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Abstract

The complex mineral composition and heterogeneous intergrowth characteristics of copper—
tin polymetallic sulfide ores make it difficult to obtain an appropriate particle-size dis-
tribution and sufficient mineral liberation during grinding, which can affect subsequent
separation. This study investigated the effects of sodium tripolyphosphate (STPP) as a
grinding aid on a copper-tin polymetallic sulfide ore from the Datun Plant in Gejiu, Yunnan,
China. Grinding and separation tests, together with mineralogical and surface character-
ization using MapsMin, SEM-EDS, zeta-potential and contact-angle measurements, and
DLVO/EDLVO calculations, were conducted to evaluate the effects of STPP on grinding and
subsequent separation. The grinding results showed that, compared with the lime-only
condition (0.10 wt% lime), the addition of 0.025 wt% STPP increased the proportion of the
target size fraction (—0.15 + 0.019 mm) by 1.76%, without a marked increase in the fine
fraction (—0.019 mm) or the coarse fraction (+0.15 mm). Compared with the lime-only
condition, the addition of 0.025 wt% STPP increased the grade and recovery of the copper
flotation concentrate by 0.20% and 3.54%, respectively, and those of the cassiterite gravity
concentrate by 0.44% and 14.31%, respectively. The overall Sn recovery of the combined
gravity separation and flotation process increased from 92.58% under the lime-only condi-
tion to 93.56% with the addition of 0.025 wt% STPP, but decreased to 92.39% when the STPP
dosage was increased to 0.050 wt%. Automated mineralogical analysis showed that STPP
addition increased the complete liberation degrees of cassiterite and bornite, while varying
degrees of improvement were also observed for other major minerals. With the addition of
0.025 wt% STPP, the maximum particle size decreased from 820.95 to 495.30 ym, and D90
decreased from 374 to 237 pm relative to the lime-only condition. Surface characterization
and DLVO/EDLVO analysis indicated that STPP altered mineral surface properties and in-
terparticle interactions, which may have contributed to the observed changes in particle-size
distribution and mineral liberation.

Keywords: copper-tin polymetallic sulfide ore; sodium tripolyphosphate; flotation; gravity
separation; contact angle; zeta potential; DLVO; MapsMin

1. Introduction

Grinding is the final stage of particle size reduction before mineral separation, and the
characteristics of grinding products, such as particle size and mineral liberation, critically
influence the efficiency of subsequent separation processes, such as flotation and gravity
separation [1-3]. Although grinding is an effective method for reducing particle size, it
remains one of the most energy-intensive operations in mineral processing because of its
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high energy consumption and low energy efficiency. As a key stage in mineral benefici-
ation, comminution strongly influences the operating costs and energy consumption of
mineral-processing operations. Comminution typically accounts for approximately 30-50%
of total mining operating costs and represents a major share of the energy consumed in
mineral processing [4,5]. Therefore, improving grinding efficiency and reducing energy
consumption are essential for sustainable mineral processing. Two main approaches are
commonly used to enhance grinding efficiency: optimizing grinding processes or equip-
ment performance [6,7], and introducing chemical reagents into the comminution process,
commonly referred to as grinding aids, to improve grinding performance [8,9].

Grinding aids are widely used in industries such as mineral processing, cement pro-
duction, ceramics, and fertilizer manufacturing [10-14]. In mineral processing, grinding
aids have mainly been applied to the grinding of single metallic or non-metallic ores.
Mao et al. [15] reported that the combined use of triisopropanolamine (TIPA) and tri-
ethanolamine (TEA) during quartz grinding significantly enhanced grinding efficiency and
flotation recovery by improving quartz hydrophobicity, collector adsorption, and particle
dispersion. Fan et al. [9] found that SHMP enhances mica grinding efficiency by disrupt-
ing the crystalline structure, improving slurry dispersion through physical adsorption,
and promoting surface roughening and crack formation. Wang et al. [16] demonstrated
that pre-treatment with Z-164D solution significantly reduced the Bond work index and
uniaxial compressive strength of bauxite by introducing structural defects through physic-
ochemical adsorption and water-molecule interactions, thereby facilitating ore breakage.
Chipakwe et al. [17] developed an environmentally friendly polysaccharide-based grinding
aid (PGA) for magnetite grinding, which reduced energy consumption, narrowed particle
size distribution, increased surface area, and improved flotation performance. Similarly,
Xie et al. [10] showed that the combined use of NM-3 and ammonium acetate significantly
enhanced hematite grinding efficiency by decreasing the proportions of both coarse and
over-ground particles. These studies demonstrate that grinding aids can modify particle sur-
face properties, improve slurry dispersion, and ultimately enhance grinding performance
and mineral liberation.

Commonly used grinding aids in mineral processing include sodium tripolyphosphate
(STPP) [12,18], sodium oxalate, acetone, potassium dihydrogen phosphate [18], Zalta™
GR20-587 (a commercial grinding aid; manufacturer: Solenis, Sweden), Zalta™ VM1122
(a commercial viscosity modifier; manufacturer: Solenis, Sweden), and sodium hydrox-
ide [19]. Among these reagents, STPP is of interest because of its relatively low toxicity
and high water solubility. However, the application of grinding aids in polymetallic ore
grinding remains limited. Polymetallic ores typically contain complex mineral assemblages
with distinct mechanical properties and surface characteristics, leading to differential re-
sponses of individual minerals to grinding aids. Consequently, a reagent that improves the
grinding behavior of one mineral may not have the same effect on other minerals. More-
over, the liberation and recovery of multiple valuable minerals require appropriate control
of particle-size distribution and mineral surface properties. Some grinding aids exhibit
surface-active properties similar to those of flotation reagents [15,20], and their addition
during grinding may alter mineral surface chemistry and affect subsequent flotation and
gravity separation [21,22]. However, existing studies on STPP and other grinding aids have
mainly focused on single minerals or relatively simple ore systems, with an emphasis on
improving grinding performance. Their effects on particle dispersion, mineral liberation,
and subsequent separation performance in complex polymetallic ores therefore remain
insufficiently understood. In particular, the effects of STPP on particle-size distribution,
fine-particle generation, and the liberation of valuable minerals with different surface prop-
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erties, as well as the resulting changes in downstream separation performance, require
further investigation.

