
in a vacuum at 25°C. Prior to EPMA measurement,
each sample was coated with carbon. Elements
such as sulfur, carbon, lead, zinc, and oxygen were
analyzed on the surface.

2.8. ICP analysis

The Inductively Coupled Plasma instrument
(7700x, Agilent Technologies, USA) was used to
determine sulfur concentrations in smithsonite
samples following sulfidization and co-activation
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with Pb* and STG. Briefly, approximately 2 g of
smithsonite was added to 36 mL of deionized water
in a 50 mL conical beaker. The mixture was stirred
at 1200 rpm using a magnetic stirrer and
conditioned with the required reagents for specific
durations (2, 4, 5, 6, 8, and 10 minutes). After
treatment, 2 mL of the supernatant was collected,
centrifuged to remove particulates, and diluted for
sulfur concentration measurement via ICP-OES.
Samples were then centrifuged at 4,000 rpm for 30
minutes. Each experiment was performed in
triplicate, and the average value and standard
deviation were reported.

2.9. FT-IR analysis

An infrared spectrometer (Nicolet iS50,
Thermo Fisher Scientific, USA) was used to
identify and characterize the interactions between
the reagents (lead nitrate and sodium thioglycolate)
and the sulfidized smithsonite surface. Smithsonite
samples were ground to a —5 pm size fraction. A 2-
gram sample of smithsonite was mixed with
deionized water in a volumetric flask and stirred.
NaOH and HCI solutions were added to adjust the
pH to around 9. The required reagents were added
to the flotation suspension, each for 10 minutes.
Afterwards, the suspension was filtered and dried
at 45°C in a vacuum oven before FT-IR analysis.
FT-IR spectra were recorded from 400 to 4000
cm L.

3. Results and discussion
3.1. Flotation test results

Figure 2 illustrates the significant influence of
sodium sulfide (Na.S) and DDTC concentrations
on smithsonite floatability. At a fixed DDTC
concentration of 2.5 x 107 mol/L, the recovery of
smithsonite varied as a function of sodium sulfide
nonahydrate (SSN) concentration (as shown Figure
2a). Recovery was low at low Naz2S concentrations
and in the absence of Pb?" and STG, which can be
attributed to insufficient sodium sulfide
concentration to improve smithsonite floatability.
The recovery peaked at 52.34% with 2 x 107 mol/L
Na.S, indicating that an optimal Na.S
concentration effectively sulfidizes the smithsonite
surface, thereby enhancing collector attachment
and improving floatability. However, as Na.S
concentration increased further, recovery steadily
declined, reaching 19.66% at 3.5 x 107 mol/L,
suggesting that excessive Na.S impairs flotation
performance, likely by promoting the formation of
surface species that hinder collector attachment.
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Upon adding Pb?*" and STG before sulfidization,
flotation recovery was significantly higher than
that achieved through direct sulfidization, reaching
a maximum of 89.32% at the same Na.S
concentration. This enhancement is attributed to
the improved activation of the smithsonite surface,
which facilitates better collector attachment and
promotes more effective flotation. However, when
Na:S concentration exceeded the optimal point,
recovery sharply decreased to 35.47%, indicating
that excessive sodium sulfide interferes with
flotation by disrupting surface interactions or
promoting the formation of undesirable
compounds.

Figure 2b illustrates the effect of DDTC
concentration on smithsonite floatability, showing
a  positive correlation between  DDTC
concentration and recovery. In the presence of
Na,S, within the DDTC concentration range of 1 x
10 to 2.5 x 107 mol/L, the highest recovery
reached 65.08%. Beyond this point, further
increases in DDTC concentration did not
significantly improve floatability, suggesting
saturation. When smithsonite was co-activated
with Pb*" and STG prior to Na.S treatment within
the same DDTC concentration range, the
maximum recovery achieved was 93.19%, which
was higher than that obtained through direct
sulfidization. This improvement indicates that the
co-activation system enhances flotation by
promoting the formation of more Pb-S species on
the mineral surface, which supports the co-
activation mechanism of lead nitrate and sodium
thioglycolate. This concentration range is
considered optimal, indicating high collector
efficiency. However, as DDTC concentration
increased, recovery initially increased and then
stabilized, likely due to saturation of the mineral
surface's active sites.

