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The separation of sphalerite (ZnS) and galena (PbS) is challenging owing to activation of the sphalerite
surface by unavoidable metal ions, such as lead ions (Pb?*) released from lead-containing minerals. In this
study, oxalic acid (OA) was applied for the first time as an environmentally friendly reagent to deactivate
the sphalerite surface in lead-zinc (Pb-Zn) flotation separation. Micro-flotation experiments showed that
OA, at a concentration of 0.56 mM, significantly reduced sphalerite recovery. Single-mineral flotation
tests demonstrated that sphalerite recovery decreased to 20 %, while galena recovery remained at

I;;{IZZ:?; activation 58.7 % after OA treatment. Further flotation tests on an artificial mixture of sphalerite and galena con-
Galena firmed effective separation with OA treatment under mildly alkaline conditions, achieving recoveries
Pb-Zn selective flotation of 83 % for galena and 17 % for sphalerite. Infrared spectroscopy and X-ray photoelectron spectroscopy
Oxalic acid analyses showed that OA removes Pb?* ions from the surface of sphalerite by forming lead oxalate (Pb

(IN-0x) precipitates, which detach from the sphalerite surface, effectively cleaning it. This detachment
prevents the adsorption of potassium amyl xanthate (PAX) by forming a dispersed lead oxalate-amyl xan-
thate (PbOx-AX) complex, which exposes the hydrophilic sphalerite surface and leads to its depression. In

contrast, this interaction had a minimal impact on the floatability of galena.
© 2025 The Society of Powder Technology Japan. Published by Elsevier BV and The Society of Powder
Technology Japan. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

1. Introduction

Sulfide minerals are among the most varied and abundant types
of minerals. They exhibit a broad range of physical, chemical, and
structural properties and are considered a rich source of important
metals such as copper (Cu), lead (Pb), and zinc (Zn) [1,2]. Sphalerite
(ZnS) and galena (PbS) are the primary sources for Zn and Pb
extraction. They often coexist in sulfide ores and are typically sep-
arated by selective flotation, with galena being recovered first, fol-
lowed by sphalerite [3-6]. Generally, galena exhibits excellent
natural floatability due to its crystal structure [7]. Thiol collectors,
such as xanthates, are commonly applied in the flotation of sulfide
minerals, and they have a high affinity to adsorb on the galena sur-
face [8-10]. In contrast, sphalerite has low reactivity with most
thiol collectors due to the high solubility of zinc xanthate [11,12].
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However, in lead-zinc (Pb-Zn) sulfide ores, sphalerite recovery
increases along with galena, making Pb-Zn separation more chal-
lenging [13]. This is due to sphalerite activation by lead species,
which occurs during multiple stages, including mining, grinding
[4], and the recycling of plant water [11]. It has been reported that
sphalerite activation mainly results from the natural dissolution of
associated Pb minerals, such as galena and anglesite (PbSQy),
which release lead ions (Pb?*). These Pb?* ions activate sphalerite
through an ion exchange mechanism, replacing zinc ions (Zn?")
with Pb2* ions [4]. This process leads to the formation of lead sul-
fide (PbS) precipitates on the sphalerite surface, increasing its
hydrophobicity and significantly affecting Pb-Zn separation effi-
ciency, ultimately reducing the mineral concentrate grade
[11,14]. Therefore, to achieve efficient Pb-Zn separation, it is neces-
sary to use selective reagents to inhibit Pb-activated sphalerite
flotation without affecting galena.

Several studies have been conducted on sphalerite deactivation
by applying different reagents, known as depressants, to separate
sphalerite from galena through flotation [3,13,14]. Inorganic
depressants are widely used in industrial Pb-Zn flotation processes

0921-8831/© 2025 The Society of Powder Technology Japan. Published by Elsevier BV and The Society of Powder Technology Japan.
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for sphalerite depression. For example, cyanide deactivates the
sphalerite surface by reacting with activator species, such as cop-
per ions (Cu®*), to form metal cyanide complexes [15]. El-Shall
et al. [16] investigated the deactivation mechanism of zinc sulfate
in sphalerite depression and suggested that Pb®* ions on the sur-
face of activated sphalerite are replaced by Zn?* ions. Other inor-
ganic depressants, such as potassium dichromate (K,Cr,0;) and
sulfur oxides—including sulfur dioxide (SO;), sodium sulfite (Na,-
S0Os3), and sodium bisulfite (NaHSOs3)— have also been studied
[17]. However, these inorganic depressants have several draw-
backs, including low selectivity, the requirement for high alkaline
conditions, high toxicity, high dosage, and poor biodegradability,
which make their disposal challenging and environmentally haz-
ardous [18]. Consequently, the application of inorganic depressants
in flotation is restricted.

To maintain sustainable mineral processing and reduce envi-
ronmental pollution, organic depressants have gained increasing
attention in recent years due to their sustainability, abundant
resources. Currently, the organic depressants used in Pb-Zn flota-
tion are mainly organic polymers rich in functional groups, such
as carboxyl (-COOH), hydroxyl (-OH), and benzene rings [19].
Examples include pectin [17], guar gum [20], pullulan [21], chi-
tosan [22], and dextrin [23]. The mechanism of these organic
depressants involves the selective binding of functional groups to
the sphalerite surface, forming a hydrophilic layer that prevents
potassium amyl xanthate (PAX) adsorption while having minimal
impact on galena [17,20-23]. Although organic polymers show
potential for selectively inhibiting sphalerite in Pb-Zn flotation,
they are poorly soluble and challenging to implement on an indus-
trial scale [18]. In addition, these studies did not investigate how
these organic depressants interact preferentially with Pb-
activated sphalerite, as their inhibition mechanisms primarily
focused on a non-activated sphalerite surface.

