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Abstract: In this paper, sodium lauroyl glutamate (SLG), a stable and inexpensive green surfactant,
was used as a flotation collector for the first time in cassiterite flotation. The micro-flotation tests
revealed that SLG could effectively collect cassiterite and have superior selectivity against quartz over
a wide pH range, compared with benzohydroxamic acid (BHA). The maximum recovery of cassiterite
in the presence of SLG was 93.2%, while the quartz recovery was consistently lower than 8%. The
adsorption experiments and zeta potential measurements suggested SLG was chemisorbed onto
the cassiterite surface. The Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS) analyses indicated that the polar groups of SLG anions (the carboxyl and amide
groups) chelate with the Sn ions on the cassiterite surface to form five-membered rings. This structure
made SLG attach firmly to the cassiterite surface, effectively recovering cassiterite. Lastly, a good
flotation index was achieved in the bench-scale flotation tests using SLG as the collector, which
confirmed its potential economic value in practical application.

Keywords: cassiterite; flotation; sodium lauroyl glutamate; five-membered rings

1. Introduction

Cassiterite is an economically feasible tin mineral in the Earth’s crust, with a tin content
of 78.6% [1–4]. Gravity separation is the primary method for recovering cassiterite due to
its high specific gravity [5–9]. However, as high-quality tin resources have been developed
and utilized, cassiterite quality has gradually become poor, fine, and miscellaneous [10–12].
Gravity separation is no longer suitable for fine polymetallic cassiterite [13–15]. Instead,
flotation has gradually been used in industry as flotation reagents advance [16–19].

Besides fatty acids, phosphonic acid, and dodecyl sulfate, various hydroxamic acid
collectors were also utilized to float cassiterite [20,21]. Among these hydroxamic acid
collectors, benzohydroxamic acid (BHA) has been extensively used as a collector for cas-
siterite flotation due to its easy availability and strong collecting ability [22–25]. Even so,
some problems with BHA cannot be neglected, such as its large reagent consumption and
poor acid/alkali resistance [26]. Previous studies found that metal ions can interact with
tin-hydroxyl compounds to form metal-containing complexes on the cassiterite surface.
Therefore, the active site on the cassiterite surface was changed from a single tin to tin
species and metal-containing complexes, promoting cassiterite flotation [23,27]. Neverthe-
less, metal ions inevitably lead to environmental issues [28,29]. Therefore, discovering a
viable substitute collector to achieve efficient activation is worthwhile.

Sodium lauroyl glutamate (SLG) is a sarcosine derivative surfactant composed of a
non-polar hydrophobic hydrocarbon chain and a polar hydrophilic group containing a
highly reactive carboxyl and amide-based amino acid, as shown in Figure 1. Due to the
excellent metal chelating ability, foaming properties, low toxicity, low irritation, and good
biodegradability of SLG [30–33], it is widely used in the petrochemical industry, and in
biology, medicine, pharmacology, agriculture, and electroplating [34–36]. Therefore, this
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study first used SLG as the collector on cassiterite flotation because of its special functional
group, inexpensive, and environment-friendly characteristics.
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Figure 1. Molecule structure of sodium lauroyl glutamate.

Based on the micro-flotation tests, adsorption experiments, Zeta potential measure-
ments, X-ray photoelectron spectroscopy (XPS), and Fourier transform infrared spec-
troscopy (FTIR), the flotation performance and adsorption mechanism of SLG on the
cassiterite were revealed. A possible adsorption model of SLG on the cassiterite was in-
ferred. Furthermore, the flotation effect of SLG on Xinzhai tin ore in Yunnan province
is tested. This study gives new ideas for improving low-grade and complex cassiterite
separation efficiency.

