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Abstract: Cassiterite is the most common and important tin-bearing mineral, and calcite, a primary
gangue mineral is generally found in tin deposit. The flotation separation of cassiterite from
calcite remains a challenge due to their similar response to traditional reagents. In cassiterite
flotation, sodium oleate (NaOL) and sodium silicate (SS) have been widely used as a collector
and a depressant, respectively. However, the low selectivity of NaOL and the large amount of SS
required (which leads to serious problems in wastewater treatment) remain a difficult issue. In this
study, a novel reagent scheme using lead nitrate as the activator, salicylhydroxamic acid (SHA) as the
collector and carboxymethyl cellulose as the depressant was employed to improve the separation
selectivity of cassiterite from calcite. Results of the flotation experiment using this new reagent
scheme showed that compared with the previously reported scheme using benzohydroxamic acid
(BHA) as the collector, the separation of cassiterite from calcite exhibited a higher selectivity and
selectivity index (SI). The mechanism of the selective separation was investigated by zeta potential
measurements, Fourier transform infrared and X-ray photoelectron spectroscopy analysis.
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1. Introduction

Tin and its compounds have a broad range of applications due to their special properties such
as malleability, ductility and corrosion resistance [1–4]. Cassiterite (SnO2), the primary ore mineral
for tin, is related to the granitic host rock in hard-rock deposits [5]. Traditionally, cassiterite was
mainly recovered from tin ore by gravity separation using equipment including jigs, spiral chutes
and shaking tables, at a relatively coarse particle size [6,7]. In recent years, due to the increasing
fine-grained dissemination of cassiterite with gangue minerals, flotation has become a supplementary
and/or alternative method for comprehensive cassiterite recovery. However, the flotation separation
of cassiterite from gangue minerals (especially calcite (CaCO3)) remains a challenge due to their similar
response to traditional reagents. Therefore, increasing importance has been attached to selective
reagents due to their dominant roles in high quality and high recovery concentration.

The development of selective collectors for cassiterite flotation is a relatively popular field [8].
Oleic acid and its derivatives are the most widely used collectors in oxidized ore flotation [9–12].
The downside of this fatty acid collector is its low selectivity and poor solubility at low temperatures [5].
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P-tolyl arsonic acid was proved to be a selective collector for cassiterite, yet due to its high cost and
environmental concerns, the commercial production of this reagent ceased after 1975 [5]. Phosphonic
acids exhibit a strong collecting capacity for cassiterite in acidic media but can cause severe equipment
corrosion. More recently, hydroxamic acids or their salts have been extensively used as a chelating
type of chemical reagent in mineral flotation due to their strong selective complexation with various
metal ions [13–15], among which, benzohydroxamic acid (BHA) shows excellent selectivity but limited
collecting ability in cassiterite flotation [14]. Thus, BHA and metal ions (such as Pb2+ and Fe3+) are
used as the collector and activators, respectively, to float cassiterite and enhance its recovery [16–19].
Recently, it has been reported that octanol, as an auxiliary collector, promotes the adsorption of BHA
on the surface of cassiterite and reduces the consumption of BHA [20]. Inspired by these reports,
salicylhydroxamic acid (SHA) is considered to be a candidate collector for cassiterite flotation through
the addition of a hydroxyl group to the BHA benzene ring [15,21]. Qin et al. [15] reported that SHA can
be physically and chemically adsorbed on the cassiterite surface. Besides, Feng et al. [15,21] reported
that the addition of lead ions can improve the adsorption of SHA on cassiterite. Unfortunately, they did
not investigate the function of SHA, with or without lead ion, in separating cassiterite from its main
gangue minerals, such as calcite.

Calcite is the primary gangue mineral for cassiterite flotation and it needs to be selectively
depressed [14]. Sodium silicate (or water glass) is an industrial depressant widely used for calcite
flotation [22–24]. Its biggest drawback lies in the huge dosage (as much as 6–10 kg per ton of
run-of-mine), which not only reduces the cassiterite recovery [25–27], but also makes it more difficult
to treat the wastewater due to its slow sedimentation rate [22,28]. Therefore, an alternative depressant
should be identified to replace sodium silicate. Carboxymethyl cellulose (CMC) is a commonly used
polymer depressant for talc flotation [29–33]. Furthermore, the prior addition of calcium ions can
enhance the depression effect of CMC on talc flotation [29–33] due to its stronger interaction between
calcium ion species such as Ca(OH)+ and CMC. Inspired by these reports, we hypothesized that CMC
could be a potential depressant for calcite. However, few studies have reported CMC as a depressant
for calcite [34,35].

