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The efficient recovery of lead by selective flotation of galena (PbS) is crucial, yet often hindered by its insufficient
inherent hydrophobicity, necessitating surface activation. While copper sulfate (CuSO,4) is a conventional acti-
vator, the potential and mechanistic details of alternative copper salts, particularly copper nitrate (Cu(NO3)s),
remain largely unexplored for galena activation. This study, for the first time, systematically investigates copper
nitrate (Cu(NOs3),) as an activator for galena, focusing on its impact on surface chemistry and subsequent po-
tassium ethyl xanthate (KEX) adsorption. Copper sulfate (CuSO4) was employed as a well-established benchmark
to evaluate the relative activation power of Cu(NOs)2. A suite of analytical techniques, including X-ray
Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), and
Energy-Dispersive X-ray Spectroscopy (EDS), was utilized to characterize the induced surface modifications.

Results demonstrate that Cu(NOs), facilitates KEX adsorption, leading to the formation of copper-xanthate
complexes. This was supported by characteristic XRD peaks (e.g., at 20 = 24.37°, 18.40°) and FTIR absorp-
tion bands (e.g., at 1197 cm™'). SEM imaging revealed moderate surface roughening, and EDS analysis
confirmed copper deposition at an atomic concentration of 0.11 %. In comparison, the benchmark CuSO4
activation resulted in more extensive copper-xanthate formation, indicated by significantly more intense XRD
and FTIR signals (e.g., 20 = 19.63°, 28.35°), more pronounced morphological changes, a higher copper depo-
sition of 0.39 %, and a corresponding sulfur enrichment to 50.70 % S.

These findings establish Cu(NO3), as a viable, albeit less potent activator than CuSO4 under the studied
conditions (0.11 % vs. 0.39 % Cu deposition). This research provides the first detailed surface-chemical evidence
of this activation, quantifying elemental changes and highlighting the differential impact of the counterion. This
work contributes foundational knowledge for optimizing flotation schemes to improve the efficiency and sus-
tainability of lead ore processing.

1. Introduction flotation of galena [10,11]. The addition of copper ions, typically in the

form of copper sulfate (CuSO4), promotes the formation of copper sul-

The global demand for lead and other base metals has driven the
need for efficient and sustainable mineral processing techniques [1-3].
Galena (PbS) is the primary ore of lead and is often associated with other
sulfide minerals such as sphalerite (ZnS) and pyrite (FeSy) [3,4]. The
selective flotation of galena from these minerals is essential for the re-
covery of lead and the production of high-quality concentrates [3,5-7].
However, the inherent hydrophobicity of galena is often insufficient for
effective flotation [4,5], necessitating the use of activators to modify its
surface properties and enhance the adsorption of collectors [1,6,8,9].

Copper activation is a well-established method for improving the
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fide species on the galena surface, which in turn facilitates the adsorp-
tion of xanthate collectors [12,13]. This process enhances the
hydrophobicity of the mineral surface, leading to improved flotation
performance [1,10]. Despite the widespread use of CuSOy4, the under-
lying mechanisms of copper activation and its impact on xanthate
adsorption are still not fully understood [10,14]. Furthermore, the in-
fluence of different copper salts on the activation process and flotation
efficiency remains largely unexplored [14].

Moreover, the mineral processing industry is increasingly under
pressure to adopt more environmentally sustainable practices [2]. While
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highly toxic reagents like cyanides (used as depressants) draw signifi-
cant criticism [2,6,8], the extensive use of metal salts, including acti-
vators like copper sulfate, also contributes to the overall chemical load
in process water and tailings. There is a continuous drive for alternative
reagents and processes that are not only effective but also more
ecologically benign and economically viable [6,8]. This includes opti-
mizing reagent consumption and exploring activators that may offer
improved performance or a reduced environmental footprint.

Driven by the continuous demand for enhanced efficiency, cost-
effectiveness, and environmental sustainability in mineral beneficia-
tion, this study explores copper nitrate (Cu(NOs)s) as a novel activator
in galena flotation. Specifically, the primary objective is to provide a
systematic evaluation of the activation capabilities of Cu(NOj3)s,
focusing on its effectiveness in enhancing the adsorption of potassium
ethyl xanthate (KEX) on galena (PbS) surfaces. Given the importance of
activators for collector adsorption in mineral flotation, such an inves-
tigation is essential for identifying alternative activators that can
improve the flotation performance of galena, optimizing flotation effi-
ciency while maintaining environmental and economic viability.

Despite extensive research on copper sulfate (CuSO4) as an activator
for sulfide minerals, the activation performance of copper nitrate (Cu
(NO3)2) has remained largely unexplored. To our knowledge, the only
study that has addressed Cu(NOs3); in the context of mineral activation
was conducted by Nedjar and Barkat [15], which focused on its use as an
activator for sphalerite (ZnS) flotation. No studies have systematically
investigated the activation of galena (PbS) by Cu(NOs),, leaving a
critical gap in the understanding of its surface interactions, activation
mechanisms, and flotation efficiency. This study is the first to directly
address this gap, providing a comprehensive evaluation of Cu(NO3); as
an activator for galena.

To achieve this objective, a suite of advanced surface characteriza-
tion techniques will be employed. X-ray diffraction (XRD) confirmed the
structural integrity of galena post-activation, while Fourier-transform
infrared spectroscopy (FTIR) identified chemisorbed xanthate species
(e.g., Pb-X and Cu-X complexes) on the mineral surface. Scanning
electron microscopy (SEM) coupled with energy-dispersive X-ray spec-
troscopy (EDS) provided spatial and elemental evidence of Cu(NOs)»-
induced surface modification, corroborating enhanced xanthate
adsorption. These analytical methods align with established protocols
for studying sulfide mineral activation (e.g., Nedjar and Barkat, 2013),
ensuring accurate and reproducible results.

Moreover, to establish the practical relevance of Cu(NOs),, its acti-
vation efficiency will be benchmarked against that of copper(II) sulfate
(CuS04), a widely recognized activator in galena flotation [16]. Through
this direct comparative analysis, the study seeks to determine whether
Cu(NOs3), offers a more effective and sustainable alternative to CuSOy.
By providing a detailed, evidence-based assessment of the activation
potential of Cu(NO3)s,, this research addresses the ongoing demand from
the mineral processing community for improved and alternative flota-
tion reagents.

2. Materials and methods
2.1. Samples, reagents, and sample preparation

The galena (PbS) samples used in this study were obtained from the
Shaibet El Hamra mine in Algeria. The raw ore was manually separated,
then crushed and ground in an agate mortar. For adsorption tests, a
galena fraction of —208 + 108 pm (i.e., particles passing a 208 pm sieve
and retained on a 108 pm sieve) was utilized. For scanning electron
microscopy (SEM) examination, a ground product sieved to —74 + 38
pm was used. For Fourier Transform Infrared Spectroscopy (FTIR) and X-
ray Diffraction (XRD) analyses, a portion of the —108 pm powder (i.e.,
particles passing a 108 pm sieve) was further ground to a particle size of
approximately less than 2 pm.

Potassium ethyl xanthate (KEX, purity 96 %), copper (II) sulfate
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pentahydrate (CuSO4-5H20, purity 98.5 %), and copper (II) nitrate tri-
hydrate (Cu(NOs3)2-3H20, analytical grade) were procured from Sigma-
Aldrich Co. (St. Louis, MO, USA). Sodium hydroxide (NaOH, analytical
grade), also from Sigma-Aldrich Co., was used for pH adjustment. All
solutions were prepared using distilled water.

2.2. Methods

2.2.1. Scanning electron microscopy with energy dispersive spectrometer
(SEM-EDS) analysis

The surface morphology and elemental composition of galena were
analyzed before and after reagent treatments using a Bruker Nano GmbH
scanning electron microscope (SEM) equipped with an Xflash Detector
610 M energy-dispersive X-ray spectrometer (EDS). The EDS analysis
area corresponded to the SEM observation region, typically ranging
between 1 and 100 pm?2. The accuracy of the EDS spectral analysis was
approximately 1 %. The SEM was operated at an accelerating voltage of
20 kV to determine the atomic concentrations of elements such as lead,
sulfur, copper, carbon, and oxygen on the sample surfaces.