2. Materials and Methods
2.1. Materials and Reagents

Cassiterite and quartz samples used in this study were obtained from Yunnan Province,
China. Their X-ray diffraction (XRD) and X-ray fluorescence (XRF) results are illustrated
in Figure 2 and Tables 1 and 2, indicating that both of these minerals were of high purity.
The massive mineral samples were crushed in a jaw crusher to −1 mm and ground with a
porcelain mill to obtain the 38–74 µm and −10 µm size fractions separately. The fraction
with a particle size of −74 + 38 µm was used in micro-flotation and adsorption experiments,
while −10 µm size fractions were used for the zeta potential measurements, FTIR, and
XPS analyses.
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Figure 2. XRD of cassiterite and quartz samples.

Table 1. Chemical composition of cassiterite.

Component SnO2 Al2O3 MgO CaO TFe Pb SiO2 Else

Content/% 97.98 0.22 0.35 0.24 0.18 0.17 0.35 0.51
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Table 2. Chemical composition of quartz.

Component SiO2 Al2O3 MgO CaO K2O Na2O Fe2O3 Else

Content/% 98.68 0.41 0.08 0.13 0.21 0.06 0.21 0.22

All of the chemicals employed in this experiment were of analytical grade, except for
those used in bench-scale flotation tests, which were of industrial grade. SLG and terpineol
was selected as the collector and the frother, respectively. Solution pH values were regulated
using a dilute hydrochloric acid solution and sodium hydroxide solution. Deionized water
was used for micro-flotation, adsorption tests, zeta potential measurements, and XPS
analyses. Tap water was used for bench-scale flotation tests.

2.2. Micro-Flotation Tests

The micro-flotation tests were performed in an XFGII flotation machine with a 40 mL
plexiglass flotation cell. These tests were conducted in 5 stages (agitation 2 min, pH adjusted
2 min, various concentrations of collector addition 3 min, 3 × 10−5 mol/L frother addition
2 min, and flotation 4 min), as shown in Figure 3. After the flotation process, the concentrate
and tailings were filtered, dried, and weighed to calculate the flotation recovery.
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2.3. Adsorption Experiments

The amount of SLG adsorbed on the cassiterite surface was calculated using the
residual content method. For sample preparation, 2 g of cassiterite samples were placed in
a beaker with 35 mL DI water. After stirring for 4 min, the pulp pH was adjusted to the
required value, followed by adding flotation reagents. The mixture was stirred for another
10 min. The resultant suspension was immediately subjected to solid–liquid separation
using a TG16-WS centrifuge. The separated liquid was then collected to quantitatively
analyze reagent concentration using an ultraviolet–visible spectrophotometer (UV-2700,
Shimadzu, Japan). The adsorption amount of SLG on the cassiterite surface was calculated
by Equation (1).

Q =
(C0 − C1) · V

1000M · S
(1)

where Q is the adsorption amount (mol/g) of BHA on the cassiterite surface, C0 is the initial
BHA concentration (mol/L), C1 is the residual BHA concentration in the pulp (mol/L), V
is the volume of solution (L), M is the weight of cassiterite, and S is the specific surface area
of the cassiterite sample, which is 0.4 m2·g−1.

2.4. Zeta Potential Measurements

The zeta potential of minerals was obtained using a Nano ZS90 Malvern Zetasizer
(Malvern Panalytical, Malvern, UK) with 1 × 10−3 mol/L KCl background electrolyte
solution. Before measurements, mineral samples were ground to −2 µm. For each test,
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40 mg mineral was mixed with 40 mL KCl solution in the beaker for the desired duration
with and without collectors. After adjusting the pulp pH, the dilute solution was stirred
by a magnetic stirrer for 10 min and then settled for 5 min. The supernatant was taken
for the zeta potential measurements. The tests for each condition were repeated 3 times
and averaged.