There have been few published reports on the selective depres-
sion of activated sphalerite using environmentally friendly
reagents. For example, dextrin deactivates sphalerite by selectively
reacting with metal hydroxide species on the sphalerite surface to
form metal complexes, thereby reducing its floatability by limiting
xanthate collector adsorption [24]. Polyphosphate (PP) has been
shown to deactivate the sphalerite surface by removing lead spe-
cies through a surface-cleaning mechanism, in which PP forms sol-
uble complexes, leading to decreased sphalerite recovery [25].
Aikawa et al. [14] studied the effect of ethylenediaminetetraacetic
acid (EDTA) as a pretreatment agent for surface cleaning, which
removes lead-soluble compounds, such as anglesite, in combina-
tion with zinc sulfate (ZnSO,4) to depress lead-activated sphalerite.

Given the scarcity of research in this area, there is a clear need
to explore more environmentally friendly depressants. Oxalic acid
(OA), a naturally occurring dicarboxylic acid, is classified as a low
molecular weight organic acid (LMWOA) and is commercially
available in dihydrate form [26,27]. OA can be sustainably synthe-
sized from renewable sources through the fermentation of cheap
carbon sources, such as agricultural waste and microorganisms. It
is readily biodegradable and is not considered a significant envi-
ronmental pollutant [28]. In aqueous solutions, OA exists in multi-
ple oxalate ion species (H,C,04, H,C,03, and C,0%") depending on
the pH of the system [29]. Moreover, oxalate ions exhibit a strong
ability to bind metal cations through chelation [30], making them
useful in various metal recovery and hydrometallurgical applica-
tions, including the extraction of metals from ores [31,32],
lithium-ion battery recycling [33,34], spent catalyst recovery
[35], and the treatment of industrial waste streams [36-39].

In the froth flotation process, OA is used as an environmentally
friendly depressant for the separation of silicate minerals, such as
olivine and titanaugite. It interacts with metal cations on mineral
surfaces, inhibiting collector adsorption [29]. In contrast, OA acts
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as an activator in pyrite flotation, reacting with hydrophilic species
on the mineral surface to promote flotation recovery [40,41].
Suyantara et al. [42] investigated the role of OA in pyrite-chalcopy-
rite separation and found that OA inhibited copper activation of
pyrite by forming copper oxalate, which prevented PAX adsorption.
However, in the Pb-Zn flotation system, the use of OA as a depres-
sant has not been previously reported.

In this study, OA was selected due to its unique properties and
previous applications in flotation systems, particularly its ability to
form oxalate-metal complexes. Oxalate (C,0%") ions are known to
form complexes with lead (Pb?*) in alkaline system [43], suggest-
ing their potential application in Pb-Zn separation. Therefore, this
study investigates the effectiveness of OA as a novel, environmen-
tally friendly depressant for preventing Pb-activated sphalerite
flotation. Furthermore, the selective separation of Pb-activated
sphalerite from galena using OA is evaluated. The flotation perfor-
mance of Pb-activated sphalerite and galena is assessed using both
pure and mixed minerals. Additionally, the effect of OA on the sur-
face properties of Pb-activated sphalerite and galena is analyzed
using Fourier transform infrared spectroscopy (FTIR) and X-ray
photoelectron spectroscopy (XPS).

2. Materials and Methods
2.1. Materials

Sphalerite (Akita Prefecture, Japan) and galena (Yamagata Pre-
fecture, Japan) were purchased from Komuro Minerals (Tokyo).
The X-ray diffraction (XRD) patterns of both minerals are shown
in Fig. 1. Chemical analysis by X-ray fluorescence (XRF) indicated
that sphalerite consists of 66.3 % Zn, 30.1 % S, and 1.3 % Fe, and
galena consists of 80.7 % Pb and 12.1 % S. After being crushed with
an agate mortar and pestle, samples with particle sizes below
106 pm were used for micro-flotation experiments. The particle
size of the samples for surface analysis using FTIR and XPS was less
than 38 pm. Analytical-grade oxalic acid ((COOH),; OA), lead
nitrate (Pb(NO3),) potassium amyl xanthate (CH3(CH,)40CS,K;
PAX), sodium hydroxide (NaOH), hydrochloric acid (HCl), and
methyl pentanol (CgH;30H; MIBC) were purchased from Fujifilm
Wako Pure Chemical Corporation (Tokyo, Japan).

2.2. Micro-flotation experiments

Micro-flotation experiments were conducted to study the floata-
bility of both pure and mixed sphalerite and galena under various
treatment conditions. In the single flotation tests, 0.6 g of pure min-
eral samples were dispersed in 180 mL of ultrapure water using a
magnetic stirrer, resulting in a pulp density of 0.33 %. The mineral
suspension was subsequently treated with Pb(NO3), (0.12 mM) to
simulate the Pb-activation of sphalerite. After this treatment, vari-
ous concentrations of OA (0-0.56 mM) were added to evaluate its
effect on sphalerite flotation. PAX (30 g/t) was then introduced as
a collector, followed by the addition of MIBC (0.22 uM) as a frothing
agent. The treatment time for each reagent is shown in Fig. 2. The pH
of the suspension was adjusted to the desired range (6-11) using
NaOH and HCI. Micro-flotation tests were performed using a modi-
fied Partridge-Smith column flotation setup [44].

