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Abstract: Hydroxamic acid and fatty acid collectors are commonly used in cassiterite flotation
but face issues like poor selectivity, high dosage, and strict requirements on ore composition and
grinding fineness. This study investigates the collecting performance of a novel flotation reagent, 5-
dodecylsalicylaldoxime (DSA), in cassiterite flotation. DSA exhibits remarkable selectivity, achieving
an impressive 82.5% recovery of Sn at a concentration of only 9 × 10−5 mol/L in single mineral
flotation tests. Moreover, DSA significantly outperforms benzohydroxamic acid (BHA), enhancing Sn
recovery by 33.55% in artificially mixed ore flotation experiments. In the flotation test of a copper–tin
polymetallic ore, compared with the BHA flotation effect, the recovery rate of DSA increased by
12.29% when the Sn grade remained basically unchanged. Analyses such as zeta potential, FT-IR,
and XPS indicate that DSA’s superior collecting performance stems from its stable adsorption onto
cassiterite surfaces through a chelating ring formation, resembling the adsorption mechanism of
hydroxamic acid collectors. Furthermore, DSA’s larger cluster size in the solution compared to
BHA contributes to its enhanced selectivity and collectability. Overall, DSA emerges as a promising
alternative to traditional cassiterite flotation collectors, offering a combination of enhanced selectivity,
lower dosage requirements, and robustness in complex ore systems.

Keywords: cassiterite flotation; 5-dodecylsalicylaldoxime; adsorption mechanism; application

1. Introduction

Tin is the most indispensable material in the electronics industry, and its demand is
growing due to the expansion of circular energy technologies, such as new energy vehi-
cles [1–3]. However, only a small portion (17%) of tin consumption is met through recycling,
making primary ore the major source [4]. Cassiterite, the only economically significant
tin-bearing mineral [5,6], is usually separated from other minerals (e.g., quartz, calcite,
tourmaline, etc.) through gravity separation due to its higher density of 6.9 g/cm3 [7,8].
Additionally, flotation is an important method, particularly effective for fine-grained dis-
seminated cassiterite and polymetallic ores, complementing gravity separation [9–11].

In the flotation process of cassiterite, collectors are essential for successful separa-
tion. Over time, the evolution of collectors has progressed from fatty acids to more ad-
vanced compounds like alkyl sulfosuccinate, arsenic acid, phosphoric acid, and hydroxamic
acid [10,12–15]. Oleic acid and alkyl sulfosuccinate are known for their effective collection
properties but lack selectivity due to their long alkyl chains [16–18]. A common fatty
acid collector is sodium oleate, which has a good collection performance for calcite and
Ca2+ ion-activated quartz. However, these minerals are often associated with cassiterite,
resulting in the poor selectivity of sodium oleate against cassiterite [19,20]. Arsenic and
phosphoric acids, while effective for cassiterite recovery, are often prohibited due to their
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significant environmental impact [21,22]. Currently, hydroxamic acid, particularly ben-
zohydroxamic acid (BHA), is the most extensively studied and utilized collector [23,24].
Research by Wu et al. demonstrated the effectiveness of BHA in recovering high-grade tin
concentrate from low-grade tin slime [25]. The interaction between hydroxamic acid and
cassiterite involves the formation of a solid chelating ring with tin atoms [26]. However,
challenges arise due to cassiterite’s low solubility and the limited availability of active
surface sites. To overcome this, Pb2+ ions are introduced to activate the surface, which
raises environmental concerns [27,28]. At the same time, Pb2+ ions can activate calcite,
causing it to enter the concentrate and affect the concentrate grade [29]. Additionally,
BHA’s hydrophobic group, consisting of only one benzene ring, forms a soluble chelating
product with tin atoms, leading to insufficient hydrophobicity in treated cassiterite [30,31].
An alternative collector, 5-dodecylsalicylaldoxime (DSA), presents potential advantages.
Similar to BHA in its hydrophilic group, DSA’s hydrophobic group includes a robust alkane
chain, known for its effectiveness in copper ion extraction. This suggests that DSA could be
a promising collector for cassiterite flotation, potentially offering improved efficiency and
environmental compatibility.