Therefore, sodium tripolyphosphate (STPP) was selected as a grinding aid for a copper—
tin polymetallic sulfide ore from the Datun Plant in Gejiu, China. The effects of STPP on
grinding behavior, particle-size distribution, mineral liberation, and subsequent Cu and Sn
separation performance were systematically investigated. Scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (SEM-EDS) were used to characterize
mineral morphology and surface elemental composition, using a SU3900 scanning electron
microscope (Hitachi High-Tech Corporation, Tokyo, Japan), while MapsMin automated
mineralogical analysis was employed to evaluate mineral liberation characteristics. Zeta-
potential and contact-angle measurements were conducted to characterize mineral surface
properties. In addition, DLVO/EDLVO theoretical analysis was used to evaluate interparticle
interactions and help interpret the possible effects of STPP addition on interactions involving
cassiterite and copper sulfide minerals. This study provides an integrated assessment of
STPP-assisted grinding and its implications for the separation of copper and tin from a
complex polymetallic sulfide ore.

2. Materials and Methods
2.1. Materials

The polymetallic copper-tin sulfide ore used in the experiments was obtained from
the Datun sulfide ore-processing plant, Gejiu, China. The raw ore was first crushed
and screened using an XPS-®250 x 150 roller crushing and screening machine (Wuhan
Prospecting Machinery Factory, Wuhai, China) to obtain two particle size fractions, —2
+ 0.5 mm and —0.5 mm. The two size fractions were then blended at a mass ratio of
1:4 (=2 4+ 0.5 mm:—0.5 mm) to prepare the grinding feed. The elemental composition of the
ore sample was determined by X-ray fluorescence (PANalytical B.V., Almelo, The Nether-
lands) analysis, and the results are presented in Table 1. The mineralogical composition of
the ore sample was characterized using the MapsMin automated mineral analysis system,
and the corresponding results are presented in Table 2. According to Table 2, the dominant
minerals in the ore were calcite, pyrite, and pyrrhotite. The main copper-bearing minerals
are bornite and covellite, whereas cassiterite is the primary tin-bearing mineral.

Table 1. Chemical composition of the ore sample determined by XRF analysis.

Elemental

F

Mg Al Si S K Ca Fe Cu Sn Other

Content (%)

2.58

4.58 191 9.84 5.93 1.05 16.32 20.81 0.42 0.84 35.72

Table 2. Mineralogical composition of the ore sample determined by MapsMin automated mineral
analysis.

Mineral Phase Pyrite Pyrrhotite Siderite Calcite Dolomite Quartz
Percent (%) 19.50 11.97 10.79 10.37 7.05 5.55
Mineral phase Biotite Arsenopyrite Hematite Bornite Cassiterite Other
Percent (%) 4.48 4.20 3.10 0.41 3.18 19.40

Pure cassiterite and bornite samples were purchased from Sichuan Province, China,
and used for mineral surface characterization and interparticle interaction analysis. The
cassiterite sample contained 95% SnO,, while the bornite sample contained 61% Cu. Before
use, the pure mineral samples were crushed, ground, and hand-sorted. Their mineralogical
compositions were further characterized by X-ray diffraction (XRD), and the corresponding
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diffraction patterns are presented in Figure 1. As shown in Figure 1, the main diffraction
peaks of the samples were consistent with those of cassiterite and bornite, respectively,
confirming that the samples were predominantly composed of cassiterite and bornite. The
samples were therefore considered suitable for subsequent contact-angle, zeta-potential,
and theoretical interaction analyses.
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Figure 1. X-ray diffraction patterns of cassiterite (a) and bornite (b).

Analytical-grade sodium tripolyphosphate (STPP) was obtained from Tianjin Zhonglian
Chemical Reagents Co., Ltd., Tianjin, China. Sodium hydroxide (NaOH), hydrochloric acid
(HCl), copper sulfate (CuSQy), lime (CaO), SN, P86, oxalic acid (H,C,0,), and terpenic
oil were of analytical grade and were obtained from the laboratory of Yunnan Tin Company,
Kunming, China. In the grinding tests, lime was added at a fixed dosage of 0.10 wt%,
whereas STPP was tested at dosages of 0.025-0.100 wt%. The other reagents were used in
the flotation and separation tests according to the experimental conditions described below.

2.2. Methods
2.2.1. Grinding Tests

The grinding experiments were conducted using an XMQ 250 x 100 conical ball mill
(Nanchang Liyuan Mining and Metallurgical Chaoyang Laboratory Equipment Manufac-
turing Co., Ltd., Nanchang, China), operating at a drum speed of 90 r/min. The effective
volume of the mill was 6.65 L. The grinding media consisted of balls with diameters of 40, 30,
and 20 mm, in a weight ratio of 4:4:2, with a medja filling rate of 40%. Each test used 500 g
of ore sample at a pulp concentration of 70%. The grinding time was determined based on
the actual feed size requirements of the mineral flotation processing plant. According to
preliminary grinding tests, the grinding time was set at 3 min 30 s. The ground products
were first screened using sieves with openings of 0.15 and 0.074 mm. Subsequently, the
particle size distribution of the —0.074 mm fraction was further determined using a laser
particle size analyzer (BXF). The BXF analyzer provided cumulative particle size data at
0.045, 0.038, 0.028, and 0.019 mm. The particle size distribution was calculated based on
the total grinding product by combining the sieve analysis and laser particle size analysis
results, and the final results were reported as the average of three tests.

