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Abstract: The surface features of fluorapatite (FA, Ca5(PO4)3F) and dolomite (CaMg(CO3)2)
conditioned with sulfuric acid (H2SO4) were examined through flotation experiments, contact
angle tests, time-of-flight secondary ion mass spectrometry (TOF-SIMS), and FTIR experiments.
The flotation and contact angle results suggested that oleate insufficiently adsorbed onto the
H2SO4-treated FA surface such that the FA surface remained hydrophilic. However, using oleate as a
collector, the recovery and hydrophobicity of H2SO4-treated dolomite were satisfactory. TOF-SIMS
and FTIR studies indicated that sulfate anion bound with Ca atoms on the FA surface, which hindered
oleate adsorption onto the FA surface. Meanwhile, sulfate anion and oleate species appeared on the
dolomite surface, thereby generating a hydrophobic dolomite and also a satisfactory recovery.
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1. Introduction

Dolomite (CaMg(CO3)2) is a critical gangue mineral in most phosphate deposits in China [1].
The separation of dolomite from apatite determines the success of the phosphate flotation to some
extent. Separating dolomite from apatite in an efficient and economically way is difficult for a
collophane ore. Collophane is a type of unique phosphate ore containing cryptocrystalline apatite [2].
In a collophane ore, extra-fine minerals of apatite and dolomite may associate with each other to form
aggregations [3,4]. The separation of extra-fine apatite from dolomite is considerably difficult.

Flotation is the main technique for upgrading collophane ore. In the direct flotation scheme,
apatite is floated with fatty acid collectors in a basic solution [5]. Dolomite can also be floated
with the collectors, because the traditional fatty acid collectors can adsorb not only on the apatite
surface but also on the dolomite surface. Thus, depressors of dolomite, such as starch, are commonly
needed [2]. Considerable selective collectors and efficient depressors have been developed for the
flotation separation of apatite from dolomite or calcite [6,7]. These new reagents have great potential
to be used in phosphate plants.

With regard to low-grade collophane ore, obtaining a satisfactory phosphate concentrate with
a single direct flotation method is difficult because the dolomite content is relatively high in the ore,
and thus cannot be completely depressed. Therefore, a reverse flotation strategy is used to separate
dolomite from apatite in phosphate flotation plants [8]. Using such strategy, apatite is depressed
with sulfuric or phosphoric acid (H2SO4/H3PO4), whereas dolomite can be floated with a fatty acid
collector, such as oleate, in a weak acidic solution [9]. H2SO4 compared to H3PO4 is a more prevalent
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depressor for apatite in industry due to its relatively lower price. This method has been widely used in
the beneficiation of collophane ores in China.

Despite the successful industry practice to separate dolomite from apatite with the reverse flotation
strategy, the depressing mechanism of H2SO4 has not yet been fully understood. The flotation of
fluorapatite (FA, Ca5(PO4)3F) with fatty acid collectors, such as oleate, is carried out in a basic solution.
The adsorption of oleate onto the FA surface is governed by the chemisorption of oleate ion and
surface/bulk precipitation of calcium dioleate salt on the surface [10,11]. SO4

2− may react with Ca2+

on the FA surface to form CaSO4 species due to the low solubility of CaSO4 [8]. Thus, oleate cannot
further adsorb on the Ca sites on the FA surface. However, no further direct evidence has been
provided to validate this opinion in previous studies.

H2SO4 cannot prevent the flotation of dolomite with oleate as a collector. Interestingly, oleate
can still adsorb onto the H2SO4-treated dolomite surface. The possible occurrence of precipitation of
CaSO4 on the dolomite surface is uncertain due to the instability of dolomite in an acidic solution.
Moreover, the pH of phosphate slurry with H2SO4 is much lower than that in the direct flotation of
apatite. The pH of the solution is a vital factor in determining the adsorption state of oleate on a
mineral surface [12]. However, the adsorption state of oleate on the H2SO4-treated dolomite surface
has yet to be reported in the literature.