Mixed sphalerite-galena flotation separation tests were con-
ducted to verify the selective separation performance of oxalic
acid. A suspension of mixed minerals was prepared by mixing
0.3 g of sphalerite and 0.3 g of galena in 180 mL of ultrapure water
(1:1 mass ratio), resulting in a final pulp density of 0.33 %. The
mixed flotation treatments followed the same procedure as the
single mineral flotation, with an additional evaluation of PAX
concentrations at 30 g/t and 120 g/t. The procedural schematic
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Fig. 1. X-ray diffraction patterns of (A) sphalerite and (B) galena.

Flotation tests

Pure or mixed mineral suspension
pulp density 0.33%

pH adjustmett: pH (6-11)
1 min
|
Activator: lead nitrate (Pb(NO3)2
(0.12 ml\l/I) 3 min

Oxalic acid (OA) treatment
(0-0.56mM) 5 min

Collector: potassium amyl xanthate (PAX)
(30-120 g/t) 3 min

Frother: methyl pentanol (MIBC)

(0.22 mM) 1 min

Tailing Float

Flotation tests
6 min

Surface spectroscopy analysis

Pure mineral suspension
0.1 g in 30 mL ultrapure water at pH 9

Activator: lead nitrate (Pb(NO3)2
(0.2 mM) 3 min
|
Oxalic acid (OA) treatment
(5 mM) 3 min

Collector: potassium amyl xanthate treatment
(PAX)
(5mM) 10 min

!

Infrared and X-ray photoelectron spectroscopy

Fig. 2. Schematic process for mineral treatments in flotation tests and surface spectroscopy analysis.

for column flotation has been previously reported [45-47]. Nitro-
gen gas was introduced at a flow rate of 20 mL/min. The froth
was collected over 6 min, after which the tailing and froth fractions
were filtered and dried in an oven (WFO-520, Eyela, Tokyo, Japan)
at 60 °C for 24 h. Flotation recovery of each mineral was calculated
using Equation (1) [45,48]:

Recovery (%) = C—f—T x 100 % (1)

in which C is the mass of the concentrate and T is the mass of the
tailings. The flotation recovery was determined by dividing the
mass of the concentrate (C) by the total mass of both the concen-
trate and tailings (C + T). Each experiment was conducted in dupli-
cate, and the average recovery is reported in this study.To assess the
efficiency of Pb-Zn separation, Equation (2) was used [45]:

Separation efficiency (%) = Pbrecovery (%)
— Znrecovery (%) (2)

2.3. Surface spectroscopy analysis

To further study the effect of OA on the surfaces of sphalerite and
galena, FTIR and XPS analyses were conducted under various condi-
tions. A mineral suspension was prepared by mixing 0.1 g of mineral
powder with 30 mL of ultrapure water, as illustrated in Fig. 2. The sus-
pension was treated with 0.2 mM Pb(NOs), for 3 min, followed by
5 mM OA for 3 min and then 5 mM PAX for 10 min. The reagent con-
centrations used for spectroscopy analysis were higher than those in
flotation tests to obtain clearer spectra data. After treatment, the min-
eral suspension was filtered, collected, and dried at room temperature.

To study the interaction between Pb(NOs),, OA, and PAX, chem-
ically synthesized lead oxalate (PbC,04; PbOx) was prepared as a
reference. This was done by mixing 10 mL of 0.2 M OA with
10 mL of 0.1 M Pb(NOs), at pH 9, resulting in the formation of
white precipitates, as shown in Equation (3) [49]:

Pb*" aq) + C204° (s — PbC204 ) 3)

Similarly, lead amyl xanthate (CH5(CH;)40CS,Pb; PbAX) was syn-
thesized by mixing 10 mL of 0.1 M Pb(NOs), with 10 mL of 0.2 M
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PAX at pH 9, forming yellowish precipitates, as shown in Equation
(4) [50]:

Pb”" aq) + 2CH3(CH,),0CS; ™, — Pb(CH;(CH,),0CS,), 4)

To investigate the product formed by the reaction of PbOx with
PAX, PbOx was first prepared, as described above. Then, 10 mL of
0.2 M PAX was added to the PbOx mixture, resulting in yellowish
precipitates of lead oxalate-amyl xanthate (PbC,04CH3(CH;)40CS,;
PbOx-AX). The precipitates were filtered and collected for FTIR and
XPS analyses.

FTIR analysis of precipitates and treated minerals was con-
ducted using the attenuated total reflection (ATR) method, with a
spectral range of 400-4000 cm~' (FTIR spectrometer 670 Plus,
JASCO, Tokyo, Japan). XPS analysis was performed using an AXIS-
ULTRA instrument (Shimadzu, Japan) under a vacuum pressure of
10 Pa. Wide survey and high-resolution spectral scans were per-
formed to determine the chemical states and bonding configura-
tions. Spectra were analyzed using CasaXPS software (Ver.
2.3.16), applying Shirley background corrections to the Zn 2p, Pb
4f, and S 2p spectra. Gaussian-Lorentzian functions were used for
spectral deconvolution. High-resolution spectra were obtained
using a monochromatic Al Ko source, with calibration based on
the Au 4f;/, peak at 83.8 eV.