In this work, a novel reagent scheme for cassiterite flotation from calcite was evaluated by
experiments of a single mineral sample flotation test using lead nitrate as the activator, SHA as
the collector and CMC as the depressant. This new reagent scheme was further evaluated in the
flotation experiments using mixed binary mineral samples. The mechanism of selective separation was
investigated through zeta potential measurement, Fourier transform infrared and X-ray photoelectron
spectroscopy analysis.

2. Materials and Methods

2.1. Materials and Reagents

Natural cassiterite and calcite crystals were obtained from Yunnan Province, China. The high
purity of the cassiterite and calcite was confirmed by X-ray diffraction (XRD) data as shown in Figure 1.
Initially, the crystal samples were ground in a porcelain ball mill and wet sieved to produce a particle
size fraction of −74 + 38 µm for flotation experiments. Then, samples were further ground to −5 µm
in an agate mortar for zeta potential measurements, Fourier transform infrared (FTIR) spectroscopy
and X-ray photoelectron spectroscopy (XPS) analysis.

Analytically pure salicylhydroxamic acid (C7H7NO3, SHA) with 99% purity was purchased
from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China), lead nitrate (LN) with 99% purity
from Tianjin Kermil Chemical Reagents Development Centre (Tianjin, China), chemically pure sodium
carboxymethyl cellulose (CMC) (degree of substitution (DS) = 1.2, molecular weight = 250,000, viscosity
= 1500–3100 mpa·s) from Sinopharm Chemical Reagent Co., Ltd., Beijing, China, and Terpineol with
95% purity from Guangdong Xilong Chemical Co., Ltd., Guangdong, China, which were used as the
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collector, activator, depressant and frother, respectively. Sodium hydroxide (NaOH) and hydrochloric
acid (HCl) were used for pH modification.Minerals 2018, 6, x FOR PEER REVIEW    3 of 14 
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Figure 1. XRD spectrum of cassiterite (a) and calcite (b) minerals.

2.2. Flotation Tests

As described in previous publications, flotation tests of single mineral and mixed binary minerals
were performed in an XFG-type flotation machine at a spindle speed of 1600 rpm [16–18,34]. In each
test, the mineral suspension was prepared by adding 2.0 g of single mineral samples (1 g cassiterite
and 1 g calcite for mixed binary minerals flotation) and 40 mL of deionized water to the cell. After the
sequential addition of LN activator, CMC depressant and SHA collector in a desired dosage, the pulp
was conditioned for 3, 5 and 5 min, respectively. Then, the pH value was adjusted by pH regulators
(NaOH and HCl) and recorded. Finally, terpineol (1 µL) was introduced with 1 min conditioning
time followed by collecting floated products for 6 min. For single mineral flotation, both floated and
unfloated particles were collected, dried and weighted to calculate the recovery rate. For mixed binary
minerals, the SnO2 and CaCO3 grade of the concentrates and tailings were analysed. Each test was
repeated at least three times.

2.3. Zeta Potential Measurements

Zeta potential measurements were conducted in 0.01 mol/L KNO3 background electrolyte
solution using a JS94H microelectrophoresis instrument (Shanghai Zhongchen Digital Technic
Apparatus Co., Shanghai, China). The mineral samples were suspended in water or flotation reagent
(Pb2+ and SHA) solution at 16 mg per 80 mL before being agitated with a magnetic stirrer for 10 min
prior to each measurement. After the resultant suspension was settled for 6 min, the supernatant liquid
was collected for measurement. At least three measurements were conducted for each pH condition,
and the average value as well as the standard deviation was calculated. The cassiterite suspension
was conditioned using reagents within the pH range of 2–12. Due to the dissolution of calcite mineral,
it was so difficult to adjust the pH of the calcite-contained suspension to pH < 7 that the pH range
tested for calcite was limited to a range from neutral to basic pH values.

2.4. FTIR Spectroscopy Measurements

The FTIR transmission spectra were recorded at room temperature by a Bruker Alpha
(Thermo Fisher, Waltham, MA, USA) Spectrophotometer, ranging from 400 to 4000 cm−1. The mineral
sample (2.0 g) with a size of −5 µm was placed in solution (40 mL) with or without the flotation
reagents, at concentrations that were used in the flotation experiments. In the preparation of test
samples, extra attention was paid to the removal of excess flotation reagents by filtering the suspension
and repeatedly washing the residues with DI water. The test samples were dried and vacuum stored.
The spectra of the samples were taken with KBr pellets.
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2.5. XPS Analysis

XPS data was acquired using a K-Alpha 1063 XPS spectrometer (Thermo Fisher, Waltham, MA,
USA). Al Kα was used as the sputtering source in the analytical chamber (12 kV, 6 mA and 1.0 ×
10−7 Pa).