2.2.2. Copper and Tin Separation Tests

Based on the actual beneficiation flowsheet and reagent regime of the Datun ben-
eficiation plant, this study investigated the effect of STPP addition during grinding on
the subsequent beneficiation performance of copper and cassiterite from the polymetallic
copper-tin sulfide ore. The ground products were successively subjected to copper flotation,
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desulfurization flotation, cassiterite gravity separation using a shaking table, and cassiterite
flotation, as illustrated in Figure 2. During grinding, lime (CaO) was fixed at 0.10 wt%,
whereas STPP was added at 0, 0.025, and 0.05 wt%. After grinding, the entire pulp was
transferred to a 1.5-L XFD single-cell flotation machine (Nanchang Liyuan Mining and
Metallurgical Equipment Co., Ltd., Nanchang, China). The pulp pH was adjusted to 7.7 and
maintained at this value using NaOH and HCI. The flotation machine was operated at an
aeration rate of 0.15 m®/h and a scraper speed of 20 r/min. Flotation times and reagent
dosages were controlled according to the flowsheet in Figure 2. The desulfurization flotation
product was subjected to gravity separation using an LYN(S)-1100 x 500 grooved-deck
shaking table (Wuhan Prospecting Machinery Factory) at a feed pulp concentration of
20%, a stroke length of 10 mm, and a stroke frequency of 340 strokes min~!. The resulting
cassiterite product was further subjected to flotation. Except for the STPP dosage dur-
ing grinding, all other reagent regimes and operating conditions were kept constant. All
beneficiation tests were conducted in triplicate.

Feed

STPP+Ca0
0.074mm(58%) Reagent dosage : wt%

Copper separation,
desulphurization flotation process

3min Ethyl xanthate 0.004
Terpenic ofl 0.0025

Cu roughing flotation

1 min

Smin
3minK Ethyl xanthate 0.025

Cu rought concentrate 1 min Y Terpenic oil 0.001
Cu cleaning | flotation

4 min
3min K Ethyl xanthate 0.001

X Terpenic oil 0.0005

1 mis
MU ¢y cleaning flotation

3min
3min CuS040.004

M2 3min X Butyl xanthate 0.004

1 min Terpenic oil 0.002
Deaulfurization| flotation

Sulphur concentrate  prio | ovine tale

Overflow Cassiterite shaker
gravity concentration process
Sn rough

Secondary shaking |table

Overflow

Sn rough Sn sub.

Shaking table failing

3min A HCO,0.02 Cassiterite
3min AN SN 0.04 flotation process
1min X P860.015

Roughing | flotation

4 min

Cassiterfe flotation  Tyjyings

Figure 2. Flow chart of separation tests.

The recovery of the valuable components was calculated from the concentrate yield
and the grades of the feed and concentrate according to Equation (1):
€= 7k x 100% (1)
a
where ¢ is the recovery of the valuable component (%), 7y is the concentrate yield (%), 8

is the grade of the valuable component in the concentrate (%), and « is the grade of the
valuable component in the feed (%).

2.2.3. Mineral Liberation and Particle-Size Distribution Analysis

An automated mineralogy system (MapsMin, Thermo Fisher Scientific, Waltham, MA,
USA) was employed to evaluate the mineral liberation and particle-size distribution of the
ground polymetallic ore samples in the absence and presence of STPP. The system integrates
a Thermo Scientific Apreo 25 scanning electron microscope (SEM) equipped with a Bruker
XFlash 630 energy-dispersive X-ray spectroscopy (EDS) detector to acquire backscattered-
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electron (BSE) images and elemental X-ray maps. Mineral phases were identified based on
their compositional characteristics.

For sample preparation, the ore samples were ground for 3 min 30 s under two reagent
conditions: 0.10 wt% lime alone and 0.10 wt% lime + 0.025 wt% STPP. The ground products
were first classified into 4+0.074 mm and —0.074 mm fractions by sieving, followed by drying
prior to automated mineralogical analysis. A total of 40,085 and 26,095 mineral particles
were analyzed using MapsMin, respectively.

The samples were mixed with graphite at a mass ratio of 3:1 and embedded in epoxy
resin. The mixture was thoroughly stirred and ultrasonicated to ensure uniform parti-
cle dispersion, followed by vacuum treatment to eliminate air bubbles before curing for
12 h. The cured samples were subsequently ground and polished until a scratch-free sur-
face was achieved, as confirmed by optical microscopy. The polished sections were then
carbon-coated to a thickness of approximately 6 nm using a LEICA EM ACE 200 (Leica
Microsystems, Wetzlar, Germany). The prepared samples were analyzed using the Thermo
Scientific Apreo 2S SEM (Thermo Fisher Scientific, Brno, Czech Republic). Mineral phase
identification and particle characterization were performed using MapsMin, and the ac-
quired EDS data were processed using NanoMin for mineralogical analysis. In the mineral
liberation analysis, a mineral phase was considered liberated when its liberation degree
was at least 90%. This criterion was applied consistently to all samples.

2.2.4. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray Spectroscopy
(EDS) Analyses

The particle morphologies of the ore samples ground with 0.10 wt% CaO alone and
with 0.10 wt% CaO plus 0.025 wt% STPP for 3 min 30 s were observed under vacuum using
a scanning electron microscope (SU3900, Hitachi, Tokyo, Japan). A total of 0.2 g of sample
was directly attached to conductive adhesive and sputter-coated with gold for 45 s using an
Oxford Quorum SC7620 sputter coater operated at 10 mA. The sample morphology was
then imaged using accelerating voltages of 5 and 15 kV [23].

2.2.5. Contact-Angle Measurements

The contact angles of pure mineral samples conditioned with different concentrations
of STPP were measured using a JY-82B video contact-angle goniometer. The pre-polished
mineral samples were conditioned in STPP solutions with concentrations of 0, 0.02, 0.04,
0.06, 0.08, and 0.10 wt% for 5 min. The pH of all STPP solutions was adjusted to 8.0 = 0.2 us-
ing dilute NaOH or HCl solutions to maintain consistent experimental conditions. After
conditioning, the mineral samples were removed and dried under ambient conditions.
Deionized water was used as the probe liquid for contact-angle measurements. Three mea-
surements were performed at different positions on each mineral surface, and the average
value was reported.

2.2.6. Zeta Potential Measurements

The zeta potentials of pure mineral samples at different pH values and STPP dosages
were measured using a Zetasizer Nano-ZS90 (Malvern Panalytical, Shanghai, China). All
measurements were conducted at room temperature using 1 x 10~ mol/L KCl as the
background electrolyte.