2.4. Atomic force microscopy (AFM)

Sphalerite and galena crystals were embedded in epoxy resin
(Struers, Germany) and polished to achieve a mirror-like surface
finish using a Tegramin-25 polishing machine (Struers, Germany).
The polished surfaces were then treated with Pb(NOs),, OA, and
PAX under flotation conditions at pH 9 (as illustrated in Fig. 2A).
Surface topography was analyzed using an atomic force micro-
scope (Nano Navi S-image, Seiko Instruments Inc., Japan). Mea-
surements were conducted using an SN-AFO3 micro cantilever
(Hitachi High-Tech Science Co., Ltd., Japan) in the treatment solu-
tion, with a scan speed of 0.5 Hz over a 20 x 20 pm area.

3. Results and discussion
3.1. Single mineral flotation tests
3.1.1. Effect of pH on mineral floatability

The flotation behaviors of Pb-activated sphalerite and galena
under various pH conditions were investigated. Fig. 3. shows the
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effect of pulp pH on the floatability of single minerals in flotation
tests before and after OA treatment. As can be observed in
Fig. 3A, the recovery of both sphalerite and galena decreased as
the pH increased from 6 to 11. For instance, at a pulp pH of 6, both
Pb-activated sphalerite and galena exhibited excellent flotation
recoveries of 73.2 % and 94.5 %, respectively. However, as the pH
increased to 8 and 9, the recovery of sphalerite decreased to
35.0 %. Beyond pH 9, sphalerite recovery declined further to
16.7 % at pH 10 and 11.5 % at pH 11. The recovery of galena showed
a gradual decline with increasing pH, decreasing from 71.5 % at pH
8 to 61.0 % at pH 9 and ultimately decreasing to 50.5 % at pH 11.
The declining recovery of sphalerite and galena with increasing
pH is likely due to the increased presence of hydroxyl ions (OH™),
which form hydrophilic metal hydroxide precipitates on mineral
surfaces [7,10,18].

Fig. 3B demonstrates the effect of 0.56 mM OA on the flotation
of Pb-activated sphalerite and galena over a pH range of 6-11.
Flotation tests showed that at pH 6, sphalerite recovery was
59.0 %, while galena recovery remained largely unaffected at
93.4 %. As the pH increased to 9, the floatability of sphalerite fur-
ther declined to 20 %, while galena recovery dropped to 58.7 %.
These results indicate that OA can prevent Pb activation on the
sphalerite surface, especially under mildly alkaline conditions,
thereby reducing its flotation.

3.1.2. Effect of OA concentration on mineral floatability

To further evaluate the effect of OA, flotation tests were con-
ducted using various OA concentrations to assess its impact on
the recovery of Pb-activated sphalerite and galena. Fig. 4. displays
the effect of OA concentration on the flotation recoveries of spha-
lerite and galena at pH 6 and pH 9. At pH 6 (Fig. 4A), the flotation
recovery of Pb-activated sphalerite decreased from 73.2 % to 55.0 %
after the addition of 0.14 mM OA. The recovery of Pb-activated
sphalerite then fluctuated slightly with increasing OA concentra-
tions. In contrast, the flotation recovery of galena at pH 6 ranged
from 94.5 % to 83.3 % after the addition of OA, up to 0.56 mM.

At pH 9 (Fig. 4B), Pb-activated sphalerite recovery decreased
with increasing OA concentrations. For example, recovery
decreased from 35.6 % to 32.4 % after treatment with 0./28 mM
OA and further declined to 18.3 % at 0.56 mM OA. However, adding
1.12 mM OA had an insignificant effect on sphalerite recovery.
Fig. 4B also shows that galena recovery fluctuated between 60 %
and 70 % with increasing OA concentrations at pH 9, with no clear
detrimental effects. These results indicate that OA significantly
reduced Pb-activated sphalerite recovery at 0.56 mM, while galena
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Fig. 3. Effect of pH on the flotation recovery of Pb-activated sphalerite and galena (A) before and (B) after treatment with 0.56 mM OA in 0.12 mM Pb(NOs), and 30 g/t PAX.
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Fig. 4. Effect of OA concentration on flotation recovery of Pb-activated sphalerite and galena at (A) pH 6 and (B) pH 9 in 0.12 mM Pb(NOs), and 30 g/t PAX.

recovery remained relatively stable. This suggests that OA may be
effective in selectively preventing the surface activation of
sphalerite.

3.2. Mixed mineral flotation tests

Since collector concentration greatly affects mineral flotation
recovery, it is important to investigate how different PAX concen-
trations impact the flotation of sphalerite and galena. To explore
the potential of OA for the selective separation of Pb-activated
sphalerite from galena, flotation tests were conducted using artifi-
cial mixtures at pH 9 and 0.56 mM OA with varying PAX concentra-
tions. Fig. 5 A presents the flotation recovery data for sphalerite
and galena without OA treatment. At 30 g/t PAX, the sphalerite
and galena recoveries were 57.9 % and 87.9 %, respectively, yielding
a Pb-Zn separation efficiency of 30.0 %. However, when the PAX
concentration was increased to 120 g/t, sphalerite recovery
increased significantly to 73.1 %, while galena recovery slightly
decreased to 82.5 %. This suggests that higher PAX concentrations
primarily enhanced the recovery of Pb-activated sphalerite while
slightly reducing galena recovery, ultimately lowering the Pb-Zn
separation efficiency to 9.4 %. These results confirm that the sepa-
ration of Pb-activated sphalerite and galena remains a challenge.

