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Abstract: The superplasticizer sulfonated acetone formaldehyde condensate (SAF) was first used as a
depressant in the selective flotation of scheelite and calcite in this paper. First, single mineral flotation
tests were performed to compare the depressing performance of SAF and the traditional depressant
water glass. Results showed that both −0.074 + 0.037 mm and −0.037 mm particles could be well
treated by SAF with more satisfactory results than that of water glass. Contact angle test results
showed that SAF could amplify the wettability difference between scheelite and calcite surfaces.
Then, the effect of SAF on the surface electrical properties of scheelite and calcite was studied by
zeta-potential tests. SAF could negatively charge the calcite surface before adding the collector and
hinder the subsequent adsorption of the collector while having little effect on the scheelite. Moreover,
microscopic analysis of slurry suspensions showed that SAF could prevent calcite particles from
forming hydrophobic agglomerates to achieve the dispersion of gangue minerals. Finally, the selective
adsorption effect of the SAF on the calcite and scheelite surfaces was studied by surface analysis
using FTIR (Fourier transform infrared) and XPS (X-ray photoelectron spectroscopy). Results showed
that Ca2+ on the calcite surface was the main adsorption site for the chemisorption of sulfonic acid
groups in SAF.

Keywords: scheelite flotation; calcite; depressant; sulfonated naphthalene-formaldehyde condensate;
adsorption

1. Introduction

Tungsten is a transition metal element with noticeable physicochemical properties
for industrial applications [1,2]. It is the metal with the highest melting point of 3340 ◦C
and lowest thermal dilatation coefficient, which makes it become an excellent refractory
material [3]. Notably, tungsten carbide (WC) dominates the industrial applications of
tungsten (about 55%) due to its substantial hardness (9 on the Mohs scale) [4].

Scheelite is an important source of tungsten in industry, which is mainly beneficiated
by flotation [5,6]. However, the efficient separation of scheelite from its gangue minerals
has been beset with difficulties, because of their highly similar surface physicochemical
properties in flotation suspension systems [7,8]. Industrially, it is necessary to add water
glass (sodium silicate as the main ingredient) to depress gangue minerals in flotation [9–14].

In recent years, the research and applications of organic depressants of calcium-
containing minerals have been widely reported [15,16]. Jiao et al. studied the effect of
polymer polysaccharide pectin in the separation of scheelite and calcite [17]. At pH values
of 7–9, pectin could strongly depress calcite but has little depressive effect on scheelite.
Pectin exhibited selective adsorption on the surface of calcite through the interaction of
carboxyl groups in the molecule with Ca species on the calcite surface. Dong et al. verified
that xanthan gum could selectively adsorb on the calcite during the flotation process, and
prevented the collector from interacting with the calcite surface [18]. In the research of
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Chen et al., dextran sulfate sodium was used as a depressant to achieve selective flotation
of scheelite from calcite and fluorite in a sodium oleate system [19].

The above studies showed that organic depressants always chemically reacted with
the surface of gangue minerals and hindered the interaction of collectors and the mineral
surface, relying on the characteristic functional groups in the molecules (such as hydroxyl,
carboxyl, phosphate, and sulfonic acid groups) [20,21]. Similar to these depressants, super-
plasticizers in the concrete industry have these functional groups as well. Figure 1 shows
the chemical structure of the superplasticizer sulfonated acetone formaldehyde condensate
(SAF), an anionic linear polymer, with a molecular weight of 4000–10,000, formed by the
polycondensation of sulfonated acetone and formaldehyde. Numerous studies had shown
that superplasticizers could greatly improve the wettability of silicate and carbonate miner-
als, which made them become a potential depressant in flotation [22,23]. Moreover, SAF
has proven to be an excellent dispersant in CWS (coal water slurry) preparation. Zhou et al.
found that SAF could significantly optimize the surface physicochemical characteristic of
coal particles and provide satisfactory properties of CWS, such as good stability for storage
and low viscosity for transportation and combustion [24,25]. Good pulp dispersion was
also critical for flotation.
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In this paper, the superplasticizer SAF was used as a depressant in the flotation
separation of scheelite from calcite. Single mineral flotation tests were performed to
compare the depressing performance of SAF and the traditional depressant water glass.
Zeta-potential tests and contact angle tests were conducted to investigate the effect of SAF
on the surface electrical properties and wettability of scheelite and calcite. Micrographs of
the mineral suspension were taken to study the effect of the depressant SAF and collector
NaOL on mineral dispersion and aggregation during flotation. Finally, the adsorption
mechanism of the depressant on calcite and scheelite surfaces was investigated by FTIR
(Fourier transform infrared) and XPS (X-ray photoelectron spectroscopy) spectra analysis.