3. Results and Discussion

3.1. Single Mineral Flotation Experiments

Figure 2a shows the recovery of cassiterite and calcite as a function of SHA concentration in
the absence of LN. As SHA concentration increased from 10 mg/L to 30 mg/L, cassiterite recovery
gradually rose to a maximum value of 36.51%, and when SHA concentration reached 30 mg/L, calcite
recovery stood at 25.81%. Thus, 30 mg/L of SHA was adopted in the following flotation experiments.

Figure 2b shows the recovery of cassiterite and calcite as a function of LN concentration in
the presence of 30 mg/L SHA. As LN concentration increased to 5 mg/L, cassiterite recovery
gradually climbed to 92.21% and then remained stable despite further increases in LN concentration.
Thus, 5 mg/L of LN was employed in the following flotation experiments.

Minerals 2018, 6, x FOR PEER REVIEW    4 of 14 

 

3. Results and Discussion 

3.1. Single Mineral Flotation Experiments 

Figure 2a shows the recovery of cassiterite and calcite as a function of SHA concentration in the 

absence of LN. As SHA concentration increased from 10 mg/L to 30 mg/L, cassiterite recovery gradually 

rose to a maximum value of 36.51%, and when SHA concentration reached 30 mg/L, calcite recovery 

stood at 25.81%. Thus, 30 mg/L of SHA was adopted in the following flotation experiments. 

Figure 2b shows the recovery of cassiterite and calcite as a function of LN concentration in the 

presence of 30 mg/L SHA. As LN concentration increased to 5 mg/L, cassiterite recovery gradually 

climbed to 92.21% and then remained stable despite further increases in LN concentration. Thus, 5 mg/L 

of LN was employed in the following flotation experiments. 

Figure 2c demonstrates the flotation recovery of cassiterite and calcite as a function of pH in the 

presence of LN and SHA. As the value of pH increased from 4 to 7, cassiterite recovery gradually 

rose to a maximum value of 92.21% before it slowly decreased as the pH values continued to rise. 

Due to the dissolution effect of calcite mineral, it was very difficult to adjust the pH of the calcite‐

contained suspension to pH < 7. Hence, the pH tested for calcite flotation experiments was limited to 

a range from neutral to basic pH values. As shown in Figure 2c, calcite recovery dropped from 83.37% 

to 12.75% as the pH value increased from 8 to 12. In a bid to improve cassiterite recovery, the desirable 

pH values for separating cassiterite from calcite was set within the neutral pH range, i.e., probably 

the natural pH of the suspension. Thus, pH 7–8 was selected for the following flotation experiments. 

Figure 2d depicts the flotation recovery of cassiterite and calcite as a function of carboxymethyl 

cellulose (CMC) concentration. As CMC concentration rose to 0.1 mg/L, cassiterite recovery remained 

almost unchanged at around 80% whereas for calcite recovery, there was a dramatic decrease from 

83.27% to 21.26%. In the presence of CMC, this distinct recovery difference shows that it is possible 

to separate cassiterite and calcite. 

 

Figure 2. Recovery of cassiterite and calcite as a function of salicylhydroxamic acid (SHA) concentration 

(a),  lead  nitrate  (LN)  concentration  (b),  solution  pH  (c)  and  carboxymethyl  cellulose  (CMC) 

concentration (d). 

Figure 2. Recovery of cassiterite and calcite as a function of salicylhydroxamic acid (SHA)
concentration (a), lead nitrate (LN) concentration (b), solution pH (c) and carboxymethyl cellulose
(CMC) concentration (d).

Figure 2c demonstrates the flotation recovery of cassiterite and calcite as a function of pH in the
presence of LN and SHA. As the value of pH increased from 4 to 7, cassiterite recovery gradually rose
to a maximum value of 92.21% before it slowly decreased as the pH values continued to rise. Due to
the dissolution effect of calcite mineral, it was very difficult to adjust the pH of the calcite-contained
suspension to pH < 7. Hence, the pH tested for calcite flotation experiments was limited to a range
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from neutral to basic pH values. As shown in Figure 2c, calcite recovery dropped from 83.37% to
12.75% as the pH value increased from 8 to 12. In a bid to improve cassiterite recovery, the desirable
pH values for separating cassiterite from calcite was set within the neutral pH range, i.e., probably the
natural pH of the suspension. Thus, pH 7–8 was selected for the following flotation experiments.