Fig. 5B shows the flotation recovery of sphalerite and galena
after treatment with 0.56 mM OA. At 30 g/t PAX, the recoveries
of sphalerite and galena were 27.8 % and 76.1 %, respectively. Con-
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sequently, the Pb-Zn separation efficiency significantly improved
from 30.0 % (without OA) to 48.2 % after OA treatment. This sug-
gests that OA effectively inhibits Pb activation on sphalerite, lead-
ing to its selective depression. Increasing the PAX dosage to 120 g/t
further enhanced galena recovery from 76.1 % to 83.0 %, while
sphalerite recovery declined from 27.8 % to 17.0 %. As a result,
the Pb-Zn separation efficiency further increased to 66.3 %. This
improvement can be attributed to the high affinity of PAX for
galena, which increased its recovery, while OA selectively inter-
acted with sphalerite, reducing its affinity for PAX. This allowed
for better selectivity in the mixed flotation system. In addition,
the mixed flotation system demonstrated higher selectivity for
OA compared to the single mineral flotation test. This is likely
due to the deactivation of sphalerite and the inhibition of PAX
adsorption, which will have increased the availability of PAX for
interaction with galena.

3.3. FTIR spectroscopy analysis

Fig. 6. shows the FTIR spectra in the range of 600 cm™! to
1800 cm™! for PAX, PbOx, PbAX, and PbOx-AX as a reference for
interpreting the FTIR spectra of treated minerals. The assignments
of the different characteristic peaks are in reasonable agreement
with those reported in the literature for similar functional groups,
as presented in Table 1. For the PAX spectrum, characteristic peaks
at 1070 and 1134 cm™! are assigned to C=S and C-O-C stretching

100 F B. 0.56 mM OA m Sphalerite (ZnS)
E m Galena (PbS)
F = Separation efficiency
80F
F I
—~ e
S 60F
>
) E
> F
o F
T 40F
m L
20F T
of 1
30 120

PAX concentration (g/t)

Fig. 5. Flotation recovery of sphalerite and galena in response to varying PAX concentrations (30-120 g/t PAX) (A) before and (B) after treatment with 0.56 mM OA in

0.12 mM Pb(NOs), at pH 9.
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Fig. 6. FTIR spectra of potassium amyl xanthate (PAX), lead oxalate (PbOx), lead
xanthate (PbAX), and the reaction product of PbOx with PAX (lead oxalate-amyl
xanthate; PbOx-AX).

Table 1
Identification and interpretation of peak assignments and main functional groups in
FTIR spectra from Fig. 6.

Compound Main functional groups Wavenumber Ref

(em™)

PAX C=S stretching vibration 1070 [51]
C-0O-C symmetric vibration 1134 [52]

PbAX C=S stretching vibration 1022, 1062 [55]
C-0-C stretching vibration 1208, 1126 [54]
0-CS bending vibration 1478 [55]

PbOx 0-C-0 stretching vibration 774 [43]
C-0 antisymmetric stretching 1290, 1588 [43]
vibration

PbOx-AX C=S stretching vibration 1022, 1062 This study
C-0-C stretching vibration 1208, 1126 This study
0O-CS bending vibration 1478 This study
0-C-0 stretching vibration 778 This study
C-O antisymmetric stretching 1594 This study
vibration

and symmetric vibrations, which are in agreement with previous
findings about the structure of PAX [51,52]. In the PbAX spectrum,
the interaction between PAX and Pb?* ions results in shifts in the
characteristic absorbance bands of PAX, indicating the formation
of PbAX, as shown in Equation (2). The PbAX peaks are assigned
as follows: the bands at 1022 and 1062 cm™! correspond to the
stretching vibrations of C=S in PbAX and the remaining PAX, while
the bands at 1126 and 1208 cm™! correspond to C-O-C stretching
vibration. The band at 1478 cm™! corresponds to the O-CS bending
vibration of PbAX. These bands show no indication of dixanthogen
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formation [53]. These observations are consistent with previous
studies and confirm the assignment of PbAX peaks [54,55].

The FTIR spectrum of chemically synthesized PbOx (Fig. 6)
shows high intensity bands at 1290 and 1588 cm™!, which corre-
spond to the antisymmetric C-O stretching vibration. Meanwhile,
the band at 774 cm™! corresponds to the O-C-O stretching vibra-
tion. All peaks are identical to the spectra of PbOx reported in
the literature [43], which confirms the complexation of Pb?* and
OA. In the presence of PAX and PbOx, the spectrum of the PbOx-
AX complex exhibits the same distinctive peaks of xanthate (PbAX)
at 1022, 1062, 1208, 1126, and 1478 cm™!, with no shift in the
wavenumbers. However, the peaks of PbOx at 1588 cm™' and
774 cm™! nearly vanish and shift to higher wavenumbers,
1594 cm™' and 778 cm™!, respectively. The displacement of PbOx
peaks indicates a chemical interaction between PbOx and PAX,
with the strong chemical bonds of Pb and amyl xanthate (AX) aris-
ing from the high affinity of AX for lead. This implies that PAX has a
high affinity to react with PbOx, forming a novel compound, (Pb
(C304)(CH5(CH,)40CS5)) or PbOx-AX, which shows similarity to
PbAX as it exhibits the same distinctive peaks of xanthate.