2.5. XPS Analysis

A Thermo Scientific ESCALAB 250Xi photoelectron spectroscopy (Thermo Fisher
Scientific, Waltham, MA, USA) using an Al Kα X-ray source operated at 200 W and 20 eV
was conducted for the XPS analysis. The C1s spectrum at 284.8 eV was obtained and used
as an internal standard to calibrate all measured spectra for charge compensation. An
amount of 2.0 g of each mineral sample was pulverized to obtain a particle size of 5 µm
in the agate mortar and then mixed with 100 mL of collector solution for 4 min. The solid
fraction was filtered, washed with DI water, and vacuum dried in an oven at 50 ◦C before
XPS analysis. All the XPS analyses were analyzed from three independent areas of the
sample to check for the reproducibility of the results.

2.6. FTIR Analysis

The FTIR spectra of cassiterite were detected by RAffinity-1S FTIR (Shimadzu Instru-
ments, Kyoto, Japan) within the wavenumber range of 500 cm−1–4000 cm−1 at 25 ◦C. The
samples used for the XPS analysis were also used for the FTIR analysis.

2.7. Bench-Scale Flotation Tests

The raw ore used in bench-scale flotation tests was obtained from the Xinzhai tin
deposit in the southeastern part of Wenshan, Yunnan province, China. The massive raw ore
was crushed into particles with sizes in the range of 1–2 cm and then ground to a particle
size below 2 mm. The ground product was thoroughly mixed and homogenized to have a
representative sample for chemical and particle size analyses, mineralogy characterization,
and bench-scale flotation tests.

3. Results
3.1. Micro-Flotation Tests

Figure 4 depicts the recovery of cassiterite as a function of SLG and BHA concen-
trations. The flotation recovery of cassiterite increased sharply from 5.6% to 93.2% with
the increase in SLG concentration and reached a plateau at 2 × 10−4 mol/L. However,
only 38.6% of the cassiterite floated when 2 × 10−4 mol/L BHA was used. The optimum
amount of SLG and BHA concentration that could be used in the cassiterite flotation has
varied widely. Thus, the collecting performance of SLG was stronger than that of traditional
collector BHA under the same conditions.
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The flotation recovery of cassiterite in the presence of SLG and BHA as a function
of pulp pH was also investigated. As shown in Figure 5, the recovery of cassiterite first
increased, then reached a plateau and decreased under a strong base solution using SLG
or BHA as the collector. The recovery of cassiterite using SLG as a collector was over 50%
in the whole pulp pH range. With regards to BHA, the floatability of cassiterite was very
weak under high acid and alkaline environments. The maximum flotation recovery of
cassiterite was floated by SLG and BHA, which were 93.1% and 71.05%, respectively, at pH
7.8–8.0. These results further indicated that SLG has good acid and alkali resistance.
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Figure 5. Flotation recovery of cassiterite using SLG or BHA as the collector as a function of pulp pH.

Furthermore, the artificial mixed mineral flotation tests were conducted to verify the
selectivity of SLG at pH 7.8 ± 0.2, as shown in Figure 6. The mixed minerals were composed
of cassiterite and quartz, and the mass ratio of cassiterite to quartz is 1:1. Figure 6 shows
that cassiterite recovery increased sharply when SLG’s initial concentration was less than
1.5 × 10−4 mol/L. When SLG was used as the collector, cassiterite displayed considerable
floatability with a maximum recovery of over 93%. However, the quartz recovery has been
consistently lower than 8%, and the recovery difference between cassiterite and quartz
reached a maximum of 82.9%. SLG can be used to separate cassiterite and quartz effectively.
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Figure 6. The flotation recovery of artificial mixed mineral (the mass ratio of cassiterite to quartz is
1:1) as a function of SLG concentration.

3.2. Adsorption Experiments

Figure 7 depicts the adsorption capacity of SLG and BHA on the cassiterite surface as
a function of the SLG or BHA concentration at pH 7.8 ± 0.2. It could be seen that there is a
gradual rise in the adsorption capacity of SLG and BHA on the cassiterite surface, with their
concentration increasing until 3 × 10−4 mol/L and 6 × 10−4 mol/L, respectively. Above
this range, their adsorption capacity remains stable. The adsorption capacity of BHA on the
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cassiterite surface is always lower than in the presence of SLG, which is a similar result to
that of the micro-flotation test. The maximum adsorption quantities of SLG and BHA were
43.6 × 10−6 mol/g and 32.9 × 10−6 mol/g when SLG and BHA concentrations reached
3 × 10−4 mol/L and 6×10−4 mol/L, respectively.