Figure 2d depicts the flotation recovery of cassiterite and calcite as a function of carboxymethyl
cellulose (CMC) concentration. As CMC concentration rose to 0.1 mg/L, cassiterite recovery remained
almost unchanged at around 80% whereas for calcite recovery, there was a dramatic decrease from
83.27% to 21.26%. In the presence of CMC, this distinct recovery difference shows that it is possible to
separate cassiterite and calcite.

When BHA was used as the collector in the flotation of cassiterite and calcite, calcite recovery
plummeted to 26.73% as CMC concentration increased to 4 mg/L, while that of cassiterite declined
slowly to 50% [34]. The extensive use of CMC will depress cassiterite to some extent and affect
the separation efficiency. This result indicates that compared with BHA, SHA exhibits much better
selectivity and collecting ability, which helps to reduce the consumption of CMC depressant and
facilitate the cassiterite recovery.

Figure 3 shows the recovery of cassiterite and calcite as a function of flotation time in the presence
of 5 mg/L of LN and 30 mg/L of SHA. As the most widely accepted flotation model, the classical
first-order model was used here to calculate the proposed rate constant (k). The k value can be
calculated according to the Equation (1),

ε = ε∞[1 − exp(−kt)] (1)

where ε represents the recovery at time (%); ε∞ is the ultimate recovery (%); t is the flotation time and k
is the first-order rate constant (s−1). According to Equation (1), the ultimate recovery of cassiterite and
calcite were 93.61 ± 2.06% and 19.61 ± 0.79%, respectively. The flotation rate constants of cassiterite
and calcite were 0.03784 ± 0.00283 s−1 and 0.01961 ± 0.00141 s−1, respectively.
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3.2. Mixed Binary Mineral Flotation Experiments

Based on the above single mineral flotation experiment results, flotation experiments were
conducted to separate cassiterite from mixed binary minerals which were prepared by mixing
cassiterite and calcite at a mass ratio of 1 to 1, namely, the mixtures contained approximately 50%
SnO2. Figure 4 shows the grade and recovery of SnO2 in mixed binary minerals in the presence of
2.5 mg/L LN and 15 mg/L SHA at pH 7–8 as a function of CMC concentration. As CMC concentration
increased from 0 to 0.05 mg/L, the SnO2 grade also presented an upward trend, increasing from
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81.91% to 97.90% whereas for SnO2 recovery, there was a drop from 83.78% to 54.39%. To strike a
balance between the grade and recovery of cassiterite, a so-called “trade-off domain” where CMC
concentration was set at 0.01–0.02 mg/L was found. Under good control, the recovery and grade of
SnO2 reached approximately 90% and 75%, respectively.

It is interesting to note that in the absence of CMC, the recovery of SnO2 and CaCO3 stood
at 81.91% and 20.66%, respectively, indicating the excellent selectivity of the SHA collector in the
separation of cassiterite from binary mixed minerals. Although the results seemed to be inconsistent
with those of the single mineral flotation, as shown in Figure 2d, this seeming inconsistence can be
explained by the competitive adsorption of LN and SHA as well as the different flotation rate (k)
of two minerals using a reagent scheme (2.5 mg/L LN, 15 mg/L SHA and 0 mg/L CMC) in binary
mineral flotation. Figure 2a,b indicates that there is stronger adsorption of LN and SHA on cassiterite
than calcite. According to Equation (1), the cassiterite flotation rate is almost twice that of calcite.
Figure 5a shows that at the initial stage of flotation (0 min), the cassiterite particles tended to float to the
flotation pulp surface, forming stable mineralized froths. Figure 5b shows that after 3 min of flotation,
the stable mineralized froths disappeared as the floated cassiterite particles were scraped from the
pulp surface, leading to significant consumption of LN, SHA and terpineol frother. Thus, the lower
the calcite flotation rate and flotation reagent dosage left in the pulp, the lower the calcite recovery
became. The results also indicate good selectivity of the novel reagent scheme for the separation of
cassiterite from calcite.

Gaudin’s selectivity index (SI) was calculated based on Equation (2) [36]. By definition, SI is
selected as the criterion to evaluate the separation performance, and the larger the SI value is, the better
the separation performance becomes.