Fig. 7. shows the FTIR spectra in the range of 600 cm™! to
1800 cm™! of sphalerite and galena before and after treatment
under various conditions. The spectrum of sphalerite treated with
PAX (Sp + PAX) showed no obvious peaks for PAX adsorption due to
the high solubility and instability of zinc xanthate on the sphalerite
surface. In contrast, the spectrum of sphalerite treated with Pb
(NOs3), followed by PAX (Sp + Pb + PAX) showed peaks at 1022
and 1208 cm™! with strong intensity, corresponding to the adsorp-
tion of PAX on the sphalerite surface and confirming the surface
activation of sphalerite by lead, which causes the flotation of spha-
lerite at pH 9.

The spectrum of the Pb-activated sphalerite treated with OA
and PAX (Sp + Pb + OA + PAX) showed adsorbed PAX peaks with
increased intensity at 1022, 1062, 1126, and 1208 cm™'. These
absorbance peaks may have been caused by PAX adsorption on
the surface of sphalerite or on the surface of PbOx precipitates,
which were formed as the reaction products between Pb(NOs),
and OA, as shown by Equation (3) and Fig. 6 To confirm this, the
PbOA-AX precipitates were first formed and then followed by the
addition of sphalerite powder into the mixture. The FTIR spectrum
was then collected and labelled as Pb + OA + PAX + Sp. As can be
observed in Fig. 7A, a similar spectrum was obtained with slightly
lower intensity compared to that of the Sp + Pb + OA + PAX spec-
trum. This result indicates that the absorbance bands are predom-
inantly caused by the adsorption of PAX on PbOx precipitates,
forming a novel compound PbOx-AX rather than direct adsorption
on the sphalerite surface. Furthermore, according to the reference
spectra of PbOx-AX (Fig. 6), PAX has a high affinity to react with
PbOx.

Fig. 7B shows the FTIR spectra of galena under various condi-
tions before and after OA treatment. The spectrum of galena trea-
ted with PAX (Ga + PAX) showed no obvious peaks for adsorbed
PAX, likely due to the low concentration of PAX on the galena sur-
face. However, the addition of Pb(NOs), promoted the adsorption
of PAX on the galena surface, as indicated by the peaks at 1022,
1126, and 1208 cm™! in the spectrum of Ga + Pb + PAX. This result
is likely caused by the reaction between Pb?* ions and AX ions,
forming PbAX on the surface of the galena.

The spectrum of Pb-activated galena treated with OA (Ga + Pb +
OA + PAX) showed PAX peaks with increased intensity at 1022,
1062, 1126, and 1208 cm™!. These peaks can be attributed to
adsorbed PAX on the galena surface and/or due to PAX adsorption
on the PbOx precipitates, as discussed previously. To clarify this
spectrum, galena was added after the formation of Pb-Ox-AX pre-
cipitates, and the spectrum of Pb + OA + PAX + Ga was obtained. In
contrast, the absorbance peaks in the spectrum of Pb + OA + PAX +
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Fig. 7. FTIR spectra of (A) sphalerite and (B) galena before and after treatment under various conditions: 0.2 mM Pb(NOs),, 5 mM OA, and 5 mM PAX. The PbOx-AX spectrum

is shown as a reference.

Ga have lower intensities compared to those in the spectrum of
Ga + Pb + OA + PAX. This result indicates that the absorbance bands
at 1022, 1062, 1126, and 1208 cm™! in the spectrum of Ga + Pb +
OA + PAX were caused by a combination of PAX adsorption on
Pb-Ox precipitates and direct PAX adsorption on the galena
surface.

3.4. XPS analysis

XPS analysis was performed to analyze the surface chemical
species for the PbAX, PbOx, and PbOx-AX precipitates as a refer-
ence for interpreting the XPS spectra of treated minerals. Fig. 8.
shows the high-resolution spectra of Pb 4f for PbAX, PbOx, and
PbOx-AX and S 2p for PbAX and PbOx-AX. Fig. 8A shows the Pb
4f spectrum of PbAX with doublet peaks at 137.9 eV and
142.8 eV, which are characteristic of Pb in lead xanthate. Addition-
ally, the S 2p spectra of PbAX show binding energies of 162.0 eV
and 163.2 eV for sulfur in lead xanthate [56].

The Pb 4f spectrum of PbOx contains two peaks of Pb 4f;, and
Pb 4fs, at binding energy positions of 138.7 eV and 143.6 eV,
respectively. The observed signals at these binding energy posi-
tions seem to correspond to Pb(II) bonding with oxalate ((COO),Pb)
[57]. The interaction of PAX with PbOx precipitates shifted the Pb
4f,[, peak of PbOx from 138.7 eV to 138.0 eV, which is relatively
close to the Pb 4f;/, peak of PbAX at 137.9 eV. This result confirms
the FTIR findings, which indicate that the interaction of PAX with
PbOx precipitates predominantly forms a xanthate complex rather
than an oxalate complex. This interaction likely involves the
adsorption of PAX onto the surface of PbOx. Furthermore, the S
2p spectra of PbAX and PbOx-AX (Fig. 8B) showed similar binding
energies for the S 2psj; and S 2p,, peaks at 162.0 eV and 163.2 eV,
respectively. This provides further evidence of the similarity in the
chemical composition of both PbAX and PbOx-AX, which is consis-
tent with the FTIR data.