2.2.2. Fourier Transform Infrared Spectroscopy (FTIR) analysis

FTIR spectra were collected using a PerkinElmer Spectrum Two
spectrometer (PerkinElmer Inc., Waltham, MA, USA) with a resolution
of 8 cm™!. The analysis was performed in transmission mode across the
wavenumber range of 400-4000 cm™'. For every sample, 120 scans
were accumulated. Prior to analysis, approximately 100 pg of the
powder sample was mixed with 23 + 2 mg of KBr, and compressed using
a cold isostatic press (CIP) at 150 MPa to form a pellet with a thickness of
200-250 pm. The IR spectra display transmittance (T) as a function of
the incident wavenumbers.

2.2.3. X-ray diffraction (XRD)

X-ray powder diffraction (XRD) analysis was employed to qualita-
tively identify the crystalline mineral phases present in the samples.
XRD patterns were obtained using a Rigaku MiniFlex 600 benchtop
diffractometer (Rigaku Corporation, Tokyo, Japan) equipped with a
CuKa radiation source (A = 1.542 A). Data were collected at a scan rate
of 0.03°/s over a 260 range of 5°-90°. Phase identification was performed
by comparing experimental diffraction patterns with reference data
from the JCPDS (International Center for Diffraction Data) database.

2.3. Adsorption and activation procedure

The experimental conditions for KEX adsorption and copper activa-
tion (pH, reagent concentrations, contact times) were selected based on
a review of established literature for galena flotation, aiming to ensure
relevant conditions for comparing the effects of CuSO4 and Cu(NOs)5 on
surface chemistry rather than performing a comprehensive optimization
study. The rationale for each specific parameter is detailed below.

pH Conditions: The pH of the galena suspension was adjusted to and
maintained between 9.0 and 10.0 using NaOH (10~! mol/L). This
moderately alkaline range is consistent with optimal conditions reported
for galena flotation, particularly when using xanthate collectors and
copper activators. Studies such as Oziin & Ergen [17] found the highest
galena recoveries at pH 9-9.5, correlating this with favorable surface
chemistry for xanthate chemisorption. Similarly, Nedjar & Barkat
[18-20] consistently employed pH values around 9-9.5 for their studies
on copper activation and xanthate adsorption on galena, noting that
basic pH is generally favorable. Popov & Vucinic [16] also found
optimal flotation with KEX between pH 8 and 10 after copper activation.

KEX Concentration: Potassium ethyl xanthate (KEX) was used at a
concentration of 5 x 10”2 mol/L. While specific collector dosages vary,
this concentration ensures sufficient collector availability for surface
coverage and is within the range of concentrations explored in funda-
mental adsorption studies, allowing for clear detection of surface spe-
cies. For comparison, Nedjar & Barkat [18,19] used xanthate
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concentrations in the order of 10~ M for their surface characterization
work.

Activator Dosage: For activated samples, copper sulfate (CuSOg4) or
copper nitrate (Cu(NO3),) was used at a concentration of 1072 mol/L.
This dosage is consistent with concentrations reported in literature for
effective copper activation of sulfide minerals (e.g., Nedjar & Barkat,
[18,19], used 10~* M CuSOy; Popov & Vucinic, [16], used 3x107> M
CuSOy for flotation tests, with higher concentrations for zeta potential).
The 10~ M concentration was chosen to ensure significant activation
for clear comparative analysis of the surface modifications. An equiva-
lent molar concentration of Cu?' ions was used for both CuSO4 and Cu
(NO3); to allow for a direct comparison of the counterion effects.

Contact Time: A contact time of 10 min was employed for the
activation step (when activators were used) and subsequently for the
KEX adsorption step. This duration was selected to allow sufficient time
for the respective surface reactions to proceed towards equilibrium, as
indicated by studies monitoring rest potential stabilization or observing
adsorption kinetics (e.g., Nedjar & Barkat, [18-20], reported activation
times around 8-30 min based on rest potential; Oziin & Ergen, [21],
used 5-10 min for xanthate conditioning).

2.3.1. Experimental protocol for sample preparation

Three types of samples were prepared for surface characterization.
For each preparation, 3 g of galena powder was added to 30 ml of
distilled water. The suspension was then subjected to the following
treatments, with adequate agitation during each reagent addition and
conditioning period:

Sample 1 (KEX alone): The pH of the galena suspension was
adjusted to 9.0-10.0 using NaOH (10! mol/L). KEX solution was then
added to achieve a final concentration of 5 x 1072 mol/L, and the sus-
pension was conditioned for 10 min.

Sample 2 (CuSO4 activated + KEX): The pH of the galena sus-
pension was adjusted to 9.0-10.0. CuSOj4 solution was added to achieve
a final concentration of 103 mol/L, and the suspension was conditioned
for 10 min (activation step). Subsequently, KEX solution was added to a
final concentration of 5 x 102 mol/L, and the suspension was condi-
tioned for an additional 10 min.

Sample 3 (Cu(NO3); activated + KEX): The pH of the galena sus-
pension was adjusted to 9.0-10.0. Cu(NO3), solution was added to
achieve a final concentration of 10~ mol/L, and the suspension was
conditioned for 10 min (activation step). Subsequently, KEX solution
was added to a final concentration of 5 x 102 mol/L, and the suspension
was conditioned for an additional 10 min.

After the final treatment step, each sample mixture was allowed to
rest for 5 min. The solids were then separated by repeated rinsing with
distilled water and filtration to remove unadsorbed reagents prior to
surface characterization analyses.

3. Results and discussion

This section presents and discusses the experimental findings from
our investigation into the comparative effects of copper sulfate (CuSO4)
and copper nitrate (Cu(NO3)2) as activators for galena. In line with our
study’s primary aim to elucidate the surface modifications and their
impact on xanthate adsorption, we first detail the baseline character-
ization of the pristine galena mineral and the potassium ethyl xanthate
(KEX) collector. Subsequently, we present the results obtained from X-
ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR),
Scanning Electron Microscopy (SEM), and Energy Dispersive X-ray
Spectroscopy (EDS) analyses. These analyses systematically examine the
galena surface chemistry and morphology after interaction with KEX
alone, and then after activation with CuSO4 or Cu(NO3)2 prior to KEX
treatment. The ensuing discussion interprets these findings in the
context of existing literature, focusing on the mechanisms of copper
activation, xanthate adsorption, and the differential impacts of the two
copper salts, thereby providing insights relevant to optimizing galena
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flotation processes.

3.1. Galena characterization

The XRD analysis of the galena, Fig. 1, revealed distinct diffraction
peaks at 20 angles of 26.07°, 30.2°, 43.23°, 51.18°, 53.64°, and 62.79°,
corresponding to d-values of 3.41 ;\, 2.95 A, 2.09 [o\, 1.78 ;\, 1.70 10\, and
1.47 A, respectively. These peaks are consistent with the reference
JCPDS file No. 96-901-3401 for galena (PbS), confirming the presence of
galena as the primary phase in the sample. The most intense peak at 26
= 30.2° (d = 2.95 A) indicates the preferred orientation of the galena
crystals, which is typical for this mineral. The relative peak intensities
suggest a well-crystallized structure; the peak at 20 = 26.07° (d = 3.41
A), also exhibiting significant intensity (92.6 %), further supports the
dominance of galena in the sample.

These findings are consistent with the XRD patterns of galena re-
ported across multiple studies. For instance, the characteristic diffrac-
tion peaks of galena were similarly observed by Basilios et al. [22].
Similarly, Nedjar and Barkat [12] and Leppinen JO et al. [1] also
observed the main characteristic peaks of galena in their XRD analyses,
confirming its crystalline nature. Although the specific peak intensities
in our study differ slightly from some of these studies, such variations
can be attributed to differences in the origin and processing of the
samples, as well as the experimental conditions used for XRD analysis
[12,22]. The high intensity of the peak at 20 = 30.2° in our study is also
in agreement with the findings of Nedjar et al. [23], who reported this
peak as the most intense in their XRD analysis of galena. This consis-
tency across various studies confirms the reliability of our XRD analysis
in identifying galena as the primary mineral phase.