3.2. XPS test results

Figure 3 shows the high-resolution XPS spectra
and elemental atomic concentrations on the
smithsonite surfaces under different conditions.
The energy spectrum of the pure smithsonite
surface reveals characteristic peaks for O, C, and
Zn, with atomic concentrations of 56.07% for O 1s,
17.96% for C 1s, and 25.97% for Zn 2p. The
addition of Na:S introduced a measurable
concentration of S 2p on the surface, while the
concentrations of O 1s, C 1s, and Zn 2p decreased
to 49.98%, 17.91%, and 25.96%, respectively. A
new atomic concentration of S 2p, approximately
6.15%, was detected on the surface, likely from
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Na.S. This increase in sulfur content enhances the
collector’s adsorption reactivity on the smithsonite
surface.

Following co-activation of smithsonite with
Pb** + STG and sulfidization, the intensity of the S
2p peaks further increased, reaching an atomic
concentration of about 7.69% compared to the
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Na,S treatment, indicating the presence of more
sulfide species. Additionally, a new Pb 4d peak was
detected at approximately 6.28%  atomic
concentration. Thus, the Pb?* + STG co-activation
system promotes sulfidization on the smithsonite
surface, creating favorable conditions for enhanced
collector interactions.
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Figure 2. Flotation recovery of sulfidized smithsonite as a function of (a) NazS concentration and (b) DDTC
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Figure 3. XPS survey spectra and atomic concentrations on the smithsonite surfaces.

Figure 4 shows the Zn 2p spectra of pure
smithsonite surfaces subjected to different
treatments. For the smithsonite surface treated with

DI water (as shown in Figure 4a), a pair of
symmetric Zn 2p characteristic peaks (Zn 2p:/> and
Zn 2ps/2), which exhibit identical chemical
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properties, is observed. The binding energies for
Zn 2pi/2 and Zn 2ps/2 are 1045.27 eV and 1022.12
eV, respectively. After treating the smithsonite
with Na,S (as shown Figure 4b), the Zn 2ps/» peak
shifts by —0.17 eV, suggesting a subtle interaction
between the sulfide treatment and the zinc on the
surface, indicating a slight effect on the electronic
environment of the zinc ions. However, when a co-
activation process involving Pb* and STG is
applied prior to sulfidization (as shown in Figure
4c), a more significant shift is observed.
Specifically, the Zn 2ps/> peak shifts from 1021.95
eV to 1021.74 eV, a change of —0.21 eV. This
leftward shift indicates a stronger interaction or
alteration in the electronic structure of the zinc,
likely due to the Pb**/STG co-activation.

Two pairs of characteristic S 2p peaks (S 2ps/2
and S 2pi/2) are fitted to the S 2p spectra of the
smithsonite surface before and after treatment
under different conditions. For smithsonite treated
with DI water (as shown in Figure 4d), no S 2p
peak is detected, indicating that no sulfur-
containing species were formed on the surface
during the treatment. After Na.S sulfidization (as
shown in Figure 4e), the S 2p peak was fitted with
two distinct doublets. The first doublet, with
binding energies of 161.19 and 162.38 eV for the S
2ps/> and S 2pi/2 levels, respectively, separated by
1.18 eV and exhibiting an intensity ratio of 2:1,
corresponds to sulfur in monosulfide form [38].
This indicates the formation of Zn-S surface
components, suggesting that the sulfidization
process successfully facilitated interaction between
sulfur and zinc. The second doublet peaks were
observed at 162.27 ¢V and 163.68 eV, which were
attributed to the formation of polysulfides [39,40].
When smithsonite was co-activated with the
Pb*>*+STG system (as shown in Figure 4f), the S
distribution ratio in polysulfides increased,
suggesting that the co-activation mechanism
enhanced the formation of polysulfides on the
sulfurized smithsonite surface and accelerated
sulfidization reaction. Additionally, the binding
energy shifted slightly to lower values (from
162.27 eV to 162.23 eV and from 161.19 eV to
161.03 eV), corresponding to the S 2ps/> peaks of
the Zn—S and Pb—S components, further indicating
the involvement of both zinc and lead in the
sulfidization process [39,41]. This may be another
factor boosting the floatability of smithsonite after
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the co-activation—sulfidization process by
enhancing its hydrophobicity and increasing its
surface reactivity with the collector.

