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Abstract

x-Cyclodextrin (x-CD) was evaluated as a selective depressant for chalcopyrite—sphalerite
flotation. Single-mineral and artificial mixed-mineral flotation tests were combined with
contact angle, zeta potential, Fourier transform infrared spectroscopy (FTIR), and X-ray
photoelectron spectroscopy (XPS) analyses. x-CD depressed sphalerite while exerting
little effect on chalcopyrite. Without x-CD, the Cu and Zn grades of the concentrate were
17.84% and 30.12%, with corresponding recoveries of 92.37% and 79.65%, respectively.
At pH 8, with 30 mg/L sodium butyl xanthate and 500 mg/L «-CD, flotation of a 1:1
artificial mineral mixture produced a concentrate with a Cu grade of 31.45% and recovery
of 98.61%; the Zn grade and recovery were 3.52% and 5.64%, respectively. Compared with
xanthate treatment alone, a-CD pretreatment lowered the contact angle of sphalerite by
36.1°, versus 3.2° for chalcopyrite. FTIR and XPS analyses indicated an increase in oxygen-
containing species on the sphalerite surface, whereas the main Cu 2p and S 2p spectra of
chalcopyrite remained largely unchanged after x-CD treatment. These results are consistent
with preferential adsorption of x-CD on sphalerite and increased surface hydrophilicity,
explaining its selective depression in this mineral system.

Keywords: «-cyclodextrin; chalcopyrite; sphalerite; flotation separation; selective depression

1. Introduction

Chalcopyrite is an important copper sulfide mineral and commonly occurs in asso-
ciation with sphalerite and other sulfide minerals [1,2]. Flotation is the primary method
for the separation of copper—zinc sulfide ores. However, both chalcopyrite and sphalerite
exhibit certain floatability in xanthate collector systems, making their selective separation
challenging [3,4]. Therefore, achieving effective depression of sphalerite while maintaining
the excellent floatability of chalcopyrite is critical for improving the flotation separation
efficiency of copper-zinc sulfide minerals [5,6].

Traditional sphalerite depressants mainly include cyanide, zinc sulfate, sulfite, sulfide,
and their combined reagent systems [7,8]. Although cyanide exhibits strong depression
ability, its application is restricted due to potential environmental and safety concerns.
ZnSQO,, sulfite, and their combined systems can achieve a certain degree of sphalerite de-
pression; however, their performance is easily affected by mineral surface properties, reagent
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conditions, and pulp environments [9,10]. Therefore, the development of potentially envi-
ronmentally friendly organic depressants with high selectivity and clear action mechanisms
has gradually become an important research direction in sulfide mineral flotation [11].

In recent years, natural organic depressants and polysaccharide-based reagents have
attracted increasing attention in the flotation separation of sulfide minerals [12]. Natural or-
ganic reagents, such as locust bean gum [13], fenugreek gum [14], grape skin extracts [15],
and pullulan [16], have been applied in the flotation separation of chalcopyrite and spha-
lerite. Previous studies have demonstrated that these reagents generally contain abundant
hydrophilic groups, including hydroxyl, carboxyl, and ether oxygen groups, which can
selectively interact with active sites on mineral surfaces, enhance surface hydrophilicity,
and affect the subsequent adsorption of collectors [17]. However, natural gums and some
polymeric polysaccharides usually possess complex compositions and molecular structures,
and their selective interactions are strongly influenced by molecular characteristics, mineral
surface properties, and pulp conditions [18]. Therefore, investigating the selective interac-
tion behavior of structurally well-defined oxygen-containing organic molecules on sulfide
mineral surfaces is of great significance for the development of novel depressants with
potential environmental benefits.