The SEM images, Fig. 2, of galena at magnifications of 1000x (a),
and 4000 x (b) reveal the granular and crystalline nature of the galena.
The images show well-defined crystal faces and a relatively uniform
particle size distribution, which is characteristic of galena. These ob-
servations are consistent with the morphological features of galena
described in various studies. For instance, Nedjar et al. [23] observed
similar granular morphology with well-defined crystal faces in their
SEM analyses. Additionally, the findings align with Leppinen JO et al.
[1], who found that galena samples exhibited well-defined cubic crystal
morphology, which they attributed to the cubic crystal structure of PbS.
The consistency in morphological features across these studies un-
derscores the typical characteristics of galena.

The EDS analysis, Fig. 3, confirmed the elemental composition of the
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Fig. 1. X-ray diffraction pattern of galena.
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Fig. 2. SEM images of galena showing magnification of 1000 x (a), and 4000 x (b).
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Fig. 3. EDS spectrogram of galena.

sample, with lead (Pb) and sulfur (S) being the predominant elements,
accounting for 77.81 % and 16.64 % by weight, respectively. Trace
amounts of oxygen (O) and carbon (C) were also detected, likely due to
surface oxidation or contamination during sample preparation. The
absence of copper (Cu) in the EDS analysis suggests that the galena
sample is relatively pure, with no significant copper-bearing phases.
This is consistent with the findings of Basilios et al. [22] and Oziin et al.
[24], who also reported the absence of copper in their galena samples.
The presence of trace amounts of oxygen and carbon in our EDS analysis
is likely due to surface oxidation, which is a common phenomenon in
galena samples exposed to air [25], [26].

The Fourier Transform Infrared Spectroscopy (FTIR) spectrum of
galena, Fig. 4, exhibits a characteristic absorption band at approxi-
mately 1415 cm™!, which is attributed to the stretching vibrations of
Pb-S bonds. This confirms the presence of lead sulfide in the sample.

Minor peaks at higher wavenumbers (e.g., around 1385 cm ™! and 1622
em™!) may be associated with surface hydroxyl groups or adsorbed
water molecules, suggesting a relatively clean galena surface with
minimal organic or inorganic contamination. These findings are in line
with the FTIR spectra reported by Xie et al. [27] and Vucinic et al. [28],
where similar absorption bands were observed and attributed to Pb-S
vibrations and surface species. The presence of minor peaks related to
surface species in our FTIR spectrum is a common observation in mineral
analysis and is consistent with similar findings in the literature, where
such peaks are often attributed to surface oxidation or adsorbed water
[28,29]. While some studies like Leppinen et al. [1] do not focus on the
FTIR analysis of pure galena, they present FTIR spectra of galena after
interaction with other reagents and also detect peaks corresponding to
Pb-S vibrations.
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Fig. 4. Ftir spectrum of galena.

3.2. Potassium ethyl xanthate (KEX) characterization

The XRD analysis of potassium ethyl xanthate (KEX), Fig. 5, revealed
several diffraction peaks at 20 angles of 7.90°, 8.25°, 24.44°, 26.28°,
29.19°, and 33.13°, corresponding to d-values of 11.17 1°\, 10.70 f\,
3.637 A, 3.38 ;\, 3.065 A, and 2.70 A, respectively. These peaks are
consistent with the reference JCPDS file No. 00-009-0700 for KEX,
confirming the identity of the compound.

The most intense peak at 20 = 7.908° (d = 11.17 Z\) indicates a
highly ordered crystalline structure, which is typical for KEX. The
relative intensities of the peaks suggest a well-defined crystalline phase,
with the peak at 26.28° (d = 3.38 A) also showing significant intensity
(78 %).

The observed diffraction patterns align with the expected crystalline
nature of xanthates used in flotation processes, as discussed in multiple
studies. Although none of the reviewed studies specifically address the
XRD analysis of pure KEX, the crystalline nature of xanthates is well-
acknowledged [1,30]. Nedjar et al. [31] note that xanthates are
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Fig. 5. X-ray diffraction pattern of KEX.
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commonly used as thiol collectors in flotation, underscoring their
well-defined structure.

The SEM images of KEX, Fig. 6, at magnifications of 1000 x and
4000 x reveal a flaky and layered morphology, which is consistent with
the crystalline nature of the compound. The images show a relatively
uniform particle size distribution, with some agglomeration observed at
higher magnifications. This morphology is typical for KEX, which is
known to form layered structures due to its molecular arrangement.
Similar morphological features have been described for xanthates in
other studies. For instance Refs. [30,32], mention the layered structures
of xanthates in their studies. The observed morphology aligns with the
descriptions of KEX’s physical appearance in the literature. Prestidge
et al. [33] describe the purification and characterization of KEX,
providing a basis for understanding the physical properties of the
compound. Furthermore, the flaky and layered morphology observed in
our study is consistent with the general behavior of xanthates, as
described by Nedjar et al. [31], who noted that the morphology of the
products is influenced by the structure of the xanthate molecules.

The FTIR spectrum of KEX, Fig. 7, exhibits characteristic absorption
bands associated with the functional groups of the compound. The
strong absorption band at approximately 1050 em! corresponds to the
C-O stretching vibrations of the xanthate group. Additionally, the
spectrum shows absorption bands at 2850 cm ™! and 2920 em ™!, which
are attributed to the C-H stretching vibrations of the ethyl group. These
findings confirm the molecular structure of KEX and its suitability for
use in the adsorption experiments. The presence of the ethyl group vi-
brations is consistent with the known structure of potassium ethyl
xanthate. The FTIR results are in agreement with the findings reported in
several studies, such as [30,34], who identified similar absorption bands
for xanthate compounds. The identification of these characteristic bands
confirms the successful synthesis of KEX and its suitability for use in the
subsequent adsorption experiments. Additionally, the comprehensive
review of xanthate adsorption mechanisms by Rao et al. [35] provides
additional context for interpreting the FTIR spectrum of KEX, supporting
the identification of the characteristic absorption bands. The FTIR
spectrum of KEX is also consistent with the findings reported by Nedjar
and Barkat [12], where the characteristic peaks of xanthates were
identified and used to analyze their adsorption on mineral surfaces.

3.3. Adsorption and surface modifications induced by copper activation

3.3.1. XRD analysis

The XRD patterns of galena samples treated with KEX (5.102 mol/L)
and activated with either CuSO4 (10’3 mol/L) or Cu(NOg)g(lO’3 mol/L)
revealed significant differences in the extent of surface interactions and
complex formations. For galena treated with KEX (5 x 10~2 mol/L)
alone, as shown in Fig. 8, the characteristic PbS peaks (JCPDS No. 96-
901-3401) dominated. Minor, low-intensity peaks at 20 values of
27.569°, 27.304°, and 22.78°, attributed to the formation of lead-
xanthate complexes, were also observed and found to be consistent
with phases indexed under JCPDS file No. 96-901-1805. However, these
peaks were faint (<5 % intensity), indicating a limited interaction be-
tween KEX and the galena surface in the absence of copper activation.
This observation is consistent with studies where minimal xanthate
adsorption was noted on galena without activation [23,34,36,37]. The
limited formation of lead-xanthate complexes in the absence of copper
ions can be attributed to the relatively low solubility of PbS, which re-
stricts the availability of Pb%" ions for reacting with xanthate [13]. This
aligns with findings suggesting that lead xanthate formation is limited
without activators [38].

In contrast, samples activated with CuSO4 (Sample 2) exhibited, in
addition to the main galena peaks (JCPDS No. 96-901-3401), additional
peaks at 20 values of 19.63°, 28.35°, and 18.31° (Fig. 9). These peaks
correspond to copper-xanthate complexes and are consistent with pha-
ses indexed under JCPDS file No. 96-711-7190. The intensities of these
copper-xanthate peaks were significantly higher than those of lead-
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Fig. 6. SEM images of KEX showing magnification of 1000 x (a), and 4000 x (b).
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xanthate in Sample 1, suggesting that CuSO4 effectively modifies the
galena surface, facilitating robust copper-xanthate complex formation.
This finding is well-supported by research demonstrating that copper
activation enhances the formation of metal-xanthate complexes on sul-
fide mineral surfaces [11,24,28,39]. The presence of distinct
copper-xanthate peaks in our study supports the notion that copper
activation plays a crucial role in promoting xanthate adsorption [40,41].
The effectiveness of CuSO4 in promoting complex formation is further
supported by studies indicating that copper ions enhance xanthate
adsorption on mineral surfaces [35,42].

