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Abstract

The selective flotation separation of chalcopyrite from pyrite under low-alkalinity condi-
tions remains a challenge due to their similar surface properties. In this study, a sulfonated
dextrin (SD) was synthesized via chemical modification and evaluated as a selective de-
pressant for pyrite in the chalcopyrite–pyrite flotation system. Micro-flotation experiments
demonstrated that SD exhibited significantly superior selective depression for pyrite com-
pared to unmodified dextrin. At pH 8.0, SD achieved over 95% depression of pyrite with
negligible impact on chalcopyrite flotation. In mixed-mineral flotation, SD reduced pyrite
recovery from 75.01% to 27.08% at a dosage of 100 mg/L, while chalcopyrite recovery
increased from 80.56% to 87.65%. Contact angle measurements revealed that SD markedly
enhanced the hydrophilicity of pyrite surfaces, whereas chalcopyrite surfaces retained
strong hydrophobicity in the presence of SBX. Zeta potential and FTIR analyses indicated
that SD strongly adsorbed onto pyrite surfaces through the introduced sulfonic groups
(−SO3

−), effectively hindering subsequent SBX adsorption. XPS analysis further sug-
gested chemical interactions between SD and oxidized iron species on pyrite surfaces,
forming a stable organic–inorganic composite adsorption layer. These findings demon-
strate SD to be a promising environmentally friendly depressant for selective copper–sulfur
separation under low-alkalinity conditions, offering a viable alternative to conventional
lime-based processes.
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1. Introduction
With the rapid development of power transmission, renewable energy, electronic infor-

mation technology, and infrastructure construction, copper has been widely utilized owing
to its excellent electrical conductivity, ductility, and corrosion resistance [1–3]. Chalcopyrite
(CuFeS2) is the most important copper-bearing mineral in nature, while often associated
with pyrite (FeS2) [4,5]. Therefore, the selective separation of these two minerals is crucial
for efficient utilization of copper resources. Flotation is currently the most widely used
and effective technique for separating valuable minerals from gangue [6]. However, the
similar surface chemical properties of chalcopyrite and pyrite result in strong adsorption of
commonly used sulfhydryl collectors, such as xanthates (e.g., sodium butyl xanthate, SBX),
on both mineral surfaces, thereby reducing flotation selectivity and presenting a major chal-
lenge for efficient copper–sulfur separation [7,8]. In industrial practice, lime is commonly
added to create a highly alkaline environment to depress pyrite flotation. Nevertheless,
this approach often results in increased pulp viscosity, higher reagent consumption, and
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greater difficulty in tailings water treatment [9–11]. Therefore, achieving efficient selective
separation of chalcopyrite and pyrite under low-alkalinity conditions is of great practical
importance for reducing operational costs and environmental impacts.

Recently, environmentally friendly depressants based on functional polymers or
biopolymers have garnered increasing attention due to their abundance, high separation
efficiency, low cost, and eco-friendliness [12,13]. Polymers bearing functional groups such
as hydroxyl, carboxyl, sulfonate, and glycosidic bonds can form hydrophilic adsorption
layers on mineral surfaces, thereby reducing collector adsorption [14–16]. Among these,
naturally derived polysaccharides are particularly attractive. Dextrin, a typical natural
polysaccharide derivative, has been widely researched as a depressant in copper and sulfur
flotation systems owing to its renewability, low cost, and availability [4,12]. However, the
depression performance of conventional dextrin remains limited in practice. Specifically,
it interacts weakly with mineral surfaces mainly through hydroxyl groups, and its low
density of functional groups and weak adsorption strength result in insufficient selective
depression, particularly under low-alkalinity flotation conditions [17–19]. Therefore, tar-
geted modification of the dextrin to enhance its selective adsorption capability is essential
for improving depression performance.