Minerals 2023, 13, x FOR PEER REVIEW  6  of  13 
 

 

 

Figure 6. The flotation recovery of artificial mixed mineral (the mass ratio of cassiterite to quartz 

is 1:1) as a function of SLG concentration. 

3.2. Adsorption Experiments 

Figure 7 depicts the adsorption capacity of SLG and BHA on the cassiterite surface 

as a function of the SLG or BHA concentration at pH 7.8 ± 0.2. It could be seen that there 

is a gradual rise in the adsorption capacity of SLG and BHA on the cassiterite surface, with 

their concentration increasing until 3 × 10−4 mol/L and 6 × 10−4 mol/L, respectively. Above 

this range, their adsorption capacity remains stable. The adsorption capacity of BHA on 

the cassiterite surface is always lower than in the presence of SLG, which is a similar result 

to that of the micro‐flotation test. The maximum adsorption quantities of SLG and BHA 

were 43.6 × 10−6 mol/g and 32.9 × 10−6 mol/g when SLG and BHA concentrations reached 3 

× 10−4 mol/L and 6×10−4 mol/L, respectively. 

 

Figure 7. Adsorption capacity of SLG and BHA on cassiterite surface as a function of BHA and SLG 

concentration. 

3.3. Zeta Potential Measurements 

Zeta potential measurements reflect the state of charge on the mineral surface, which 

helps to reveal the adsorption process of the flotation reagents on the mineral surface. This 

section discusses the relationship between the zeta potential and pH of cassiterite surfaces 

floated using SLG as a collector. 

Figure 8 reveals cassiterite has IEPs (iso‐electric points) at about pH 4.01 in DI water, 

which is in accordance with previous research [37]. After SLG treatment, the IEP of cassit‐

erite particles changed to pH 2.1, and its zeta potential was negatively shifted, inferring 

an increase in negative charges on the cassiterite surface. SLG mainly existed as an anionic 

species in aqueous solutions under pH > 2.5. As a result, after SLG adsorption, the zeta 

potentials  of  cassiterite  particles  became more  negative.  The  results  of  zeta  potential 

0 0.5 1 1.5 2 3 4 5 6 7 8
0

20

40

60

80

100

R
ec

ov
er

y 
(%

)

SLG Concentration (×10-4 mol/L)

 Cassiterite 
 Quartz

1 2 3 4 5 6 7 8
0

10

20

30

40

50

A
ds

or
pt

io
n 

qu
an

ti
ty

 (
×

10
-6

 m
ol

/g
)

Concentration (×10-4 mol/L)

 SLG
 BHA

Figure 7. Adsorption capacity of SLG and BHA on cassiterite surface as a function of BHA and SLG
concentration.

3.3. Zeta Potential Measurements

Zeta potential measurements reflect the state of charge on the mineral surface, which
helps to reveal the adsorption process of the flotation reagents on the mineral surface. This
section discusses the relationship between the zeta potential and pH of cassiterite surfaces
floated using SLG as a collector.

Figure 8 reveals cassiterite has IEPs (iso-electric points) at about pH 4.01 in DI water,
which is in accordance with previous research [37]. After SLG treatment, the IEP of cassi-
terite particles changed to pH 2.1, and its zeta potential was negatively shifted, inferring an
increase in negative charges on the cassiterite surface. SLG mainly existed as an anionic
species in aqueous solutions under pH > 2.5. As a result, after SLG adsorption, the zeta
potentials of cassiterite particles became more negative. The results of zeta potential mea-
surements speculated that chemical adsorption occurred on the cassiterite surface caused
by SLG attachment.
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Figure 8. Zeta potential of cassiterite in the presence and absence of SLG.