Approximately 50 mg of mineral particles (<5 pum) were dispersed in 40 mL of elec-
trolyte solution in a 100-mL beaker, with STPP dosages of 0 and 0.025 wt%. The pH of the
suspensions was adjusted to the desired values using dilute NaOH or HCI solutions. The
suspensions were magnetically stirred for 2 min to ensure adequate dispersion and then
allowed to equilibrate for 5 min. A portion of each suspension was subsequently transferred
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to a cuvette for zeta-potential measurement. Each experiment was performed three times,
and the average value was used for analysis.

2.2.7. DLVO/EDLVO Theoretical Calculations

The DLVO theory was employed to evaluate the interparticle interactions and disper-
sion behavior of cassiterite and bornite particles. According to the classical DLVO theory,
the total interaction energy between two particles is determined by the van der Waals and
electrostatic double-layer interactions [24-28].

Voo = Vyaw + VepL (2)

where Vo is the total DLVO interaction energy, V. 4w is the van der Waals interaction
energy, and Vgp; is the electrostatic double-layer interaction energy. Because classical DLVO
theory does not account for non-DLVO interactions, such as hydrophobic, steric, and hydra-
tion interactions, an extended DLVO (EDLVO) model was used. In the present study, only
the hydrophobic interaction was additionally considered; steric and hydration interactions
were not included because the corresponding parameters were unavailable. Thus,

Vepvo = Vvaw + Vepr + Via (3)

where Vi, is the hydrophobic interaction energy.
All calculations were performed in aqueous media at pH 8.0 and 298.15 K in the
presence of 1.0 x 1073 mol/L KCl. The ionic strength was calculated as follows:

1

where I is the ionic strength, c; is the molar concentration of ion 7, and z; is its valence. For
the 1 x 1073 mol/L KCl solution, I = 1.0 x 1073 mol/L. The particles were assumed to be
identical spheres with a diameter of 74 ym, corresponding to R; = R, = R = 37 ym.

DLVO/EDLVO calculations were performed for two identical spherical particles in
water at pH 8.0 and 298.15 K in the presence of 1.0 x 1073 mol/L KCl. The zeta-potential
values measured under the corresponding reagent conditions were used as input param-
eters for the calculations. The particle diameter and radius were set to 74 ym and 37 pm,
respectively. The relative permittivity of water was taken as e, = 78.54 at 298.15 K, and the
vacuum permittivity was set to ¢, = 8.854 x 10712 F/m [29]. All distances were converted
to metres before calculation.

The van der Waals interaction energy was calculated as follows:

AR
VVdW = _% (5)

where A, is the effective Hamaker constant. For cassiterite, A;; = 25.6 x 1072 and

A33 = 438 X 10_20 ], glVlng A132 == ("All - VA33>2 [30]
The electrostatic double-layer interaction energy was calculated using:

Vepr = 2710, RZ%IN[1 + exp(—xh)] (6)

where ( is the zeta potential obtained from Figure 14 and «~! is the Debye length.
The Debye screening parameter was calculated from the ionic strength of the suspen-

o (262NA1>1/2 )

goekgT

sion according to:

where N, is Avogadro’s constant, kg is the Boltzmann constant, and T is the
absolute temperature.
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For bornite, the hydrophobic interaction energy was calculated as follows:
KizR
Viya = — 8
HA 12h ( )

where Kj3, is the effective hydrophobic interaction constant, analogous to the Hamaker
constant used for van der Waals interactions.

Kiz = vKi31Ka3 (9)

where K;3; and Kj3, are the hydrophobic interaction constants for the corresponding
particle-water interfaces. It was estimated from the water contact angle according to:

logK3, = a x cosf + b (10)

where 6 is the water contact angle, 4 = —3.2 and b = —18.229 [31].

The interaction force was consistently defined as F(h) = —dV /dh; therefore, negative
and positive values represent attraction and repulsion, respectively. All distances were
expressed in metres in the calculations.

3. Results and Discussion
3.1. Grinding Results

For the polymetallic ore, the main valuable minerals are cassiterite and copper sulfide
minerals. Cassiterite is often recovered by gravity separation due to its high density, and
the suitable feed particle size range is 0.019-2 mm. Sulfide minerals are often recovered by
flotation, and the suitable feed particle size range is 0.038-0.15 mm [32]. Therefore, in this
study, the —0.15 + 0.019 mm fraction in the grinding products was selected as the target
size fraction, whereas the —0.019 mm fraction was regarded as the overground fraction.

Lime is commonly employed in the grinding process at the Datun plant as both a pH
regulator and an inhibitor, with the aim of controlling the pulp environment, suppressing
the excessive activation of certain gangue minerals, and thereby improving the selectivity
of subsequent flotation. Figure 3 compares the particle-size distributions of the grinding
products obtained with and without the addition of 0.1 wt% lime. As shown in Figure 3, the
addition of lime affected the particle-size composition of the grinding products. Specifically,
the yield of the coarse fraction (+0.15 mm) decreased markedly, indicating that large
particles were more effectively broken down and that mineral liberation was enhanced in the
presence of lime. Meanwhile, the proportion of the target size fraction (—0.15 4+ 0.019 mm)
increased, suggesting that an appropriate amount of lime promotes the generation of target-
size particles and provides a more favorable particle-size basis for downstream beneficiation.
In contrast, the effect of lime on the overground fraction (—0.019 mm) was relatively minor,
implying that its primary role was to reduce the retention of coarse particles and enhance
the production of suitable size fractions without substantially increasing overgrinding.
These results demonstrate that, in addition to its conventional functions of pH regulation
and gangue-mineral depression, lime promotes particle breakage under the tested grinding
conditions, resulting in a decrease in the coarse fraction and an increase in the target
size fraction.