Cyclodextrins are a class of cyclic oligosaccharides containing abundant hydroxyl and
ether oxygen groups in their molecular structures [19]. The molecular structure of x-CD is
shown in Scheme 1. Yuan et al. used carboxymethyl-B-cyclodextrin to selectively depress
pyrite during chalcopyrite—pyrite flotation separation, obtaining a copper concentrate with
a Cu grade of 28.06% and a recovery of 73.15% [19]. Li et al. used B-cyclodextrin to
depress barite during reverse flotation of high-density waste drilling fluid, achieving a barite
recovery of 87.41% in a sodium dodecyl sulfate (SDS) flotation system [20]. However, unlike
previous studies using carboxymethyl-p-cyclodextrin to depress pyrite or B-cyclodextrin to
depress barite, the selective depression of sphalerite by unmodified x-cyclodextrin (x-CD)
in chalcopyrite—sphalerite flotation and its different interfacial interactions with the two
minerals remain insufficiently understood. Therefore, in this study, a-CD was employed as a
depressant to investigate its effects on the flotation behaviors of chalcopyrite and sphalerite
through single-mineral and artificial mixed-mineral flotation experiments. Contact angle
measurements, zeta potential analysis, FTIR, and XPS were further conducted to characterize
the interfacial interaction behavior of x-CD on mineral surfaces and elucidate the mechanism
underlying the selective depression of sphalerite. This study provides theoretical insights
into the development of flotation separation strategies for chalcopyrite and sphalerite.
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Scheme 1. Molecular structure of x-cyclodextrin (x-CD).
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2. Materials and Methods
2.1. Mineral Samples and Reagents

The single-mineral samples of chalcopyrite and sphalerite used in this study were
collected from Kunming, Yunnan and Linxiang, Hunan, China, respectively. The raw
mineral samples were manually selected, crushed, and dry-ground using a ceramic ball
mill (XMCQ-®180 x 200, Jiangxi Hengchang Mining Machinery Manufacturing Co., Ltd.,
Ganzhou, China). Particle size fractions of 38-74 pm were collected as the flotation samples.
A portion of the samples was further ground to below 5 ym for zeta potential, FTIR, and
XPS analyses. The chemical compositions of the chalcopyrite and sphalerite samples were
determined by X-ray fluorescence (XRF) spectroscopy, and the results are summarized
in Table 1. The calculated purities of chalcopyrite and sphalerite were both higher than
95%, confirming that the samples were suitable for single-mineral flotation experiments.
The X-ray diffraction (XRD) patterns of the mineral samples were recorded using an X-ray
diffractometer (D/MAX-2600, Rigaku International Corporation, Tokyo, Japan) with Cu Kx
radiation at 40 kV and 20 mA. Jade software (version 6.0) was used to analyze the diffraction
patterns, and the results are shown in Figure 1.

Table 1. Chemical compositions of the chalcopyrite and sphalerite samples (wt.%).

Sample Cu Zn S Fe Purity (%)
Chalcopyrite Measured 33.66 - 34.10 30.16 97.20
Py Theoretical ~ 34.63 - 3494 3043 100.00
Sphalerite Measured - 65.90 32.06 1.42 98.21
p Theoretical - 6710  32.90 § 100.00
(a) b #&— Chalcopyrite (b) a— Sphalerite
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Figure 1. X-ray diffraction (XRD) patterns of (a) chalcopyrite and (b) sphalerite.

«-Cyclodextrin (x-CD, 98%; Aladdin, Shanghai, China), sodium butyl xanthate (SBX,
95%; Zhuzhou Reagent Factory, Zhuzhou, China), and methyl isobutyl carbinol (MIBC;
Shanghai Macklin Biochemical Co., Ltd., Shanghai, China) were used as the depressant,
collector, and frother, respectively. Hydrochloric acid (HCl) and sodium hydroxide (NaOH)
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) for pH
adjustment. All reagents were of analytical grade. Deionized water (18.2 M()-cm) was
used throughout.
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2.2. Micro-Flotation Experiments
2.2.1. Single-Mineral Flotation Experiments

Single-mineral flotation experiments were conducted using an XFG flotation machine
(Jilin Exploration Machinery Plant, Changchun, China) equipped with a 40 mL flotation cell
and a four-blade impeller with a diameter of 30 mm. The impeller speed was maintained
at 1800 rpm. For each experiment, 2.0 g of mineral sample was added to the flotation cell
and mixed with 40 mL of deionized water. Before flotation, the mineral samples were
ultrasonically treated for 5 min at a frequency of 35 kHz and a power of 80 W to minimize
the influence of surface contaminants and fine particles on the experimental results. The
reagent addition procedure was conducted as follows: the pulp pH was adjusted to the
desired value before reagent addition and conditioned for 2 min; x-CD was then added
and conditioned for 3 min; subsequently, SBX was added and conditioned for 2 min; finally,
MIBC (10 mg/L) was introduced and conditioned for 1 min. After reagent conditioning,
flotation was performed by manually scraping froth for 3 min. The froth products and
tailings were collected separately, filtered, dried, and weighed. Given that both single-
mineral samples had purities above 95%, mineral recovery was approximated by the mass
recovery of the froth product and calculated using the following equation:

e= — 1 100% (1)
m; +m;,
where ¢ represents the mineral recovery (%), m; represents the mass of the froth product
(g), and m, represents the mass of the tailing product (g).