Various methods, including thermal treatment, alkali treatment, and chemical modi-
fication, have been explored for dextrin modification. For example, Drzymała prepared
different dextrins from potato starch via thermal treatment and found that thermally modi-
fied dextrin effectively depressed galena and chalcocite flotation [5]. Yamamoto reported
that strong alkaline conditions disrupt starch granule structure and promote molecular
chain expansion, providing a theoretical basis for the alkali-induced modification of polysac-
charides such as dextrin [20]. However, thermal and alkaline treatments primarily alter
the molecular structure and dispersion behavior of dextrin but offer limited control over
mineral surface selectivity. Consequently, introducing specific functional groups onto the
dextrin backbone via chemical modification represents a promising strategy to enhance its
coordination ability and selective adsorption toward target minerals [21]. Beaussart et al.
showed that modified dextrin, such as carboxymethyl dextrin and hydroxypropyl dextrin,
adsorb onto molybdenite surfaces through hydrogen bonding and electrostatic interac-
tions, forming hydrophilic layers that reduce surface hydrophobicity [22]. These studies
demonstrated that substituent groups significantly affect the adsorption amount and sur-
face coverage morphology of dextrin, thereby influencing mineral hydrophobicity and
flotation recovery [11,23,24]. On the other hand, sulfonic groups (–SO3

−) have been proven
to exhibit strong binding capacity to Fe3+ active sites on mineral surfaces [11,25], which
offers great potential for introducing sulfonic groups into dextrin to obtain a high-efficiency
depressant for pyrite.

In this study, sulfonated dextrin (SD) was designed and synthesized as a selective
depressant for copper–sulfur flotation separation under low-alkalinity conditions. The
depression performance of SD was systematically evaluated through single-mineral and
artificially mixed-mineral flotation tests, with unmodified dextrin as the benchmark. To
elucidate the selective depression mechanism, a combination of surface characterization
techniques–including contact angle measurements, zeta potential analysis, Fourier trans-
form infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS)–was em-
ployed to probe the interfacial interactions of SD with chalcopyrite and pyrite surfaces,
respectively. The flotation results demonstrate that SD achieves superior selective de-
pression of pyrite while preserving the floatability of chalcopyrite under low-alkalinity
conditions. Mechanistic investigations reveal that SD preferentially adsorbs onto pyrite
surfaces via chemical coordination between its sulfonic groups and surface iron species,
forming a hydrophilic layer that effectively hinders subsequent collector adsorption; in
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contrast, the limited interaction of SD with chalcopyrite allows the collector to maintain
surface hydrophobicity. These findings not only provide a molecular-level understanding
of selective depression in sulfide mineral flotation but also offer a promising strategy for
developing environmentally friendly depressants towards sustainable copper production.

2. Experimental
2.1. Mineral Samples and Reagents

The chalcopyrite used in this study was sourced from Yunnan Province, China, while
the pyrite was obtained from Hubei Province, China. The X-ray diffraction (XRD) patterns
and chemical compositions of the samples are presented in Figure 1 and Table 1, respectively,
confirming the high purity of both minerals with only minor impurities.

 

Figure 1. XRD patterns of (a) chalcopyrite and (b) pyrite.

Table 1. Chemical composition of chalcopyrite and pyrite (wt%).

Sample Cu S Fe

Pyrite — 52.93 45.41
Chalcopyrite 33.55 33.90 29.50

The collector used in this study was sodium butyl xanthate (SBX), supplied by Rohm
& Haas. Terpineol, used as the frother, was provided by Shanghai Macklin Biochemical
Technology Co., Ltd, Shanghai, China. Hydrochloric acid (HCl) and sodium hydroxide
(NaOH) for pH adjustment were purchased from Hengxing Chemical Reagent Co., Ltd.,
Tianjin, China. Dextrin was obtained from China National Pharmaceutical Group Chemical
Reagent Co., Ltd, Shanghai, China. Hydrogen peroxide (H2O2, 30 wt%), used for sulfona-
tion and partial oxidation, was purchased from Comio Chemical Reagent Co., Ltd., Tianjin,
China, and anhydrous sodium sulfite (Na2SO3), employed as the sulfonating agent, was
supplied by Beichen Fangzheng Reagent Factory, Tianjin, China.