Previous studies have demonstrated that STPP exhibits a remarkable grinding aid
effect in pure mineral systems, primarily by adsorbing onto mineral surfaces to alter their
physicochemical properties, thereby reducing particle agglomeration and improving wet-
tability [12]. Building on this understanding, the present study introduced STPP into the
grinding process of a copper—tin polymetallic sulfide ore to evaluate its influence on particle
size distribution and grinding efficiency. Figure 4 illustrates the particle size composition
of grinding products under different STPP dosages. As the STPP concentration increased,
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the particle-size distribution changed systematically. Specifically, the proportion of the
coarse fraction (+0.15 mm) decreased, indicating that STPP promoted the breakage of
large particles and accelerated mineral liberation. Meanwhile, the proportion of the target
size fraction (—0.15 + 0.019 mm) increased by 2.04%, indicating that STPP promoted the
formation of the target fraction and improved grinding selectivity. Although a slight in-
crease in the overground fraction (—0.019 mm) was observed, the change was relatively
small, suggesting that an appropriate STPP dosage did not cause significant overgrinding.
When the STPP dosage exceeded 0.05 wt%, the coarse fraction increased, whereas the target
fraction decreased, indicating that excessive STPP addition was unfavorable for obtaining
the desired grinding product.

100

90.44 —=— Without Lime
2 80 —o— 0.1wt% Lime
3 b
5 8337
|
£
) 60.06
<= 60F 56.36
=
=
o 52.44 45.5
> 49.52
E aor 4227 34.31
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E 34.64 23.85
S 20 24.05 17.92 1659
© 18.25

16.76
0 ’ ’ ’ ’ ’ ’ ’ ’

0.2 015 0.074 0.045 0.038 0.028 0.019 0.01 0.005
Size fraction/mm

Figure 3. Particle-size distribution of ground ore with and without lime addition.
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Figure 4. Effect of STPP dosage on the particle-size distribution of grinding products.

Based on the preceding results, the effect of STPP addition on the grinding performance
of the copper-tin polymetallic sulfide ore in the presence of lime was further investigated.
The experimental results are presented in Figure 5. Compared with lime addition alone,
the addition of 0.025 wt% STPP further increased the proportion of the target size frac-
tion, while the fine-particle content remained nearly unchanged and the coarse fraction
decreased. These results indicate that an appropriate STPP dosage promoted the trans-
formation of coarse particles into the target fraction while limiting overgrinding. When
the STPP dosage was increased to 0.05 wt%, the improvement in the target fraction was
reduced, suggesting that excessive STPP addition was unfavorable for optimizing the
grinding-product characteristics.
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Figure 5. Particle-size distribution of ground ore under the action of lime and different amounts
of STPP.

A comparative analysis of Figures 4 and 5 shows that the addition of STPP (0.025 wt%)
in the presence of lime (0.10 wt%) improved the grinding performance of the copper—tin
polymetallic sulfide ore. Compared with grinding without reagents, the proportion of the
target fraction increased from 59.20% to 68.13%, representing an increase of 8.93 percentage
points. Compared with the lime-only condition, the proportion of the intermediate, readily
separable size fraction increased from 66.37% to 68.13%, corresponding to an increase of
1.76 percentage points. These results indicate that the addition of STPP improved the
particle-size distribution of the grinding products by increasing the proportion of target-
sized particles while causing little change in the overground fraction.

3.2. Copper—Tin Separation Tests
3.2.1. Effect of STPP Addition on Copper Flotation Performance

STPP is commonly used as a depressant in flotation processes [33,34]. During grinding,
the breakage of bornite may expose fresh mineral surfaces and potentially facilitate the
release of copper species into the slurry. Previous studies have reported that STPP exhibits
strong chelating ability [35] and can form stable complexes with Cu(II) ions in solution
under near-neutral conditions [34]. Based on these findings, STPP may complex with
dissolved Cu(II) ions, potentially reducing the concentration of free Cu(II) in the slurry
and affecting interactions between copper ions and collectors. However, copper species
release and complexation by STPP were not directly investigated in this study; therefore,
this mechanism should be regarded as a possible explanation.

The grinding tests indicated that the addition of 0.025 and 0.05 wt% STPP in combina-
tion with lime reduced the coarse fraction and increased the proportion of the target size
fraction. Figure 6 shows the effects of adding STPP at dosages of 0, 0.025, and 0.05 wt%
during grinding on copper flotation performance.

As shown in Figure 6, the addition of 0.025 wt% STPP resulted in the highest copper
concentrate grade and copper recovery among the tested conditions, reaching 2.89% and
71.79%, respectively. When the STPP dosage was increased to 0.05 wt%, both the copper
concentrate grade and copper recovery decreased. These results demonstrate that copper
flotation performance varied with STPP dosage, with 0.025 wt% STPP resulting in a higher
concentrate grade and recovery than 0.05 wt% STPP under the tested conditions. There-
fore, considering both the grinding and flotation results, 0.025 wt% STPP was selected for
subsequent experiments.
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Figure 6. Effect of STPP dosage on copper flotation.

Previous studies suggest that the improvement in flotation performance at a relatively
low STPP dosage may be associated with its dispersing effect on fine particles, its potential
interactions with Ca- and Mg-containing gangue minerals, and its possible complexation
with dissolved metal ions [12,34-36]. These effects may alter the physicochemical conditions
of the pulp and consequently influence bubble—particle attachment. At a higher STPP
dosage, changes in mineral surface properties or interference with collector adsorption may
contribute to the observed decrease in flotation performance. However, these mechanisms
were not directly verified in the present study and should therefore be regarded as possible
explanations. This interpretation is consistent with previous studies reporting adverse
effects of excessive STPP addition under certain flotation conditions [37].

3.2.2. Effect of STPP Addition on Cassiterite Separation Performance

Coarse-grained cassiterite is typically recovered by gravity separation, whereas fine-
grained cassiterite requires flotation [38,39]. The effects of STPP addition on the separation
of coarse-grained cassiterite by shaking-table separation and on the flotation of fine-grained
cassiterite were investigated, and the results are shown in Figure 7. As shown in Figure 7a,
increasing the STPP dosage improved both the grade and recovery of the tin concentrate
obtained by gravity separation. At an STPP dosage of 0.025 wt%, the tin grade and recovery
increased by 0.44% and 14.31%, respectively, compared with the condition without STPP.
This improvement may be related to the dispersing effect of STPP, which enhances the
dispersion of mineral particles in the pulp and facilitates the separation of cassiterite from
gangue minerals during gravity separation [12,23]. In contrast, Figure 7b shows that STPP
addition decreased both the grade and recovery of cassiterite in the subsequent flotation
stage. STPP has been reported to affect mineral-surface wettability and exhibit depressant
effects in flotation systems, which may reduce the floatability of cassiterite under certain
conditions [37-40]. Therefore, the opposite responses observed in the two separation stages
may be associated with the different effects of STPP on particle dispersion during gravity
separation and on mineral-surface properties during flotation.