Current knowledge regarding the effects of H2SO4 on the flotation of apatite and dolomite
is lacking. The present study was aimed at investigating the adsorption behavior of oleate on
the H2SO4-treated fluorapatite (FA) and dolomite surfaces. Firstly, flotation and contact angle
experiments were employed to assess the depressing capacity of H2SO4 for the flotation of FA/dolomite.
Furthermore, the time-of-flight secondary ion mass spectrometry (TOF-SIMS) technique was used to
reveal the distribution of SO4

2− and collector on the minerals’ surfaces. The oleate species on the
dolomite surface were further determined with FTIR spectroscopy analysis.

2. Materials and Methods

2.1. Minerals and Reagents

The FA and dolomite pebbles (purities >98%) from the Geological Museum of Yunnan Province,
China were used in this study. The analytical reagent (AR) grade reagents, including sodium
oleate (NaOl) and concentrated H2SO4 were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). All experiments were conducted with deionized (DI) water at 23 ◦C.

2.2. Flotation Experiments

Flotation tests were conducted with an XFGC II flotation machine (Jilin Province Ore Exploration
Machinery Factory, Changchun, China) and a 40 mL flotation cell. Two grams of pure mineral was
used in each flotation experiment. The dolomite or FA sample was conditioned with H2SO4 solution
for 3 min in the flotation cell, after which the desired amount of oleate was added into the flotation cell.
The condition time for the collector was also 3 min. Air was used in the flotation tests at a flow rate of
20 mL/min, while the flotation time was controlled at 1 min. Each test was repeated three times.

2.3. Contact Angle Measurements

The contact angle experiments were performed with a GBX 3S instrument (GBS, Dublin, Ireland).
The FA/dolomite pebble was well polished with 2000-, 4000-, and 6000-grit Al2O3 sand paper before
each measurement. After the pebble had been treated with H2SO4 solution for 3 min and then
with the collector for another 3 min, the crystal was air-dried for further measurement. A DI water
droplet of approximately 2 mm was induced onto the crystal surface to generate the three-phase
contact line. Each sample was measured three times, and the mean values were reported. The error of
the measurements was less than ±3◦.
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2.4. TOF-SIMS Analysis

A TOF-SIM 5 (ION-TOF GmbH, Münster, Germany) was used in the tests. The surface images
were analyzed with the spectrometry model using Bi3++ primary ions (15 keV), and a 500 × 500 µm2

area on the mineral surface was measured. In the depth profiling tests, the Cs+ beam and non-interlaced
model were used to determine the 3D distribution of secondary ions on the mineral surface. The sputter
crater area was 300 × 300 µm2, and a 100 × 100 µm2 area was rastered over with a Bi3++ beam with the
spectrometry model. The well-polished FA and dolomite crystals were conditioned with the H2SO4

solution and/or the oleate solution for the TOF-SIMS study. The condition times were the same as
those for the contact-angle measurements.

2.5. Attenuated Total Reflection (ATR)-FTIR Spectroscopy Experiments

An Avatar 300 (Thermo Electron Crop., Waltham, MA, USA) was used to record the FTIR spectra of
the FA and dolomite samples. The FA and dolomite samples (1 g, −5 µm) were prepared by two
different methods: (1) conditioned with 100 mL of H2SO4 solution (2 × 10−3 mol/L) for 3 min;
(2) conditioned with 100 mL of H2SO4 solution (2 × 10−3 mol/L) for 3 min, and then with oleate
for 40 min. In the second method, the desired amount of oleate was directly added into the H2SO4

solution to obtain a collector solution. After the conditioning with reagent solution, the suspension
was filtered and then air-dried for the analysis. A ZnSe multiple internal reflection prism (Thermo
Electron Crop., Waltham, MA, USA) was used to measure the ATR-FTIR spectra. The ZnSe prism was
well cleaned with acetone, ethanol, and DI water before each measurement. The ATR-FTIR spectra
were recorded at room temperature by co-addition of 300 interferograms at a resolution of 2 cm−1.

3. Results and Discussion

3.1. Flotation Behavior

The influence of the H2SO4 dosage on the FA/dolomite flotation was examined using a laboratory
mechanical flotation-machine. The flotation results only with oleate at natural pH (about 6.5) are also
reported. In terms of FA, the recovery was about 30% with 1 × 10−4 mol/L of oleate at the natural
pH (Figure 1), consistent with a previous report [12]. Moreover, the condition with H2SO4 led to an
obviously reduction in FA recovery; the FA recoveries were <10% when the H2SO4 concentration was
≥1 × 10−3 mol/L. A similar trend was found for FA with 2 × 10−4 mol/L of oleate, FA could not be
efficiently collected by the collector when the H2SO4 concentration was ≥1 × 10−3 mol/L.