Samples activated with Cu(NO3), (10~ mol/L) (Sample 3) also
displayed, alongside the main galena peaks (JCPDS No. 96-901-3401),
peaks indicative of copper-xanthate complexes at 20 values of 24.37°,
24.38°, and 18.40° (Fig. 10). These peaks, consistent with phases
indexed under JCPDS file No. 96-711-7190, exhibited lower intensities
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Fig. 8. X-ray diffraction pattern of galena sample treated with KEX (5.1072
mol/L).

compared to those from CuSO4 activation, reflecting less extensive
surface modifications.

This difference in peak intensities between the CuSO4- and Cu
(NO3),-activated samples could be related to the different counterions
(SO?{ vs. NO3) in the activating agents, similar to observations made in
studies involving different ionic species in flotation systems [25,38,40,
43]. The lower intensity of copper-xanthate peaks in the case of Cu
(NO3), activation suggests that the nitrate counterion may not promote
complex formation as effectively as sulfate ions [1,44]. This observation
is consistent with research indicating that different copper salts result in
varying degrees of surface activation and subsequent xanthate adsorp-
tion [37,42,45].

3.3.2. FTIR analysis
Fourier Transform Infrared (FTIR) spectroscopy was utilized to
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Fig. 9. X-ray diffraction pattern of galena sample activated with CuSO4(10~°
mol/L) and treated with KEX (5.102 mol/L).
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Fig. 10. X-ray diffraction pattern of galena sample activated with Cu(NO3),
(1072 mol/L) and treated with KEX (5.102 mol/L).

further investigate the adsorption mechanisms and the influence of
different copper activation treatments on the galena surface. The FTIR
spectra of untreated galena, KEX (5x10~2 mol/L)-treated/unactivated
galena (Sample 1), CuSO, (102 mol/L)-activated galena subsequently
treated with KEX (Sample 2), and Cu(NO3), (103 mol/L)-activated
galena subsequently treated with KEX (Sample 3) are comparatively
analyzed.

The spectrum for untreated galena displays a characteristic broad
absorption band centered around 3444 cm™!. This feature is attributed
to O-H stretching vibrations arising from surface hydroxyl groups or
adsorbed water molecules, a common occurrence on mineral surfaces
[46,47]. A distinct peak at 1622 cm ! corresponds to the O-H bending
vibration of adsorbed water, often associated with physisorbed water or
water within the crystal lattice [19]. The band appearing at 1415 cm ™},
previously suggested as Pb-S stretching, is more accurately assigned to
the stretching vibrations of lead carbonate (cerussite-like) species.
Cerussite is a known oxidation product of galena, and its characteristic
absorptions are found in the 1407-1435 em ! range [47,48]. It is
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important to emphasize that Pb-S stretching vibrations for galena are
typically observed in the Far-IR region, below 400 cm™}, due to the
heavier atomic masses involved [47]. A weaker feature around 1385
cm ™! may also be related to carbonate species, either as a component of
the broader lead carbonate absorption or from minor atmospheric CO,
interaction [48].

For the galena sample treated with KEX (5x10~2 mol/L) alone
(Sample 1), without prior copper activation, very weak new absorption
features are discernible in the 1200-1220 cm ™! region. These bands are
attributable to C-O stretching vibrations of adsorbed xanthate species
[49,50]. The extremely low intensity of these signals indicates minimal
interaction and adsorption of KEX onto the galena surface in the absence
of an activator. This observation is consistent with findings suggesting
limited xanthate adsorption on unactivated galena surfaces [48].

Upon activation with CuSO4 (102 mol/L) followed by KEX
treatment (Sample 2), a significant transformation in the FTIR spec-
trum is evident. A strong and well-defined absorption band appears at
approximately 1197 cm ™, often accompanied by a smaller shoulder or
distinct peak near 1190 cm™!. These prominent peaks arise from G-O
bond vibrations and are characteristic of the formation of copper-
xanthate complexes on the galena surface [18,34,45]. The intensity of
these bands, markedly greater than those in Sample 1, confirms a sub-
stantial increase in xanthate adsorption facilitated by copper ions. The
broad O-H stretching band around 3463 cm™! persists, indicating the
continued presence of surface water or hydroxyl groups.

Finally, for the sample activated with Cu(NO3), (10’3 mol/L) and
subsequently treated with KEX (Sample 3), peaks are again observed at
approximately 1197 cm ™! and 1190 cm ™. These positions are similar to
those identified in the CuSO4-activated sample, confirming the forma-
tion of copper-xanthate species. However, the intensity of these bands in
the Sample 3 spectrum is notably less than that observed for Sample 2.
This suggests that while Cu(NOs), also facilitates xanthate adsorption,
the extent of copper-xanthate formation or the stability/orientation of
the surface complex may be less pronounced compared to activation
with CuSO4 under these experimental conditions. The O-H stretching
vibration is observed around 3469 cm™!.

In summary, the FTIR spectra provide direct spectroscopic evidence
for the enhancing effect of copper activation on xanthate adsorption
onto galena. While untreated galena shows negligible evidence of
xanthate adsorption, and KEX treatment alone results in minimal
interaction, both CuSO4 and Cu(NOs), activation clearly promote the
formation of surface copper-xanthate complexes. The data suggest that
CuSO4 activation leads to a more substantial presence of these copper-
xanthate species compared to Cu(NO3), activation under the investi-
gated conditions. This spectroscopic evidence directly supports and
complements conclusions drawn from XRD, SEM, and EDS analyses
regarding the surface chemistry transformations during these flotation-
related processes.

3.3.3. SEM and EDS analysis

SEM images of galena treated solely with KEX (5.10~2 mol/L) at pH
9-10, Fig. 12, revealed minimal alterations to the surface morphology.
At 1000 x magnification, Fig. 12a, the surface appeared relatively
smooth with only a few scattered particles. While slight roughness was
observed at higher magnifications (4000 x ) in Fig. 12b, the overall
surface remained largely intact. These observations suggest a limited
interaction between KEX and the galena surface under these conditions,
which is consistent with the findings of Arnaud et al. [51], who reported
a relatively unaltered surface morphology for galena treated with ethyl
xanthate in the absence of an activator. They attributed this to the weak
interaction between xanthate and the galena surface in alkaline
conditions.

EDS analysis of the KEX-treated galena (Fig. 13) confirmed the
presence of carbon and oxygen, consistent with xanthate adsorption and
minor surface species, alongside lead and sulfur from the native galena
composition. This finding aligns with the work of Basilio et al. [22], who
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Fig. 11. FTIR spectra of galena’s surfaces before and after reagents treatment.
Note: Samlpe 1:galena treated by KEX (5.10~% mol/L); sample 2 galena activated by
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vated by Cu(NO3)2(10~2 mol/L) and treated by KEX (5.102 mol/L).
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observed negligible xanthate adsorption on sphalerite in the absence of
copper ions. The limited interaction between KEX and galena at pH 9-10
without an activator can be attributed to insufficient adsorption of the
collector, emphasizing the necessity of heavy metal ions for effective
xanthate adsorption on sulfide minerals.

In stark contrast to the unactivated samples, SEM images of galena
activated with CuSO4(10~° mol/L), Fig. 14, revealed significant surface
modifications. The activated surfaces exhibited pronounced roughness
and dense particle aggregation, indicative of strong surface interactions
and robust copper-xanthate complex formation. These morphological
changes align with previous studies that have linked increased surface
roughness and particle aggregation to enhanced reagent adsorption [11,
23,24,28,39].

EDS analysis of these samples confirmed a higher copper atomic
concentration (0.39 %) and an increase in sulfur content, Fig. 15, further
supporting the formation of sulfur-rich (50.70 %), copper-xanthate
complexes [1,37,42,52].

Galena samples activated with Cu(N03)2(10’3 mol/L) showed
moderate surface roughness and less particle aggregation in SEM images
compared to CuSO4 activated samples, Fig. 16.

EDS analysis revealed a lower copper atomic concentration (0.11 %)
on the Cu(NO3)2(10’3 mol/L)activated samples, Fig. 17, indicating less
effective activation.