2.2.2. Artificial Mixed-Mineral Flotation Experiments

To further evaluate the separation performance of x-CD for chalcopyrite and sphalerite,
artificial mixed-mineral samples were prepared by mixing chalcopyrite and sphalerite at a
mass ratio of 1:1. The total mineral mass used in each experiment was 2 g. After ultrasonic
treatment, the mixed-mineral samples were subjected to flotation using the same XFG
flotation machine and impeller configuration as described in Section 2.2.1, following the
same conditioning and reagent addition procedures used in the single-mineral flotation
experiments. After flotation, the concentrate and tailings were filtered, dried, and weighed.
The Cu and Zn grades of the concentrates were determined by chemical titration, whereas
those of the tailings were calculated by metal mass balance. The Cu and Zn feed grades
were calculated from the measured metal grades of the two single-mineral samples and
their 1:1 mass mixing ratio. As the mixed-mineral system contained both minerals, Cu and
Zn recoveries were calculated separately using the concentrate mass yield and metal grades:

e = 'fx—'g x 100% (2)

where ¢ is the Cu or Zn recovery (%), <y is the concentrate mass yield expressed as a fraction
between 0 and 1, p is the Cu or Zn grade in the concentrate (%), and « is the corresponding
grade in the feed (%). All flotation experiments were conducted in triplicate, and the results
are presented as mean + standard deviation.

2.3. Contact Angle Measurements

The surface wettability changes in minerals under different reagent conditions were
investigated using a JY-82B contact angle analyzer (Chengde Dingsheng Testing Equipment
Co., Ltd., Chengde, China). The ground mineral samples were pressed into smooth pellets,
washed with deionized water, and dried before measurement. Prior to testing, the samples
were sequentially treated according to the designed reagent conditions, including pH
adjustment, a-CD treatment, and SBX treatment. The contact angle measurements were
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conducted at pH 8 using 400 mg/L «-CD and 30 mg/L SBX, consistent with the reagent
conditions used in the single-mineral flotation experiments. The treated samples were
subsequently washed thoroughly with deionized water and air-dried at room temperature.
During measurement, a droplet of deionized water was placed on the sample surface, and
the contact angle was recorded after stabilization of the droplet shape. Atleast three different
positions were randomly selected for each sample, and the average value was calculated.

2.4. Zeta Potential Measurements

The zeta potentials of mineral suspensions under different reagent conditions were
measured using a Zetasizer Nano ZS90 analyzer (Malvern Instruments, Malvern, UK). Min-
eral samples with particle sizes below 5 pm were dispersed in deionized water containing
1 x 1072 mol/L KCl as the background electrolyte. The suspension pH was adjusted to the
desired value using hydrochloric acid and sodium hydroxide solutions, followed by the
addition of a-CD and SBX according to the experimental conditions. The concentrations
of x-CD and SBX were 400 mg/L and 30 mg/L, respectively, consistent with those used in
the single-mineral flotation experiments. After reagent conditioning, the suspensions were
allowed to stand for 5-10 min. The uniformly dispersed upper suspension was collected
for zeta potential measurements. The electrokinetic responses to x-CD and SBX treatment
were evaluated by comparing the zeta potentials before and after reagent addition. Each
measurement was performed three times, and the average value was used.

2.5. FTIR Measurements

FTIR was performed using an FTIR-740 spectrometer (Thermo Nicolet Corporation,
Madison, WI, USA) to investigate the interaction of a-CD with mineral surfaces. Untreated
and x-CD-treated mineral samples were compared. After conditioning, the samples were
filtered, thoroughly washed with deionized water to remove residual reagents, and dried.
The treated mineral samples were mixed with spectroscopic-grade KBr at a mass ratio
of 1:100 and thoroughly ground. The mixture was then pressed into pellets for FTIR
measurements. The spectra were collected in the range of 4000400 cm~! with a resolution
of 4 cm™!. The interaction of a-CD with chalcopyrite and sphalerite was examined by
comparing the characteristic bands before and after a-CD treatment.