To further investigate the formation of surface chemical species
on activated sphalerite and galena before and after OA treatment,

high-resolution XPS spectra, binding energies, and the relative con-
tents of surface minerals were analyzed. Fig. 9. shows the Zn 2p
and S 2p high-resolution spectra of sphalerite. Fig. 9 A shows the
Zn 2p spectrum of untreated sphalerite, in which the prominent
peak near 1021.6 eV is assigned to Zn(II) in ZnS, which is consistent
with previously reported values [19,58,59]. After PAX treatment, a
shoulder peak appeared at 1019.2 eV, which is assigned to the Zn(I)
species, as reported by Le et al. [60]. In addition, the main peak
slightly shifted to a lower binding energy from 1021.6 eV to
1021.4 eV. This shoulder peak indicates that the xanthate reaction
with the sphalerite surface produced a zinc-deficient surface. A
similar shoulder peak was observed when the Pb-activated spha-
lerite was treated with PAX with and without OA. However, the
intensity of the main peak of Zn 2p decreased after Pb activation
with and without OA, probably resulting from the precipitation
of Pb species on the surface of sphalerite, as confirmed by Pb 4f
spectra shown in Fig. 10.

The high-resolution S 2p spectra of sphalerite after different
treatments are shown in Fig. 9B. The main peak of untreated spha-
lerite at 161.5 eV is assigned to S** of sphalerite [58,61]. After PAX
treatment, there was a slight shift in the S? binding energy to
161.6 eV, without any new peak formation, indicating the absence
of xanthate adsorption. On the other hand, a new peak at 162.0 eV
appeared after the addition of PAX to Pb-activated sphalerite. This
peak corresponds with sulfur from lead xanthate (PbAX) precipita-
tion, as shown in Fig. 8B. After OA treatment on Pb-activated spha-
lerite, followed by PAX, the S 2p spectra showed a newly formed
peak at 162.0 eV, which is attributed to the formation of the
PbOx-AX complex on sphalerite.

The high-resolution Pb 4f spectra of sphalerite under different
treatments are presented in Fig. 10. The deconvoluted spectrum
of untreated sphalerite and sphalerite treated with PAX shows
the absence of Pb species. Fig. 10 also shows the Zn 3 s peak at
139.6 eV, which agrees with the previously reported work by
Aikawa et al. [62]. Pb-activated sphalerite treated with PAX shows
newly formed Pb 4f;/, peaks at 138.0 eV and 138.4 eV, which cor-
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respond to lead xanthate (Pb-AX) precipitation [56] and residual Pb
(NOs3),; on the sphalerite surface, respectively [63]. However, after
OA treatment, the newly formed peak at 138.0 eV is assigned to
the PbOx-AX complex, based on the reference in Fig. 8A and FTIR
results.

Fig. 11A shows the Pb 4f spectra of galena under different treat-
ments. The spectrum of untreated galena consists of two character-
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istic peaks at 137.4 eV and 138.1 eV, corresponding to metallic PbS
and lead oxides, respectively, as reported in previous studies [58].
After PAX treatment, there was no significant change in Pb binding
energy compared to untreated galena. This may be due to the low
concentration of lead, which is consistent with the FTIR results. On
the other hand, XPS analysis revealed that the addition of PAX after
lead activation formed lead xanthate (PbAX), as indicated by the


move_f0055

D.A. Eladl, G.P. Wisnu Suyantara, H. Miki et al.

Pb 4f

-Pb+OA+PAX

Intensity (a.u.)

Pb(NO,),
(138.4 eV

PbOX-AX
(138.0 eV)

PbAX
(138.0 eV)

Zn 3s

4(139.6 eV)

U
S
x

3

i

TN

<4
q

1PIIIIIIIIII
S

— v v

Untreéted

130

145 140 135
Binding energy (eV)

150
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peak at 138.0 eV, which matches the binding energy of PbAX in the
reference shown in Fig. 8A. A similar spectrum was obtained after
OA treatment on Pb-activated galena, followed by PAX treatment.
However, the peak at 138.0 eV exhibited a higher intensity in the
presence of OA. This is likely due to the formation of PbOx-AX.

Fig. 11B shows the S 2p spectra of galena under various treat-
ments. The spectrum of pure galena displays a prominent main
peak at 160.6 eV, which is attributed to S*in PbS [58]. After PAX
treatment, no new peaks were formed, but the binding energy of
the S 2p peak shifted slightly from 160.6 eV to 160.7 eV. In con-
trast, the XPS spectrum of Pb-activated galena treated with PAX
showed a new peak at a binding energy of 162.2 eV, which is in
agreement with the binding energy of lead xanthate reported by
Laajalehto et al.[56], as well as with the S 2p peak of PbAX in the
reference spectra shown in Fig. 8B. There was no change in the
binding energy of S*” in the galena after treatment with PAX. How-
ever, the S 2p spectra broadened after Pb activation, with and with-
out OA, followed by PAX treatment. After OA treatment, the
deconvolution results indicated that a new peak at 162.1 eV could
be fitted to the spectra. This new peak is assigned to sulfur from
the xanthate group in PbAX and PbOx-AX, supporting the Pb 4f
spectra and FTIR results.
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3.5. AFM

Fig. 12 presents AFM images of galena and sphalerite subjected
to various treatments under flotation test conditions. Fig. 12A(i)
and 12B(i) show the clean, untreated surfaces of galena and spha-
lerite, respectively. After the treatment using 120 g/t PAX, both
mineral surfaces remained clean, as seen in Fig. 12A(ii) and 12B
(ii). However, when treated with Pb(NOs), followed by PAX, the
surfaces of galena and sphalerite displayed distinct white spots,
as illustrated in Fig. 12A(iii) and 12B(iii). These white spots are
likely PbAX, as confirmed by the FTIR and XPS results.