These findings are consistent with previous research demonstrating
that different activators can have varying degrees of effectiveness in
modifying mineral surfaces [33,34,38,43,53,54]. The reduced effec-
tiveness of Cu(NOs)2 might be attributed to the different chemical
behavior of the nitrate counterion compared to sulfate, potentially
leading to less extensive surface modifications [41,42].

3.3.4. Proposed adsorption mechanism

Based on the comprehensive surface characterization results ob-
tained from XRD, FTIR, SEM, and EDS analyses, a proposed mechanism
for the adsorption of potassium ethyl xanthate (KEX) onto the galena
(PbS) surface in the presence of copper activators is illustrated sche-
matically in Fig. 18. This process, supported by established literature on
copper activation of galena [16,18], can be described in two primary
stages.
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Fig. 12. SEM images of galena surfaces after KEX(5.10~2 mol/L) treatment showing magnification of 1000 x (a), and 4000 x (b).
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Fig. 13. EDS spectrogram of the Galena surface after KEX (5.10~2 mol/1) treatment.

SERT HY: 20.0 kif WD: 1070 mm i VEGAZ TESCAN

View tield: 278 ym  SEM MY 40 pm

[mt: 5F Ctm{metdiy|: 051724 LPEMA-linkrs

* BEM I 200 kY
View fleld: 56.5 pm

wofosmm | VEGAD TEACAN
BEMMAG: 400k 20ym
[mt- 5E [1taimidiy|:

LPCMA-imkrs

(b)

Fig. 14. SEM images of galena activated by CuSO4 (1072 mol/L) surface after KEX (5.10~2 mol/L) treatment showing magnification of 1000 x (a), and 4000 x (b).
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Fig. 15. EDS spectrogram of galena activated by CuSO4 (10~ mol/L) surface after KEX (5.102 mol/L) treatment.

A. Copper Activation of the Galena Surface

Initially, the galena surface is predominantly composed of lead
(Pb2+) and sulfide (Sz’) sites (Fig. 18A, left). Upon introduction of
copper ions (Cu®") into the solution (e.g., from the dissolution of CuSO4
or Cu(NOs),), these Cu®" ions interact with the galena surface. A key
activation mechanism involves an ion-exchange process where Cu?*

ions replace Pb2* jons at the mineral surface, or through the formation
of copper sulfide (CuS-like) species [16,18]. This results in the formation
of a copper-rich layer, effectively creating copper sulfide-like sites (e.g.,
CuS or CusS) on the galena, as depicted in Fig. 18A (right). This "cop-
per-activated galena" surface is more amenable to subsequent collector
adsorption compared to the original PbS surface [16]. Its formation is
confirmed by the presence of copper in EDS analysis (Figs. 15 and 17)
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Fig. 16. SEM images of galena activated by Cu(NO3), (1073 mol/L) surface after KEX(5.10~2 mol/L) treatment showing magnification of 1000 x (a), and 4000 x (b).
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Fig. 18. Schematic illustration of the proposed adsorption mechanism of KEX on copper-activated galena.

and by the identification of copper-xanthate species via XRD (Figs. 9 and
10) and FTIR (Fig. 11, Samples 2 and 3). Displaced Pb?' ions are
released into the aqueous phase.

B Adsorption of Ethyl Xanthate onto the Activated Surface
Following copper activation, the ethyl xanthate ions (EX7,

CH3CH,0CS;, from KEX dissociation) present in the solution interact
with the newly formed copper sites on the galena surface (Fig. 18A,

10

right, and 18B, left). The polar head group of the xanthate ion (specif-
ically the sulfur atoms in the —~OCS5 group) chemisorbs onto these cop-
per sites, leading to the formation of copper ethyl xanthate complexes (e.
g., Cu(EX) or Cu(EX),) [16,18]. This adsorption is strongly supported by
the XRD peaks corresponding to copper-xanthate phases (Figs. 9 and 10)
and the characteristic C-O stretching vibrations of adsorbed xanthate
observed in the FTIR spectra of activated samples (Fig. 11, Samples 2
and 3). As shown in Fig. 18B (right), the adsorption of multiple xanthate
molecules, with their non-polar ethyl groups (CH3CH-) oriented
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outwards from the mineral surface, imparts hydrophobicity to the
galena particles. The morphological changes observed by SEM, such as
increased surface roughness and particle aggregation on activated sur-
faces (Figs. 14 and 16), are consistent with extensive collector adsorp-
tion and surface species formation. This increased hydrophobicity is
essential for the attachment of the mineral particles to air bubbles
during the froth flotation process, facilitating their recovery.

4. Conclusion

This study addressed a critical gap in galena flotation by systemati-
cally evaluating copper nitrate (Cu(NOs)2) as a novel activator, bench-
marked against the conventional copper sulfate (CuSO4). The
investigation focused on the comparative effects of these activators on
the surface chemistry of galena and their efficacy in enhancing potas-
sium ethyl xanthate (KEX) adsorption, aiming to determine if Cu(NO3),
offers a viable alternative. Through comprehensive analysis using X-ray
Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR),
Scanning Electron Microscopy (SEM), and Energy-Dispersive X-ray
Spectroscopy (EDS), distinct differences in their activation mechanisms
and outcomes were elucidated.

The findings clearly establish that while both activators promote KEX
adsorption, CuSOy4 activation leads to a more substantial enhancement
of xanthate interaction with the galena surface. This is evidenced by the
more extensive formation of copper-xanthate complexes observed
through stronger XRD and FTIR signals, more pronounced surface
roughening and particle aggregation seen in SEM images, and a signif-
icantly higher deposition of copper (0.39 %) as determined by EDS. In
contrast, Cu(NOs), also facilitated KEX adsorption, but its impact on
surface modification and copper-xanthate formation was consistently
less pronounced (0.11 % Cu via EDS) under the investigated conditions.
These differences are likely attributable to the distinct roles of the sulfate
versus nitrate counterions in the activation mechanism and subsequent
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complex formation.

The insights gained from this research have significant application
prospects. Firstly, they provide practical guidance for mineral process-
ing operations: while Cu(NO3s), is confirmed as a viable activator, CuSO4
remains more effective under conditions similar to those tested, poten-
tially leading to improved lead recovery and optimized reagent usage.
This systematic evaluation helps in informed decision-making. Sec-
ondly, this work contributes to a deeper fundamental understanding of
counterion effects in mineral activation, which is crucial for predicting
the behavior of various activators and can inform the rational design of
more selective or environmentally benign reagent schemes. A detailed
comparison with prior studies, presented in Table 1, further highlights
the specific advancements and novelty contributed by this investigation.
Thirdly, the detailed surface characterization provides a valuable
benchmark for future research, which could explore the optimization of
Cu(NOs3); (e.g., concentration, pH, synergistic effects) or investigate a
broader range of alternative activators and counterions, aiming to
enhance both efficiency and sustainability in sulfide mineral flotation.

Ultimately, by providing a detailed, evidence-based assessment of
the activation potential of Cu(NOg), relative to CuSOy, this study un-
derscores the critical role of activator selection in galena flotation and
contributes to the ongoing efforts to improve the efficiency and sus-
tainability of lead ore processing.

CRediT authorship contribution statement

Koriche Ibtissem: Writing — review & editing, Writing — original
draft, Visualization, Validation, Resources, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization. Nedjar Zohir:
Writing — review & editing, Supervision, Conceptualization.

Table 1
Contextual comparison of the current investigation with previous studies on copper activation of galena and xanthate adsorption.
Authors, [ref]  Activator Used Target Effectiveness/Key Surface Experimental Key Findings Relevant to Notes/Remarks
Mineral Species Formed (with Methods (brief) Activated Galena-Xanthate
(s) Xanthate) System

Koriche, I. & Cu(NO3), Galena Cu(NOg),: Copper- XRD, FTIR, SEM-EDS Cu(NO3), activates galena for First systematic study directly
Nedjar, Z. (primary); CuSO4 (PbS) xanthate complexes (less KEX adsorption via a similar comparing Cu(NOj3), and CuSOy4 as
(2025). (benchmark) intense than CuSOy,). mechanism to CuSOy, but is less activators for KEX adsorption on
(Current CuSO4: More extensive effective. Both lead to copper- galena.

Study) copper-xanthate complex xanthate surface species.
formation. Counter-ion (NO3 vs. SO% )
influences activation extent.