2.6. XPS Measurements

XPS was performed using a Thermo Fisher ESCALAB QXI spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) to analyze the elemental composition and chemical
states of mineral surfaces. The sphalerite and chalcopyrite samples were conditioned at
pH 8 with or without x-CD according to the designed reagent conditions, followed by
filtration and thorough washing with deionized water (without pH adjustment) to remove
residual reagents that did not interact with the mineral surfaces. The samples were then
dried and subjected to XPS analysis. The XPS spectra were fitted using Thermo Scientific
Avantage software (version 6.9) with a Smart background, Gaussian-Lorentzian product
peak shape, and Powell algorithm. The binding energies were charge-referenced to the C 1s
peak at 284.8 eV.

3. Results and Discussion
3.1. Flotation Experiments
3.1.1. Single-Mineral Flotation Behavior

The effects of different flotation conditions on the recoveries of chalcopyrite and spha-
lerite are shown in Figure 2.
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Figure 2. Effects of reagent dosage and pulp pH on the recoveries of chalcopyrite and sphalerite in
single-mineral flotation tests: (a) SBX dosage; (b) pulp pH for chalcopyrite; (c¢) pulp pH for sphalerite;
and (d) «-CD dosage.

As shown in Figure 2a, in the absence of SBX, the recovery of chalcopyrite was ap-
proximately 92%, whereas the recovery of sphalerite was below 20%. The high collectorless
recovery of chalcopyrite may be associated with its surface properties, as previous studies
have shown that surface oxidation can influence its flotation behavior [21]. Moreover, MIBC
(10 mg/L) was still present as the frother, facilitating particle recovery. With increasing
SBX concentration from 0 to 30 mg/L, chalcopyrite maintained a high recovery, while the
recovery of sphalerite increased significantly. Despite the absence of an added Cu?* acti-
vator, sphalerite recovery reached approximately 66% at 30 mg/L SBX. The Fe content of
the natural sphalerite sample (1.42 wt.%, Table 1) may have influenced its interaction with
xanthate, as reported previously [22]. When the SBX concentration was further increased to
40-60 mg/L, the recovery variation in sphalerite became relatively insignificant, indicating
that the collecting effect of SBX was nearly stabilized at 30 mg/L. Therefore, 30 mg/L was
selected as the SBX dosage for subsequent experiments.

Here, Figure 2b,c illustrate the effects of pH on the flotation behaviors of chalcopy-
rite and sphalerite under fixed dosages of 30 mg/L SBX and 400 mg/L x-CD. The results
showed that chalcopyrite maintained a relatively stable and high recovery within the in-
vestigated pH range. In contrast, the recovery of sphalerite decreased significantly with
increasing pH. At pH 8, a distinct difference in flotation behavior between chalcopyrite
and sphalerite was observed; therefore, pH 8 was selected as the optimum condition for
subsequent experiments.

This is shown in Figure 2d. Here, under the conditions of pH 8 and 30 mg/L SBX,
x-CD exhibited different effects on the flotation behaviors of chalcopyrite and sphalerite.
With increasing «-CD dosage, the recovery of chalcopyrite remained almost unchanged,
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whereas the recovery of sphalerite continuously decreased. When the a-CD dosage reached
400 mg/L, the recovery of sphalerite reached the lowest value while chalcopyrite still
maintained a high recovery, indicating that effective selective depression of sphalerite was
achieved under these conditions. Therefore, the optimal conditions for subsequent single-
mineral flotation experiments were determined as follows: pH 8, SBX dosage of 30 mg/L,
and x-CD dosage of 400 mg/L.

3.1.2. Separation Performance of Artificial Mixed-Mineral Samples

To further evaluate the separation performance of «-CD for chalcopyrite and sphalerite,
flotation experiments were conducted using artificial mixed-mineral samples prepared by
mixing chalcopyrite and sphalerite at a mass ratio of 1:1. The results are summarized in
Table 2.

Table 2. Effect of a-CD dosage on the flotation separation of a 1:1 artificial chalcopyrite-sphalerite
mixture.