In contrast, the treatment with H2SO4 slightly improved the flotation of dolomite. At each
examined collector concentration (1 × 10−4 mol/L and 2 × 10−4 mol/L), the recovery of dolomite
treated with 1 × 10−3 mol/L H2SO4 increased by 5–10% compared to that without H2SO4 treatment.

The carbonate ions on the dolomite surface are unstable in acidic solution and can be dissociated
into H2O and CO2. Thus, a considerable number of metal ions on the surface might be exposed to
the solution, thereby providing substantial adsorption sites for the adsorption of oleate. Moreover,
the dissolved metal ions may also favor the adsorption of collector to some extent [8]. In this regard,
the treatment with H2SO4 could slightly enhance the dolomite flotation using oleate as a collector.

In addition, the separation of dolomite from FA was further investigated by the flotation tests
using a 1:1 mixture of dolomite and FA. The concentration of oleate was 2 × 10−4 mol/L in such tests.
The recovery of MgO was close to that of P2O5 in the absence of H2SO4, suggesting that oleate is not
a selective collector for this flotation system (Table 1). While, the addition of H2SO4 into the slurry
deteriorated the FA flotation. Moreover, the P2O5 recovery was <10% when the H2SO4 concentration
reached 2 × 10−3 mol/L. It appears that more H2SO4 was required to depress FA in the flotation of
FA-dolomite mixture, comparing with that in the single-mineral flotation of FA, while the MgO
recoveries were over 69% regardless of the H2SO4 concentration. Such results demonstrate again that
H2SO4 can be used as a specific depressor for FA.
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Figure 1. Effect of H2SO4 concentration on the flotation of FA/dolomite with 1 means 1 × 10−4 mol/L
and 2 means 2 × 10−4 mol/L of oleate.

Table 1. Effect of H2SO4 concentration on the flotation of FA–dolomite mixture with 2 × 10−4 mol/L
of oleate.

H2SO4 Concentration (mol/L) 5 × 10−4 1 × 10−3 2 × 10−3

MgO 72.39% 69.45% 96.33%
P2O5 80.20% 37.61% 9.20%

3.2. Contact Angle Measurements

The difference in the hydrophobicity of minerals determines the separation efficiency of the
flotation technique. The hydrophobicity of FA can be measured with the contact angle method [13].
In this work, this method was used to determine the hydrophobicity of FA/dolomite treated with
H2SO4 and oleate.

Figure 2 shows that the contact angle of FA sharply decreased with an increase in H2SO4

concentration. When the FA was treated with 1 × 10−3 mol/L of H2SO4, the contact angle was
below 25◦ using 1 × 10−4 or 2 × 10−4 mol/L of oleate. These results imply that the usage of H2SO4

may prevent the adsorption of oleate species onto the FA surface, thereby allowing the FA surface to
maintain a hydrophilic state in the slurry.

In contrast, the addition of H2SO4 into the slurry improved the contact angle of dolomite with
1 × 10−4 or 2 × 10−4 mol/L of oleate, which is in line with the above flotation results. For each oleate
concentration, the contact angle reached the maximum value with 1 × 10−3 mol/L of H2SO4. When
the concentration of H2SO4 was above 1 × 10−3 mol/L, the contact angle of dolomite was lower than
that with 1 × 10−3 mol/L of H2SO4. The pH of dolomite slurry with 5 × 10−4 or 1 × 10−3 mol/L of
H2SO4 was approximately 5.5 (Table 2). However, with 1.5 × 10−3 or 2 × 10−3 mol/L of H2SO4,
the pH of dolomite slurry was in the pH range of 4–5, and precipitation of oleate was observed in
the solution. Therefore, oleate species cannot efficiently adsorb on the dolomite surface to produce a
highly hydrophobic surface.