Figure 5 and Table 2 show the XPS spectra of O
Is on the smithsonite surface before and after
treatment with various reagents. The peaks at
531.62 eV and 532.87 eV correspond to COs> and
—OH groups, respectively [42—44]. For smithsonite
treated with DI water, the relative amounts of COs?
and —OH were 86.19% and 13.81% (as shown in
Figure 5a). After Na,S treatment, these values
shifted to 88.95% and 11.05% (as shown in Figure
5b). This indicates that SSN treatment increases the
proportion of COs* while slightly reducing the
number of —OH groups, suggesting modifications
in surface chemistry and a potential change in the
mineral's reactivity. When co-activated with Pb* +
STG prior to sulfidization (as shown in Figure 5c),
the percentages of COs* and —OH were 87.56%
and 12.44%. Compared to NaS treatment, the
changes in CO:* and —OH contents were minimal,
indicating that co-activation with Pb** + STG +
Na,S had little impact on the O species on the
smithsonite.

The Pb 4d spectra, both before and after co-
activation with Pb?*, STG, and sulfidization, were
analyzed to study the effect of the co-activation
system on the smithsonite surfaces. The spectrum
of the pure smithsonite surface (as shown in Figure
5d) shows no distinct Pb 4d peak, confirming the
sample’s high purity. After adding SSN (as shown
in Figure 5e), no significant Pb 4d peak was
detected, indicating that sodium sulfide does not
contain Pb in its chemical structure. Following
treatment with the Pb?>" + STG + Na,S system, two
pairs of peaks appeared in the smithsonite
spectrum, attributed to the —Pb-S and —Pb-O
components [45,46].

The peak at 411.19 eV corresponds to Pb in the
—Pb-S species, while the peak at 413.79 eV is
attributed to Pb in the Pb—O species (as shown in
Figure 5f). The proportions of —Pb—S and —-Pb—O in
the total Pb component were 41% and 59%,
respectively. These ratios reflect the dominance of
each bonding type, suggesting the formation of
new Pb-containing surface components. Compared
with SSN treatment alone, these findings confirm
the formation of PbS, thereby increasing the
number of active surface sites available for
interaction with the collector.
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Figure 5. O 1s and Pb4d XPS spectra of pure smithsonite treated with (a) Water, (b) Na:S, and (c) Pb**+ STG +

Na:S.
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Table 2. O1s species contents of (a) Water, (b) Na:S,

and (c) Pb>"+ STG + NasS.
Sample Species Species distribution (%)
e
D —
2-
i ——

3.3. FESEM-EDS test results

FESEM characterization was conducted to
investigate the sulfidization process behavior of Na-S
on smithsonite samples before and after co-activating
the surface with the Pb** and STG system, as shown
in (as shown in Figure 6). For the pure smithsonite
sample treated with DI water at 50,000X
magnification, the FESEM images revealed a smooth
and clean surface that can be clearly observed in the
mapping [45], as shown in Figure 6a, indicating the
surface purity of the smithsonite sample, along with
elemental surface morphology maps of Zn, O, C, and
Ca. No sulfur was detected under these conditions.
Following the addition of Na,S in the smithsonite
flotation test (as shown in Figure 6b), the overall
shape of the smithsonite surface changed relatively
little, with small aggregate films observed that may
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contain Zn-S species formed on the surface. In this
test, under the same magnification, the color of the
elemental morphology maps (Zn, O, C) also showed
slight changes to darker colors, with a newly detected
S element map on the surface, suggesting that the
sulfidization process occurred, leading to the
formation of sulfur-containing species on the surface
compared to the DI water treatment [21].

After co-activating smithsonite with the Pb** and
STG system prior to sulfidization (as shown in Figure
6¢), the FESEM image at 50,000X magnification
showed that the surface was fully covered with
aggregate films, forming dense, cloud-like layers.
These layers likely contain Zn-S and Pb-S species,
indicating that the co-activation process promotes the
formation of sulfur-rich compounds, enhancing
surface reactivity and modification. Elemental
mapping of Zn, O, Pb, and S confirmed that the
surface was nearly entirely covered by these cloud-
like layers, correlating with increased sulfur content
and improved hydrophobicity. Compared to the Na,S
system, the Pb*+STG flotation system forms denser,
cloud-like layers of PbS and ZnS on the smithsonite
surface, further enhancing interaction between the
mineral and the DDTC collector, thereby promoting
smithsonite flotation. These findings are consistent
with the ToF-SIMS analysis results.