«-CD Dosage Grade (%) Recovery (%)
(mg/L) Products

8 Cu Zn Cu Zn
0 Concentrate 17.84 + 0.17 30.12 + 0.25 92.37 + 0.69 79.65 + 0.92
Tailing 9.99 +0.18 52.12 + 0.25 7.63 £ 0.69 20.35 £ 0.92
400 Concentrate 29.75 + 0.20 791 +0.18 98.39 + 0.48 13.36 =+ 0.70
Tailing 0.61 +£0.12 64.38 + 0.22 1.61 +£0.48 86.64 + 0.70
500 Concentrate 31.45 1+ 0.25 352 +0.11 98.61 + 0.43 5.64 £+ 0.50
Tailing 0.50 + 0.08 65.83 + 0.15 1.39 £ 043 94.36 + 0.50

In the absence of x-CD, the Cu and Zn recoveries in the concentrate were 92.37% and
79.65%, respectively. The Cu grade was only 17.84%, while the Zn grade reached 30.12%,
indicating that both chalcopyrite and sphalerite exhibited strong flotation responses without
depressant addition, resulting in poor separation efficiency. The relatively high Zn recovery
may be partly attributed to the unintended activation of sphalerite by dissolved Cu species
from chalcopyrite, which can promote xanthate adsorption [23]. Froth entrainment may
also have contributed to sphalerite recovery.

After adding 400 mg/L «-CD, the Cu grade of the concentrate increased to 29.75%,
while the Zn grade decreased to 7.91%. Meanwhile, the Cu recovery increased to 98.39%,
whereas the Zn recovery decreased to 13.36%. These results demonstrate that x-CD effec-
tively reduced the recovery of sphalerite into the concentrate and promoted the selective
enrichment of chalcopyrite. When the x-CD dosage was further increased to 500 mg/L, the
Cu grade of the concentrate increased to 31.45%, while the Zn grade further decreased to
3.52%. The Cu and Zn recoveries reached 98.61% and 5.64%, respectively. Compared with
the condition of 400 mg/L «-CD, increasing the x-CD dosage had little effect on chalcopyrite
recovery but further decreased sphalerite recovery, indicating that a higher «-CD dosage
contributed to improving the selective separation between chalcopyrite and sphalerite.

The artificial mixed-mineral flotation results were consistent with the single-mineral
flotation behavior, demonstrating that «-CD can effectively depress sphalerite flotation
while maintaining high chalcopyrite recovery, thereby achieving selective separation of
chalcopyrite and sphalerite.

3.2. Wettability Analysis

Figure 3 shows the changes in the contact angles of chalcopyrite and sphalerite surfaces
under different reagent conditions.
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Figure 3. Contact angles of chalcopyrite and sphalerite following the indicated reagent treatments.

Under the blank condition, the contact angles of chalcopyrite and sphalerite were 72.5°
and 65.7°, respectively. After SBX treatment, their contact angles increased to 88.6° and 74.9°,
respectively, indicating that SBX enhanced the surface hydrophobicity of both minerals.

The addition of a-CD significantly changed the difference in wettability between
chalcopyrite and sphalerite. For chalcopyrite, the contact angle decreased from 72.5° to
66.8° after a-CD treatment alone. After x-CD pretreatment followed by SBX addition, the
contact angle remained at 85.4°, which was close to that obtained with SBX treatment alone,
indicating that the SBX-induced hydrophobicity of chalcopyrite was largely maintained
after a-CD pretreatment.

For sphalerite, the contact angle decreased significantly from 65.7° to 37.6° after x-CD
treatment, indicating that the surface hydrophilicity was greatly enhanced. After x-CD
pretreatment followed by SBX addition, the contact angle of sphalerite was only 38.8°, which
was much lower than that obtained with SBX treatment alone (74.9°). This indicates that
x-CD effectively inhibited the hydrophobic modification of sphalerite induced by SBX and
maintained the hydrophilic state of the sphalerite surface.

Compared with SBX treatment alone, the contact angle of chalcopyrite decreased by
only approximately 3.2° after x-CD pretreatment, whereas that of sphalerite decreased by
approximately 36.1°. These results show that «-CD pretreatment weakened the SBX-induced
hydrophobicity of sphalerite much more than that of chalcopyrite. The resulting difference
in wettability is consistent with the selective depression observed in the flotation tests.