2.2. Preparation of SD

Under alkaline conditions, dextrin reacts with the sulfonating agent sodium sulfite
(Na2SO3), introducing sulfonic groups (–SO3

−) onto the dextrin molecular chain to generate
sulfonated dextrin [26,27]. The sulfonation modification procedure is illustrated in Figure 2.
Briefly, 30 g dextrin was dissolved in 100 mL deionized water at 75 ◦C, and the pH was
adjusted to 8–10. Subsequently, H2O2 (8 wt% relative to dextrin) was added dropwise, and
the oxidation proceeded for 1 h. Then, Na2SO3 (30 wt% relative to dextrin) was introduced,
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and the reaction was maintained at 85 ◦C for 3 h to graft −SO3
− groups onto the dextrin

chains. After the reaction, the solution was neutralized, precipitated with ethanol, filtered,
washed, and vacuum-dried at 60 ◦C to obtain light-yellow SD powder [28,29].

Figure 2. Synthesis route of SD.

2.3. Micro-Flotation Tests

Single-mineral and mixed-mineral flotation experiments were conducted using an
XFG flotation machine (Hunan Zhongtai Instrument Equipment Co., Ltd, Changsha, China)
equipped with a 40 mL flotation cell, with the impeller operated at a rotational speed
of 1800 rpm. For each single-mineral test, 2 g of the sample was placed in a beaker
containing deionized water and ultrasonically treated for 5 min to remove surface oxides.
The sample was then transferred to the flotation cell and diluted with 40 mL of deionized
water, followed by stirring for 5 min. The pulp pH was adjusted using pre-prepared HCl
or NaOH solutions, with an additional 5 min of stirring. Subsequently, the depressant,
collector, and frother were added sequentially, with conditioning times of 2, 2, and 1 min,
respectively. Flotation was carried out for 3 min, after which the concentrates and tailings
were filtered, dried, and weighed to calculate the recovery. Each experiment was repeated
three times, and the mean recovery was reported as the final value.

The recovery of a single mineral was calculated using the following equation:

R =
Wc

Wc + Wt
× 100% (1)

where Wc (g) is the mass of the concentrate, Wt (g) is the mass of the tailings, and R
(%) is the recovery. For mixed-mineral flotation tests, equal masses of chalcopyrite (1 g)
and pyrite (1 g) were ultrasonically cleaned to remove surface oxides and then mixed
for flotation. Based on the stoichiometric compositions of chalcopyrite (Cp) and pyrite
(Py), the Cu and Fe grades were converted into mineral compositions using the following
mathematical relationships [30].

(
%Cp

)
= %Cu ×

(
100

33.55

)
(Chalcopyrite) (2)

(
%Fe*

)
= %Fe − %Cu ×

(
29.50
33.55

)
(Iron present as pyrite) (3)

(%Py) = %Fe* ×
(

100
45.41

)
(Pyrite in sample) (4)

2.4. Contact Angle Measurements

Contact angles were measured using a video contact angle goniometer (Chengde Ding-
sheng Instrument Co., Ltd, Chengde, China.). High-purity, hand-selected block minerals
were sectioned, polished, and ground to prepare smooth surfaces. Before each measure-
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ment, the surfaces were re-polished to ensure freshness and to avoid interference from
oxidized films. The mineral samples were treated according to the flotation experimental
scheme and then rinsed three times with deionized water to remove residual reagents.
Subsequently, the samples were naturally dried before measurement.