2. Materials and Method
2.1. Samples

Well-crystallized scheelite and calcite crystals were obtained from Yaoxiangang Tung-
sten Mine (Hunan, China) and Bamian Mountain Fluorite Mine (Zhejiang, China), respec-
tively. Chunks of ore were broken by a hammer and then purified by hand selection. The
purity of the samples was characterized by XRD and chemical analysis. As shown in Table 1,
95% purity of the samples was achieved as the chemical content of WO3 and CaCO3 in
scheelite and calcite samples were 79.50% and 97.41%, respectively. In addition, there were
no characteristic peaks of other minerals in the XRD pattern of the sample (Figure 2), which
proved the high purity of the samples as well. Samples were crushed and sieved for tests in
this investigation as the following two size fractions: −0.074 + 0.037 mm and −0.037 mm.
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Figure 2. X-ray diffractometry patterns of (a) scheelite and (b) calcite samples.

Table 1. Chemical content of the scheelite and calcite samples.

Minerals
Content (%)

CaO WO3 CaF2 CaCO3 P2O5 Al2O3 MgO Fe SiO2

Scheelite 16.74 79.50 — — — — — — 3.76
Calcite — — — 97.41 — — — — 2.59

2.2. Chemicals

The effect of sulfonated acetone formaldehyde condensate (SAF) on the selective
flotation of scheelite from calcite is investigated in this study. Figure 3 shows the IR
spectra of SAF (industrial grade with purity higher than 90%). The characteristic peak at
3470 cm−1 is the stretching vibration absorption peak of O-H. The peaks at 2864 cm−1 and
2936 cm−1 are attributed to the symmetric and asymmetric stretching vibration of H-C-H.
The absorption peaks due to the stretching vibration and out-of-plane bending vibration
of C=O are found at 1615 cm−1 and 613 cm−1, respectively. The peaks at 1184 cm−1

and 1043 cm−1 belong to the asymmetric stretching vibration of −SO3
− and S=O, and

the absorption peaks of C-O-C are at this wave number as well. The other two peaks at
753 cm−1 and 650 cm−1 are attributed to the stretching vibration of C-S and S-O [26,27].
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Figure 3. FTIR spectra of the sulfonated acetone formaldehyde condensate (SAF).
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During the tests, NaOH and HCl solution with a concentration of 2% were used as the
pH regulator. Sodium oleate (NaOL, >97% purity) was chosen as the collector. Industrial
grade water glass was used as a depressant in the flotation test and its depressing effect was
compared with that of SAF. Deionized water (DI water) with a resistivity of 18.2 MΩ·cm
was used in the whole test described in this paper.

2.3. Method
2.3.1. Single Mineral Flotation Tests

The depressing performance of SAF and water glass on scheelite and calcite in the
NaOL flotation system was studied by a series of single flotation tests in an XFG-CII
flotation machine with an effective volume of 40 cm3. The flotation process was shown in
Figure 4. The pulp system with 2 g mineral samples and 35 mL DI water was agitated at
the rate of 1800 rpm. Based on our exploring test, the pH was regulated at about 9. Then,
the depressant water glass or SAF with the desired concentration was introduced into the
suspension. Three minutes later, the collector NaOL was added with 3 min stirring. It took
3 min to collect the concentrates (froth product). Finally, the concentrates and tailings were
filtered, dried, and weighed respectively to obtain the flotation recovery.
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2.3.2. Contact Angle Tests

The contact angle of scheelite and calcite surfaces treated with different dosages of SAF
and NaOL were measured by the Mini-Lab ILMS contact angle analyzer (GBX Corporation,
Romans-sur-Isère, France). The mineral crystals were cut into 2 cm × 2 cm flakes using a
slicing machine to obtain fresh cleavage surfaces. Then the surfaces were polished with
2.6 µm sandpaper. In the case of the surfaces treated with the reagents, the samples were
immersed in the desired concentration of SAF or NaOL solution for 10 min, respectively,
and then dried naturally in the N2 gas atmosphere before being tested.