3.3. Zeta Potential Analysis

Figure 4 presents the zeta potentials of chalcopyrite and sphalerite under different
reagent conditions. Both minerals exhibited negative values over pH 4-12, generally becom-
ing more negative with increasing pH. Zeta potential reflects the potential at the slipping
plane and is affected by interfacial ions and adsorbed layers [24].

For chalcopyrite, SBX alone shifted the zeta potential from —31.81 to —37.56 mV at pH 8.
This negative shift is consistent with the adsorption of anionic xanthate at the mineral inter-
face. Previous studies identified metal xanthate and dixanthogen on chalcopyrite treated
with butyl xanthate [25,26], suggesting that reactions involving Cu-related surface sites and
xanthate oxidation may contribute to collector adsorption and surface hydrophobization.
«-CD alone caused only minor changes in zeta potential. Following x-CD pretreatment, SBX
addition shifted the potential to —36.13 mV at pH 8, close to the value obtained with SBX
alone. These results suggest that a-CD pretreatment had a limited effect on the interfacial
electrical properties of SBX-treated chalcopyrite.

https://doi.org/10.3390/separations13110338


https://doi.org/10.3390/separations13110338

Separations 2026, 13, 338

9 of 15

Zeta potential(mV)
A &
S S

_50 3

L —=— Chalcopyrite
—o— Chalcopyrite+SBX
—A— Chalcopyrite+a-CD

(b)
- \}\

BN

£-20} 4

5 \{
S

a

8

\ S 3 30} —=— Sphalerite \
—_— —e— Sphalerite+SBX

—A— Sphalerite+a-CD

|/

—v— Chalcopyritet+a-CD+SBX —v— Sphalerite+o-CD+SBX
. . . . -40p__, . .
6 8 10 12 4 6 8 10 12
pH pH

Figure 4. Zeta potentials of (a) chalcopyrite and (b) sphalerite under the indicated reagent treatments.

For sphalerite, SBX alone shifted the zeta potential from —22.84 to —26.52 mV at pH §,
corresponding to a negative shift of 3.68 mV. This shift may be associated with the adsorp-
tion of anionic SBX. Yu et al. detected metal xanthate on iron-bearing natural sphalerite
treated with ethyl xanthate [22], suggesting that SBX may also adsorb on sphalerite through
reactions with surface metal sites. a-CD treatment shifted the zeta potential to —18.24 mV,
and subsequent SBX addition changed it to —19.56 mV. Since a-CD is predominantly non-
ionic at pH 8, the less negative potential may be associated with changes in the interfacial
environment or slipping-plane position caused by surface coverage. The resulting negative
shift of 1.32 mV was smaller than that observed without x-CD pretreatment. This smaller
shift may be related to surface coverage by x-CD restricting SBX access to surface sites.
In contrast to the largely maintained SBX-related response of chalcopyrite, the reduced
response of sphalerite after x-CD pretreatment is consistent with the different wettability
changes observed. However, these zeta-potential shifts reflect changes in the interfacial
electrokinetic environment and cannot independently confirm reagent adsorption.

3.4. FTIR Analysis

Figure 5 shows the FTIR spectra of a-CD and chalcopyrite and sphalerite before and
after x-CD treatment. x-CD exhibited characteristic absorption peaks at 3425, 2926, 1642,
1159, and 1029 cm~!, corresponding to the O-H stretching vibration, C-H stretching vibra-
tion, H-O-H bending vibration of adsorbed water, C-O-C stretching vibration of glycosidic
bonds, and C-O stretching vibration, respectively [27].

As shown in Figure 5a, untreated chalcopyrite exhibited absorption peaks near 3430 and
1632 cm™!, corresponding to O-H stretching and H-O-H bending vibrations, respectively.
The band near 1046 cm™! may be associated with S-O stretching vibrations of surface
sulfate-related species [28]. After a-CD treatment, the positions of these absorption peaks
remained essentially unchanged, and no clearly discernible characteristic absorption peaks
of a-CD at 2926, 1159, and 1029 cm~! were observed. The FTIR spectra of chalcopyrite
showed no obvious changes after a-CD treatment, consistent with the limited interaction of
«-CD with the chalcopyrite surface.

