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Abstract: This paper establishes the connection between the characteristics and selectivity behavior of 
scaly graphite deposits, ores, and minerals from a genetic perspective, and predicts the process 
indicators. This study explores the relationship between the genetic characteristics of flaky graphite 
deposits and their mineral processing behavior. Samples from 8 graphite-producing areas in the 
Jiamusi-Xingkai graphite metallogenic belt were analyzed with the aim of predicting key technological 
indexes. First, systematic process mineralogy research was carried out. The structural characteristics, 
chemical composition, mineral composition and particle size distribution, graphite monomer liberation 
degree, graphite flake size and gangue mineral inclusion between graphite layers were analyzed in 
detail using techniques such as electron microscopy, the automated quantitative mineral analysis 
system (MLA), scanning electron microscopy, and the alkali fusion method for graphite flake size 
determination. In combination with data on ore deposit genesis, beneficiation tests, and production 
practices, a comparative analysis was performed to identify the genetic characteristics that affect 
graphite selectivity. These include the degree of metamorphism of the ore deposit, the weathering 
degree of the ore, the particle size distribution of graphite, and the intergrowth relationships between 
graphite and typical minerals (such as those prone to slimes, easy-to-float minerals, and flaky minerals). 
Additionally, a preliminary prediction of concentrate grade and recovery rate was made, and a set of 
predictive rules for the process flow was established, which aligns with the actual process parameters. 

Keywords: chalcopyrite, sphalerite, Al3+, tamarind polysaccharide gum, flotation separation, depressant 

1. Introduction 

Copper and zinc are crucial non-ferrous metal resources in modern industry, extensively utilized in 
construction, military, electronics, transportation and etc. (Liu et al., 2020; Zhu et al., 2022). Chalcopyrite 
and sphalerite are the main sources of copper and zinc metals. However, they often coexist closely in 
nature (Cui et al., 2022; Liu et al., 2021). Due to economic and technical considerations for smelting 
requirements, it is essential to separate chalcopyrite and sphalerite before smelting. Currently, foam 
flotation stands as the primary method for chalcopyrite and sphalerite separation (Chen et al., 2022; 
Pashkevich et al., 2025). Under normal circumstances, chalcopyrite exhibits better floatability than 
sphalerite. Nevertheless, the fluid inclusion of chalcopyrite is easily disrupted during grinding, 
consequently releasing Cu2+ that activates sphalerite and diminishes the floatability difference between 
chalcopyrite and sphalerite (Lai et al., 2019; Hamilton et al., 2024). This poses a significant challenge in 
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achieving flotation separation of chalcopyrite and sphalerite prior to smelting. Therefore, it is necessary 
to add sphalerite depressants in the flotation process (Cheng et al., 2025; Wang et al., 2023). 

At present, inorganic depressants such as ZnSO4, NaHSO3 and NaCN are used for selectively 
depression of sphalerite in production practice (Zhang et al., 2022; Liu et al., 2018). Despite their effective 
flotation separation performance, these inorganic depressants have certain disadvantages including 
high toxicity, poor biodegradability and serious environmental pollution, which are harmful to human 
health and the environment (Yin et al., 2017). In response to the growing demand for environmental 
protection, environmentally-friendly and efficient organic polymer depressants have garnered 
considerable attention from researchers (Deng ey al., 2023; Wang et al., 2023). Grape skin extract (GPE), 
which derived from red grape skins rich in monomeric and polymeric polyphenols, was found to adsorb 
onto mineral surfaces and enhance their hydrophilicity. Xu et al. observed that GPE exhibited stronger 
adsorption on sphalerite surfaces compared to chalcopyrite, thereby impeding collector adsorption on 
sphalerite surface and selectively enhancing its hydrophilicity (Xu et al., 2024). Dithiocarbamate 
chitosan (DTC-CTS) is a product through the reaction of chitosan and CS2 under alkaline conditions. 
Liu et al investigated the depression effect of DTC-CTS on sphalerite in chalcopyrite flotation and found 
that the selective differential adsorption of DTC-CTS on the sphalerite surface could effectively depress 
sphalerite (Liu et al., 2021). Fenugreek gum, pectin and locust bean gum are natural organic polymer 
compounds extracted from plants. Their molecular formula contains numerous hydrophilic groups that 
can interact with the surface of oxidized sphalerite, thereby depressing the flotation of sphalerite (Wang 
et al., 2021a; Wang et al., 2022; Feng et al., 2020). Although extensive research has been conducted on 
natural organic polymer reagents as depressants for sphalerite, there are few reports on the application 
and mechanism of metal ions and natural organic polymer reagents in the flotation separation of 
chalcopyrite and sphalerite (Wang et al., 2021b; Feng et al., 2024; Saim et al., 2023). 

