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Abstract: Flotation is the most often employed process to achieve the selective removal of contami-
nants from the raw materials used in the manufacturing of phosphate fertilizer. However, sodium
oleate (NaOL), as a typical collector, is ineffective because of its low collecting ability under low
temperature. As a result, developing and implementing feasible alternatives is critical for the long-
term output of mines. In this study, sodium dodecyl benzene sulfonate (SDBS), a low-cost and freely
soluble reagent under low temperature was used to examine its collecting ability and selectivity
in a fluorapatite-dolomite system by means of single and artificially mixed minerals flotation. The
adsorption mechanism was evaluated with the help of XPS analyses. The flotation results demon-
strate that SDBS could float both fluorapatite and dolomite, but show a higher affinity towards
fluorapatite instead of dolomite. Moreover, SDBS could preferred adsorb onto fluorapatite surface
when fluorapatite and dolomite coexist. SDBS is more suitable than NaOL for satisfactory recovery
of fluorapatite under low temperature in terms of the higher recovery obtained. The XPS analyses
results demonstrate that the adsorption of SDBS on fluorapatite surface was more intensively as
opposed to that on dolomite surface and Ca active sites on fluorapatite surface are supposed to be
the main location for SDBS attachment.

Keywords: apatite; dolomite; sodium dodecyl benzene sulfonate; flotation separation; adsorption
mechanism

1. Introduction

Since China is an agricultural country with a vast population, agriculture is the
backbone of the country’s economy. Chemical fertilizer has long been a vital component
in food production. It is also crucial for China’s food supply, which feeds over one billion
people. Phosphate rock deposits are an essential raw material for the manufacturing
of phosphate fertilizers [1] (Li et al., 2021), therefore they have become a vital mineral
resource for food security, and even a role in defining the country’s stability [2]. The
wet and pyrogenic processes will be utilized to extract phosphoric acid and phosphorus
from high-grade phosphate ore, which can then be used to make different phosphate
fertilizers and phosphates [3]. However, as the world’s population grows and phosphate
demand rises, high-grade phosphate ores with low impurity are becoming scarce. Since
they have a low P2O5 grade and typically contain a variety of gangue minerals, such as
quartz, mica, feldspar, dolomite, calcite, clays, and so on, most phosphate ores are not
appropriate for direct use in the acidulation process. As a result, the phosphate beneficiation
sector has a significant challenge: how to economically and efficiently use these low-grade
phosphate ores [4].
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Since low-grade phosphate ores must be processed to produce a high-quality phos-
phate concentrate, beneficiation procedures and reagents are crucial for achieving phos-
phate mineral separation. apatite is commonly linked with gangue minerals such as quartz,
iron oxides, clays, and calcareous minerals in phosphate ores because it is one of the most
important phosphorus-bearing minerals (e.g., dolomite and calcite) [5,6]. In the mineral
processing, dolomite as a low-value mineral is usually removed from valuable minerals,
such as apatite [7], magnesite [8], and rare earth minerals (e.g., monazite and bastnasite) [9].
However, due to their comparable physicochemical properties, successful separation of
apatite and dolomite remains a major difficulty. As a result, it is critical to find effective
ways for recovering apatite from dolomite [10].

Flotation is a separation and concentrate method that uses the physicochemical fea-
tures of minerals to separate valuable minerals from gangue minerals [11–13], is regarded
as the most effective method for removing dolomite from apatite [14]. Traditional fatty
acid collectors, particularly oleic acid or its salts, are still the most widely used to separate
apatite from dolomite because they are simple to make and inexpensive [3,6]. However,
because of the non-selective adsorption behavior of these collectors towards both minerals
by interacting with adsorption sites, the separation efficiency is still not sufficient [9,15].
Furthermore, due to their limited solubility and dispersion in solution at low temperatures,
these collectors are completely ineffective, resulting in an unsatisfactory effect under the
same flotation circumstances [3,16]. Research shows that mixed surfactant systems using
fatty acids and nonionic surfactant with higher surface activities can improve the flotation
performance of minerals at low temperature, and have been successfully applied in actual
production [17]. However, the use of additional reagents would result in an extra cost,
which is not highly effective. As a result, developing cost-effective and selective collectors
that can be employed at low temperatures is critical for the flotation of phosphate ore [18].

As a traditional anionic surfactant, SDBS was used to reduce the interfacial tension
of oil/water because of its freely solubility and dispersibility, as well as to collect metal
ions. To our best of knowledge, the flotation performance of SDBS as a single collector
has not been proposed yet in an apatite-dolomite mixed system under low temperature.
As such, the objective of this work is to evaluate the collecting ability and selectivity of
SDBS on apatite and dolomite under low temperature and then describe the adsorption
mechanism with the help of XPS analyses to make this study more comprehensive. In this
work, fluorapatite and dolomite were selected as the typical valuable and gangue minerals
for flotation experiments.