This research thoroughly investigated the effectiveness of DSA as an alternative to
BHA as the collector for cassiterite in the flotation. The study employed single mineral
samples and artificially mixed minerals to evaluate DSA’s flotation performance. Zeta
potential measurement, Fourier transform infrared spectroscopy (FTIR), and X-ray photo-
electron spectroscopy (XPS) were used to investigate the adsorption mechanism of DSA
on the cassiterite surface. The mechanism by which DSA enhances the hydrophobicity of
cassiterite has been conjectured using hydrophobicity calculation and reagent molecular
cluster size measurement. On this basis, DSA was applied to the flotation of copper–tin
polymetallic ore, and its adaptability in actual ore was explored.

2. Materials and Methods
2.1. Materials and Reagents

The mineral samples of cassiterite, calcite, and quartz were obtained from Guangxi
Province, China. These samples were manually selected, crushed, finely ground by a
ceramic ball mill, and screened to obtain 38–74 µm samples for flotation tests of single
minerals and artificially mixed minerals, and 38 µm samples were used for XRD, zeta
potential, FTIR, and XPS detection. X-ray diffraction (XRD) analysis (Figure 1) revealed that
the samples had no other impurities within the detection limit and met the single mineral
flotation test requirements.

Analytically pure reagents were utilized for the flotation tests, including DSA and
BHA as collectors and terpineol as a frother. Additionally, 0.1 mol/L hydrochloric acid
(HCl) and sodium hydroxide (NaOH) solutions were employed as pH adjustment agents
for the flotation pulp. Before adding the DSA into the flotation cell, it was ultrasonically
dispersed and emulsified in an ultrasonic cleaner (JM-03D-40, Skymen, Shenzhen, China)
with a power of 100 W and a frequency of 40 KHz for 10 min to ensure thorough mixing.
Throughout the experiments, purity and standardization of test conditions were maintained
by consistently using deionized water with a resistivity of 18 MΩ×cm. This choice of water
was made to ensure the attainment of accurate and reproducible results.
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Figure 1. XRD pattern of cassiterite (a), calcite (b), and quartz (c) samples.

2.2. Methods
2.2.1. Micro-Flotation Tests

Micro-flotation experiments were conducted using an XFGII flotation (Jilin Exploration
Machinery Plant, Changchun, China) machine equipped with either a 40 mL or 60 mL
flotation cell, depending on whether it was a single mineral test or an artificial mixed
mineral test. The impeller speed remained constant at 1800 r/min. In each single mineral
flotation experiment, 2.0 g of the mineral was dispersed in 35 mL of deionized water at
25 ◦C, and the pH was adjusted using pH adjusters. After achieving the desired pH level,
collector and frother were added and conditioned for 3 min. The flotation process involved
manually scraping the foam for 4 min. After the experiment, foam products and tailings
were collected, dried, and weighed to calculate mineral recovery.

Artificial mixed mineral flotation tests maintained a 1:1:1 mass ratio of cassiterite, cal-
cite, and quartz, with a procedure closely mirroring the single mineral tests for consistency
and meaningful comparisons.

2.2.2. Zeta Potential and Reagent Molecules Cluster Size Measurement

In this experiment, the Zetasizer Nano ZS90 (Malvern Panalytical, Shanghai, China)
instrument was utilized to measure the zeta potential of cassiterite particles and the size
of reagent molecular clusters. Initially, 50 mg of cassiterite particles were well-dispersed
in 100 mL of deionized water. Subsequently, pH adjustment was performed, followed by
the addition of DSA reagent and a 5 min stirring period. After allowing the suspension to
stand for 10 min, an intermediate stable suspension was obtained for measuring the zeta
potential of cassiterite particles before and after DSA treatment. The sample preparation
steps for measuring reagent molecular cluster size were similar to those mentioned above.



Minerals 2024, 14, 190 4 of 15

However, it is noteworthy that the suspension concentration used represented the reagent’s
concentration under optimal conditions for mineral flotation.

2.2.3. FTIR Analysis

FTIR analysis was performed using the Nicolet iS50 FTIR Spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). The procedure involved creating a finely ground mixture
of cassiterite particles (with a size of approximately 5 µm) and potassium bromide (KBr)
in a mass ratio of 1:100. This mixture was then pressed into a transparent sample sheet
for testing. The analysis took place at 25 ◦C and utilized a mid-infrared light source. To
ensure accuracy, temperature and humidity control was maintained in both the sample
chamber and the detector. This setup allowed for the measurement of absorption peaks
of the flotation agent on the mineral surface, both before and after adsorption. These
measurements provided valuable insights into the chemical interactions between the
flotation agent and cassiterite, aiding in the understanding of the surface chemistry of the
mineral in the context of flotation processes.