2.3.3. Zeta-Potential Tests

The effect of SAF on the surface electrical properties of scheelite and calcite was
compared and analyzed by surface zeta-potential measurement. First, mineral particles
were ground to −5 µm in an agate mortar. In each test, 20 mg samples were conditioned
with different concentrations of SAF in a 50 mL potassium nitrate solution background
(0.01 M) at the flotation pH (9 ± 0.1). After 5 min agitation, coarse particles in the suspension
were removed by 5 min settling. The supernatant liquor was transferred into a ZSP micro-
electrophoresis instrument (Malvern Corporation, Malvern, Worcestershire, UK) to be
tested. Each experiment was repeated 3 times with good repeatability.

2.3.4. Fourier Transform Infrared (FTIR) Measurements

The FTIR spectra of the depressant SAF and scheelite and calcite reacted with SAF
or without SAF were obtained by an IRAffinity-1 FTIR spectrometer. First, the samples
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of −0.037 mm were ground in an agate mortar for 30 min to obtain the −5 um powders.
Second, the suspension of 2 g mineral powder and 35 mL DI water was processed according
to the procedure of the single mineral flotation tests until the addition of the depressants.
Then, the powder treated with SAF or without SAF was washed 5 times by agitating in
100 mL DI water for 5 min. Afterward, the sample was dried and 0.2 g powder was taken
and mixed with 1.8 g potassium bromide (KBr) powder. Finally, pellets of the mixture were
built and tested by the FTIR spectrometer.

2.3.5. X-ray Photoelectron Spectroscopy Analysis

The X-ray photoelectron spectra of SAF, scheelite, and calcite surface treated with
SAF or untreated with SAF were acquired by an ESCALAB 250Xi X-ray photoelectron
spectrometer. Sample preparation is similar to that of the FTIR test. After being treated
with SAF or without SAF, the samples were rinsed 5 times with 100 mL DI water and then
dried in a vacuum drying oven to be measured.

2.3.6. Microscope Observation Tests

The effect of SAF on particle aggregation and dispersion was investigated using a
polarized light microscope (DMLA, Leica, Wetzlar, Germany). Sample preparation was
consistent with the flotation process. The suspension in the presence and absence of SAF
was diluted 10 times and then transferred to a glass slide by a pipette. After the coverslip is
in place, the sample was placed on the microscope stage. At last, the pictures of mineral
grains in the suspension could be obtained by the microscope.

3. Results and Discussion
3.1. Single Mineral Flotation Tests

The performance of sulfonated acetone formaldehyde condensate (SAF) and water
glass (WG) in the sodium oleate system is compared by a single mineral flotation test in
this section. The dosage of collector NaOL is 50 mg/L with the solution pH at 9. Figure 5
presents the effect of two depressants (SAF and WG) on the floatability of scheelite and
calcite particles with different size fractions. The indicators of ∆R, the recovery differences
between two minerals, are shown in Figure 6.
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systems with 50 mg/L NaOL at pH 9.

SAF, as well as water glass, show good performances when dealing with coarse
particles of −0.074 + 0.037 mm. From Figure 5a, significant decreases in the flotation
recovery of calcite relative to scheelite are observed with an increasing depressant dosage
of either SAF or water glass. However, compared with traditional water glass, SAF is more
effective to depress calcite. Although the calcite recovery can be reduced to 25.82% with
high doses of WG (1800 mg/L), more satisfactory flotation results can be obtained by SAF
at only 200–300 mg/L. The recovery differences between scheelite and calcite (∆R), shown
in Figure 6a, can be achieved at approximately 70.00% with 200–300 mg/L SAF, while only
53.12% is obtained by water glass at 1800 mg/L.