SI =

√
Ra × Jb

(100 − Ra)× (100 − Jb)
(2)

Ra represents the recovery of cassiterite in flotation concentrate and Jb represents the recovery of
calcite in the flotation tailing.

As shown in Table 1, when SHA was used as the collector, the SI value in the presence of CMC
was a bit lower than that without CMC, indicating that CMC has a good selective depressing effect
on calcite. The SI value with SHA was almost doubled compared to that of BHA, indicating that the
selectivity of SHA is much better than BHA.
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Table 1. Selectivity index (SI) values in different flotation reagent schedules.

Reagent Schedule
Salicylhydroxamic Acid Benzohydroxamic Acid

Without CMC With CMC Without CMC with CMC

Selectivity index (SI) 5.19 4.68 - 2.79 [34]

3.3. Zeta Potential Measurements

Zeta potential is a useful tool for determining the interaction between flotation reagents and
mineral surfaces in a pulp solution, since the surface charge of mineral particles is greatly affected
by the pH of pulp and the addition of flotation reagents [37]. Figure 6a illustrates the zeta potential
of cassiterite as a function of pH. In the absence of flotation reagents, the zeta potential of cassiterite
decreased gradually as the value of pH increased, and the isoelectric point (IEP) of cassiterite
was observed at approximately pH 2.5, which was in line with previously reported values [14,18].
The significant rise in the zeta potential of cassiterite after LN treatment signified Pb2+ cation
adsorption, while the obvious decrease in the zeta potential of the cassiterite surface after SHA
treatment, especially in the pH range of 6–8, signified SHA– anion adsorption. In the presence of LN
and SHA, the zeta potential of cassiterite was much lower than that with LN alone, indicating that
LN addition can promote SHA adsorption on the cassiterite surface. After CMC treatment, within the
studied pH range of 2–12, the zeta potential of cassiterite was basically the same as that without reagent
treatment, indicating a relatively weaker interaction between CMC and cassiterite. After sequential
addition of LN, CMC and SHA, the zeta potential of cassiterite was slightly lower than that in the
presence of LN and SHA, suggesting that the interaction between CMC and the cassiterite surface has
little effect on the adsorption of LN and SHA on the cassiterite surface.

Figure 6b shows the zeta potential of calcite as a function of pH. In the absence of flotation
reagents, the zeta potential of calcite was negative at a pH range of 7–12. After LN or SHA treatment,
no obvious change in the zeta potential of calcite was observed, indicating a low amount of adsorption
of LN and SHA on the calcite surface. In the presence of LN and SHA, the zeta potential of calcite was
much lower than that with LN alone, indicating that LN addition can promote SHA adsorption on the
calcite surface. Due to the adsorption of negatively charged groups of CMC components dissolved
in pulp, the zeta potential of calcite decreased dramatically with the addition of CMC, which was
contrary to the result obtained with no flotation reagents treatment. After the sequential addition
of LN, CMC and SHA, the zeta potential of calcite decreased sharply, indicating that the intensive
interaction between CMC and the calcite surface has a negative effect on SHA adsorption.
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In terms of the data shown in Figure 6a,b, it is interesting to note that in the presence of CMC at
pH 7–8, the zeta potential of cassiterite slightly decreased by approximately 1 mV whereas for that of
calcite, there was a greater decrease of around 15 mV. This result indicates that CMC can selectively
depress calcite in the flotation of the cassiterite–calcite mixture. Also, at pH 7–8, the addition of SHA
alone led to a greater decrease in cassiterite zeta potential compared with that of calcite, which indicates
a much stronger interaction between SHA and the lead-activated cassiterite surface.
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3.4. Fourier Transform Infrared (FTIR) Spectroscopy Analysis

In order to further understand the interaction mechanism of the reagent scheme,
FTIR spectroscopy, a widely-accepted method for determining adsorption types, was adopted in this
study. The IR spectrum of CMC and SHA are illustrated in Figure 7. As shown in the IR spectrum of
CMC, the broad adsorption band at 3435.10 cm−1 was due to the stretching frequency of the OH group;
whereas for the band at 2923.80 cm−1 was caused by the C–H stretching vibration. The band caused
by ring stretching of glucose appeared at 1627.89 cm−1 and the bands in the region 1350–1450 cm−1

were due to symmetrical deformations of CH2 and COH groups. The weak bands at 713.54 cm−1