2.2.4. XPS Analysis

The ESCALAB QXi X-ray photoelectron spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) was used for the X-ray photoelectron spectroscopy (XPS) analysis. The instru-
ment was set to operate at a power of 150 W (15 kV × 10 mA), a setting that balanced
energy efficiency with the precision required for detailed analysis. Specifically, a step size
of 1.0 electron volts was chosen for the general XPS spectra, and an even finer resolution
of 0.1 electron volts for high-resolution XPS spectra. This precise spectral resolution is
crucial for accurately determining binding energies, as it reveals the elemental composition,
chemical state, and electronic state of the sample surfaces. The accuracy of the data was
further enhanced by using the C1 peak at 284.8 eV, which served to correct the binding
energy scale and align the measurements with established reference standards.

3. Results and Discussions
3.1. Mineral Separation
3.1.1. Micro-Flotation of Single Mineral

This study investigates the flotation recoveries of cassiterite, quartz, and calcite in re-
sponse to pulp pH changes, using two collectors: 9 × 10−5 mol/L DSA and 9 × 10−4 mol/L
BHA. As shown in Figure 2, cassiterite shows a positive correlation with pH levels, reaching
a stable recovery of approximately 82.5% between pH 5.6 and 11.0 with DSA, but only 52%
with BHA. Calcite, tested only in neutral and alkaline conditions due to its dissolution in
acidic environments, exhibits increased recovery in this range, indicating better floatability
in alkaline environments. Quartz, conversely, is less sensitive to pH variations, maintaining
a low recovery of under 7% across all pH levels. The recovery of cassiterite was higher at a
pH of 8.5 ± 0.3, showing a significant difference compared to calcite and quartz. Conse-
quently, subsequent flotation experiments were conducted under these conditions to favor
cassiterite enrichment.

Figure 3 presents the effect of DSA concentration on the flotation recoveries of cassi-
terite, calcite, and quartz at pH 8.5 ± 0.3. Cassiterite demonstrates a positive correlation
between recovery rate and DSA concentration within the range of 0–1.4 × 10−4 mol/L,
peaking at 82% recovery at 9 × 10−5 mol/L. Similarly, calcite also experiences improved
recovery with higher DSA concentrations, but its growth is slower, reaching a maximum of
31.5%. In contrast, quartz exhibits minimal variations in recovery across all DSA concentra-
tions, consistently remaining below 7%. These findings indicate that DSA concentration
significantly impacts cassiterite and calcite recoveries while having negligible effects on
quartz under the specified conditions.
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and 9 × 10−4 mol/L BHA.
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Figure 3. Effect of DSA concentration on the flotation recoveries of cassiterite, calcite, and quartz at
pH 8.5 ± 0.3.

3.1.2. Micro-Flotation of Artificial Mixed Ore

Mining operations often involve extracting a variety of minerals that are intricately
intermixed within a complex mineralogical matrix, posing challenges for the extraction
process. Flotation systems designed for mixed minerals provide a more accurate represen-
tation of real-world production scenarios compared to those targeting a single mineral. In
light of this, the flotation experiments were conducted using artificially mixed minerals to
assess the separation efficiency of cassiterite, calcite, and quartz using DSA and BHA as
collectors, as shown in Figure 4.

As illustrated in Figure 4, the tin grade exhibits an upward trend with increasing DSA
concentration, reaching its peak value of 27.2% at a DSA concentration of 5 × 10−5 mol/L,
alongside a tin recovery rate of 60.12%. As the DSA concentration is further increased, tin
recovery continues to rise, but the tin grade starts to decline, indicating the flotation of
calcite and quartz alongside cassiterite. When employing BHA as a collector, although the
trends in tin grade and recovery resemble those of DSA, the tin recovery is considerably
lower compared to DSA, even when achieving the same tin grade. Notably, DSA only
requires one-tenth of the concentration of BHA for effective separation. For example,
at DSA and BHA concentrations of 7 × 10−5 mol/L and 7 × 10−4 mol/L, respectively,
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both resulted in a tin grade of 24.2%, but the tin recovery rates were 80.44% and 46.89%,
respectively.
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Figure 4. Effect of DSA (a) and BHA (b) concentrations on cassiterite flotation recovery in artificially
mixed ore at pH 8.5 ± 0.3.