Tamarind polysaccharide gum (TSG) is a neutral polysaccharide extracted from the endosperm of 
Tamarind seed, characterized by its non-toxicity, biodegradability, and abundant hydroxyl groups in 
its molecular structure that facilitate interaction with metal ions on mineral surfaces, making it a 
potential sphalerite depressant (Sheng et al., 2022; Zhou et al., 2021). It has been reported that the 
addition of Al3+ can improve the selective depression effect of organic depressants such as glucose, 
water glass and guar gum in flotation separation (Xie et al., 2022; Jin et al., 2023). However, the 
application of Al3+ and TSG as combined depressants in the mineral processing has not been reported. 

Therefore, the effects of Al3+ and TSG as depressants on the flotation separation of chalcopyrite and 
sphalerite, as well as the interaction mechanism of Al3+ and TSG on sphalerite surface were studied by 
flotation tests, Zeta potential measurements, adsorption measurements, SEM analyses, solution 
chemical calculations, XPS analyses. This study could provide reference for promoting the flotation 
separation of Cu-Zn sulfide ore. 

2. Experimental 

2.1. Materials and reagents 

High-purity bulk samples of chalcopyrite (CuFeS2) and sphalerite (ZnS) were purchased from Yunnan 
Province, China. Following crushing and screening, the ore samples were hermetically sealed and 
stored in darkness. Particles size fraction from -74 µm to +38 µm were chosen for flotation and XPS tests, 
whereas the minerals with particle size (-37 µm) were further ground to -5 um for Zeta potential 
measurements. The results of X-ray diffraction analysis and chemical analysis for chalcopyrite and 
sphalerite are shown in Fig. 1 and Table 1, proving that the samples used meet the test requirements.  

Tamarind polysaccharide gum was obtained from Shanghai Maclin Co., LTD. The experiment used 
butyl xanthate (BX), methyl isobutyl carbinol (MIBC) as collector and foaming agent. Sodium hydroxide 
(NaOH) and hydrochloric acid (HCl) are employed to adjust pH value. All reagents, except for BX and 
MIBC, were of analytical grade. Deionized water was utilized in all experiments. 

2.2. Micro-flotation tests 

The flotation test was conducted using the XFG flotation machine equipped with 40 mL flotation cell, 
and the impeller speed was set to 1600 rpm. The flow chart of the flotation test is illustrated in Fig. 2. 
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Before each single mineral flotation tests, 2 g mineral samples were ultrasonic treated for 5 min, then 
added into a flotation cell containing 40 mL deionized water. The pH was adjusted using specific froth 

 

Fig. 1. X-ray diffraction of minerals 

Table 1. The chemical composition of chalcopyrite and sphalerite 

Mineral 
Mass fraction/% 

Zn Cu S TFe 
Chalcopyrite － 32.19 33.03 29.54 

Sphalerite 61.96 － 31.12 1.17 
 
products and tailings were filtered, dried and weighed separately, and the flotation recovery rate 
concentrations of NaOH and HCl, followed by the addition of specific concentrations of AlCl3, TSG, BX 
and MIBC in sequence. Then, the froth products were evenly scraped out by hand. Finally, both the was 
calculated in Eq. 1. For artificial mixed ore tests, the mineral sample consisted of 1.0 g chalcopyrite and 
1.0 g sphalerite; following the same procedure as single mineral tests, the flotation recovery rate was 
calculated in Eq. 2. Each set of flotation tests was repeated at least three times with calculation of their 
standard deviation. 

𝜀 = !!
!!"!"

× 100%                                                                   (1) 

𝜀 = !!×∝!
!!×∝!"!"×∝"

× 100%                                                             (2) 

where e represents flotation recovery rate(%), m1 and m2 represent concentrate and tailings quality 
respectively,  a1 and a2 represent concentrate and tailings grade respectively. 