It should be noted that most of the cassiterite was recovered during the gravity sepa-
ration stage, whereas the contribution of the subsequent flotation stage to the overall Sn
recovery was relatively limited. To evaluate the effect of STPP on the complete separation
process, the overall Sn recovery obtained by combining the gravity separation and subse-
quent flotation stages was further calculated. At STPP dosages of 0, 0.025, and 0.05 wt%, the
overall Sn recoveries were 92.58%, 93.56%, and 92.39%, respectively. Compared with the
condition without STPP, the addition of 0.025 wt% STPP increased the overall Sn recovery
by 0.98%, despite the decrease in cassiterite flotation performance. This indicates that the
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improvement in the gravity separation stage largely compensated for the adverse effect of
STPP on subsequent flotation. However, further increasing the STPP dosage to 0.05 wt%
resulted in a decrease in overall Sn recovery to 92.39%, indicating that the deterioration in
flotation performance outweighed the additional benefit obtained during gravity separation.
Therefore, the effect of STPP on cassiterite separation should be evaluated based on the
combined performance of gravity separation and flotation rather than the results of either
separation stage alone.

(a)Gravity separation (b)Flotation
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Figure 7. Effect of STPP on cassiterite recovery: (a) gravity concentration and (b) flotation.

Based on a comprehensive analysis of the grinding test results and subsequent copper—
tin separation experiments, 0.025 wt% STPP was selected for subsequent experiments. At
this dosage, STPP modified the particle-size distribution by increasing the proportion of
intermediate-sized particles while reducing the coarse and overground fractions, thereby
providing a more favorable particle-size distribution for subsequent separation processes.

3.3. Particle-Size Distribution and Mineral Liberation Characteristics

The MapsMin automated mineral analysis system is widely used in mineral processing
to characterize particle size, mineralogy, and process performance. In this study, it was used
to assess the effects of STPP on mineral liberation, particle-size distribution, and particle
morphology. The grinding products obtained with lime and 0 or 0.025 wt% STPP were

compared, with particular emphasis on the liberation and particle-size characteristics of the
major minerals.

3.3.1. Particle Size Distribution of the Ore

Figure 8a presents the particle-size distribution curves of the grinding products ob-
tained with lime (0.1 wt%) alone and with the combined addition of lime and STPP
(0.1 wt% + 0.025 wt%), whereas Figure 8b shows the corresponding particle morphologies.
The characteristic particle-size parameters (D,,, D5y, and Dy;) obtained from MapsMin
analysis are summarized in Table 3. Figure 9 presents the particle-size distributions of
bornite and cassiterite, and the corresponding D, D5, and Dy values are summarized in
Table 4. As shown in Figure 8a, the addition of STPP significantly altered the particle-size
distribution of the grinding products. The maximum particle size, expressed as the equiva-
lent perimeter diameter, decreased from 820.95 to 495.30 um. This trend is further supported
by the characteristic particle-size parameters listed in Table 3. Compared with the lime-only
condition, the addition of STPP decreased the D, Ds,, and Dy, values from 49, 176, and
374 ym to 30, 108, and 237 pm, respectively. These results demonstrate an overall refinement
of the grinding products and a substantial reduction in the coarse-particle fraction. The full
particle-size distribution curve also shows that the proportion of coarse particles decreased
markedly after STPP addition, whereas the proportion of intermediate-sized particles in-
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creased, resulting in a narrower and more concentrated distribution. In the intermediate
size range of 60470 um, the curve obtained with STPP remained below that obtained with
lime alone. This indicates that, at a given cumulative yield, the particle sizes were more
concentrated within the intermediate range after STPP addition. Alternatively, for a given
particle-size interval, STPP increased the yield of this fraction. Meanwhile, the fine-particle
fraction did not increase substantially, suggesting that STPP promoted the breakage of
coarse particles without causing severe overgrinding. The morphological observations in
Figure 8b are consistent with the particle-size results. After STPP addition, the grinding
products exhibited a finer and more uniformly distributed particle morphology, with fewer
coarse particles and less pronounced particle aggregation.

—o—(0.1wt% CaO
—o—0.1wt% CaO + 0.025 wt% STPP

(a) Particle size distribution 820.95
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Figure 8. Particle size distribution (a) and particle morphology (b) of the grinding products under
different reagent conditions.

Table 3. Characteristic particle-size parameters (D10, D50, and D90) of the copper—tin polymetallic
sulfide ore under different reagent conditions, based on MapsMin analysis.

Reagent Condition D,y/pm Dgy/pm Dy, /pm
0.10 wt% CaO 49 176 374
0.10 wt% CaO + 0.025 wt% STPP 30 108 237
350 (a) Bornite 350 (b) Cassiterite
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Figure 9. Particle-size distribution of bornite (a) and cassiterite (b) in the copper—tin polymetallic
sulfide ore.
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Table 4. D10, D50, and D90 values of bornite and cassiterite under different reagent conditions,
determined by MapsMin analysis.

Bornite Cassiterite
Reagent Condition
Dy /pm D /pm Dy, /pm D;o/pm D5, /pm Dy, /pm
0.10 wt% CaO 8 23 100 58 130 288
0.10 wt% CaO + 0.025 wt% STPP 13 34 80 58 134 186

As shown in Figure 9, the maximum particle size of bornite decreased from 109.45 to
95.84 um, whereas that of cassiterite decreased from 304.10 to 206.63 ym after STPP addition.
The corresponding characteristic parameters in Table 4 provide further details. For bornite,
the Dy, value decreased from 100 to 80 ym, whereas the D;, and Ds, values increased
from 8 and 23 pm to 13 and 34 pm, respectively. For cassiterite, the Dy, value decreased
markedly from 288 to 186 yum, the D, value remained unchanged at 58 ym, and the Ds,
value increased slightly from 130 to 134 pm. The decrease in Dy, for both minerals indicates
effective fragmentation of the coarse-particle fraction, whereas the slight increases in D5, for
bornite and cassiterite reflect the redistribution of particles from the coarse fraction toward
the intermediate-size range rather than excessive generation of fines. Overall, these results
demonstrate that STPP promotes the effective breakage of coarse particles and produces a
more suitable particle-size distribution for subsequent beneficiation.