3.2. Mechanism of the Interaction between DSA and Minerals
3.2.1. Zeta Potential Measurements

The zeta potentials of cassiterite, DSA molecular clusters, and DSA-treated cassiterite
were measured to elucidate the adsorption mechanism of DSA on the surface of cassiterite,
as depicted in Figure 5.
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Figure 5. The effect of pH on the zeta potential of cassiterite, quartz, and calcite before and after DSA
treatment, and DSA molecular clusters.

The isoelectric point (IEP) of natural cassiterite was found to be at a pH of 4.6, which is
consistent with prior research [32,33]. For all three substances, zeta potentials are negatively
correlated with pH, but their absolute values exhibit a positive correlation with pH beyond
their respective IEPs. This trend is especially notable in DSA, where the absolute value
of its zeta potential surpasses 30 mV at pH levels above 5.6. This significant increase in
DSA’s zeta potential is crucial for its effective dispersion in the pulp, potentially enhancing
the flotation efficiency of cassiterite [34]. Furthermore, there is a noticeable shift in the IEP
of DSA-treated cassiterite towards lower pH values. This shift is likely attributable to the
adsorption of DSA onto the cassiterite surface, altering its surface charge characteristics.
However, considering the charge characteristics of cassiterite and DSA, the likelihood
of electrostatic interaction between them appears to be minimal. The zeta potential of
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calcite undergoes a significant negative shift when the pH exceeds 10, suggesting that DSA
exhibits notable adsorption on the surface of calcite. Conversely, the zeta potential of quartz
remains largely unchanged after DSA addition. These observations align with the results
of single-mineral flotation experiments.

3.2.2. FTIR Analysis

This study further explores the adsorption mode of DSA on the cassiterite surface
through Fourier-transform infrared (FTIR) analyses. Figure 6 illustrates the FTIR spectrum
of cassiterite, DSA-treated cassiterite, and DSA.
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Figure 6. FTIR spectra of cassiterite, DSA, and DSA-treated cassiterite.

The IR spectrum of natural cassiterite shows notable peaks at 638 cm−1 and 519 cm−1,
which are attributed to the antisymmetric vibration of the Sn-O bond [25,35]. This indi-
cates the fundamental structural components of the cassiterite. Additionally, a significant
peak at 3507 cm−1 is observed, corresponding to the stretching vibration of the hydroxyl
group [36]. This peak is linked to the interaction between water molecules and the cas-
siterite surface, suggesting the presence of adsorbed water or surface hydroxylation. In
contrast, the FTIR spectrum of DSA displays characteristic peaks at different frequencies,
highlighting the molecular structure of the DSA. Peaks at 2721 cm−1 and 1624 cm−1 repre-
sent the stretching vibrations of the C-H and C=N bonds, respectively, which are integral
to the oxime group in the DSA molecule. Additionally, peaks observed at 1497 cm−1 and
1585 cm−1 are associated with the vibrations of the C=C bond within the benzene ring be-
longing to DSA [37,38]. Furthermore, the spectrum of DSA also shows peaks at 2926 cm−1

and 2872 cm−1, associated with the stretching vibrations of the -CH3 and -CH2 groups in
alkanes [22,39]. The FTIR analysis of DSA-treated cassiterite reveals notable changes in
the vibrational absorption peaks. Specifically, the C-H stretched vibrational absorption
peaks, attributed to the dodecyl group on DSA, are observed at 2926 cm−1 and 2963 cm−1.
Additionally, the absorption peak at 1270 cm−1, representing the N-O stretching vibration
in the oxime group, shows a shift from the original peak at 1267 cm−1 [40]. Furthermore, a
subtle but significant shift is noted in the absorption peaks of the Sn-O bond in cassiterite,
moving from 638 cm−1 and 519 cm−1 in untreated cassiterite to 638 cm−1 and 517 cm−1

in the DSA-treated sample. This shift in the Sn-O bond peaks is indicative of a chemical
reaction occurring on the surface of the cassiterite. These spectral changes provide critical
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insights into the interactions and chemical alterations induced by DSA on the cassiterite
surface.

These spectral changes in the FTIR analysis reveal that DSA treatment alters the surface
chemistry of cassiterite. The shifts in vibrational frequencies and the appearance of new
peaks suggest chemical bonding or interaction between DSA molecules and the cassiterite
surface, leading to changes in the surface properties of the mineral.