It is important to stress that SAF performed surprisingly well when dealing with
−0.037 mm samples. As is shown in Figure 5b, the traditional depressant water glass
shows poor performance in inhibiting fine calcite particles. When the amount of water
glass increases from 0 to 1800 mg/L, the recovery of calcite only drops from 86.17% to
43.67%, at the expense of the recovery of scheelite decreasing by 14.15% as well. The ∆R of
only 26.50% (Figure 6b) indicates an inferior efficiency of separation. However, SAF can
expand the recovery difference between scheelite and calcite to 41.83% at the dosage of
200 mg/L, relying on the stronger depressant effect of calcite.

3.2. Contact Angle Test

In this section, the wettability deference of the mineral surfaces treated with SAF
or without SAF were analyzed in different dosages of NaOL at pH 9. The functional
relationships between contact angles of minerals surfaces and collector dosage in the
presence and absence of 200 mg/L SAF are shown in Figure 7.
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In the absence of SAF, the contact angles of scheelite and calcite surface increase
significantly with the increase of the collector dosage and show little difference. This
indicates that without depressants, the adsorption of the collectors on the surfaces of the
two minerals has no selectivity. Flotation separation of scheelite from the calcite is difficult
to achieve. However, things become better as the SAF is introduced. In the presence of
SAF, although the contact angles of both scheelite and calcite decreased compared to those
without inhibitors, the contact angle of the calcite surface decreases more significantly.
The contact angle difference between the two minerals reaches the maximum (34.1◦) at
the collector dosage of 50 mg/L. The difference gradually decreased with the increase of
collector dosage, and almost disappeared when the collector dosage reached 200 mg/L.
This indicates that there may be a competitive adsorption relationship between SAF and
NaOL on the surface of calcite so that the inhibitory effect of SAF on calcite decreases when
the collector concentration becomes higher.

3.3. Zeta-Potential Tests

The main objective of this part is to study the effect of SAF on the surface electrical
properties of scheelite and calcite, and then to analyze the effect of SAF on the interaction
between collectors and mineral particles. Figure 8 shows the zeta potential as a function of
NaOL dosage in the presence and absence of 200 mg/L SAF at pH 9.
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Pure scheelite with an isoelectric point (IEP) of about 9 is shown in Figure 8. After the
collector with the negative ion group of –COO- is introduced, the surface of scheelite begins
to be negatively charged. The zeta potential (ζ) of −40.2 mV for pure scheelite is obtained
when the dosage of sodium oleate reaches 200 mg/L, suggesting bulk adsorption of NaOL
on the mineral surface. Further, the ζ potential of the scheelite particle treated by SAF
decreased by about 10.0 mV relative to the pure crystal in the absence of NaOL, indicating
the adsorption of SAF on the surface. However, this adsorption did not appear to affect
the subsequent reaction between collectors and the mineral surfaces as the ζ potential still
significantly decreased with the increase of NaOL dosage.

It is not the case for calcite. Although significant zeta-potential changes (similar to
scheelite) occurred on the pure calcite surfaces as we increased the NaOL dosage, the calcite
surface treated by SAF is heavily negatively charged (−33.1 mV) and exhibits a sluggish
response to the collector NaOL. Only an 11.1 mV decrease of zeta potential for SAF treated
surface is acquired with the increase of collector dosage from 0 to 200 mg/L. It indicates
that there is competitive adsorption between SAF and the collector molecules on the surface
of calcite, but not on the surface of scheelite, which leads to the selective depression of
calcite by SAF.
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3.4. FTIR Analysis

Based on the above observations, SAF preferentially adsorbs on the calcite surface and
competes with the collector for adsorption. Infrared spectroscopy is employed to analyze
the interaction mechanism of the major functional groups in the SAF with the calcite and
scheelite surfaces in this section. Figure 9 presents the FTIR spectra of the minerals treated
with SAF and without SAF at pH 9.
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The infrared spectrum of scheelite (Figure 9a) mainly shows the vibration bands of
the [WO4]2− group, where 1250~800 cm−1 and 650~300 cm−1 are attributed to the strong
stretching and bending vibration of [WO4]2−, respectively [28]. The infrared spectrum of
the scheelite treated with SAF was unchanged compared to that of pure scheelite. This
indicates that DI water washing can remove the depressants on the mineral surface during
the sample preparation process, that is, SAF cannot be chemically adsorbed on the surface
of scheelite.