%
Figure 6. Surface morphologies of pure smithsonite treated with (a) Water, (b) Na:S, and (c) Pb**+ STG + Na:S.
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To further investigate the sulfidization process
and co-activated sulfidization with Pb* and STG
on the smithsonite samples, EDS scanning analysis
was performed (as shown in Figure 7). For
smithsonite treated with only DI water (as shown
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in Figure 7a), the elemental contents of Zn, O, C,
and Ca were 50.4%, 36.1%, 12.8%, and 0.7%,
respectively, confirming that no reagents were
added under these conditions.

- Pure Smithsonite
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Figure 7. EDS spectra of pure smithsonite treated with (a) Water, (b) Na:S, and (c) Pb**+ STG + Na:S.

After Na.S treatment,

semi-quantitative

analysis revealed a new sulfur (S) peak at 0.3%,
indicating that sulfidization occurred on the

smithsonite surface, likely forming

sulfur-

containing compounds such as Zn-S [47]. The
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peaks for Zn, O, and C were detected at 48.8%,
36.2%, and 14.7%, respectively (as shown in
Figure 7b). Compared to the DI water treatment,
the Zn content decreased by 1.6%, while the C
content increased by 1.9%. These changes reflect
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the chemical interactions between the surface and
Na:S, influencing the elemental composition of the
treated surface.

In contrast, after co-activation of smithsonite
with Pb** and STG prior to sulfidization (as shown
in Figure 7c), the elemental contents of S, O, and C
increased to 1.38%, 34.5%, and 15.6%,
respectively. Additionally, a new Pb peak was
detected in the EDS analysis at 4.52%. These
results demonstrate that effective sulfidization
occurred after co-activation, leading to the
formation of more active sites, such as Pb-S and
Zn-S compounds, compared to direct sulfidization.
The apparent zinc content on the surface decreased
by 4.8% compared to direct sulfidization and by
6.4% compared to DI water treatment, indicating
that the decrease in Zn percentage is due to the
formation of Zn-S and Pb-S compounds, which
reduce zinc availability on the surface.

3.4. AFM test results

At pH 9, high-resolution two-dimensional (2D)
and three-dimensional (3D) topographic images of
(a) pure smithsonite, (b) sulfidized smithsonite, and
(c¢) smithsonite treated with Pb?>" and STG before
Na,S treatment were captured using atomic force
microscopy (AFM). As shown in Figure 8 and
Table 3, AFM analysis typically uses the maximum
height roughness (Rmax), average surface
roughness (Ra), and root-mean-square roughness
(Rq) to characterize surface roughness [48,49]. The
initial smithsonite surface appeared flat and
smooth, with grooves visible across the surface (as
shown in Figure 8a). This smoothness suggests the
sample is ideal for demonstrating smithsonite's
surface sulfidization strength. The low maximum
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roughness (Rmax = 22 nm), along with the average
surface roughness (Ra = 14.2 nm) and root-mean-
square roughness (Rq = 17.1 nm), indicates a
relatively even surface with minimal elevation
variations, despite the presence of grooves. For the
smithsonite surfaces treated with SSN (as shown in
Figure 8b), the surface roughness parameters,
including Rmax = 267 nm, Ra = 28.1 nm, and Rq
= 35 nm, increased notably compared to those of
pure smithsonite, suggesting that sulfidization
occurred but was incomplete under these
conditions [50].

After treatment with Pb?", STG, and Na,S (as
shown in Figure 8c), the surface roughness further
increased, with Rmax = 346 nm, Ra =32.5 nm, and
Rq = 41.5 nm, all higher than those observed in
direct sulfidization. This change indicates a
significant alteration in surface texture, suggesting
that the treatment had a noticeable impact on the
surface morphology, resulting in more pronounced
surface features. At this stage, the smithsonite
surface has reached its maximum sulfidization
saturation, making further sulfidization more
difficult [51], which indicates that the treatment has
optimized the sulfidization process. Unlike
conventional sulfidization flotation, smithsonite
treated with co-activation shows a substantial
increase in surface Rmax (ARmax = +79 nm),
suggesting that a more stable surface layer may
contain compounds such as lead sulfide (PbS) and
zinc sulfide (ZnS). This suggests that co-activation
results in a more consistent and uniform surface
modification than traditional sulfidization
methods, facilitating the subsequent reaction of
smithsonite with the collectors.