As shown in Figure 5b, untreated sphalerite exhibited two main absorption peaks
near 3435 and 1633 cm ™!, corresponding to O-H stretching and H-O-H bending vibrations
of surface-associated water, respectively [29]. After x-CD treatment, these peaks shifted
slightly to 3430 and 1629 cm™!, respectively. Because the vibrations of surface hydroxyl
groups, adsorbed water, and a-CD overlap in this region, these slight peak shifts may reflect
changes in the local hydrogen-bonding environment. More importantly, the band shape of
sphalerite in the region of 1200-950 cm~! changed after treatment, and a broad absorption

https://doi.org/10.3390/separations13110338


https://doi.org/10.3390/separations13110338

Separations 2026, 13, 338

10 of 15

band centered at approximately 1050 cm~! appeared. This region corresponds to the
stretching vibration ranges of the C-O-C and C-O groups in x-CD [30]. The characteristic
peaks of pure x-CD at 1159 and 1029 cm~! were weakened, broadened, and overlapped
after adsorption, indicating that a-CD-related oxygen-containing groups were present on
the treated sphalerite surface. These spectral changes indicate that x-CD can be adsorbed
on the sphalerite surface, and its hydroxyl and ether oxygen groups may participate in
hydrogen bonding and other surface interactions [31].

@) Chalcopyritet+a-CD ()
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Figure 5. FTIR spectra of pure x-CD and untreated and «-CD-treated mineral samples: (a) chalcopyrite
and (b) sphalerite.

3.5. XPS Analysis

To further analyze the adsorption behavior of x-CD on the chalcopyrite and sphalerite
surfaces, XPS measurements were performed on the samples before and after treatment.
As shown in the XPS survey spectra of sphalerite in Figure 6, C, O, S, and Zn were detected
before and after x-CD treatment. Table 3 shows that, after x-CD treatment, the atomic
contents of C and O on the sphalerite surface increased from 21.86% and 12.84% to 24.39%
and 17.13%, respectively, while the contents of S and Zn decreased from 29.85% and 35.45%
to0 27.00% and 31.49%, respectively. The increases in the C and O contents and the weakening
of the Zn and S signals indicate that an organic overlayer rich in C and O was formed on
the sphalerite surface [32,33].
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P B, o1 o
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Figure 6. XPS survey spectra of sphalerite before and after a-CD treatment.
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Table 3. Relative surface atomic concentrations of sphalerite before and after a-CD treatment.

Sample C1s (at.%) O 1s (at.%) S 2p (at.%) Zn 2p (at.%)
Sphalerite 21.86 12.84 29.85 35.45
Sphalerite + x-CD 24.39 17.13 27.00 31.49
Change (at.%) +2.53 +4.29 -2.85 —3.96

Figure 7a shows the high-resolution C 1s spectra of sphalerite before and after x-CD
treatment. The components of untreated sphalerite at 284.80, 286.29, and 288.91 eV were
assigned to C-C/C-H, C-O/C-OH, and oxygen-containing carbon species such as O-C=0,
respectively [34]. After x-CD treatment, the corresponding components were located at
284.80, 286.31, and 289.22 V. The total proportion of the oxygen-containing carbon compo-
nents increased from 40.38% to 65.13%, mainly reflected by the significant enhancement
of the C-O/C-OH component. This change corresponds to the oxygen-containing groups
associated with the abundant hydroxyl groups, ether bonds, and glycosidic bonds in the
x-CD molecule, indicating that organic species derived from x-CD were enriched on the

sphalerite surface [35].
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Figure 7. High-resolution XPS spectra and fitted components of untreated and x-CD-treated sphalerite:
(a) C1s, (b)O1s, (c) S2p,and (d) Zn 2p.

As can be seen from the high-resolution O 1s spectra in Figure 7b, the component
near 531.21 eV was mainly related to oxygen species on the mineral surface, while the
components near 532.21 and 533.01 eV could be assigned to oxygen-containing species
such as surface hydroxyl groups, C-O, and organic ether oxygen [36]. After a-CD treat-
ment, the total proportion of the high-binding-energy oxygen components at 532.21 and
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533.01 eV increased from 39.83% to 54.08%, while their fitted peak positions remained
nearly unchanged, indicating an increase in the relative contribution of oxygen-containing
species [37]. Because the O 1s signals of different oxygen-containing species overlap to a
certain extent, these components were mainly used to reflect the relative changes in the
surface oxygen-containing groups before and after treatment.