The peaks observed at 1435, 876, and 712 cm−1 belong to the characteristic peaks of the
[CO3]2− group in the pure calcite [29]. After being treated with the depressant SAF, new
peaks are observed in the IR spectrum (Figure 9b). The characteristic peak at 3446 cm−1

is attributed to the stretching vibration of O-H. A hypsochromic shift of 24 cm−1, relative
to the O-H adsorption peak at SAF (Figure 3), is likely to be caused by the formation
of hydrogen bonds between hydroxyl groups in SAF and water molecules adsorbed on
mineral surfaces. The other two absorption peaks at 2934 and 2864 cm−1 are assigned to the
stretching vibration of H-C-H in SAF. Additionally, the new peak at 672 cm−1 represents
the S-O bond of the –SO3

− group in SAF. The bathochromic shift of 22 cm−1, compared
with the wavenumber of the S-O peak in SAF (Figure 3), is likely to be caused by the
inductive effect of cations on mineral surfaces, indicating chemisorption of the depressant
on calcite surface.

3.5. X-ray Photoelectron Spectroscopy (XPS) Analysis

XPS analyses were conducted to provide supplemental evidence of the chemical
bonding between SAF and species (adsorption sites) on the mineral surface. The relative
contents of main elements on two mineral surfaces treated with and without SAF are
displayed in Table 2. There are no significant changes in the relative element content on the
scheelite surface, as it is treated by SAF. The sulfur element belonging to the SAF molecular
does not appear on the scheelite surface which is in accordance with the FTIR analysis.
However, the content of sulfur element on the calcite surface is increased from 0 to 0.4%,
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after the calcite is treated by the depressant SAF, suggesting that the SAF molecules are
selectively adsorbed on the calcite surface.

Table 2. Element concentrations on the scheelite and calcite surface. treated with and without SAF.

Samples
Element Content (%)

C 1s O 1s S 2p W 4f Ca 2p

Scheelite 27.93 45.29 - 12.54 14.25
Scheelite + SAF 29.51 44.21 - 12.40 13.88

Calcite 42.41 40.70 - - 16.89
Calcite + SAF 41.98 41.07 0.40 - 16.55

Based on the analyses of the infrared spectra, it is the –SO3
− group that interacts with

cations on the mineral surface. Therefore, the chemical state of S 2p and Ca 2p are analyzed
by high-resolution spectra to give an in-depth understanding of the interaction between
SAF and the mineral surface. The S 2p and Ca 2p spectra of scheelite before and after being
treated by SAF are shown in Figure 10. Only one chemical state with a binding energy of
168.45 eV (Figure 10a) is observed for the S element in the SAF corresponding to the –SO3

−

group. Moreover, there is no characteristic peak of S on the mineral surface, regardless of
whether the scheelite is treated with SAF or not.
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The spin-orbit splitting of Ca 2p peak (Ca 2p3/2 and Ca 2p1/2 components by about
3.55 eV, with an intensity ratio of 2:1) in pure CaWO4 is observed in Figure 10b. Compared
with pure scheelite, there are few obvious changes in the Ca 2p signals of the samples treated
by SAF, indicating that SAF cannot chemisorb on the scheelite surface. Combined with
the results of infrared spectroscopy in Section 3.4, the adsorption of SAF on the scheelite
surface can be attributed to physical attraction forces (such as electrostatic attraction).