Popov & CuSO4 Galena Pb(EX)» and Cu()EX Flotation, Zeta- CuSOy4 activates galena for KEX Excellent benchmark for CuSO4
Vucinié (PbS) identified. CuSO4 enhances potential, ATR-IR. flotation. Co-existence of Pb and activation mechanism and
[16], KEX flotation. Cu xanthate species on the resulting surface species on galena

surface. Adsorption mechanism with ethyl xanthate.
is pH-dependent.

Nedjar & CuSOy4 Galena Colloidal Pb-1AX, Electrochemical CuSOy, activates galena for KIAX Focuses on isoamyl xanthate
Barkat (PbS) dixanthogen, Cu(l) isoamyl  potential, FTIR, adsorption. Detection of Cu(I) (KIAX). Provides SEM evidence
[12], xanthate. SEM. isoamyl xanthate and and confirms formation of various

dixanthogen on the surface, xanthate-derived species after
alongside Pb-IAX, depending on copper activation.
Cu addition levels.

Nedjar & CuSOy4 Galena Pb(IPX),, (IPX),, and Cu- Rest potential, FTIR, CuSOy, activates galena for Uses isopropyl xanthate (PIPX).
Barkat (PbS) IPX identified. CuS SEM. potassium isopropyl xanthate Reinforces the general mechanism
[18], formation on the surface. (PIPX) adsorption. CuS of copper activation leading to

formation is implicated. Surface mixed metal-xanthate and
species include lead, copper dixanthogen species.
xanthates, and dixanthogen.

Grano et al., CuSOy4 (in context  Galena MTC, lead xanthate, UV spectroscopy, Copper ions (implicitly including ~ Main focus is sulphite effects, but
[46] of MTC formation (PbS) copper xanthate. Sulphite XPS, Flotation, activators like CuSO,) react with discusses Cu?* interaction with

from oxidized
galena)

interferes with these
processes.

Dissolution studies.

xanthate on oxidized galena to
form MTC, alongside metal
xanthates. Highlights the role of
surface oxidation and pre-
existing Cu®".

xanthate on oxidized galena.
Relevant for understanding
complex surface chemistry when
activators are present or Cu®" is
released from the mineral.

11



K. Ibtissem and N. Zohir

Declaration of generative AI and Al-assisted technologies in the
writing process

During the preparation of this work the author(s) used AI Google
Studio in order to improve readability and language. After using this
tool/service, the author(s) reviewed and edited the content as needed

and take full responsibility for the content of the publication.

Funding

This research did not receive any specific grant from funding

agencies in the public, commercial, or not-for-profit sectors.

Declarations of competing interest

None.

Acknowledgment

Many thanks and gratitude to Prof. Chala Abdelouahed, Mr. May
Abdelghani, and to the Thin Film Laboratory (Biskra University), for

their contribution and support in improving the quality of this paper.

References

[1]

[2

—

[3]

[4

=

[5]

(6]

[7

—

[8]

[91

[10]

[11]

[12]

[13]

[14]

J.O. Leppinen, C.I. Basilio, R.H. Yoon, In-situ FTIR study of ethyl xanthate
adsorption on sulfide minerals under conditions of controlled potential, Int. J.
Miner. Process. 26 (1989) 259-274, https://doi.org/10.1016/0301-7516(89)
90032-x.

M. Onifade, T. Zvarivadza, J.A. Adebisi, K.O. Said, O. Dayo-Olupona, A.I. Lawal,
M. Khandelwal, Advancing toward sustainability: the emergence of green mining
technologies and practices, Green Smart Min. Eng. 1 (2024) 157-174, https://doi.
org/10.1016/j.gsme.2024.05.005.

Z. Liu, Y. Cui, F. Jiao, W. Qin, Q. Wei, Galvanic interaction between Galena and
pyrite in the presence of sodium lignosulfonate and its effects on flotation,
Langmuir 40 (2024) 25549-25557, https://doi.org/10.1021/acs.
langmuir.4c03312.

G. Ercelik, M. Terzi, I. Kursun, O. Ozdemir, Surface chemistry and flotation
properties of galena and pyrite particles in the presence of xanthate-
monothiophosphate- thiocarbamate collectors, Physicochem. Probl. Miner.
Process. 95 (2023) 167947, https://doi.org/10.37190/ppmp/167947.

H. Xie, Y. Liu, B. Rao, J. Wu, L. Gao, L. Chen, X. Tian, Selective passivation
behavior of galena surface by sulfuric acid and a novel flotation separation method
for copper-lead sulfide ore without collector and inhibitor, Sep. Purif. Technol. 267
(2021) 118621, https://doi.org/10.1016/j.seppur.2021.118621.

Nuhu Steven Kuba, Alenezi Hamoud, Selective flotation of zinc and lead from
sphalerite and galena exploring ecologically sustainable and economical reagents,
Chem. Eng. Trans. 113 (2024) 115-120, https://doi.org/10.3303/CET24113020.
C.I. Basilio, I.J. Kartio, R.-H. Yoon, Lead activation of sphalerite during galena
flotation, Miner. Eng. 9 (1996) 869-879, https://doi.org/10.1016/0892-6875(96)
00078-7.

E.D. Moreno-Medrano, V. Osuna-Enciso, N. Casillas, M.A. Pedroza-Toscano,

A. Gutierrez-Becerra, E.R. Larios-Duran, Mechanistic interpretation for Xanthate
adsorption onto galena through electrochemical impedance spectrum fitting by a
differential evolution algorithm, Int. J. Electrochem. Sci. 15 (2020) 666-676,
https://doi.org/10.20964,/2020.01.14.

N. Song, J. Yao, W. Yin, Effects of seawater on the adsorption of xanthate onto
galena and sphalerite, J. Phys. Conf. Ser. 2738 (2024) 012004, https://doi.org/
10.1088/1742-6596,/2738/1/012004.

L. Lan, J. Chen, Y. Li, P. Lan, Z. Yang, G. Ai, Microthermokinetic study of xanthate
adsorption on impurity-doped galena, Trans. Nonferrous Met. Soc. China 26 (2016)
272-281, https://doi.org/10.1016/51003-6326(16)64115-8.

N. Baltodano-Obregon, S.D. Ojeda Villegas, A. Uribe-Salas, The role of temperature
on collector adsorption in galena flotation: implications of seasonal temperature
and climate change, MRS Adv 9 (2023) 310-315, https://doi.org/10.1557/
s43580-023-00751-7.

Z. Nedjar, D. Barkat, Characterization of galena surfaces and potassium isoamyl
xanthate (KIAX) synthesized adsorption, J. Iran. Chem. Soc. 9 (2012) 709-714,
https://doi.org/10.1007/s13738-012-0096-1.

C. Gungoren, Y. Baktarhan, I. Demir, S.G. Ozkan, Enhancement of galena-
potassium ethyl xanthate flotation system by low power ultrasound, Trans.
Nonferrous Met. Soc. China 30 (2020) 1102-1110, https://doi.org/10.1016/
S$1003-6326(20)65281-5.

G. Ercelik, M. Terzi, I. Kursun, O. Ozdemir, Surface chemistry and flotation
properties of galena and pyrite particles in the presence of xanthate-
monothiophosphate- thiocarbamate collectors, Physicochem. Probl. Miner.
Process. (2023), https://doi.org/10.37190/ppmp/167947.

12

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Journal of the Indian Chemical Society 102 (2025) 101955

Z. Nedjar, D. Barkat, Electrochemistry of copper activation of sphalerite and
potassium isobutyl Xanthate (KIBX) synthesized collectors adsorption, Iran,

J. Chem. Eng. 10 (2013) 55.

S.R. Popov, D.R. Vucini¢, The effect of copper ions on galena floatability and ethyl
xanthate adsorption, Colloids Surf. 44 (1990) 191-205, https://doi.org/10.1016/
0166-6622(90)80196-b.

S. Oziin, G. Ergen, Determination of optimum parameters for flotation of galena:
effect of chain length and chain structure of xanthates on flotation recovery, ACS
Omega 4 (2019) 1516-1524, https://doi.org/10.1021/acsomega.8b02841.

Z. Nedjar, D. Barkat, Studies of activation of galena by copper and xanthate (PIPX)
synthesized collectors adsorption, J. Eng. Sci. Technol. 10 (2015) 932-942.