3.3.2. Mineral Liberation of the Ore

Mineral liberation refers to the percentage of liberated mineral particles (by number
or mass) relative to the total number (or mass) of particles of the target mineral. It is an
important indicator for evaluating the degree of mineral liberation and directly influences
the efficiency of subsequent flotation processes. Figure 10 presents a comparison of the
liberation degrees of the major minerals in the copper—tin polymetallic sulfide ore with
and without STPP addition. Figure 11 illustrates the association relationships of bornite
and cassiterite, including free surface (FS), binary-phase association (BP), ternary-phase
association (TP), and complex association (CA).

(a)0.1wt%CaO (b)0.1wt%CaO + 0.025wt% STPP

[0,20%) [20%,40%) [40%,60%) [0,20%) [20%,400/0) [400/0,60%)

[60%,80%) [80%,100%) 100% [60%,80%) [80%,100%) 100%
Covellite Covellite
\rsenopyrite Arsenopyrite
Pyrrhotite Pyrrhotite
Siderite Siderite
Bornite Bornite
Cassiterite Cassiterite
Biotite Biotite
Pyrite Pyrite
Calcite Calcite
Dolomitef Dolomite
Quartz Quartz

0 20 40 60 80 100 0 20 40 60 80 100

Figure 10. Liberation classes of the major minerals in the grinding products without STPP and with
0.025 wt% STPP.
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Figure 11. Association relationships of bornite (a) and cassiterite (b), including free surface (FS),
binary-phase association (BP), ternary-phase association (TP), and complex association (CA).

As shown in Figure 10, the degree of complete liberation of valuable minerals such as
cassiterite and bornite increased significantly after the addition of STPP. Specifically, the
complete liberation degrees of both cassiterite and bornite increased with the addition of
STPP. Meanwhile, other major minerals such as quartz, calcite, and dolomite also exhibited
varying degrees of improvement in liberation. These results indicate that STPP can effec-
tively promote the breakage and liberation of mineral particles during the grinding process,
thereby increasing the proportion of liberated valuable minerals in the grinding products.

Further analysis based on Figure 11 shows that the proportion of FS for both cassiterite
and bornite particles increased after the addition of STPP compared with the system without
STPP. This suggests that the addition of STPP reduces the proportion of composite particles
between minerals, allowing valuable minerals to exist more frequently as liberated grains.
This phenomenon may be attributed to the adsorption of STPP on mineral surfaces during
the grinding process, which enhances electrostatic repulsion between particles and reduces
particle agglomeration, thereby promoting particle dispersion and mineral liberation [12].

The improvement in mineral liberation provides more favorable particle conditions
for subsequent separation processes. On the one hand, a higher proportion of liberated
particles increases the probability of effective interaction between collectors and valuable
minerals. On the other hand, the reduction in composite particles improves the selectivity
of mineral separation. Consequently, during subsequent flotation or gravity separation
processes, collectors can interact more effectively with valuable mineral particles, ultimately
improving the grade and recovery of the concentrates.

3.4. Surface Morphological and Elemental Characteristics

To further characterize the morphological characteristics of the grinding products, scan-
ning electron microscopy (SEM) was employed to compare the particle surfaces obtained
under different reagent conditions, as shown in Figure 12.

As shown in Figure 12a, the particles ground without STPP exhibit a relatively het-
erogeneous morphology, with numerous elongated particles, sharp cassiterite fracture
surfaces, and a few surface pores. In contrast, Figure 12b shows a more uniform particle
morphology after STPP addition. The cassiterite surfaces exhibit irregular and stepped
fracture planes, while more surface agglomerates were observed in the STPP-treated sample.
Similar changes in surface morphology and the development of surface defects after STPP
addition have been reported during the wet grinding of mineral particles [12,32]. These
differences may be associated with the interaction of STPP with mineral surfaces during
grinding, which can modify surface properties and particle—particle interactions [12]. The
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irregular and stepped fracture features may reflect differences in the development of fracture
surfaces, whereas the observed surface agglomerates may be related to the retention or
aggregation of fine particles on mineral surfaces.
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Figure 12. SEM and EDS characterization of cassiterite in mill products. (a) 0.10 wt% CaO;
(b) 0.10 wt% CaO + 0.025 wt% STPP.

3.5. Surface Wettability Characteristics

Once grinding aid reagents are adsorbed onto mineral surfaces, they can significantly
modify surface properties, particularly wettability, which plays a crucial role in subsequent
separation processes such as flotation [12]. According to the mineralogical data presented
in Table 2, the primary valuable minerals in the studied ore are cassiterite and bornite.
Therefore, the effects of STPP addition on the surface wettability of cassiterite and bornite
were investigated by contact-angle measurements; the molecular structure of STPP is also
shown in Figure 13.

(a) Contant angle —eo— Bornite (b) Sodium tripolyphosphate(NasPsO10)
—a— Cassiterite
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%‘J P_N_‘\.\. Na P (0]
=
g 50 Na*
g
@]
40

[
=

Nat 9
Na*t

0.00 002 004 006 008 0.10
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Figure 13. (a) Effect of STPP dosage on the contact angles of cassiterite and bornite; (b) molecular
structure of sodium tripolyphosphate (STPP).

The experimental results demonstrate that the contact angle of cassiterite decreases
markedly upon the addition of STPP, indicating an increase in surface hydrophilicity. This
change suggests that STPP adsorption may modify the surface properties of cassiterite and
enhance its affinity for water. As the concentration of STPP increases, the contact angle
changes more gradually and eventually stabilizes, suggesting that the effect of STPP on
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cassiterite wettability tends to level off [41]. Although no collector was used in the contact-
angle experiments, the increased hydrophilicity of cassiterite may be unfavorable for its
subsequent flotation [42,43].

In contrast, the contact angle of bornite showed only minor variations after STPP
addition and remained within the experimental margin of error [12]. This suggests that
STPP had a limited effect on the macroscopic wettability of the bornite surface under the
tested conditions.