 
Fig. 2. The flow chart of the flotation test 
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2.3. Zeta potential measurements 

A KNO3 solution with a concentration of 1×10−3 mol/L was prepared in advance. Subsequently, 0.1 g 
of chalcopyrite or sphalerite samples were dispersed into 40 mL of KNO3 solution and the pH was 
adjusted to the required value (3, 5, 7, 9, 11) using HCl or NaOH solution. After the addition of the 
necessary concentration of reagents, the mixture was left to stand for 5 min. The supernatant was taken 
for zeta potential measurement using Zetasizer (Nano-ZS90, Malvern Instruments Ltd., UK). The tests 
were repeated three times with same condition and took the average value. 

2.4. Adsorption measurements 

The UV spectrometer (MAPADA, Japan) was utilized to determine the adsorption density of collector 
BX on mineral surface. The sample preparation method was as follows: the 2 g mineral sample was 
placed into a beaker containing 40 mL deionized water, followed by the addition of the necessary 
concentration of reagents. The reagent was magnetically stirred at a speed of 300 r/min for 30 min. After 
centrifugal filtration, the filtrate was collected for adsorbance determination. The adsorption capacity 
of BX on mineral surface is calculated by the residual concentration method, and the specific calculation 
formula is shown in Eq. 3. 

Γ = %('$('!)
*

                                                                           (3) 

where Γ denotes the adsorption density of BX, C_0 and C_1 are the initial and residual concentration of 
BX, V represents the volume of solution, m indicates the mass of mineral sample. 

2.5. SEM analyses 

Surface morphology of chalcopyrite and sphalerite samples was analyzed using scanning electron 
microscopy (SEM) and Tescan MIRA LMS under various conditions, while the atomic distribution on 
the surface was determined by energy dispersive spectrometer (EDS). 
Solution chemical calculations 
Visual MINTEQ software was utilized to predict the potential species and their concentrations in the 
solution upon addition of 10 mg/L AlCl3. The temperature was set at 25°C, and the pH range was set 
from 2 to 14. The logarithm of the calculated results was taken to draw the relationship curve between 
each species’ concentration and pH in the solution system. Based on the model data in Visual MINTEQ 
software, the relationship curve between saturation index (SI) and pH value of precipitation in the 
solution system is established. 

2.6. XPS analyses 

XPS is a surface analysis technique used to analyze the chemical environment of surface elements. The 
surface properties of chalcopyrite and sphalerite were studied by XPS measurements using a K-Alpha 
spectrometer (Thermo Scientific, USA). All spectra were calibrated using C1s at 284.80 eV. The 
preparation method of XPS sample is as follows: 2.0 g chalcopyrite or sphalerite was mixed with 40 mL 
deionized water, after ultrasonic treatment, the reagents of required concentration were added 
successively, 20 min for stirring, and the sample was filtered and dried in a vacuum drying oven for 6 
h. 

3. Result and discussion 

3.1. Micro-flotation tests 

3.1.1. Single mineral flotation 

The effects of the dosage of TSG and Al3+ on the flotation separation of chalcopyrite and sphalerite using 
butyl xanthate as a collector was investigated through flotation tests. The test results are presented in 
Fig. 3. As illustrated in Fig. 3(a), when the concentration of Al³⁺ increased to 20 mg/L, the recovery of 
chalcopyrite remained relatively stable, while that of sphalerite decreased significantly. The recoveries 
of both chalcopyrite and sphalerite decreased with the increasing concentration of Al³⁺, suggesting that 
the addition of an appropriate concentration of Al³⁺ can widen the difference in floatability between 
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chalcopyrite and sphalerite. It can be seen from Fig. 3(b) that the recovery of sphalerite gradually 
decreased with increasing TSG dosage in the absence of Al3+, while the recovery of chalcopyrite 
remained relatively unchanged. At a TSG concentration of 40 mg/L, there was a 46.67% difference in 
recovery between chalcopyrite and sphalerite. These results indicated that TSG was a potential 
sphalerite depressant, which could be utilized in the flotation separation process for chalcopyrite and 
sphalerite. 