were related to ring stretching and ring deformation of α-D-(1–4) and α-D-(1–6) linkages. As shown
in the IR spectrum of SHA, the highest frequency band at 3288.30 cm−1 was much sharper due to
the N–H stretching vibration. For a free N–H group, this was a rather low frequency, indicating the
existence of an intramolecular hydrogen bond. The strong broad band at 3177.10 cm−1 was caused by
the stretching frequency of the OH group of the =N–OH moiety. The strong band at 1617.65 cm−1 was
caused by the carbonyl stretching vibration in SHA. The weak bands at 1576.36, 1523.02, 1493.50 and
1454.24 cm−1 are related to benzene skeleton C–C vibration. These bands at 1354.82 and 1315.73 cm−1

were associated with the OH in-plane deformation vibration of the =N–OH moiety and phenolic group,
respectively. The bands of medium intensity observed at 1246.88, 1206.39 and 1166.98 cm−1 were
assigned to the C–H in-plane bending. The bands at 1101.98, 1053.41 and 1033.42 cm−1 were due to
N–O stretching.
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Figure 8a depicts the IR spectrum of cassiterite with and without flotation reagent treatment.
For untreated cassiterite, the characteristic adsorption bands were observed at 631.21 cm−1

(antisymmetric Sn–O stretching) and 532.27 cm−1 (symmetric Sn–O–Sn stretching). The broad bands at
3439.14 and 1629.00 cm−1 were caused by the adsorbed surface water (O–H stretching). After flotation
reagent treatment, the IR spectra of cassiterite included carbonyl groups, benzene rings and hydroxyl
groups as shown at peaks in the region from 1618 to 1030 cm−1, which indicates a strong interaction
between SHA and cassiterite in the presence of LN and CMC. Compared with the SHA spectrum,
the disappearance of the OH group (of the =N–OH moiety) stretching adsorption band at 3177.10 cm−1

(as shown in Figure 7) was due to the formation of O-Metal (Pb or Sn) bonds.
Figure 8b depicts the IR spectrum of calcite both treated and untreated by flotation reagents.

In terms of the untreated calcite, the adsorption band at 1424.46 cm−1 was caused by the stretching
vibration of CO3

2− and those at 875.56 and 709.26 cm−1 were caused by the deformation vibration
of CO3

2−. While after flotation reagents treatment, the new absorbance peak at 1627.65 cm−1 was a
good sign of the interaction between CMC and calcite; the C–H vibration peak belonging to SHA was
insignificant on the calcite surface, indicating a very weak adsorption of SHA onto calcite. FTIR results
clearly showed that under the experimental conditions, SHA selectively adsorbs onto cassiterite rather
than calcite, and CMC interaction with calcite blocks SHA adsorption on the calcite surface.Minerals 2018, 6, x FOR PEER REVIEW    9 of 14 
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3.5. X-ray Photoelectron Spectroscopy (XPS) Analysis

The XPS technique is a good analytical tool for elemental analysis as the binding energy (BE)
values of core levels depends to some extent on the molecular environment [28]. Hence, the interaction
between flotation reagents and minerals was analysed by XPS. Figure 9 depicts the high-resolution
XPS of Sn 3d for SHA-untreated and treated cassiterite samples. In the absence of SHA, the centres of
Sn 3d3/2 and Sn 3d5/2 were at 495.06 and 486.64 eV. The binding energy difference between the two
peaks was 8.4 eV, which indicates a normal oxidation valence state of Sn4+ in the SnO2 crystals [38].
After SHA treatment, the shifts in the binding energy of the Sn 3d spectra were negligible. The result
shows that Sn sites on the cassiterite surface exhibit very weak reactivity towards SHA adsorption.
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Figure 9. Sn 3d XPS spectra recorded from the surfaces of cassiterite in the absence (a) and presence (b)
of SHA.