2. Materials and Methods
2.1. Mineral Samples

Fluorapatite and dolomite with high purity were purchased from Guangdong and
Hubei, China. Firstly, both minerals were broken and powdered carefully, and subsequently
wet sieved and dried to generate desired size fraction for further experiments. The size
fraction of 38–75 µm was applied for micro-flotation experiments, whereas the −5 µm
size fraction samples were used for XPS analyses. The X-ray diffraction patterns and
chemical compositions of pure fluorapatite and dolomite are presented in Figure 1 and
Tables 1 and 2. X-ray diffraction (XRD) analysis was performed by a Bruker D8 ADVANCE
X-ray diffractometer at a voltage of 40 kV and a current of 40 mA with Cu K radiation [19].
The chemical compositions were detected by using X-ray fluorescence (Zetium analyzer
manufactured by Panalytical B. V company, Netherlands). From the results, it can be
inferred that both fluorapatite and dolomite are of high purity as the characteristic peaks
belonged to fluorapatite and dolomite are sharp and intensive [20], some of the peaks
cannot be detected are ascribed to the impurities.
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Figure 1. XRD patterns of (a) Fluorapatite and (b) Dolomite.

Table 1. Chemical composition of fluorapatite (wt.%).

CO2 F Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O

0.3 3.45 0.043 0.019 0.44 2.34 37.46 0.84 0.29 0.056

CaO MnO Fe2O3 As2O3 SrO Y2O3 La2O3 CeO2 PbO ThO2

53.67 0.037 0.082 0.008 0.089 0.003 0.13 0.39 0.013 0.34

Table 2. Chemical composition of dolomite.

CO2 Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO

38.52 0.2 18.43 1.05 10.14 0.052 0.009 0.013 0.30 30.63

TiO2 MnO Fe2O3 SrO ZrO2

0.052 0.021 0.57 0.01 0.003

2.2. Chemical Reagents

In this work, sodium dodecyl benzene sulfonate (SDBS) and sodium oleate (NaOL)
with analytical purity were purchased from Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China and used as collector. Diluted sodium carbonate (Na2CO3) and hy-
drochloric acid (HCl) were used as pH regulators. Moreover, deionized water (18.25 MΩ)
obtained from a Milli-Q Direct 16 (Millipore Q, Burlington, MA, USA) was used through-
out the experiments.

2.3. Flotation Tests

The micro flotation experiments were conducted using an XFG-type flotation machine
(Wuhan Exploration Machinery Co., Ltd., Wuhan, China) with a 50 mL flotation cell
and an impeller speed of 1800 rpm, Figure 2 presents the schematic of XFG-II flotation
machine [11,12]. As for the single mineral flotation, the procedure was described as follows:
firstly, 2 g of fluorapatite/dolomite was added in the flotation cell with 50 mL pure water,
and then stirred 2 min for dispersion. After that the regulator (HCl/NaOH) was added to
adjust the pH to desired value with an interval of 2 min. The pH device PB-10 used here
was made by Sartorius, pH value and temperature were tested using such device. Then,
NaOL/SDBS with certain concentration was added and agitated for another 2 min. Finally,
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the froth above the solution was collected using a scraper blade as concentrate and the sink
product was filtrated as tailing. The floatability was calculated based on the dry weights of
the concentrates (m1) and tails (m2) and given as Equation (1):

Floatability = m1/(m1 + m2) (1)

Figure 2. Schematic of XFG-II flotation machine.

As for the artificially mixed minerals flotation, the procedure was the same as men-
tioned above, the only difference was: 2 g minerals were made up of fluorapatite and
dolomite with a mass ratio of 2:1. Through this mass ratio, a mixed mineral with P2O5
contents 25% could be generated (25% is the P2O5 contents of most of the low and medium
phosphate ore). In mixed minerals flotation system, the concentrate collected contains both
fluorapatite and dolomite, so here, P2O5 contents and recovery were used to evaluate the
performance. The P2O5 contents was measured by acid-base titration and the recovery was
calculated based on the Equation (2):

Recovery = [cm1/(cm1 + tm2)] × 100 (2)

where, c is the P2O5 contents in the concentrate; t is the P2O5 contents in the tailing [21,22].

2.4. XPS Analysis

XPS detection is commonly employed to characterize the changes in surface elements
of mineral specimens after interaction with flotation chemicals. The mineral sample was
analyzed by using a Thermo Scientific ESCALAB 250Xi instrument under 10−9 bar of air
pressure [23,24]. Both dolomite and fluorapatite minerals with size fraction below 5 µm
were added into the flotation cell and stirred for 2 min. Then 30 mg·L−1 SDBS collector
was added into the pulp, the pH was adjusted to 9.6 with the help of diluted Na2CO3.
The solution was then filtered and washed twice using pure water to remove the weak
adsorption of collector. The filtered solids were dried in a vacuum drying oven and then
analyzed by XPS instrument. The peaks fitting and data analysis were carried out with XPS
software Thermo Advantage, and the standard Carbon binding energy was calibrated to
284.80 eV.