With the addition of 10 mg/L Al3+, the recovery of sphalerite gradually decreased with increasing 
TSG dosage, while the recovery of chalcopyrite remained relatively unchanged. When the Al3+ dosage 
was 10 mg/L and the TSG dosage was 30 mg/L, the difference in recovery between chalcopyrite and 
sphalerite reached the maximum at 69.39%. These results indicated that the addition of Al3+ could 
enhance the flotation separation of chalcopyrite and sphalerite. 

  

Fig. 3. Effect of Al3+ and TSG dosage on the recovery of chalcopyrite and sphalerite 

 
Fig. 4. Effect of pH on the recovery of chalcopyrite and sphalerite treated with different reagents 

Fig. 4 illustrates the effect of pH on the recovery of chalcopyrite and sphalerite treated with Al3+ and 
TSG. With the addition of 30mg/L TSG, the recovery of chalcopyrite remained unchanged while that 
of sphalerite gradually decreased as the pH increased from 3 to 7. When pH increased from 7 to 12, both 
of chalcopyrite and sphalerite would be depressed, which was not conducive to the recovery of 
chalcopyrite. Therefore, the optimal pH for flotation separation of chalcopyrite and sphalerite is 7. 
However, the recovery of sphalerite remained at 27.97% even at pH 7, indicating TSG incompletely 
depressed sphalerite. With the addition of 10 mg/L Al3+ and 30 mg/L TSG, the overall trend was similar 
to that treated with 30 mg/L TSG. However, the recovery of sphalerite decreased to only 10.48%, while 
the recovery of chalcopyrite maintained at 79.87% under the tested pH conditions. These results 
suggested that Al3+ together with TSG could achieve the effective separation of chalcopyrite and 
sphalerite. 

! "! #! A! B!
!

"!

#!

A!

B!

C!!

'
()
*H
(,
-.
L0

1234L)*R)(RS,7S8*R.L9:X<=C

!>?72)*@-,8S(

A7B

! C@?72(,8S(

>*Ra8S8*REc
@deI
ghcCB9:.<

! "! #! A! B!
!

#!

B!

C!

'!

"!!

(
)G
H,
)-
.L
01

2340GHRG)RS-TS8HRL09:X<="

!>?T@GHA.-8S)

BCa

! 3A?T@)-8S)

>HRb8S8HRcd
e@AId"!9:L<
Aghi
MNd"'9:L<

!>?T@GHA.-8S)Ie@AI

! 3A?T@)-8S)Ie@AI

! " # A BC B!
C

!C

"C

#C

AC

BCC

'
()
GH
(,
-.
L0

12

!34RS)G1-,T8(9:X<
!34RS)G1-,T8(9=S>99:X<
! X14RS(,T8(9:X<

3G?@T8TG?AB
=S>9BBCCa.E
:X<B>CCa.E
cdBBACa.E

! X14RS(,T8(9=S>99:X<



6 Physicochem. Probl. Miner. Process., 61(4), 2025, 205281 

3.1.2. Artificial mixed minerals flotation 

In order to investigate the effect of Al3+ and TSG as depressant on the flotation separation of chalcopyrite 
and sphalerite, the flotation test of artificial mixed minerals was conducted under the condition of pH=7 
and BX concentration of 18 mg/L. As presented in Table 2, the recovery of chalcopyrite and sphalerite 
in concentrate were more than 70% when BX was used alone, indicating that it was challenging to 
separate chalcopyrite and sphalerite without depressant. Although the addition of 40 mg/L TSG could 
selectively reduce the floatability of sphalerite, the recovery of sphalerite remained 36.61%, illustrating 
that sphalerite was not completely depressed. The flotation separation effect improved when 20 mg/L 
Al3+ and 40 mg/L TSG were added, the recovery of chalcopyrite and sphalerite are 80.63% and 10.07%, 
respectively. Therefore, Al3+ together with TSG will be a promising depressant for the separation of 
chalcopyrite and sphalerite. 