3.4. XPS Analysis

X-ray photoelectron spectroscopy (XPS) studies were conducted mainly to determine
the chemical state of metallic surface elements before and after a reaction. Figure 9 shows
the XPS survey spectra of cassiterite before and after BHA or SLG treatment. The atomic
concentration of elements on the cassiterite surface is shown in Table 3.
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Figure 9. Survey scan XPS spectra of cassiterite sample in the presence and absence of SLG.

Table 3. Atomic concentrations of elements of cassiterite surface.

Element (Atomic %) Cassiterite Cassiterite + SLG ∆

C 28.5 48.9 20.4
O 45.9 32.5 −13.4
Sn 25.6 17.4 −8.2
N - 1.2 1.2

∆ is defined as the value of before treatment minus that of SLG treatment.

The results in Figure 9 revealed that a new N signal was displayed in the XPS survey
spectra of cassiterite in the presence of SLG. It is also confirmed by an increasing atomic
concentration of N in the cassiterite surface after SLG treatment, as shown in Table 3. These
results indicated the coverage (adsorption) of cassiterite by SLG. To further examine the
interaction of SLG with the cassiterite surface, the Sn 3d XPS spectra of the cassiterite before
and after SLG treatment were detected (Figure 10).
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Figure 10. Sn 3d XPS analysis of cassiterite in the presence and absence of SLG.

As shown in Figure 10, the XPS bonds of Sn 3d for the original cassiterite had one
double peak at 494.66 eV and 486.20 eV, which were assigned to Sn 3d3/2 and Sn 3d5/2,
respectively. After SLG treatment, the Sn 3d peaks were shifted to the higher binding
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energies of 495.14 eV and 486.64 eV, respectively. These features revealed that the chemical
circumstances of the Sn atoms on the cassiterite surface had changed, indicating that SLG
chemically reacted with tin species to form a surface complex on the cassiterite surface.

3.5. FTIR Analysis

Figure 11 shows the FTIR spectra of SLG, cassiterite, and cassiterite treated with SLG
at pH 7.8 ± 0.2. As shown, for SLG, the bands at 3430.5 cm−1 and 3271.3 cm−1 are related to
the stretching vibration of N-H. The peaks at 2918.4 cm−1 and 2850.1 cm−1 are attributed to
the characteristic peak of -CH2- and CH3- groups, and the peak at 1641.2 cm−1 corresponds
to the stretching vibration of the amide carbonyl in -CON-. The peaks at 1547.5 cm−1 and
1408.2 cm−1 are caused by the bending vibration of N-H and the stretching vibration of C-O.
In addition, the peak at 558.4 cm−1 is due to the C-N stretching vibration. In the cassiterite
IR spectrum, the characteristic bond at 3732.5 cm−1 belongs to the typical hydroxylate
adsorption peak of the O-H vibration. This peak of O-H reflected the hydroxylation that
occurred on the cassiterite surface in the pulp. The characteristic bond at 1620.2 cm−1 is
attributed to the H2O adsorption on the surface of the minerals. The peaks at 655.3 cm−1

and 582.6 cm−1 represent the stretching vibration of the Sn-O vibration.
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Figure 11. FTIR spectra of SLG, cassiterite, and SLG-treated cassiterite.

After treating cassiterite with SLG, new adsorption peaks appeared in the FTIR spectra
of cassiterite at 2918.4 cm−1 and 2850.1 cm−1 due to the -CH2- and CH3- groups of SLG,
indicating that SLG was chemically adsorbed on the cassiterite surface. Meanwhile, the
disappearance of the O-H stretching peak at 3732 cm−1 may have resulted from the change
of the hydroxy on the cassiterite surface. Meanwhile, the N-H stretching peak has vanished,
corresponding to the peak at 1547.5 cm−1, in the SLG spectrum. In addition, the new Sn-O
vibration at 638.2 cm−1 may have resulted from the formation of Sn-O between the SLG
and the cassiterite.