Table 3. Surface roughness of smithsonite treatment under various conditions.

Roughness Water treatment Na,S treatment Pb?"+ STG + Na;S treatment
Rmax (nm) 22 267 346
Ra (nm) 14.2 28.1 32.5
Rq (nm) 17.1 35 41.8

3.5. ToF-SIMS test results

The ToF-SIMS analysis was employed to
characterize the adsorption characteristics of
various reagents on smithsonite surfaces (as shown
in Figure 9). For smithsonite treated with DI water
at pH 9 (as shown in Figure 9a), the signal
intensities of Zn*, Pb*, S7, and COs™ ions were
4.219e+005, 1.411e+004, 1.085e+005, and
3.200e+005, respectively. This result suggests that
the low signal intensities reflect an absence of
reagent interaction or adsorption on the smithsonite
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surface. In contrast, after Na,S sulfidization of
smithsonite, the signal intensities of Pb*, S-, and
COs™ ions slightly increased, with values of
2.571e+004, 2.981e+005, and 5.022e+005,
respectively, compared to previous analyses. This
result suggests that the smithsonite surface
absorbed only a limited amount of Na,S (as shown
in Figure 9b), where a noticeable increase in sulfur
intensity is observed following the SSN treatment
at pH 9. Additionally, the intensity of Zn* ions
decreased to 3.342e+005 compared to pure
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smithsonite, indicating that some of the zinc on the
surface may have been displaced or altered during
the treatment process.

Following co-activation with Pb* and STG
before sulfidization (as shown in Figure 9c¢), this
condition indicates that these reagents effectively
react with the active sites on the smithsonite
surface, thereby enhancing its reactivity. Moreover,
the signal intensities of Pb™ and S~ significantly
increased to 7.590e+004 and 6.821e+005,
respectively. In contrast, the intensities of COs~ and
Zn* gradually decreased to 2.940e+005 and
2.519¢+005 compared to the smithsonite treated
only with Na.S. This change indirectly confirms
the significant adsorption of Pb* and STG on
smithsonite surfaces, supporting their absorption in
the co-activation system. The results indicate that
the activity and quantity of sulfidized components
on the mineral surface increased, in accordance
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with the XPS results [52,53], thereby enhancing the
interaction between the DDTC collector and the
smithsonite surface.

Figure 10 shows the normalized peak intensities
of Zn*, Pb*, S-, and COs on the surfaces of
smithsonite before and after co-activation with Pb*
and STG prior to sulfidization. The results indicate
that co-activation with Pb** and STG reduces the
normalized peak intensity of COs;~ on the
smithsonite  surface compared to  direct
sulfidization, with a more pronounced change. In
contrast, the normalized peak intensities of Pb* and
S™ are significantly higher after Pb** and STG
treatment than after Na>S treatment alone. These
findings suggest that the adsorption of sulfur
species on the sulfidized surface is linked to the
activity of sulfidization products on the smithsonite
surface, which is higher after co-activation than
before.

49.7 nm

-59.8 nm

()

103.2 nm

-133.4 nm

©

Height Sensor 1.0 um

133.2 nm

-179.9 nm

Figure 8. AFM surface morphology of smithsonite surface treated with (a) Water, (b) NazS, and (c) Pb**+ STG +

Na:S.
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Figure 9. 2D distribution of ions on the smithsonite surface under the conditions of (a) Water, (b) Na:S, and (c)
Pb**+ STG + Na:S.