2.5. Zeta Potential Measurements

Zeta potential measurements were conducted using a nanoparticle size and zeta poten-
tial analyzer (Malvern Instruments Ltd., Malvern UK). All measurements were performed
at room temperature, with a 1 mmol/L KCl solution used as the background electrolyte.
In each test, the KCl solution and 2 g of mineral sample were added to a 250 mL beaker,
and the resulting suspension was stirred for 5 min. The pH was adjusted using dilute
NaOH or HCl solutions during stirring. Appropriate amounts of SD and SBX were added
sequentially, with a 5 min reaction interval for each reagent. After standing for 5 min, the
supernatant was collected for zeta potential measurement. For each sample, measurements
were performed in triplicate, and the average value was reported as the final result.

2.6. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Fourier transform infrared (FTIR) spectra were recorded using an FTIR spectrometer
(Shimadzu Corporation, Kyoto, Japan) over the wavenumber range of 4000–400 cm−1. The
preparation procedure for the mineral samples was as follows: 2.0 g of −5 µm pyrite or
chalcopyrite was placed in a beaker containing deionized water and ultrasonically cleaned
for 5 min. The cleaned sample was then transferred to a beaker with 40 mL of deionized
water, and the pulp pH was adjusted with pre-prepared HCl or NaOH solutions. The
mixture was stirred for 5 min and, where applicable, further treated with a predetermined
dosage of SD/SBX for an additional 30 min of stirring. The slurry was then filtered, and
the resulting filter cake was washed three times with deionized water and vacuum-dried at
45 ◦C for 48 h prior to FTIR analysis.

2.7. X-Ray Photoelectron Spectroscopy (XPS) Analysis

The mineral sample (2 g, −5 µm) was placed in a beaker filled with deionized water
and ultrasonically cleaned for 5 min. The cleaned sample and 40 mL of deionized water
were then placed in a beaker and stirred for 5 min. The pH of the suspension was adjusted
to 8.0, and SD or SBX was added with stirring for 5 min, after which the sample was
vacuum-dried for subsequent detection. XPS measurements of the Fe 2p and S 2p core
levels on the pyrite surfaces were conducted using an X-ray photoelectron spectrometer
(Thermo Fisher Scientific, Brno, Czech Republic). All binding energies were calibrated with
reference to the C 1s peak at 284.8 eV to compensate for surface charging effects.

3. Results and Discussion
3.1. Micro-Flotation Tests

Flotation experiments were conducted to evaluate the depression effects of dextrin
and sulfonated dextrin (SD) on chalcopyrite and pyrite flotation at pH 8.0. As shown in
Figure 3a, dextrin exerted a negligible effect on chalcopyrite flotation, with the recovery
consistently exceeding 95%. In contrast, the addition of dextrin led to a marked decrease in
pyrite recovery, which dropped to 26.95% at a dextrin concentration of 100 mg/L. When SD
was used as the depressant (Figure 3b), chalcopyrite still maintained high floatability, with
recoveries above 90%. For pyrite, the depressing effect of SD was significantly stronger than
that of dextrin, achieving an extremely low pyrite recovery (<5%) at an SD concentration
of 80 mg/L.
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Figure 3. Flotation recovery of chalcopyrite and pyrite as a function of (a) dextrin and (b) SD
concentration (SBX: 1 × 10−4 mol/L; terpineol: 50 mg/L).

To further verify the selective depression performance of dextrin and SD toward pyrite,
micro-flotation experiments were carried out on artificially mixed minerals (chalcopyrite :
pyrite = 1:1) at pH 8.0 with varying depressant concentrations. As shown in Figure 4, the
pyrite recovery decreased from 75.01% to 56.32% and 48.11% when 80 mg/L and 100 mg/L
of dextrin were applied, respectively, while the chalcopyrite recovery remained above 80%.
In contrast, when SD was used as the depressant, the pyrite recovery sharply dropped to
27.08% at an SD concentration of 100 mg/L. Notably, the chalcopyrite recovery increased
from 80.56% to 87.65%, which is mainly attributed to the reduced interference from pyrite
on chalcopyrite flotation. These results clearly demonstrate that SD possesses superior
selective depression properties compared to dextrin for the chalcopyrite–pyrite separation.