3.2.3. XPS Analysis

In this study, XPS reveals significant changes in the surface composition of cassiterite
following DSA treatment. The XPS survey spectra of natural cassiterite and DSA-treated
cassiterite are shown in Figure 7. The XPS survey spectra show that while natural cassiterite
lacks a nitrogen core peak, indicating high purity, DSA-treated cassiterite exhibits a notice-
able 0.7% N1s concentration and an enhanced carbon (C1s) peak. These changes suggest
the successful adsorption of DSA onto the cassiterite surface, a conclusion corroborated by
zeta potential and FTIR analyses.
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Figure 7. XPS spectra of cassiterite with and without DSA.

Figure 8 presents the high-resolution spectra of Sn 3d, O 1s, and N 1s of natural and
DSA-treated cassiterite. In natural cassiterite, the binding energies for Sn 3d3/2 and Sn
3d5/2 are 495.00 eV and 486.47 eV, respectively, with the difference attributed to spin-orbit
coupling [41,42]. After DSA treatment, these binding energies slightly shift to 495.07 eV
for Sn 3d3/2 and 486.62 eV for Sn 3d5/2. The shift is caused by the interaction between
DSA’s highly electronegative O or N atoms and the Sn atoms on the surface of cassiterite.
This interaction reduces the electron cloud density around the Sn atoms, which weakens
the nuclear electron shielding. This evidence indicates that the Sn atoms on the surface of
cassiterite are critical sites for DSA adsorption.

In Figure 8b, the high-resolution O1s spectrum of cassiterite reveals significant changes
before and after DSA treatment. Initially, three distinct peaks are observed in the O1s spec-
trum of natural cassiterite: a low binding energy peak at 530.33 eV for lattice oxygen, a
peak at 531.60 eV associated with oxygen vacancies, and the highest binding energy peak
at 533.90 eV, which is linked to hydroxylated terminal O atoms on the surface of the cassi-
terite [43–45]. After the DSA treatment, the peaks for lattice oxygen and oxygen vacancies
show negligible change. However, the 533.90 eV peak is observed to vanish, presumably
due to the removal of hydroxylation brought about by DSA adsorption. Furthermore, two
new peaks emerge at 530.87 eV and 533.15 eV. The peak at 530.87 eV is attributed to the
O atom in the C-OH group, whereas the peak at 533.15 eV is linked to the O atom in the
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N-OH group. This difference in binding energies is ascribed to the conjugation of benzene
rings in DSA. This conjugation increases the electron cloud density around the O atoms
in C-OH compared to those in N-OH, leading to a stronger nuclear electron shielding
effect and resulting in distinct binding energies for these groups. In Figure 8c, a significant
finding is the emergence of a distinct N 1s peak in the DSA-treated cassiterite, indicative
of the oxime group. This new peak provides evidence for the adsorption of DSA onto the
cassiterite surface. The likely mechanism for this adsorption involves a reaction between
the O or N atoms in the DSA molecule and the Sn atoms on the cassiterite surface. This
interaction aligns with the previously observed changes in the Sn 3d and O1s spectra,
further supporting the idea of chemical modifications on the cassiterite surface due to DSA
treatment.
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3.2.4. Reagent Molecules Cluster Size Measurement

Previous research demonstrated that when DSA and BHA reagents adsorb on the
mineral surface, they tend to form clusters rather than exist as individual molecules. This
phenomenon is illustrated in Figure 9, which presents the size distribution of clusters
generated by DSA and BHA when introduced into deionized water. Notably, the median
cluster size (D50 value) for DSA clusters is significantly larger, measuring 3072 nm, com-
pared to BHA clusters with a D50 value of 373 nm. This observation indicates that DSA
clusters are significantly larger than those formed by BHA. In addition, DSA has a long
alkane chain, which makes it more hydrophobic. This difference in hydrophobicity likely
contributes to the formation of larger molecular clusters in solution, possibly through hy-
drophobic association. When cassiterite surfaces offer equal adsorption sites, DSA exhibits
a higher adsorption capacity than BHA. This implies that DSA can more effectively adsorb
onto cassiterite surfaces, a characteristic that renders cassiterite treated with DSA more
hydrophobic. This increased hydrophobicity is beneficial for flotation recovery.
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Figure 9. Size distribution of DSA and BHA molecular clusters.