Z. Nedjar, D. Barkat, Characterization of galena surfaces and potassium isoamyl
xanthate (KIAX) synthesized adsorption, J. Iran. Chem. Soc. 9 (2012) 709-714,
https://doi.org/10.1007/513738-012-0096-1.

Z. Nedjar, D. Barkat, M. Bouhenguel, Study of sulfides mineral flotation with
xanthates: control parametres of flotation, Online J. Sci. Technol. 1 (2011) 32-46.
S. Oziin, G. Ergen, Determination of optimum parameters for flotation of galena:
effect of chain length and chain structure of xanthates on flotation recovery, ACS
Omega 4 (2019) 1516-1524, https://doi.org/10.1021/acsomega.8b02841.

C.IL Basilio, 1.J. Kartio, R.-H. Yoon, Lead activation of sphalerite during galena
flotation, Miner. Eng. 9 (1996) 869-879, https://doi.org/10.1016,/0892-6875(96)
00078-7.

Nedjar Zohir, Bouhenguel Mustapha, D.A. Elbaki, Synthesis and structural
characterization of Xanthate (KEX) in sight of their utilization in the processe s of
sulphides flotation, J. Miner. Mater. Charact. Eng. 08 (2009) 469-477, https://doi.
org/10.4236/jmmce.2009.86041.

S. Oziin, G. Ergen, Determination of optimum parameters for flotation of galena:
effect of chain length and chain structure of xanthates on flotation recovery, ACS
Omega 4 (2019) 1516-1524, https://doi.org/10.1021/acsomega.8b02841.

C. Wang, R. Liu, W. Sun, N. Jing, F. Xie, Q.Z.D. He, Selective depressive effect of
pectin on sphalerite flotation and its mechanisms of adsorption onto galena and
sphalerite surfaces, Miner. Eng. 170 (2021) 106989, https://doi.org/10.1016/j.
mineng.2021.106989.

Z. Nedjar, D. Barkat, Electrochemistry of Copper Activation of Sphalerite and
Potassium Isobutyl Xanthate (KIBX) Synthesized Collectors Adsorption, (n.d.).

H. Xie, Y. Liu, B. Rao, J. Wu, L. Gao, L. Chen, X. Tian, Selective passivation
behavior of galena surface by sulfuric acid and a novel flotation separation method
for copper-lead sulfide ore without collector and inhibitor, Sep. Purif. Technol. 267
(2021) 118621, https://doi.org/10.1016/j.seppur.2021.118621.

D.R. Vucinié, P.M. Lazié, A.A. Rosié, Ethyl xanthate adsorption and adsorption
kinetics on lead-modified galena and sphalerite under flotation conditions, Colloids
Surf. A Physicochem. Eng. Asp. 279 (2006) 96-104, https://doi.org/10.1016/j.
colsurfa.2005.11.103.

C. Guarnasckelli, ILLUMINATION,AND THE ADSORPTION OF XANTHATE IN THE
FLOTATION OF GALENA AND MARMATITE, 1968.

A.P. Chandra, L. Puskar, D.J. Simpson, A.R. Gerson, Copper and xanthate
adsorption onto pyrite surfaces: implications for mineral separation through
flotation, Int. J. Miner. Process. 114-117 (2012) 16-26, https://doi.org/10.1016/j.
minpro.2012.08.003.

Z. Nedjar, D. Barkat, Study of Xanthane (KAX) adsorption on galena : separation by
flotation, Online J. Sci. Technol. 3 (2013) 188-196.

G.w.P.AJ. Leja, Infrared study of xanthate adsorption O N vacuum deposited films
of lead sulfide axd metallic copper under conditions of controlled oxidation, Phys.
Chem. 67 (1963) 2121-2126, https://doi.org/10.1021/j100804a036.

C.A. Prestidge, J. Ralston, R.StC. Smart, The role of cyanide in the interaction of
ethyl xanthate with galena, Colloids Surf. A Physicochem. Eng. Asp. 81 (1993)
103-119, https://doi.org/10.1016/0927-7757(93)80238-A.

J.O. Leppinen, FTIR and flotation investigation of the adsorption of ethyl xanthate
on activated and non-activated sulfide minerals, Int. J. Miner. Process. 30 (1990)
245-263, https://doi.org/10.1016/0301-7516(90)90018-t.

H. Rao K, Revisiting sulphide mineral (Bio) processing: a few priorities and
directions, J. Powder Metall. Min. 2 (2013), https://doi.org/10.4172/2168-
9806.1000116.

Y. Huali, Y. Peng, R. Kappes, in: Developing a New Sulfidization Process to Improve
the Flotation of Oxidized Pyritic Gold Ores, 2024, p. 2369. Washington, DC, United
States, https://espace.library.uqg.edu.au/view/UQ:bc2718c.

Z. Wang, Y. Peng, Y. Zheng, W. Ding, J. Wang, L. Xu, Improved flotation of
artificial galena using a new catanionic mixture, Miner. Eng. 148 (2020) 106206,
https://doi.org/10.1016/j.mineng.2020.106206.

L. Zhang, J. Gao, S.A. Khoso, L. Wang, Y. Liu, P. Ge, M. Tian, W. Sun, A reagent
scheme for galena/sphalerite flotation separation: insights from first-principles
calculations, Miner. Eng. 167 (2021) 106885, https://doi.org/10.1016/j.
mineng.2021.106885.

P. Huang, M. Cao, Q. Liu, Selective depression of pyrite with chitosan in Pb-Fe
sulfide flotation, Miner. Eng. 46-47 (2013) 45-51, https://doi.org/10.1016/j.
mineng.2013.03.027.

J. Leppinen, J. Mielczarski, Spectroscopic study of the adsorption of thiol collectors
on lead sulphide in the presence of sodium sulphide, Int. J. Miner. Process. 18
(1986) 3-20, https://doi.org/10.1016/0301-7516(86)90003-7.

C. Weiyong, C. Jianhua, L. Yuqiong, C. Ye, Z. Cuihua, Interactions of xanthate
molecule with different mineral surfaces: a comparative study of Fe, Pb and Zn
sulfide and oxide minerals with coordination chemistry, Miner. Eng. 159 (2020)
106565, https://doi.org/10.1016/j.mineng.2020.106565.

X. Long, Y. Chen, J. Chen, Z. Xu, Q. Liu, Z. Du, The effect of water molecules on the
thiol collector interaction on the galena (PbS) and sphalerite (ZnS) surfaces: a DFT