The gap in contact angles between FA and dolomite was approximately 83◦ when the FA and
dolomite were treated by 1 × 10−3 mol/L of H2SO4 and 2 × 10−4 mol/L of oleate. Under these
conditions, dolomite can be floated by oleate prior to FA. These results further demonstrate that
H2SO4 can be used as a depressor for FA, in accordance with the reverse flotation phenomenon in
phosphate plants.
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Figure 2. Contact angles of dolomite and fluorapatite conditioned with sulfuric acid and 1 means
1 × 10−4 mol/L and2 means 2 × 10−4 mol/L of oleate.

Table 2. The pH values of dolomite slurry with the addition of H2SO4.

H2SO4 Concentration (mol/L) 5 × 10−4 1 × 10−3 1.5 × 10−3 2 × 10−3

pH 5.7 5.4 4.4 4.6

3.3. TOF-SIMS Analysis

TOF-SIMS is a highly sensitive technique to determine the 2D/3D distributions of chemical
fragments on a solid surface. A beam of primary ions, such as bismuth ions, is used to bombard
the solid surface using the TOF-SIMS technique. Atoms or molecular fragments on the solid surface
can overcome the surface binding energy to generate secondary ions/molecular fragments due to
atomic collisions [14]. According to the mass spectroscopy of the secondary ions/molecular fragments,
the distribution of these species on the solid surface can be remodeled [15]. This technique has been
successfully used to investigate the surface characters of some minerals in their flotation system [16].
In this context, this method was used to determine the surface features of FA/dolomite conditioned
with H2SO4 and oleate.

3.3.1. FA Surfaces

When the H2SO4-treated FA surface was bombarded with the Bi3++ primary ions, three types of
secondary ion, namely, PO3

−, SO4
−, and CaO−, were emitted from the FA surface (Figure 3). Evidently,

CaO− and PO3
− came from the original FA surface. The presence of SO4

− was due to the adsorbed
SO4

2− ions on the FA surface. It is believed that SO4
2− ions interacted with Ca2+ on the FA surface.
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On the FA surface treated with H2SO4 (1 × 10−3 mol/L) and oleate (2 × 10−4 mol/L), PO3
−,

SO4
−, and CaO− species were measured, and their distributions were found to be similar to those on

the FA surface only conditioned with H2SO4 (Figure 4). Moreover, the molecular fragments related
to oleate were not detected on the FA surface, thereby indicating that oleate did not occur on the FA
surface treated with H2SO4. Figure 5 further illustrates the 3D results of PO3

−, SO4
−, and CaO−

species on the FA surface conditioned with H2SO4 and oleate. It was found that PO3
− and CaO− were

well distributed in the bulk phase of FA. In contrast, SO4
− only presented on the top of the FA surface

in an island-like structure.
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According to the TOF-SIMS and flotation results of the FA samples, it is reasonable to expect that
SO4

2− ions reacted with Ca ions on the top of the FA surface to generate CaSO4 species. Consequently,
oleate cannot further adsorb onto the Ca sites on the H2SO4-treated FA surface; hence, a poor FA
recovery was obtained.Minerals 2018, 8, x FOR PEER REVIEW  7 of 12 
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3.3.2. Dolomite Surfaces

With regard to the dolomite surface treated with 1 × 10−3 mol/L of H2SO4, the secondary
ions, including CO3

−, CaO−, and MgO−, from the original dolomite surface were measured by the
TOF-SIMS method (Figure 6). The SO4

− was also present on the H2SO4-treated dolomite surface.
These results revealed that SO4

2− can also adsorb on the dolomite surface. However, the amount of
SO4

− on the dolomite surface was less than that of CO3
−.
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When the H2SO4-treated dolomite was further conditioned with oleate, SO4
− ions were still

found on the mineral surface along with CaO−, MgO−, and CO3
− ions (Figure 7). Furthermore,

a new molecular fragment (i.e., C2H3O2
−) was measured on the dolomite surface. Evidently, the

bombardment of the Bi3++ beam to the oleate species broke the oleate molecule, thereby resulting
in the generation of C2H3O2

−. Moreover, the amount of C2H3O2
− was evident on the dolomite

surface, suggesting that oleate species and SO4
2− can simultaneously adsorb on the dolomite surface.