3.2.5. Discussion of Adsorption Models

The adsorption mechanisms of DSA and BHA on the surface of cassiterite were
investigated through zeta potential, FTIR, and XPS analyses. These results collectively
suggest that the adsorption of DSA onto cassiterite is a result of a synergistic effect involving
both electrostatic and chemical interactions. Specifically, the nitrogen (N) or oxygen (O)
atoms present in the DSA molecule play a crucial role in binding to the tin (Sn) sites on the
cassiterite surface. This interaction leads to the formation of stable chelating rings, which is
a mechanism akin to the adsorption process observed for BHA on cassiterite surfaces [24].
Additionally, the findings from cluster size measurements reveal a significant difference
in the hydrophobicity between DSA and BHA. DSA exhibits a notably higher degree of
hydrophobicity compared to BHA, and this characteristic contributes to its larger effective
adsorption capacity on the cassiterite surface. In summary, DSA demonstrates a superior
recovery effect on cassiterite compared to BHA, and this effect can be achieved at a lower
dosage. For a visual representation of this adsorption process, please refer to Figure 10,
which presents a simplified adsorption model illustrating how DSA and BHA interact with
the cassiterite surface.
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3.3. Production Application

Bench-scale flotation tests were conducted to evaluate the recovery efficiency of DSA
on cassiterite within a challenging slurry environment. These experiments utilized a
copper–tin polymetallic ore sourced from Yunnan Province, China. The ore samples
contain valuable minerals such as cassiterite, pyrite, and hematite. Meanwhile, the primary
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gangue minerals present in the ore include quartz, magnesium tourmaline, and mica, as
well as trace amounts of microcline and chlorite. The XRD spectrum of the ore sample is
shown in Figure 11. The elemental composition of the raw ore is provided in Table 1.
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Table 1. Chemical composition of raw ore (wt %).

Elements Sn Fe O Si Ca Al Mg Else

Content (wt %) 0.481 2.593 51.00 41.12 0.24 1.76 1.14 1.6657

Based on the initial single-factor open-circuit experiment, a closed-circuit flotation
experiment was performed. The beneficiation process and reagent system for the ore are
shown in Figure 12. The results of closed-circuit flotation tests using DSA and BHA as
collectors are shown in Table 2.

Table 2. The results of closed-circuit flotation tests (wt %).

Conditions Products Yield Sn Grade Sn Recovery

DSA
Concentrate 2.55 14.751 78.20

Tailings 97.45 0.108 21.80
Raw ore 100 0.480 100

BHA
Concentrate 2.11 15.026 65.91

Tailings 97.89 0.167 34.09
Raw ore 100 0.481 100

The DSA still exhibits excellent selectivity and collectivity in actual ore flotation. The
recovery rate is as high as 78.20% when the Sn grade remains essentially constant, which is
12.29% higher than that of the BHA as a collector and potentially of application value.
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4. Conclusions

5-dodecylsalicylaldoxime (DSA) has emerged as an exceptional flotation collector
for cassiterite, displaying outstanding selectivity and effectiveness. To shed light on the
adsorption mechanism of DSA onto the cassiterite surface, a series of tests, including zeta
potential analysis, FTIR, and XPS, were conducted. The reasons behind DSA’s superior
recovery performance compared to BHA were elucidated through measurements of reagent
molecular cluster size. The main results are summarized as follows:

(1) In the micro-flotation test, the recovery of cassiterite reached an impressive 82.5%
at a concentration of 9 × 10−5 mol/L, without the need for any activator. In the
micro-flotation test of artificially mixed minerals, the concentrate with a Sn grade
of 24.98% and a recovery of 80.44% was obtained at the same reagent concentration.
Compared to BHA, while the Sn grade is similar, DSA achieved a 33.55% higher
recovery.

(2) Findings from zeta potential tests, FTIR, and XPS analyses indicate that DSA forms
a stable chelating ring with the cassiterite surface, facilitated by the N and O atoms
within its CH=NOH and C-OH groups. This adsorption mechanism resembles the
process observed for BHA on cassiterite surfaces.
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(3) Analysis of reagent molecular cluster sizes reveals that DSA forms larger molecular
clusters in the pulp and exhibits higher hydrophobicity than BHA. At equivalent
active sites, DSA had a larger effective adsorption capacity than BHA, leading to
enhanced hydrophobicity on the cassiterite surface and, thereby, favoring flotation
recovery.

(4) In a closed-circuit test of cassiterite flotation recovery in a copper–tin polymetallic
ore in Yunnan, DSA achieved impressive results. It yielded a concentrate with a Sn
grade of 14.751% and a recovery of 78.20% from raw ore with a Sn grade of 0.481%.
Notably, this recovery surpassed that achieved with BHA as a collector by 12.29%
while maintaining a nearly identical grade.
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