A potential formation of SLG adsorbed on the cassiterite surface is suggested in
Figure 12. the polar groups of SLG anions (-COO- and -CON groups) chelate with the Sn
ions on the cassiterite surface to form five-membered rings, thus forming a stable adsorption
structure on the cassiterite surface and resulting in the strong collecting performance
of SLG.
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Figure 12. Possible adsorption models of SLG on cassiterite surfaces.

3.6. Bench-Scale Flotation Tests of Xinzhai Cassiterite

The Xinzhai tin deposit belongs to the Laojunshan tin polymetallic metallogenic
belt. The main metal minerals are cassiterite, chalcopyrite, sphalerite, marmatite, pyrite,
pyrrhotite, and magnetite. Gangue minerals include quartz, feldspar, and epidote. It is
difficult to enrich and separate valuable metallic minerals due to their large element content
and complex mineral composition. The chemical composition of the mean sample is shown
in Table 4, indicating that the average tin grade of the Xinzhai cassiterite was 0.14%.

Table 4. Chemical composition of the Xinzhai cassiterite.

Elements Sn Pb Zn S Cu SiO2 Fe Else

Content (wt %) 0.14 0.46 6.89 21.52 0.23 37.5 30.21 3.05

Bench-scale flotation was carried out in an XFD-63 pneumatic flotation machine, using
1.5 L for rougher flotation and 1 L and 0.5 L for cleaner flotation. Before flotation, the raw
ore was ground for 8 min in a closed XMQ-240 × 90 ball mill to obtain a sample reaching
71.5% of −74 µm. The raw ore was transferred to the flotation cell with tap water to achieve
a pulp density of 30% solids by weight. The slurry was then conditioned for 2 min at
2100 rpm, followed by 3 min of stirring with the required amount of depressant (500 g/t
CMC). The suspension was then allowed to condition for 3 min and 2 min with collectors
and frothers in sequence. Next, the pulp was floated for 4 min at 1900 rpm with an airflow
rate of 7.0 L/min. The rougher stage was followed by two cleaner and two tailing scavenger
flotation stages, in which tap water was added to the concentrate of the previous stage to
make up the pulp. The simplified flowsheet of the bench-scale flotation tests is shown in
Figure 13.

Table 5 lists the flotation indexes produced by adding SLG or BHA. It was observed
that grade and recovery in concentrate improved from 3.45% Sn at 74.3% recovery to
4.02% Sn at 85.2% recovery before and after SLG treatment. The SLG collector has achieved
a satisfying effect in practical applications.

Table 5. Results of closed-flotation operation for Xinzhai cassiterite (%).

Conditions Product Yield Sn Grade Sn Recovery

BHA
Concentrate 3.09 3.45 74.3

Tailings 96.91 0.038 25.7
Raw ore 100 0.144 100

SLG
Concentrate 3.05 4.02 85.2

Tailings 96.95 0.022 14.8
Raw ore 100 0.143 100
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4. Conclusions

This paper evaluated and analyzed the flotation performance and adsorption mecha-
nism of SLG on cassiterite by flotation tests, adsorption experiments, zeta potential, XPS,
and FTIR analyses. Based on the experimental results, the following conclusions could
be drawn:

The micro-flotation results indicated that SLG could effectively collect cassiterite and
have superior selectivity against quartz over a wide pH range. Adsorption experiments
and zeta potential measurements deduced that SLG might chemisorb on cassiterite surfaces.
XPS and FTIR analyses further inferred that the polar groups of SLG anions (the carboxyl
and amide groups) chelate with the Sn ions on the cassiterite surface to form five-membered
rings. This structure made SLG attach firmly to the cassiterite surface, effectively recovering
cassiterite. For Xinzhai tin deposits, grade and recovery in concentrate improved from
3.45% Sn at 74.3% recovery to 4.02% Sn at 85.2% recovery by using SLG as the collector,
which confirmed its potential economic value in the practical application of cassiterite.
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