Table 2. The flotation results of artificial mixed minerals 

Reagent system Products Yield/% 
Grade/% Recovery/% 

Cu Zn Cu Zn 

BX:18mg/L 
Concentrate 81.95 16.89 29.52 84.31 73.97 

Tailing 18.05 14.27 47.17 15.69 26.03 
TSG:40mg/L, 
BX:18mg/L 

Concentrate 62.05 22.02 18.73 81.52 36.61 
Tailing 37.95 8.16 53.02 18.48 63.39 

AlCl3: 20mg/L, TSG: 40mg/L, 
BX: 18mg/L 

Concentrate 45.61 29.38 7.24 80.63 10.07 
Tailing 54.39 5.92 54.25 19.37 89.93 

3.2. Zeta potential measurements 

Zeta potential is an important parameter of charged properties of mineral surfaces in various systems. 
The variation of Zeta potential is associated with the adsorption behavior of chemical reagents on 
mineral surface (Wang et al., 2021). In order to investigate the adsorption behavior of Al3+ and TSG on 
the surface of chalcopyrite and sphalerite, the Zeta potential of chalcopyrite and sphalerite was 
measured in this study. 

It can be seen from Fig. 5 that the Zeta potentials of untreated chalcopyrite and sphalerite decreased 
with increasing pH, which is consistent with previous findings (Xu et al., 2024). After TSG treatment, 
the Zeta potential of chalcopyrite had hardly no change at different pH, while the Zeta potential of 
sphalerite under alkaline condition was obviously shifted positively, indicating that TSG adsorbed on 
the sphalerite surface. 

 
Fig. 5. Zeta potentials of chalcopyrite (a) and sphalerite (b) under different reagents systems 

After sphalerite was conditioned with Al3+ and TSG, the Zeta potentials of sphalerite significantly 
shifted toward the positive direction whereas those of chalcopyrite had slightly changed. Moreover, the 
Zeta potential difference of sphalerite in the presence of Al3+ and TSG was larger than that in the 
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presence of TSG. This phenomenon could be attributed to the ability of positively charged Al3+ to 
mitigate electrostatic repulsion between negatively charged sphalerite and TSG molecules, thereby 
facilitating the adsorption of TSG on sphalerite (Wang et al., 2021). On the other hand, the interaction 
between Al3+ and chalcopyrite was weaker than that between Al3+ and sphalerite, which may be due to 
the Zeta potentials of chalcopyrite is higher than sphalerite. These results indicated that Al3+ effectively 
promoted the TSG adsorption on sphalerite while it has little effect on chalcopyrite. 

3.3. Adsorption measurements 

The zeta potential results described above indicated that TSG was adsorbed more strongly on sphalerite 
than on chalcopyrite after the treatment of Al3+. The adsorption of the collector is directly related to the 
flotation behavior of the mineral and the addition of depressant may hinder the adsorption of collector 
on mineral surface (Zhang et al., 2021). Herein, adsorption tests were conducted to determine the 
adsorption density of BX on these two minerals under different reagents systems at pH=7. The results 
are illustrated in Fig. 6.  

Fig. 6 illustrates that the adsorption density of BX on sphalerite decreased with increasing TSG 
concentration in the absence of Al3+, while that on chalcopyrite remained relatively stable. At a Al3+ 
dosage of 20 mg/L, the adsorption density of BX on sphalerite significantly decreased with increasing 
TSG concentration, whereas the adsorption density on chalcopyrite slightly decreased. This suggested 
that Al3+ effectively depressed the adsorption of BX on sphalerite, which might be attributed to its role 
in depressing sphalerite. 

 
Fig. 6. Effect of TSG dosage on the adsorption density of BX on chalcopyrite and sphalerite with/without the 

treatment of Al3+ 

3.4. SEM-EDS analyses 

In order to explore the morphological changes of mineral surface, SEM-EDS analyses were conducted 
on the sphalerite under different conditions. As shown in Fig. 7, the sphalerite treated with TSG 
exhibited numerous fine granular materials, indicating TSG adsorbed on sphalerite. The result of EDS 
element mapping revealed a small amount of Al3+ on sphalerite after TSG treatment, which probably 
caused by the Al3+ in the environment. Following Al3+/TSG treatment, there was a significant increase 
in Al content on sphalerite. According to the semi-quantitative results of EDS, the Al content increased 
from 0.08% to 0.50% and O content increased from 9.84% to 14.46% with the addition of Al3+, suggesting 
Al3+ had the potential to form aluminum oxides. 

3.5. Solution chemical calculations 

Solution chemistry calculation is a crucial method for understanding the interaction between flotation 
reagents and mineral surfaces, which also be used to comprehend the dissociation equilibrium of 
flotation reagents in solution. To further investigate the effect of adding AlCl3 in the solution, Visual 
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MINTEQ software was utilized to compute the concentration distribution of substances with the 
addition of 10 mg/L AlCl3 at different pH.  