3.6. EPMA test results

EPMA measurements were used to characterize
the elemental distribution on the smithsonite
surface after treatment under various conditions (as
shown in Figure 11). The normalized mass of O,
Zn, Pb, and S (as shown in Figure 12). For the
water-treated smithsonite (as shown in Figure 11a),
EPMA analysis revealed approximately 44.36 wt%
0, 52.87 wt% Zn, and 0.26 wt% Pb, with no sulfur
content detected on the surface, confirming the
sample's relative purity (Figure 11al, a2, a3, a4).
After treatment with Na,S (as shown in Figure
11b), the results showed a slight decrease in
elemental content compared to the water-treated
smithsonite, with 43.08 wt% O, 51.92 wt% Zn, and
0.23 wt% Pb (as shown in Figure 11bl, b2, b3).
This decrease is likely due to the formation of
sulfur compounds (e.g., ZnS) and -elemental
redistribution during Na,S treatment. Sulfur (S)
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was detected on the surface at 0.86 wt% (as shown
in Figure 11 b4), confirming the incorporation of
sulfur and the formation of sulfur-containing
compounds.

After smithsonite was co-activated with Pb*
and STG prior to NaxS treatment (as shown in
Figure 11c), elemental content decreased to 41.39
wt% O and 49.35 wt% Zn (as shown in Figure
11cl, ¢2). Compared to the direct sulfidization of
smithsonite, Pb increased by 6.67 wt% and sulfur
by 1.59 wt%, indicating the formation of
hydrophobic Pb-S and Zn-S films (as shown in
Figure 11c3, c4). Accordingly, it was concluded
that smithsonite was successfully activated and
modified by Pb* and STG, thereby altering its
surface chemistry and enhancing its reactivity and
floatability. These findings suggest that the lead
and sulfur compounds on the smithsonite surface
form stable hydrophobic layers, improving the
mineral's flotation properties and recovery.
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Figure 11. EPMA elemental maps of pure smithsonite treated with (a) Water, (b) NazS, and (c) Pb**+ STG +

Na:S.
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3.7. ICP test results

Figure 13 shows the residual sulfur
concentration in solution as a function of
sulfidization time, both with and without the
presence of Pb?" and STG. When NaxS was added
to smithsonite, the sulfur concentration decreased
from 27.38 mg/L to 8.60 mg/L after 10 minutes,
indicating that only about 51.08% of the sulfur was
initially attached to the smithsonite surface. This
concentration increases over time, corresponding
to a reduction in the residual sulfur concentration
in the solution. This phenomenon, observed during
sulfidization flotation of zinc and copper oxides, is
attributed to the unstable adhesion of the formed
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Figure 12. Normalized mass of pure smithsonite
treated under various flotation conditions.

3.8. FT-IR test results

Fourier-transform infrared spectroscopy (FTIR)
is an effective tool for analyzing the adsorption
behavior of mineral surfaces [56]. To evaluate the
impact of Pb* + STG co-activation and
sulfidization on DDTC adsorption, FTIR analysis
was performed on smithsonite samples under
various conditions at pH 9. Figure 14 presents the
FT-IR spectra of DDTC and smithsonite treated
with different reagents. In the DDTC spectrum,
peaks at 2975 cm™ and 2924 cm™ correspond to
the symmetric C—H stretching vibrations of the
methyl and methylene groups [57]. The peak at
1617 cm™ is associated with the bending vibration
of O—H in crystallized water [58]. The peak at 1406
cm! corresponds to the C—N vibration in the N—
C=S group [59], and the range from 1257 to 1055
cm ™ is linked to C=S vibrations within the DDTC
structure [60]. Peaks between 910 cm™ and 830
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products to the mineral surface [54,55]. After
adding Pb** and STG before NaxS, the sulfur
concentration decreased from 9.57 mg/L to 3.42
mg/L after 6 minutes, with 71.49% of the sulfur
mass adsorbed onto the smithsonite surface.
Compared to direct sulfidization, co-activation
increased sulfidization efficiency by 20%, as
evidenced by lower sulfur residual concentrations
in solution. These results are consistent with
FESEM-EDS analysis, which shows increased
sulfidized products on the smithsonite surface in
the presence of Pb*" and STG. After 8 minutes, the
residual sulfur concentration began to rise,
correlating with the detachment of sulfidized
products from the surface.
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Figure 13. Sulfur concentration in solution as a
function of sulfidization time in the presence or
absence of Pb** and STG.