Similar to scheelite, pure calcite surface is free of sulfur as well (Figure 11a and Table 2).
However, the characteristic peak of S 2p is observed at 168.45 eV in the XPS spectrum after
SAF reacted with calcite. A binding energy shift of +0.24 eV indicates the formation of new
bonds between the −SO3

− group and the surface. Further, for Ca2+ on the calcite, peaks
of Ca 2p3/2 and Ca 2p1/2 orbital with BEs of 350.58 and 347.02 eV are observed in the
Ca 2p spectrum. After the sample was treated by SAF, a BE shift of −0.21 eV is observed,
compared to the pure calcite with a higher BE of Ca 2p. This demonstrated that Ca2+ is the
main adsorption site for the chemisorption of SAF, and this process is accompanied by the
decrease in the electron density of the −SO3

− group and the increase of Ca2+. Combined
with the results of infrared spectroscopy in Section 3.4, the adsorption mechanism of SAF
on the calcite surface becomes clear. The chemical bonds are formed between the −SO3

−
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group in SAF and the Ca2+ on the calcite surface, providing stronger adsorption than that
of SAF on the scheelite surface.
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3.6. Microscope Analysis

The flotation efficiency is closely related to the dispersion and aggregation of particles
in the suspension system. Micrographs of the scheelite suspension in the presence and
absence of SAF with 100 mg/L NaOL are shown in Figure 12.
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Figure 12. Micrographs of the scheelite suspension in the presence and absence of SAF at pH 9.
(a) scheelite + 100 mg/L NaOL, (b) scheelite + 200 mg/L SAF + 100 mg/L NaOL.

The extended DLVO theory is popular in explaining the dispersion and aggregation
behavior of particles in flotation systems [28,29]. In this theory, the total barrier energy (V)
of solid particles in the flotation suspension can be expressed in Equation (1).

V = VE + VW + VH (1)

where VE is the surface energy of the electrostatic double layer, VW represents the London–
Van der Waals energy, and VH contains the hydration repulsive energy and hydrophobic
attraction energy [30,31]. In the flotation system, the electrostatic force between particles,
hydration repulsion force, and hydrophobic attraction force dominate the aggregation and
dispersion of particles [32].

Zeta-potential tests in Section 3.2 showed that the zeta potentials of the particles
in Figure 12a,b are −30.0 and −37.1 mV, respectively. Both negatively charged surfaces
indicate that electrostatic forces on the surfaces of the particles make them repel each other.
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However, scheelite samples, whether treated with SAF or not, display good aggregation in
suspension. This is because the addition of oleic acid reduces the wettability of the mineral
surface, and increases the hydrophobic attraction force of scheelite particles, resulting in the
formation of hydrophobic aggregates. It further indicated that, for scheelite, the addition of
the depressant SAF has little effect on the subsequent adsorption of the collector.

The calcite particles that were not treated with the depressant SAF exhibited similar
properties to scheelite. Although the particle surface was strongly negatively charged
(Figure 8), the hydrophobic aggregates (shown in Figure 13a) are still formed under the
effect of sodium oleate. However, the calcite suspension displays good dispersion prop-
erties in the presence of SAF (shown in Figure 13b). This is because SAF hinders the
adsorption of collectors on calcite surfaces and increases the wettability of the mineral
surface (shown in Section 3.2), which enlarges the hydration repulsion force between calcite
particles. Therefore, the particles are dispersed in the pulp under the action of electrostatic
and hydration repulsion.
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4. Conclusions

This paper introduced sulfonated acetone formaldehyde condensate (SAF), a super-
plasticizer in the concrete industry, as a potential depressant for scheelite selective flotation
from calcite. The performance of this novel depressant and its adsorption mechanism on
mineral surfaces were investigated. The main conclusions are as follows.

(a) Single mineral flotation experiments of scheelite and calcite demonstrated that
the depressing performance of SAF on calcite is more satisfactory than that of traditional
depressant water glass. The recovery differences of scheelite and calcite can be achieved at
approximately 70.00% with 200–300 mg/L SAF, while only 53.12% is obtained by water
glass at 1800 mg/L.

(b) At 200 mg/L SAF, the surface of the calcite particles is negatively charged and it
becomes difficult to interact subsequently with collectors, so that the particles are dispersed
in the pulp under the action of electrostatic repulsion. However, scheelite is less affected
by SAF. Under the action of collectors, scheelite particles exist in the form of hydrophobic
aggregates in the pulp.

(c) It is observed in FTIR and XPS spectra that −SO3
− groups in SAF can form

chemisorption bonds with Ca2+ on the calcite surface, while it is a physical force that makes
SAF adsorb on the scheelite surface.
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