In other words, the presence of SO4
2− on the dolomite surface did not prevent further adsorption of
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oleate. The 3D distribution results of these secondary ions/molecular fragments are summarized in
Figure 8. Notably, SO4

− and C2H3O2
− islands were located on the top of the H2SO4-treated dolomite

surface, while other ions were found throughout the entire measured region.Minerals 2018, 8, x FOR PEER REVIEW  8 of 12 
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(1 × 10−3 mol/L) and oleate (2 × 10−4 mol/L): (a) SO4
−, (b) CO3

−, (c) CaO−, (d) MgO−, and
(e) C2H3O2

−.

Ca2+ and Mg2+ ions exist on the dolomite surface. Similar to that on the FA surface, SO4
2− could

also bind with Ca2+ on the dolomite surface forming surface CaSO4 species. Mg2+ on the dolomite
surface cannot react with SO4

2− due to the high solubility of MgSO4. Thus, Mg sites on the surface
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were valuable for the adsorption of oleate. As previously mentioned, Ca2+ and Mg2+ on the deeper
layer of mineral surface may have been exposed to the solution due to the dissociation of CO3

2− on the
dolomite surface, which could also provide adsorption sites for oleate. In both events, oleate species
can occur on the H2SO4-treated dolomite surface to generate a hydrophobic mineral surface.

Moreover, it seems that the measured density of SO4
− on the dolomite surface was lower than

that on the FA surface. The dissolution of the dolomite surface in the H2SO4 solution may release Ca2+

ions into the solution. In the bulk solution, Ca2+ ions could bond to SO4
2− to preferentially form a bulk

precipitation of CaSO4. As a result, a portion of SO4
2− ions in the solution was consumed, resulting in

a relatively low adsorption density on the dolomite surface.

3.4. FTIR Study

As stated in the Introduction section, the adsorption state of oleate species on a calcium-bearing
mineral surface highly depends on the oleate concentration. In this section, the ATR-FTIR method
was used to determine the oleate species on the dolomite surface at selected oleate concentrations.
The ATR-FTIR spectra of FA samples were also measured for comparison.
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Figure 9. FTIR spectra of (a) FA samples (1—FA; 2—FA with 1 × 10−3 mol/L of H2SO4; 3—FA with
1 × 10−3 mol/L of H2SO4 and 2 × 10−4 mol/L of oleate); and (b) dolomite samples (1—dolomite and
2—dolomite with 1 × 10−3 mol/L of H2SO4).

Figure 9 summarizes the ATR-FTIR spectra of FA samples. In the spectrum of natural FA,
the intense band at 1019 cm−1 can be assigned to the asymmetrical stretching vibration PO4

3−

group [17]. This band was also observed in the spectrum of FA treated with H2SO4 (1 × 10−3 mol/L).
Unexpectedly, the characteristic peaks of SO4

2− were not found for FA treated with H2SO4. The results
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show that FTIR is less sensitive in detecting the CaSO4 species on FA surface compared with the
TOF-SIMS technique. In terms of FA treated with H2SO4 (1 × 10−3 mol/L) and oleate (2 × 10−4 mol/L),
the spectrum was similar to that of the natural FA. The characteristic peaks of the CH2 and CH3

vibrations did not occur in the spectrum. It appears that oleate cannot adsorb onto the FA surface
conditioned with H2SO4, which is in accordance with the abovementioned TOF-SIMS results.

In the ATR-FTIR spectrum of the natural dolomite (Figure 9), the band at 1417 cm−1 was due to
the asymmetric stretching of CO3 in dolomite. The peaks at 876 cm−1 and 729 cm−1 were attributed to
the vibrations of CO3 of dolomite [18]. The peak at approximately 729 cm−1 was commonly used to
distinguish dolomite from calcite [18,19]. Similar to the FTIR results of the FA sample, the spectrum of
dolomite treated with H2SO4 was almost the same as that of natural dolomite. It is expected that
the concentration of CaSO4 on dolomite surface was particularly limited to measurement by the
ATR-FTIR method.
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Figure 10. FTIR spectra (a) 3300–2500 cm−1; (b) 2000–1000 cm−1 of dolomite with 1 × 10−3 mol/L
of H2SO4 and oleate at different concentrations (1—1 × 10−4 mol/L, 2—2 × 10−4 mol/L,
3—2.5 × 10−4 mol/L and 4—3 × 10−4 mol/L).