Opverall, these findings indicate that STPP affects the wettability of cassiterite and bor-
nite differently, suggesting its potential role in regulating the surface properties of minerals
and influencing subsequent flotation behavior. However, the relationship between STPP
adsorption, collector interactions, and flotation performance requires further verification
under actual flotation conditions.

3.6. Surface Charge Characteristics

Zeta potential is a key indicator of the surface charge of minerals, and its variation
reflects the influence of additives on mineral surfaces [44]. Figure 14 shows the zeta poten-
tials of cassiterite and bornite under different conditions. STPP altered the zeta potentials of
both minerals, indicating changes in their surface-charge environments. This change may
arise from interactions between STPP and surface copper sites or from modification in the
electrical double layer [36,45]. These results indicate that STPP regulates the surface elec-
trochemical properties of both cassiterite and bornite, thereby influencing their interactions
with flotation reagents and their subsequent separation behavior.

The response of the two minerals differs because of their distinct surface chemical
properties and interactions with STPP [46]. The relatively small change in the contact angle
of bornite indicates that the modification in its surface charge was not accompanied by
a pronounced change in macroscopic wettability. Thus, the effect of STPP on bornite is
more clearly reflected in its surface-charge characteristics than in its contact angle. This
interpretation distinguishes the adsorption-induced modification in the mineral surface
from the net interaction between bornite particles.

-20 -0

(a) Cassiterite (b) Bornite
—=— Without STPP —=— Without STPP

=25 F <*— 0.025 wt% STPP S —e— 0.025 wt% STPP
= —16 }

Zeta potential/mV
2

Zeta potential/mV
|
~
-

Figure 14. Zeta potentials of cassiterite (a) and bornite (b) as a function of pH with and without
STPP addition.

3.7. Interaction Energy Estimation Using DLVO and Extended DLVO Theory

To further clarify the effect of STPP on the interparticle interactions of cassiterite
and bornite, the DLVO/EDLVO interaction energies under different STPP conditions were
calculated, and the corresponding results are shown in Figures 15 and 16.

Figure 15 shows the DLVO interaction energy between cassiterite particles as a function
of surface separation distance. As shown in Figure 15, STPP addition increases the interac-
tion energy barrier between cassiterite particles, indicating enhanced electrostatic repulsion
and improved particle dispersion in the slurry. Considering the complex mineralogical

https://doi.org/10.3390/colloids10060080


https://doi.org/10.3390/colloids10060080

Colloids Interfaces 2026, 10, 80 18 of 21

composition of the ore, STPP may interact with the surfaces of some gangue minerals,
potentially contributing to pulp dispersion.
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Figure 15. DLVO interaction energy between cassiterite particles as a function of surface separation
distance under different reagent conditions. (a) Without STPP; (b) 0.025 wt% STPP.
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Figure 16. EDLVO interaction energy between bornite particles as a function of surface separation
distance under different reagent conditions. (a) Without STPP; (b) 0.025 wt % STPP.

Figure 16 presents the EDLVO interaction energy between bornite particles as a function
of surface separation distance. Similar to cassiterite, STPP addition increases the interaction
energy barrier between bornite particles, indicating a reduced tendency toward aggregation
and enhanced particle dispersion. This result describes the net particle-particle interac-
tion and does not imply weak adsorption of STPP on the bornite surface; adsorption can
modify the surface charge and wettability without increasing the net attractive interaction
between particles.

Enhanced mineral-particle dispersion can improve grinding effectiveness by altering
particle—particle interactions within the slurry. Increased repulsive interactions inhibit
particle aggregation, allowing mineral particles to remain more uniformly dispersed and
increasing their exposure to the grinding media. This favors effective collisions and energy
transfer between the grinding media and mineral particles, thereby promoting the breakage
of relatively coarse particles and reducing undergrinding.

Meanwhile, improved dispersion of fine particles reduces the formation of compact
agglomerates during grinding. This limits the repeated breakage of fine particles within
agglomerates and consequently alleviates overgrinding. The simultaneous promotion of
coarse-particle breakage and suppression of excessive fine-particle breakage results in a
more balanced grinding process, contributing to an increased proportion of intermediate-
sized particles (—0.15 + 0.019 mm) and a more favorable particle-size distribution.

Overall, the DLVO/EDLVO results demonstrate that STPP enhances the dispersion
of cassiterite and bornite particles by increasing the interparticle interaction energy bar-
rier. The resulting improvement in particle dispersion promotes more effective grinding
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and contributes to a more balanced particle-size distribution, which is beneficial for the
subsequent flotation and gravity separation of copper and cassiterite.

4. Conclusions

This study systematically investigated the role and application potential of STPP as
a grinding aid in the processing of a copper—tin polymetallic sulfide ore. The following
conclusions were drawn:

The grinding results showed that, compared with the lime-only condition (0.10 wt%
lime), the addition of 0.025 wt% STPP increased the proportion of the target size fraction
(=0.15 + 0.019 mm) by 1.76%, without a marked increase in the fine fraction (—0.019 mm)
or the coarse fraction (+0.15 mm). Compared with the lime-only condition, the addition
of 0.025 wt% STPP increased the grade and recovery of the copper flotation concentrate
by 0.20% and 3.54%, respectively, and those of the cassiterite gravity concentrate by 0.44%
and 14.31%, respectively. The overall Sn recovery of the combined gravity separation and
flotation process increased from 92.58% under the lime-only condition to 93.56% with the
addition of 0.025 wt% STPP, but decreased to 92.39% when the STPP dosage was increased
to 0.050 wt%. Automated mineralogical analysis showed that STPP addition increased the
complete liberation degrees of cassiterite and bornite, while varying degrees of improvement
were also observed for other major minerals. With the addition of 0.025 wt% STPP, the
maximum particle size decreased from 820.95 to 495.30 pm, and D90 decreased from 374 to
237 pum relative to the lime-only condition. Surface characterization and DLVO/EDLVO
analysis indicated that STPP altered mineral surface properties and interparticle interactions,
which may have contributed to the observed changes in particle-size distribution and
mineral liberation.
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