 

Figure 4. Effect of (a) dextrin and (b) SD on flotation recovery of artificially mixed minerals (SBX:
1 × 10−4 mol/L; terpineol: 50 mg/L). (Error bars represent the standard deviation calculated from
three independent flotation experiments.)

3.2. Contact Angle Measurements

The wettability of mineral surfaces plays a decisive role in their flotation behavior,
and contact angle measurement is an effective and intuitive technique for characterizing
surface hydrophobicity or hydrophilicity. Generally, a larger contact angle indicates a
more hydrophobic surface and, consequently, stronger floatability [31]. Figure 5 shows
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the contact angles of chalcopyrite and pyrite under various treatment conditions. The
pristine chalcopyrite exhibited a contact angle of 83.12◦, indicating its inherently strong
hydrophobicity. After SBX treatment, the contact angle significantly increased to 97.71◦

due to the formation of hydrophobic metal–xanthate complexes on the surface [32]. Upon
interaction with SD alone, the contact angle of chalcopyrite decreased to 36.23◦; however,
with the subsequent addition of SBX, it recovered to 76.36◦ with the subsequent addition of
SBX, restoring surface hydrophobicity and high floatability.

 
Figure 5. Contact angle measurements of chalcopyrite and pyrite surfaces under various treatments.
(SBX: 1 × 10−4 mol/L; SD: 80 mg/L).

For pyrite, the pristine surface exhibited a contact angle of 53.13◦, which markedly
increased to 69.23◦ after SBX addition. After treatment with SD, the contact angle dropped
sharply to 27.90◦, indicating that SD significantly enhanced the surface hydrophilicity of
pyrite. When SD and SBX were added sequentially, the contact angle of pyrite was only
35.05◦, substantially lower than that achieved with SBX alone. This result suggests that the
SD-treated pyrite surface has a poor affinity for SBX, thereby maintaining high hydrophilic-
ity and low floatability. These pronounced differences indicate that SD can strongly adsorb
onto the pyrite surface, amplifying the wettability contrast between chalcopyrite and pyrite.
Such an effect is beneficial for the preferential flotation of chalcopyrite and the effective
depression of pyrite, ultimately enabling efficient separation of the two minerals.

3.3. Zeta Potential Measurements

The adsorption of ionic reagents at the mineral–solution interface primarily influences
the surface electrical properties of minerals [33]. Changes in zeta potential are closely
correlated with reagent adsorption; a greater shift in zeta potential generally corresponds
to higher adsorption capacity [34]. Figure 6 presents the zeta potentials of chalcopyrite and
pyrite treated with different reagents over the pH range of 2–12. As shown in Figure 6a,
the addition of SBX caused a negative shift in the zeta potential of chalcopyrite, indicating
successful adsorption of the collector onto the mineral surface. SD treatment induced
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only a slight decrease in the zeta potential of chalcopyrite, and the subsequent addition
of SBX further shifted the potential negatively. This phenomenon suggests that the weak
interaction between SD and chalcopyrite has negligible influence on SBX adsorption onto
the chalcopyrite surface.

 

Figure 6. Zeta potentials of (a) chalcopyrite and (b) pyrite under various treatments.

In contrast, the zeta potential of untreated pyrite (Figure 6b) exhibited a non-monotonic
trend with increasing pH, initially increasing and then sharply decreasing. This behavior
is mainly attributed to partial surface oxidation. Under acidic to near-neutral conditions,
Fe2+/Fe3+ species and their hydrolysis products dominate the surface charge, resulting
in relatively high potentials. Under alkaline conditions, however, the formation of iron
oxyhydroxides and extensive adsorption of OH− substantially increase the surface negative
charge [35]. This behavior reflects the strong susceptibility of pyrite to surface oxidation and
hydrolysis [36]. Within the pH range of 7–12, the addition of SBX resulted in a negative shift
in the zeta potential, indicating successful collector adsorption on the pyrite surface. SD
treatment caused a significant decrease in the zeta potential of pyrite. After the subsequent
addition of SBX, the zeta potential remained essentially unchanged, indicating that the
strong interaction between SD and pyrite significantly suppresses SBX adsorption on the
pyrite surface.