As shown in Fig. 8, Al3+ was the predominant component when the pH was below 4. However, the 
concentrations of Al(OH)4

-  gradually increased as the pH raised. When pH was above 7,	Al(OH)4
-  and 

Al(OH)3 became the predominant components in the solution. 
Saturation index (SI) is a parameter that qualitatively predicts the tendency of a component to 
precipitate or dissolve in solution (Jin et al., 2023). Fig. 9 shows the SI values of potential products in 
AlCl3 solution at different pH. The SI values of Al(OH)3(s) and Al2O3(s) were 5.268 and 4.17 at pH=7 
respectively.  

Due to precipitation could be formed when SI > 0, the Al2O3(s) and Al(OH)3(s) were the possible 
precipitation species in the solution. The results taken together indicated that aluminum oxides such as  

 
Fig. 7. SEM images, corresponding EDS elemental mapping of Al and the content of EDS spectrum elements for 

sphalerite after (a) TSG treatment (b) Al3+/TSG treatment 

 
Fig. 8. Graph of the correlation between the concentration of species and pH in 10 mg/L AlCl3 solution 
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Fig. 9. Graph of the relationship between precipitation SI and pH in 10 mg/L AlCl3 solution 

Al2O3 and Al(OH)3 (The reactions are shown in Eq. 4-5) might precipitate on sphalerite surface in 10 
mg/L AlCl3 solution at pH=7, thereby enhancing the surface hydrophilicity. 

Al+" + 3Al(OH),( ⇌ 4Al(OH)+(s)                                                          (4) 
2Al(OH)+ ⇌ Al-O+(s) + 3H-O                                                             (5) 

3.6. XPS analyses 

In order to further elucidate the adsorption mechanism of Al3+ and TSG on sphalerite surface, XPS 
analyses was conducted on three different sphalerite samples under different conditions. The high-
resolution XPS spectra of C 1s, Zn 2p, O 1s and Al 2p of sphalerite samples were plotted, as shown in 
Fig. 10 and Fig. 11. 

 
Fig. 10. C1s and Zn2p XPS spectra of sphalerite samples under different conditions 
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As depicted in Fig. 10, the C 1s peak in the XPS spectrum of untreated sphalerite showed three 
separated peaks at 284.80, 286.25 and 288.51 eV. These three peaks belonged to C-C, C-O/C-OH and 
O=C-O, which were attributed to carbon pollution during testing (Xu et al., 2024; Wang et al., 2022). 
After the addition of TSG, there was a significant shift in the binding energy of the C 1s energy spectrum 
with an increase of 0.35 eV and 0.19 eV for the peaks ascribed to C-O/C-OH and O=C-O, demonstrating 
that TSG was attached to the sphalerite surface. After reaction with Al3+ and TSG, the C-O/C-OH at 
286.60 eV and O=C-O peaks at 288.70 eV shifted by 0.23 eV and 0.09 eV, respectively. The varied binding 
energy strongly indicated that Al3+ might affect the adsorption of TSG on sphalerite. The Zn 2p peak in 
the XPS spectra of three sphalerite samples under different conditions didn’t change significantly, 
implying that the adsorption of TSG on sphalerite surface may be primarily physical. 

Table 3. Atomic ratio analysis of C 1s XPS spectra 

Species 
Atomic ration/% 

C－C C－O/C－OH O=C－O 
Sphalerite 86.03 7.56 6.41 

Sphalerite+TSG 76.96 16.25 6.79 
Sphalerite+Al3++TSG 85.28 9.65 5.07 

As depicted in Fig. 11, the O 1s spectrum of pristine sphalerite was fitted with well with two peaks. 
The two peaks centered at 531.79 and 533.17 eV were associated with C—O and organic oxygen 
respectively, which was consistent with previous research results (Zeng et al., 2023). After the 
interaction between sphalerite and TSG, a new significant peak at 532.55 eV was observed, which was 
attributed to C=O (Deroubaix et al., 2010). The organic oxygen peak at 533.17 eV increased by 0.36 eV, 
which further confirmed the adsorption of TSG on sphalerite surface (Wang et al., 2021). After the 
addition of Al3+ and TSG, both of the C=O peak and the organic oxygen peak shifted by 0.09 eV. These 
findings indicate that Al3+ might be directly involved in the reaction process of TSG and the sphalerite. 
Besides, there is no obvious Al2p peak observed in the XPS spectra of sphalerite before treatment with 
Al3+. However, a new peak at 74.62 eV belonged to Al(OH)3 was observed on sphalerite after treatment 
with Al3+, demonstrating that the Al3+ might be adsorbed on sphalerite by hydrolysis to Al(OH)3 (Rueda 
et al., 1996). 