Figures 7c and 7d show the high-resolution S 2p and Zn 2p spectra, respectively. After
x-CD treatment, the S 2p and Zn 2p peaks shifted toward higher binding energies by
approximately 0.17 and 0.13 eV, respectively, indicating that the local chemical environment
of the sphalerite surface changed [38]. Combined with the significant increase in the oxygen-
containing components in the C 1s and O 1s spectra, these results suggest that a-CD-related
organic species were enriched on the sphalerite surface, forming a hydrophilic organic
overlayer [39]. This overlayer increased the hydrophilicity of the sphalerite surface, thereby
decreasing its floatability, which was consistent with the contact angle, zeta potential, and
flotation test results.

To further evaluate the influence of x-CD on chalcopyrite, the high-resolution C 1s, S
2p, and Cu 2p spectra before and after treatment were compared, as shown in Figure 8. The
C 1s spectra exhibited three components at approximately 284.80, 286.20, and 288.60 eV, cor-
responding to C—C/C-H, C-O/C-0OH, and O-C=0 species, respectively [40]. After x-CD
treatment, the overall C 1s spectral profile remained similar, although the contribution of
oxygen-containing carbon components increased slightly. The S 2p peaks at approximately
161.30 and 162.50 eV were assigned to the S 2p;/, and S 2p; /, components, respectively [41],
while the Cu 2p peaks at approximately 931.90 and 951.80 eV corresponded to Cu 2p;/,
and Cu 2p, /,, respectively [42]. After a-CD treatment, the main S 2p and Cu 2p peaks
showed no obvious binding energy shifts or newly resolved components. These results
suggest that x-CD had a limited influence on the Cu- and S-related surface chemical states of
chalcopyrite. This observation is consistent with the contact angle and flotation results, indi-
cating that x-CD treatment did not substantially impair the hydrophobicity and floatability
of chalcopyrite.

Intensity (a.u.)

Chalcopyriteta-CD (@ C1s Chalcopyriteta-CD (b) S2p Chalcopyrite+a-CD (©) Cu2p
| ] 162.50 I 161.30
| 28480 (i ‘ 951.80 931.90
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Figure 8. High-resolution XPS spectra of chalcopyrite before and after a-CD treatment: (a) C 1s, (b)
S2p, and (c) Cu 2p.

4. Conclusions

This study evaluated a-CD as a selective depressant for chalcopyrite-sphalerite flotation
separation and investigated its depression mechanism. The main conclusions are as follows:

(1) «-CD selectively depressed sphalerite while exerting little influence on chalcopyrite
under the optimal single-mineral flotation conditions of pH 8, 30 mg/L SBX, and
400 mg/L «-CD. For the artificial mixed-mineral system with a chalcopyrite/sphalerite
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mass ratio of 1:1, at an «-CD dosage of 500 mg/L, the Cu grade and recovery of
the concentrate reached 31.45% and 98.61%, respectively, whereas the Zn grade and
recovery decreased to 3.52% and 5.64%, respectively.

(2) «-CD had distinctly different effects on the surface properties of chalcopyrite and
sphalerite. Compared with SBX treatment alone, x-CD pretreatment decreased the
contact angle of chalcopyrite by only 3.2°, whereas that of sphalerite decreased by
36.1°. The zeta-potential results further indicated that x-CD had little influence on
the interaction between chalcopyrite and SBX but markedly weakened the response of
sphalerite to subsequent SBX addition, indicating that x-CD selectively enhanced the
surface hydrophilicity of sphalerite.

(3) FTIR and XPS analyses indicated that x-CD adsorbed on the sphalerite surface, as
evidenced by the increased surface contents of C and O and the enrichment of oxygen-
containing components. In contrast, the main Cu 2p and S 2p peaks of chalcopyrite
showed no obvious binding energy shifts after x-CD treatment. These results suggest
that the hydroxyl and ether oxygen groups of «-CD participate in surface interac-
tions involving Zn-related sites, forming a hydrophilic organic overlayer and thereby
contributing to the selective depression of sphalerite.

These results were obtained using a 1:1 artificial chalcopyrite-sphalerite mixture. Fur-
ther verification using natural ores is needed, as additional sulfide minerals, gangue phases,
and dissolved metal ions may affect flotation performance.
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