Fig. 12A(iv) indicates that the white spots on the galena surface
persisted even after OA treatment, suggesting that PbAX strongly
adheres to the galena surface. In contrast, Fig. 12B(iv) shows that
OA treatment effectively removed most white spots from the spha-
lerite surface. This suggests that OA reacted with Pb ions, forming
precipitates that detached from the sphalerite surface. This process
prevents Pb activation, effectively cleaning the surface and hinder-
ing PAX adsorption. The AFM observations are consistent with the
conclusions drawn from the FTIR and XPS analyses.

3.6. Proposed mechanism and separation process

Based on flotation tests and surface spectroscopy analyses, a
model for the selective separation of sphalerite using OA in Pb-
Zn flotation is proposed (Fig. 13). Initially, Pb ions (Pb®") dissolve
from the galena surface and migrate to the sphalerite surface (Step
1). The Pb?* ions activate the sphalerite surface, primarily by form-
ing lead sulfide (PbS) precipitates (Step 2), which react with amyl
xanthate ions (AX") to form PbAX (Step 3). This process facilitates
sphalerite flotation, as shown in Equation (4).

The activation occurs through ion exchange, in which Pb?* ions
replace Zn?" ions on the sphalerite surface, as described in Equa-
tion (5) [14].

ZnSs) + Pb** — PbS + Zn** (5)

Alternatively, Pb?" activation may involve the formation of lead
oxide (Pb(OH),) species on the sphalerite surface ZnS/Zn(OH),, as
shown in Equation (6) [3].

ZnS/Zn(OH), + Pb(OH), — ZnS/Zn — O — Pb* + H,0 (6)

These oxide species serve as attachment points for xanthate bind-
ing; as a result, they increase sphalerite floatability because the
PbS-like compound has a higher affinity with AX™ ions than spha-
lerite [14].

While Pb2" significantly activates sphalerite, it has minimal
impact on galena [13]. Galena’s natural hydrophobicity and favor-
able response to xanthate collectors allow AX ions to adsorb
directly onto its surface (Step 4) or via Pb(II) species formed on it
(Step 3) [56].

Fig. 13B illustrates the effect of OA treatment on Pb-activated
sphalerite and galena. At pH values above 4.19, OA exists as oxalate
ions (C,03, 0x?7) [29]. OA reacts with Pb?" ions, forming PbOx pre-
cipitates that detach from the sphalerite surface (Step 5). This
effectively cleans the sphalerite surface by removing Pb?* ions, hin-
dering PAX adsorption, and exposing the hydrophilic surface, lead-
ing to depression of the surface. AX ions further react with PbOx
precipitates to form dispersed PbOx-AX complexes (Step 6), which
inhibit sphalerite flotation. On the galena surface, a similar PbOx-
AX complex forms. However, galena’s structural properties allow
AX ions to adsorb readily, ensuring it remains floatable after OA
treatment.
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Fig. 11. High-resolution (A) Pb 4f and (B) S 2p spectra of galena under various treatments in 0.2 mM Pb(NO3),, 5 mM PAX, and 5 mM OA at pH 9.
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Fig. 12. Surface topography of galena (A) and sphalerite (B) after treatment under different conditions: (i) untreated (pH 9), (ii) 120 g/t PAX, (iii) 0.12 mM Pb(NO3), + 120 g/t

PAX, and (iv) 0.12 mM Pb(NOs), + 0.56 mM OA + 120 g/t PAX.

4. Conclusion

In this study, OA was used for the first time as an environmen-
tally friendly reagent to selectively deactivate the sphalerite sur-
face in Pb-Zn flotation separation. Single and mixed flotation
tests demonstrated that effective separation of sphalerite and
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galena could be achieved under mildly alkaline conditions. Specif-
ically, OA at 0.56 mM reduced sphalerite recovery to 20 %, while
galena recovery was 58.7 % in single-mineral flotation tests. In arti-
ficial mixtures, OA treatment resulted in recoveries of 83 % for
galena and 17 % for sphalerite. FTIR and XPS analyses showed
that OA reacts with Pb?* jons on the sphalerite surface, forming a
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Fig. 13. Proposed mechanism for the selective separation of sphalerite and galena: (A) without OA treatment and (B) after OA treatment.

Pb"-Ox precipitate that detaches from the surface, effectively
cleaning it and preventing the adsorption of PAX. This leads to
the depression of sphalerite floatability, while the formation of
PbOx-AX does not significantly affect galena floatability. In sum-
mary, these findings identify a novel reagent for the selective deac-
tivation of sphalerite while maintaining the floatability of galena,
paving the way for more environmentally sustainable flotation
processes in Pb-Zn separation. Further studies are needed to inves-
tigate the structure of this novel PbOx-AX complex.
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