Figure 10 illustrates the O 1s XPS spectra recorded from cassiterite surfaces without and with the
addition of Pb2+ and SHA. For pure cassiterite (Figure 10a), the state of O 1s could be deconvoluted
into three peaks centred at 530.51 eV, 531.71 eV and 532.60 eV, respectively. The main component of
O 1s at 530.51 eV could be attributed to bulk oxide (O3) [39–41]. The minor peak at 531.71 eV was
assigned to bridging oxygen (Obri) [39–41]; whereas the peak at 532.60 eV, hydroxide surface groups
(Sn–OH, Oterm) was due to water adsorption [42,43]. For cassiterite treated by Pb2+ ions (Figure 10b),
the positions of Obri and Oterm 1s were 0.23 and 0.34 eV, found at 531.94 and 532.94 eV, respectively,
which were higher than those for pure cassiterite. The result indicates that Oterm and Obri atoms of
cassiterite surface are the dominant active sites for Pb2+ ions’ adsorption. The positive shift in the
binding energy suggests that the electron density of O atoms decreases due to higher electron affinity
of lead species. The component with the binding energy at 531.14 eV was assigned to Pb–(OH)n,
indicating the adsorption of Pb2+ ions on the cassiterite surface. As for cassiterite in the presence of
LN and SHA (Figure 10c), the Pb–(OH)n peak in the O 1s spectra registered a shift of 0.26 eV towards
higher binding energy compared to that treated by LN alone, which can be attributed to chemical
bonding between Pb cations and SHA. The component at 530.36 eV was related to the –C(=O)–NH–OH
group of SHA.
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Figure 11 shows the high-resolution spectra of the Pb 4f region. For cassiterite treated by Pb2+

ions, a characteristic spin-orbit splitting of Pb 4f7/2 peak and Pb 4f5/2 peak was observed, indicating
the Pb2+ ion adsorption on the cassiterite surface. Spin-orbit splitting between Pb 4f7/2 and Pb 2f5/2
was 4.87 eV, which is characteristic of Pb oxides/hydroxides [44]. For cassiterite modified by LN and
subsequently treated with SHA, the significant shifts in the binding energy occurred in Pb 4f7/2 and
Pb 4f5/2 peaks compared with that in the absence of SHA, which can be attributed to the chemical
bonding between Pb cations and SHA.
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Figure 12 depicts the Ca 2p XPS spectra of calcite in the absence and presence of CMC. For pure
calcite, Ca 2p bands included 346.69 and 350.27 eV and were ascribed to Ca 2p3/2 and Ca 2p1/2,
respectively. For CMC-treated calcite, the bands shifted to 346.75 and 350.34 eV, indicating the CMC
interaction with Ca2+ on the calcite surface. Thus, the active sites of calcite surface Ca2+ cations for
SHA adsorption were occupied by CMC.
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of CMC.

As shown in Figure 13, for pure calcite, the O 1s spectra are divided into three components.
The highest binding energy component at 532.63 was clearly attributed to water adsorption [45].
The middle band at 531.74 eV was attributed to the oxygen belonging to the adventitious carbon
contamination, carbonate or phosphate [46–49]. The main O 1s peak at 531.04 eV represented CO3 [46].
For CMC-treated calcite, the main O 1s peak at 531.21 eV representing CO3 had a shoulder peak at
1.52 eV higher binding energy, which represents the oxygen of CMC, but no other small peaks were
observed, indicating that CMC adsorption can prevent calcite surface contamination.
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4. Conclusions

In the present study, salicylhydroxamic acid (SHA) collector, lead nitrate activator and
carboxymethyl cellulose (CMC) depressant were employed to improve the separation selectivity
of cassiterite from calcite. The mechanism of the selective separation of cassiterite from calcite was
studied by zeta potential measurements, Fourier transform infrared (FTIR) spectroscopy and X-ray
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photoelectron spectroscopy (XPS) analysis. According to the results of the investigation, the following
conclusions can be drawn:

(a) The flotation experiment results indicated that SHA exhibits excellent selectivity towards
cassiterite and that CMC shows a stronger depression on calcite than cassiterite. The combination of
SHA and CMC can effectively realize the flotation separation of cassiterite from calcite.

(b) Zeta potential measurement results indicated that SHA has a strong adsorption on the
cassiterite surface in the absence and presence of CMC and that the presence of CMC has an adverse
impact on SHA adsorption on the calcite surface.

(c) FTIR spectroscopy results indicated that under experimental conditions, SHA selectively
adsorbs onto the cassiterite surface by the formation of O-Metal (Pb or Sn) bonds rather than calcite.