In terms of dolomite treated with H2SO4 (1 × 10−3 mol/L) and further with oleate
(1–3 × 10−4 mol/L), two new adsorption bands at 2850 cm−1 (symmetry stretching of CH2)
and 2920 cm−1 (asymmetry stretching of CH2) were observed in the spectrum (Figure 10) [20,21].
Furthermore, the intensities of these new bands became stronger with an increase in oleate
concentration, which indicates that oleate species were adsorbed on the H2SO4-treated
dolomite surface.
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The characteristic peaks of oleate species are in the range of 1800 cm−1 to 1300 cm−1 [10].
In the case of dolomite conditioned with 1 × 10−4 mol/L of oleate, the adsorption of oleate could not
generate any new peaks in this wave number range. It seems that the adsorbed amount of oleate on
the dolomtie surface was limited with 1 × 10−4 mol/L of the oleate, which cannot generate an IR
signal in the spectrum from 1800 cm−1 to 1300 cm−1.

A doublet at 1570 cm−1 and 1538 cm−1 was found for dolomite with 2 × 10−4 mol/L of oleate
(Figure 10). Furthermore, the peak at 1570 cm−1 shifted to a higher wave number side with an increase
in oleate concentration. In contrast, the position of the peak at 1538 cm−1 barely changed in the
examined oleate concentration range. Lu et al. assigned the doublet at 1574 cm−1 and 1538 cm−1 to
the asymmetric vibration of carboxylate of Ca(OI)2 on the FA surface [10]. The vibration of carboxylate
stretching of Mg(OI)2 also occurs at approximately 1572 cm−1 [22]. It is possible that Mg(OI)2 and
Ca(OI)2 can exist on the H2SO4-treated dolomite surface. It seems that SO4

2− cannot bind with all the
Ca2+ on the dolomite surface. Again, this may be caused by the dissociation of CO3

2- on the dolomite
surface; a considerable number of Ca2+ ions can exist on the top of dolomite surface, and thus SO4

2−

ions cannot interact with all the Ca2+ ions on the surface. Therefore, oleate can still adsorb onto some
Ca sites on the dolomite surface to form precipitation of Ca(OI)2. On the other hand, it is also possible
that the bulk precipitation of Ca(Ol)2 could adsorb onto the dolomite surface phycially.

Although it was difficult measure the CaSO4 species on the FA/dolomite surface with the
ATR-FTIR method, the oleate species on the dolomite surface can be determined using this method.
In addition, the above contact angle tests suggest that the contact angle of H2SO4-treated dolomite
was approximately 110◦ with 2 × 10−4 mol/L of oleate. At this oleate concentration, Mg(OI)2 and/or
Ca(OI)2 was measured on the mineral surface. Thus, it is concluded that the precipitation of Mg(OI)2

and/or Ca(OI)2 on the dolomite surface plays an important role in generating a hydrophobic surface.

4. Conclusions

SO4
2− ions can interact with Ca2+ ions on the FA surface to produce CaSO4 species, which

prevents the adsorption of oleate on the Ca sites on the FA surface to generate a hydrophobic surface.
Hence, a poor FA recovery is obtained.

As expected, CaSO4 species can also form on the H2SO4-treated dolomite surface. Mg2+ ions
on the dolomite surface cannot be involved in the interaction with SO4

2− ions. We hypothesize that
a considerable number of metal atoms on the dolomite surface might be exposed to the solution
considering the dissociation of CO3

2− on the dolomite surface in the solution of H2SO4, and thus
SO4

2− ions cannot bind with all of the Ca2+ ions on the dolomite surface. As a result, oleate species
still adsorb on some Ca and Mg sites on the dolomite surface. In addition, the precipitation of Mg(OI)2

and/or Ca(OI)2 on the H2SO4-treated dolomite surface accounts for the hydrophobicity of dolomite
surface using 2 × 10−4 mol/L of oleate. In this regard, the H2SO4-treated dolomite still could be
collected by oleate at this concentration.
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