 
Fig. 11. O 1s and Al 2p XPS spectra of sphalerite samples under different conditions 
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In order to further study the interaction of Al3+ and TSG on sphalerite, the atomic ratios of C 1s and 
O 1s XPS spectra of sphalerite under different conditions were analyzed (as shown in Table 2 and Table 
3). After treatment with TSG, there was a significant alteration in the atomic composition of sphalerite. 
Specifically, the atomic ratio of C-O/C-OH increased from 7.56% to 16.25%, providing further evidence 
for the adsorption of TSG on sphalerite (Miao et al., 2022). Interestingly, the atomic ratio of C-O/C-OH 
decreased by 6.60% after adding Al3+, while the atomic ratio of metal hydroxide increased by 6.56%, 
indicating Al3+ may change the bonding mode between C-O/C-OH in TSG and the sphalerite. 
The above results demonstrated that TSG could interact with hydroxylated sphalerite surface by 
physical adsorption, depressing the flotation of sphalerite. After the addition of Al3+, the hydrophilic 
Al(OH)3 produced by the hydrolysis of Al3+ adsorbed on sphalerite, improving the hydrophilicity of 
sphalerite and increasing the atomic ratio of metal hydroxide on sphalerite surface. Furthermore, the 
metal hydroxide on sphalerite surface would provide more adsorption sites for TSG and improved the 
adsorption density of TSG on sphalerite. Therefore, Al3+ together with TSG significantly depressed the 
flotation of sphalerite. 

Table 4. Atomic ratio analysis of O 1s XPS spectra 

Species Atomic ration/% 
C—O Organic oxygen C=O 

Sphalerite 85.27 14.73 — 
Sphalerite+TSG 58.92 14.50 26.58 

Sphalerite+Al3++TSG 58.02 8.84 33.14 
 
3.7. Depression mechanism 
Based on the comprehensive analyses, a potential depression mechanism model of Al3+ together with 
TSG on the flotation of sphalerite is proposed (as shown in Fig. 12), the discussion is presented below: 
(1) TSG is a neutral plant gum with strong hydrophilicity which could be adsorbed on sphalerite. The 

presence of Al3+ will reduce the electrostatic repulsion between negatively charged sphalerite and 
TSG, thereby promoting the adsorption of TSG on sphalerite and improving the hydrophilicity of 
sphalerite. 

(2) Al3+ can increase the atomic ratio of metal hydroxide on sphalerite surface, providing more 
adsorption sites for TSG and enhancing the depression effect of TSG on sphalerite. 

(3) Al(OH)3, produced by hydrolysis of Al3+, will adsorb on sphalerite surface and improve its 
hydrophilicity. 

 
Fig. 12. A potential depression mechanism model of Al3+ and TSG on the flotation of sphalerite 
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4. Conclusion 

The effects of Al3+ and TSG as depressants on the flotation separation of chalcopyrite and sphalerite, 
and their depression mechanism were studied using flotation tests, Zeta potential measurements, 
adsorption measurements, SEM analyses, solution chemical calculations, XPS analyses. The main 
conclusions are as follows: 
(1) TSG could selectively depress sphalerite under neutral or alkaline conditions. The adsorption of TSG 

on sphalerite surface was stronger than that on chalcopyrite surface. 
(2) Al(OH)3 might precipitate on sphalerite surface in Al3+ solution, providing additional adsorption 

sites for TSG and strengthening its depression effect on sphalerite. Besides, the addition of Al3+ could 
enhance the depression effect of TSG on sphalerite. 

(3) Al3+ and TSG has good prospects to be used as depressants in future to realize the effcient flotation 
separtion between chalcopyrite and sphalerite. 
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