cm™' represent C—S vibrations [61]. In the FT-IR
spectrum of smithsonite, the peak at 1400 cm™ is
attributed to the stretching vibration of —OH and
the Vas (COs*") group. The peaks at 868 cm™ and
738 cm™! correspond to the out-of-plane and in-
plane bending vibrations of the COs*" group in
smithsonite [62—-64]. After treatment with Na.S-
DDTC, the FT-IR spectrum displays characteristic
C=S stretching vibrations from DDTC, along with
C-O stretching at 1125 cm™, O—H stretching at
2487 cm™, and symmetric C—H stretching at 2921
cm™' and 2845 cm'. Compared to pure
smithsonite, the FT-IR spectrum of Na,S-DDTC-
treated smithsonite shows C=S stretching
vibrations from DDTC, confirming its adsorption
on the surface. However, there is minimal
improvement in the mineral's hydrophobicity [65].
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Figure 14. FT-IR spectra of smithsonite samples
treated with different reagents.

After treatment with the Pb*>" + STG + Na,S co-
activation system, the intensity of the DDTC peaks
in the FTIR spectra of smithsonite increased
significantly. The highest intensity was observed
with the Pb* + STG co-activation system,

Journal of Mining & Environment, Vol. 18, No. 4, 2026

particularly when compared to Na,S-DDTC-
treated smithsonite. The peak at 1263 cm™
corresponds to C=S stretching vibrations,
indicative of the presence of DDTC. The intensity
observed at this peak was higher than that seen in
the Na;S-DDTC treatment (1125 cm™). These
results demonstrate that co-activation with Pb** +
STG before adding NaS enhances DDTC
adsorption on the smithsonite surface, resulting in
greater surface hydrophobicity than direct
sulfidization. Additionally, the C-H stretching
vibration peaks of CHz and CHs at 2949 cm™ and
2925 cm™, respectively, were enhanced,
suggesting stronger chemisorption of xanthate
species on the smithsonite surface in the Pb*" +
STG + Na,S + DDTC system. This indicates a
significant increase in smithsonite's surface
activity, resulting in enhanced hydrophobicity
across the entire surface. Based on the results and
discussions mentioned above, the adsorption model
for Pb** and STG on the smithsonite surface (as
shown in Figure 15).

Figure 15. Adsorption model of Pb** and STG on the smithsonite surface.
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4. Conclusions

This study investigated the effects of the co-
activation mechanism of lead nitrate and sodium
thioglycolate on the sulfidization-DDTC flotation
system for smithsonite, focusing on the induced
enhancement of sulfidization. The key findings are
summarized as follows:

a) The XPS analysis showed that Pb** + STG co-
activation enhances smithsonite sulfidization,
promoting the formation of PbS and ZnS on the
surface. FTIR analysis confirms that this co-
activation enhances DDTC adsorption via C=S
vibrations, increasing the number of active sites
that interact with the collector.

The FESEM-EDS and AFM imaging at pH 9
confirmed that co-activating smithsonite with
Pb** and STG before sulfidization enhances
surface reactivity by forming dense Zn-S and
Pb-S layers, increasing sulfur content,
improving hydrophobicity, and strengthening
DDTC interaction to promote flotation.

b)

c) ToF-SIMS analysis indicated that the co-
activation system significantly enhances reagent
adsorption on smithsonite surfaces, showing
increased Pb* and S~ signal intensities compared
to conventional sulfidization. The co-activation
mechanism before sulfidization showed that Zn
and Pb active sites were most abundant at
concentrations of 2 X 107 mol/L Na,S, 3 x 10
mol/L lead nitrate, and 3 X 10 * mol/L sodium
thioglycolate, emphasizing their critical role.
Without the co-activation mechanism, the
recovery was significantly lower. The results
confirmed an improvement in smithsonite
recovery.

d) Flotation results analysis showed that the
presence of lead nitrate and sodium
thioglycolate, as a co-activation mechanism,
significantly affected smithsonite floatability,
achieving maximum recoveries of 89.32% and
93.19%, respectively, compared to direct
sulfidization. Optimal reagent concentrations
enhanced collector attachment, with DDTC

having a stronger effect.

The combination of Pb* and STG in the co-
activation system reduces reliance on NaS in
industrial flotation, lowering both chemical and
operational costs. This study suggests that STG
may offer a more sustainable alternative, though
further research is needed to evaluate its
environmental impact fully.
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