3.4. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR spectroscopy was employed to further elucidate the selective depression mech-
anism of SD on chalcopyrite and pyrite. Figure 7 shows the FTIR spectra of dextrin and
SD. In the spectrum of dextrin, the broad absorption band at 3419.4 cm−1 corresponds to
the O−H stretching vibration [37]. After sulfonation, the intensity of this band decreases,
indicating that part of the hydroxyl groups participated in the sulfonation reaction. The
peaks at 2930.1 cm−1 and 1020.5 cm−1 in dextrin, corresponding to C−H and CH−OH
stretching vibrations, respectively, remain largely unchanged in SD at 2930.7 cm−1 and
1024.4 cm−1, suggesting that the dextrin carbon backbone was not disrupted [37,38]. The
band at 1642.8 cm−1 in dextrin, attributed to H−O−H bending of adsorbed water, is also
observed in SD at 1643.3 cm−1 [37]. In the spectrum of SD, a new absorption band appears
at 1118.7 cm−1, corresponding to the asymmetric and symmetric stretching vibrations of
the −SO3

− group, which is a characteristic feature of sulfonic groups [39,40]. Additionally,
a band at 618.3 cm−1 corresponding to S−O vibrations further confirms that sulfur is
chemically incorporated in the form of sulfonic groups [41,42]. These peaks are absent in
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the spectrum of unmodified dextrin, indicating that the sulfonation reaction altered the
functional group composition of dextrin.

Figure 7. FTIR spectra of dextrin and SD.

Figure 8a shows the FTIR spectra of chalcopyrite after treatment with SD and SBX.
After SD treatment, a characteristic stretching vibration peak of the sulfonate group ap-
peared at 1249.6 cm−1 on the chalcopyrite surface, indicating the adsorption of SD. After
SBX treatment, a peak at approximately 1019.8 cm−1 was observed, corresponding to the
C−O−C stretching vibration of xanthate molecules [43–45]. When both reagents were
applied, a distinct xanthate characteristic peak was still observed at 1000.9 cm−1, along
with the sulfonate peak of SD at 1250.9 cm−1. These results indicate that the adsorption of
SBX on chalcopyrite surface is insensitive in the presence of SD.

 
Figure 8. FTIR spectra of (a) chalcopyrite and (b) pyrite under different treatments.

For pyrite (Figure 8b), new peaks at 615.4 cm−1 and 1230.7 cm−1 appeared after
SD treatment, which correspond to the S−O and −SO3

− stretching vibrations of SD,
respectively. Treatment with SBX also caused appearance of C−O−C stretching vibration

https://doi.org/10.3390/met16080827

https://doi.org/10.3390/met16080827


Metals 2026, 16, 827 10 of 14

peak at approximately 1020.5 cm−1. When both reagents were applied, the characteristic SD
peaks appeared at 608.8 cm−1 and 1229.2 cm−1, while the characteristic peaks of xanthate
disappeared. This indicates that SD strongly adsorbs onto the pyrite surface and effectively
suppresses SBX adsorption.

3.5. X-Ray Photoelectron Spectroscopy (XPS) Analysis

XPS characterization was performed to reveal the interaction mechanism of SD on
pyrite surface. Figure 9a,b present the resolved Fe 2p spectra of the pyrite sample before and
after SD pretreatment. The Fe 2p spectrum of pyrite exhibited four pairs of doublets: the
peak at 707.30 eV corresponds to Fe(II)−S, the peak at 707.52 eV corresponds to Fe(III)−S,
while those at 711.25 eV and 714.53 eV are attributed to FeOOH and Fe2O3 [46,47]. After
SD treatment, the binding energy of the FeOOH component shifted from 711.25 eV to
710.96 eV, indicating the chemical interaction between FeOOH component and SD.