(d) According to XPS results, Obri and Oterm atoms of cassiterite and lead species adsorbed on the
cassiterite surface are the dominant reactive sites for the adsorption of Pb2+ and SHA, respectively.
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39. Kwoka, M.; Waczyńska, N.; Kościelniak, P.; Sitarz, M.; Szuber, J. X-ray photoelectron spectroscopy and
thermal desorption spectroscopy comparative studies of l-cvd SnO2 ultra thin films. Thin Solid Films 2011,
520, 913–917. [CrossRef]

40. Bullock, E.L.; Patthey, L.; Steinemann, S.G. Clean and hydroxylated rutile TiO2 (110) surfaces studied by
X-ray photoelectron spectroscopy. Surf. Sci. 1996, 352–354, 504–510. [CrossRef]

41. Göpel, W.; Anderson, J.A.; Frankel, D.; Jaehnig, M.; Phillips, K.; Schäfer, J.A.; Rocker, G. Surface defects of
TiO2 (110): A combined xps, xaes and els study. Surf. Sci. 1984, 139, 333–346. [CrossRef]

42. Baek, J.H.; Park, J.Y.; Hwang, A.R.; Kang, Y.C. Spectroscopic and morphological investigation of Co3O4

microfibers produced by electrospinning process. Bull. Korean Chem. Soc. 2012, 33, 1242–1246. [CrossRef]
43. Punginsang, M.; Wisitsora-At, A.; Tuantranont, A.; Phanichphant, S.; Liewhiran, C. Effects of cobalt doping

on nitric oxide, acetone and ethanol sensing performances of fsp-made SnO2 nanoparticles. Sens. Actuators B
2015, 210, 589–601. [CrossRef]

44. Giudici, G.D.; Rossi, A.; Fanfani, L.; Lattanzi, P. Mechanisms of galena dissolution in oxygen-saturated
solutions: Evaluation of PH effect on apparent activation energies and mineral-water interface.
Geochim. Cosmochim. Acta 2005, 69, 2321–2331. [CrossRef]

45. Filippova, I.V.; Filippov, L.O.; Lafhaj, Z.; Barres, O.; Fornasiero, D. Effect of calcium minerals reactivity on
fatty acids adsorption and flotation. Colloids Surf. A 2018, 545, 157–166. [CrossRef]

46. Stipp, S.L.S. Toward a conceptual model of the calcite surface: Hydration, hydrolysis, and surface potential.
Geochim. Cosmochim. Acta 1999, 63, 3121–3131. [CrossRef]

47. Gao, Z.; Li, C.; Sun, W.; Hu, Y. Anisotropic surface properties of calcite: A consideration of surface broken
bonds. Colloids Surf. A Physicochem. Eng. Asp. 2017, 520, 53–61. [CrossRef]

48. Jiang, W.; Gao, Z.; Khoso, S.A.; Gao, J.; Sun, W.; Pu, W.; Hu, Y. Selective adsorption of benzhydroxamic acid
on fluorite rendering selective separation of fluorite/calcite. Appl. Surf. Sci. 2018, 435, 752–758. [CrossRef]

49. Guan, Q.; Hu, Y.; Tang, H.; Sun, W.; Gao, Z. Preparation of α-CaSO4· 1
2 H2O with tunable morphology from

flue gas desulphurization gypsum using malic acid as modifier: A theoretical and experimental study.
J. Colloid Interface Sci. 2018, 530, 292–301. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/min7120242
http://dx.doi.org/10.1080/12269328.2016.1220334
http://dx.doi.org/10.1016/j.ces.2017.02.013
http://dx.doi.org/10.1016/j.snb.2014.10.128
http://dx.doi.org/10.1016/j.tsf.2011.04.185
http://dx.doi.org/10.1016/0039-6028(95)01188-9
http://dx.doi.org/10.1016/0039-6028(84)90054-2
http://dx.doi.org/10.5012/bkcs.2012.33.4.1242
http://dx.doi.org/10.1016/j.snb.2015.01.028
http://dx.doi.org/10.1016/j.gca.2004.12.003
http://dx.doi.org/10.1016/j.colsurfa.2018.02.059
http://dx.doi.org/10.1016/S0016-7037(99)00239-2
http://dx.doi.org/10.1016/j.colsurfa.2017.01.061
http://dx.doi.org/10.1016/j.apsusc.2017.11.093
http://dx.doi.org/10.1016/j.jcis.2018.06.068
http://www.ncbi.nlm.nih.gov/pubmed/29982021
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Flotation Tests 
	Zeta Potential Measurements 
	FTIR Spectroscopy Measurements 
	XPS Analysis 

	Results and Discussion 
	Single Mineral Flotation Experiments 
	Mixed Binary Mineral Flotation Experiments 
	Zeta Potential Measurements 
	Fourier Transform Infrared (FTIR) Spectroscopy Analysis 
	X-ray Photoelectron Spectroscopy (XPS) Analysis 

	Conclusions 
	References