https://doi.org/10.1016/0301-7516(89)90032-x
https://doi.org/10.1016/0301-7516(89)90032-x
https://doi.org/10.1016/j.gsme.2024.05.005
https://doi.org/10.1016/j.gsme.2024.05.005
https://doi.org/10.1021/acs.langmuir.4c03312
https://doi.org/10.1021/acs.langmuir.4c03312
https://doi.org/10.37190/ppmp/167947
https://doi.org/10.1016/j.seppur.2021.118621
https://doi.org/10.3303/CET24113020
https://doi.org/10.1016/0892-6875(96)00078-7
https://doi.org/10.1016/0892-6875(96)00078-7
https://doi.org/10.20964/2020.01.14
https://doi.org/10.1088/1742-6596/2738/1/012004
https://doi.org/10.1088/1742-6596/2738/1/012004
https://doi.org/10.1016/S1003-6326(16)64115-8
https://doi.org/10.1557/s43580-023-00751-7
https://doi.org/10.1557/s43580-023-00751-7
https://doi.org/10.1007/s13738-012-0096-1
https://doi.org/10.1016/S1003-6326(20)65281-5
https://doi.org/10.1016/S1003-6326(20)65281-5
https://doi.org/10.37190/ppmp/167947
http://refhub.elsevier.com/S0019-4522(25)00390-5/sref15
http://refhub.elsevier.com/S0019-4522(25)00390-5/sref15
http://refhub.elsevier.com/S0019-4522(25)00390-5/sref15
https://doi.org/10.1016/0166-6622(90)80196-b
https://doi.org/10.1016/0166-6622(90)80196-b
https://doi.org/10.1021/acsomega.8b02841
http://refhub.elsevier.com/S0019-4522(25)00390-5/sref18
http://refhub.elsevier.com/S0019-4522(25)00390-5/sref18
https://doi.org/10.1007/s13738-012-0096-1
http://refhub.elsevier.com/S0019-4522(25)00390-5/sref20
http://refhub.elsevier.com/S0019-4522(25)00390-5/sref20
https://doi.org/10.1021/acsomega.8b02841
https://doi.org/10.1016/0892-6875(96)00078-7
https://doi.org/10.1016/0892-6875(96)00078-7
https://doi.org/10.4236/jmmce.2009.86041
https://doi.org/10.4236/jmmce.2009.86041
https://doi.org/10.1021/acsomega.8b02841
https://doi.org/10.1016/j.mineng.2021.106989
https://doi.org/10.1016/j.mineng.2021.106989
https://doi.org/10.1016/j.seppur.2021.118621
https://doi.org/10.1016/j.colsurfa.2005.11.103
https://doi.org/10.1016/j.colsurfa.2005.11.103
http://refhub.elsevier.com/S0019-4522(25)00390-5/sref29
http://refhub.elsevier.com/S0019-4522(25)00390-5/sref29
https://doi.org/10.1016/j.minpro.2012.08.003
https://doi.org/10.1016/j.minpro.2012.08.003
http://refhub.elsevier.com/S0019-4522(25)00390-5/sref31
http://refhub.elsevier.com/S0019-4522(25)00390-5/sref31
https://doi.org/10.1021/j100804a036
https://doi.org/10.1016/0927-7757(93)80238-A
https://doi.org/10.1016/0301-7516(90)90018-t
https://doi.org/10.4172/2168-9806.1000116
https://doi.org/10.4172/2168-9806.1000116
https://espace.library.uq.edu.au/view/UQ:bc2718c
https://doi.org/10.1016/j.mineng.2020.106206
https://doi.org/10.1016/j.mineng.2021.106885
https://doi.org/10.1016/j.mineng.2021.106885
https://doi.org/10.1016/j.mineng.2013.03.027
https://doi.org/10.1016/j.mineng.2013.03.027
https://doi.org/10.1016/0301-7516(86)90003-7
https://doi.org/10.1016/j.mineng.2020.106565

K. Ibtissem and N. Zohir

[43]

[44]

[45]

[46]

[47]

[48]

study, Appl. Surf. Sci. 389 (2016) 103-111, https://doi.org/10.1016/j.
apsusc.2016.07.084.

S.R. Grano, C.A. Prestidge, J. Ralston, Solution interaction of ethyl xanthate and
sulphite and its effect on galena flotation and xanthate adsorption, Int. J. Miner.
Process. 52 (1997) 161-186, https://doi.org/10.1016/50301-7516(97)00066-5.
S.R. Popov, D.R. Vucini¢, Influence of lead ions on the adsorption characteristics of
galena in flotation, Colloids Surf. 30 (1988) 387-400, https://doi.org/10.1016/
0166-6622(88)80139-2.

S.R. Grano, C.A. Prestidge, J. Ralston, Sulphite modification of galena surfaces and
its effect on flotation and xanthate adsorption, Int. J. Miner. Process. 52 (1997)
1-29, https://doi.org/10.1016/s0301-7516(97)00049-5.

H. Wang, Y. Wang, Y. Sun, X. Pan, D. Zhang, Y.F. Tsang, Differences in Sb(V) and
As(V) adsorption onto a poorly crystalline phyllomanganate (§-MnO2): adsorption
kinetics, isotherms, and mechanisms, Process Saf. Environ. Prot. 113 (2018) 40-47,
https://doi.org/10.1016/j.psep.2017.09.015.

Kendix Elsebeth Langholz, Transmission and Reflection (ATR) Far-Infrared
Spectroscopy Applied in the Analysis of Cultural Heritage Materials, Doctor of
Philosophy, Universita di Bologna. https://amsdottorato.unibo.it/id/eprint/22
66/1/Kendix_Elsebeth_tesi.pdf, 2009.

J.M. Cases, P. De Donato, FTIR analysis of sulphide mineral surfaces before and
after collection: galena, Int. J. Miner. Process. 33 (1991) 49-65, https://doi.org/
10.1016/0301-7516(91)90042-h.

13

[49]

[50]

[51]

[52]

[53]

[54]

Journal of the Indian Chemical Society 102 (2025) 101955

L.H. Little, G.W. Poling, J. Leja, Infrared spectra of xanthate compounds: ii.
assignment of vibrational frequencies, Can. J. Chem. 39 (1961) 745-754, https://
doi.org/10.1139/v61-090.

P. Talonen, G. Sundholm, W.-H. Li, S. Floate, R.J. Nichols, A combined in situ
infrared spectroscopy and scanning tunnelling microscopy study of ethyl xanthate
adsorption on Au(111), Phys. Chem. Chem. Phys. 1 (1999) 3661-3666, https://
doi.org/10.1039/2902078k.

M. Arnaud, S. Partyka, J.M. Cases, Ethylxanthate adsorption onto galena and
sphalerite, Colloids Surf. 37 (1989) 235-244, https://doi.org/10.1016/0166-6622
(89)80122-2.

L.A. Nnanwube, O.D. Onukwuli, Hydrometallurgical processing of a Nigerian
galena ore in nitric acid: characterization and dissolution kinetics, J. Miner. Mater.
Char. Eng. 6 (2018) 271-293, https://doi.org/10.4236/jmmce.2018.63020.

J.-H. Chen, Y.-Q. Li, L.-H. Lan, J. Guo, Interactions of xanthate with pyrite and
galena surfaces in the presence and absence of oxygen, J. Ind. Eng. Chem. 20
(2014) 268-273, https://doi.org/10.1016/j.jiec.2013.03.039.

G. Ercelik, M. Terzi, I. Kursun, O. Ozdemir, Surface chemistry and flotation
properties of galena and pyrite particles in the presence of xanthate-
monothiophosphate- thiocarbamate collectors, Physicochem. Probl. Miner.
Process. (2023), https://doi.org/10.37190/ppmp/167947.


https://doi.org/10.1016/j.apsusc.2016.07.084
https://doi.org/10.1016/j.apsusc.2016.07.084
https://doi.org/10.1016/S0301-7516(97)00066-5
https://doi.org/10.1016/0166-6622(88)80139-2
https://doi.org/10.1016/0166-6622(88)80139-2
https://doi.org/10.1016/s0301-7516(97)00049-5
https://doi.org/10.1016/j.psep.2017.09.015
https://amsdottorato.unibo.it/id/eprint/2266/1/Kendix_Elsebeth_tesi.pdf
https://amsdottorato.unibo.it/id/eprint/2266/1/Kendix_Elsebeth_tesi.pdf
https://doi.org/10.1016/0301-7516(91)90042-h
https://doi.org/10.1016/0301-7516(91)90042-h
https://doi.org/10.1139/v61-090
https://doi.org/10.1139/v61-090
https://doi.org/10.1039/a902078k
https://doi.org/10.1039/a902078k
https://doi.org/10.1016/0166-6622(89)80122-2
https://doi.org/10.1016/0166-6622(89)80122-2
https://doi.org/10.4236/jmmce.2018.63020
https://doi.org/10.1016/j.jiec.2013.03.039
https://doi.org/10.37190/ppmp/167947

	Copper nitrate for galena activation: A surface chemistry study of xanthate adsorption
	1 Introduction
	2 Materials and methods
	2.1 Samples, reagents, and sample preparation
	2.2 Methods
	2.2.1 Scanning electron microscopy with energy dispersive spectrometer (SEM-EDS) analysis
	2.2.2 Fourier Transform Infrared Spectroscopy (FTIR) analysis
	2.2.3 X-ray diffraction (XRD)

	2.3 Adsorption and activation procedure
	2.3.1 Experimental protocol for sample preparation


	3 Results and discussion
	3.1 Galena characterization
	3.2 Potassium ethyl xanthate (KEX) characterization
	3.3 Adsorption and surface modifications induced by copper activation
	3.3.1 XRD analysis
	3.3.2 FTIR analysis
	3.3.3 SEM and EDS analysis
	3.3.4 Proposed adsorption mechanism


	4 Conclusion
	CRediT authorship contribution statement
	Declaration of generative AI and AI-assisted technologies in the writing process
	Funding
	Declarations of competing interest
	Acknowledgment
	References