 

Figure 9. Fe 2p XPS spectra of pyrite (a) before and (b) after treatment with SD.

Figure 10 shows the high-resolution S 2p spectra of pyrite before and after SD treat-
ment, where peaks at 162.62 eV, 162.39 eV, and 168.88 eV correspond to S2

2−, S2− and
−SO3

−/SO4
2− [48]. After SD addition, the binding energy of −SO3

−/SO4
2− shifted from

168.88 eV to 168.56 eV, with a variation of 0.32 eV. This result is mainly induced by the
introduction of −SO3

− group of SD on pyrite surface.

 
Figure 10. S 2p XPS spectra of pyrite (a) before and (b) after treatment with SD.
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3.6. Discussion

Based on the above analysis, the interfacial interactions between pyrite and SD can
be rationalized by Equations (5) and (6). In the flotation pulp, dissolved oxygen and
water promote the hydroxylation of surface Fe sites on pyrite, generating FeOOH species
that act as preferential adsorption sites for SD. The sulfonic groups (−SO3

−) of SD then
undergo chemical coordination with these hydroxylated Fe species, giving rise to a robust
organic−inorganic composite adsorption layer on the pyrite surface. This surface layer
serves a dual function: it significantly enhances surface hydrophilicity and simultaneously
acts as a physical/chemical barrier that suppresses the subsequent adsorption of xanthate.
As a result, pyrite is effectively depressed, reducing pyrite recovery from 75.01% to 27.08%
in mixed-mineral flotation.

FeS2(sur f ace) + H2O +
1
2

O2 → FeOOH(sur f ace) + 2S0 (5)

FeOOH(sur f ace) + R − SO3
−− → Fe − O − SO3R(sur f ace) + OH− (6)

For chalcopyrite, in contrast, the density of available oxidized Fe sites is substantially
lower, and SD adsorption is consequently limited. Meanwhile, the abundant Cu sites
on the chalcopyrite surface retain their strong affinity for xanthate, ensuring effective
collector adsorption and sustained surface hydrophobicity. This marked difference in
surface chemistry between the two minerals ultimately accounts for the superior selective
depression performance of SD in the chalcopyrite−pyrite flotation system.

Compared with unmodified and other polysaccharide-based depressants, SD provides
improved selectivity at a lower dosage and under mild alkaline conditions. The sulfonation
modification enhances its affinity toward pyrite surfaces, highlighting its potential as an
environmentally friendly reagent for chalcopyrite–pyrite separation [49,50]. Furthermore,
it should be noted that parameters such as the degree of sulfonation and molecular struc-
ture have a significant influence on the depressing performance of SD, which deserves
comprehensive investigation in future studies.

4. Conclusions
In this study, sulfonated dextrin (SD) was synthesized as a novel selective depressant

for the flotation separation of chalcopyrite and pyrite under low-alkalinity conditions. The
main conclusions are drawn as follows:

(1) SD exhibited superior selective depression of pyrite over chalcopyrite under low-
alkalinity conditions. At pH 8.0, SD depressed pyrite recovery to <5% at 80 mg/L in
single-mineral tests, while chalcopyrite recovery remained >90%. In mixed-mineral
flotation, SD reduced pyrite recovery to 27.08% at 100 mg/L, with chalcopyrite
recovery increasing to 87.65%.

(2) Interfacial characterizations suggested that the adsorption of SD on pyrite surface
significantly enhanced its surface hydrophilicity and hindered subsequent SBX ad-
sorption. In contrast, SD exhibited slight interaction with chalcopyrite, allowing
effective collector adsorption and sustained surface hydrophobicity.

(3) Spectroscopic analyses (FTIR and XPS) revealed that the sulfonic groups of SD chemi-
cally coordinated with oxidized iron species (FeOOH) on pyrite surfaces, forming a
stable hydrophilic adsorption layer.
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