3. Results and Discussion
3.1. Effect of pH

pH is an important factor that affects the forms of chemicals existing in the solution,
then changing the performance of the reagents in response [1,25,26]. Dolomite is prone
to being dissolved in acidic environment because of the presence of CO3

2−. Therefore,
for dolomite, only alkaline environment has been tested here. As shown in Figure 3 it
can be seen that the floatability of fluorapatite grew progressively from 65.33% to 93.86%
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across the pH range tested. Dolomite, on the other hand, had a lower floatability, with
the highest floatability being about 63.57% at pH 7.28. The optimal pH value for flotation
was around 9.6, at which point fluorapatite had a floatability of around 93% and dolomite
had a floatability of 53.14%. The results demonstrate that when SDBS was applied as a
collector, both dolomite and fluorapatite could float. The floatability of fluorapatite was
always higher than that of dolomite over the pH range tested, indicating that SDBS showed
a higher affinity towards fluorapatite rather than dolomite. Moreover, it should be noted
that SDBS still exhibited high collecting ability even at low temperature, demonstrating
that it could be employed as the potential alternative for effective fluorapatite recovery in
hard area.

Figure 3. Effect of pH on the floatability of fluorapatite and dolomite (CSDBS = 50 mg·L−1,
temperature = 15 ◦C ± b 0.2).

3.2. Effect of Collector Concentration

The flotation performance of NaOL and SDBS was evaluated and compared with
respect to collector concentration under low temperature and the results are presented in
Figure 4. When NaOL was used as collector, the floatability of fluorapatite and dolomite
both experienced an upward trend. The floatability of fluorapatite reached its biggest value
when the NaOL concentration was 30 mg·L−1, assaying by 62%. A further increase of
concentration caused negligible effect on the floatability improvement. The floatability of
dolomite under this condition was 27.9%, which was 34.1% lower than that of fluorapatite.
The results indicate that NaOL cannot successfully collect fluorapatite under low tempera-
ture in terms of the low floatability, it is because the dispersion and activity of NaOL in
solution were affected by temperature [27]. In comparison with NaOL, the floatability of
fluorapatite was always above 85% across the concentration tested when SDBS was applied.
It should be noted that dolomite could also be collected with a relatively high floatability. It
reached its biggest value when the SDBS concentration was 30 mg·L−1, coming to 61.56%,
which was 27.54% lower than that of fluorapatite under the same condition. Based on
the flotation results, it can be concluded that both SDBS and NaOL showed the collecting
ability toward fluorapatite and dolomite, the floatability of fluorapatite was always higher
than that of dolomite under the same collector concentration. The difference between SDBS
and NaOL was that the former exhibited a stronger performance under low temperature
in terms of the higher floatability of fluorapatite and dolomite, indicating that SDBS was
more suitable to be used under hard condition.
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Figure 4. Effect of SDBS concentration on the floatability of fluorapatite and dolomite (pH = 9.6).

3.3. Artificially Mixed Minerals Flotation

The selectivity of NaOL and SDBS under low temperature was evaluated with the
help of artificially mixed minerals flotation, the results are presented in Figure 5a,b. In
the presence of NaOL, the P2O5 contents kept stable around 36% without any big change
over the concentration tested, indicating that NaOL exhibited an excellent selectivity in
fluorapatite-dolomite system. However, the recovery was relatively low when the NaOL
concentration was 30 mg·L−1, reaching 45.79%, and further gradually increased to 72.46%
when the NaOL concentration was 100 mg·L−1 (Figure 5b). The results indicate that NaOL
showed a high selectivity in mixed minerals system, but cannot collect valuable minerals
as much as possible because of the limited temperature condition. Moreover, a further
improvement of recovery would increase the addition of collector dosage, thereby causing
an extra cost. As for SDBS collector, it can be seen that with the increase of collector
concentration from 0 to 100 mg·L−1, the P2O5 contents gradually increased from 25% to
34.05% (Figure 5a), the recovery was almost stable around 90% without any big variation
(Figure 5b). When the SDBS concentration was 30 mg·L−1, a concentrate with P2O5 contents
of 32.8% and recovery of 96.63% could be obtained. The results indicate that SDBS exhibited
a good selectivity in fluorapatite-dolomite system and can collect most of the fluorapatite.
Moreover, the results obtained from mixed minerals flotation further prove that SDBS
showed a high affinity towards fluorapatite rather than dolomite and it can preferred
adsorb onto fluorapatite surface when fluorapatite and dolomite coexist. Regarding on the
flotation results of SDBS and NaOL, it can be concluded that SDBS is more suitable than
NaOL for satisfactory recovery of fluorapatite under low temperature.

3.4. XPS Analyses

In order to find the detailed adsorption mechanism of SDBS on minerals surfaces, XPS
analyses were conducted. The Ca 2p, S 2p and O 1s XPS spectra and the fitting curves of
fluorapatite before and after the treatment of SDBS were evaluated. The Ca 2p spectrum for
pure fluorapatite contains two peaks of Ca 2p3/2 and Ca 2p1/2 at binding energy locations
of 347.35 eV and 350.84 eV, respectively, as shown in Figure 6a [28]. Since the presence of
SDBS affected the density of the electron atmosphere in the Ca atomic perimeter of the
fluorapatite surface, the binding energy of Ca 2p shifted to 347.45 eV and 351.00 eV (shifted
by 0.2 eV) when it was treated with SDBS. In comparison with other researches [29–31],
because the absolute value of repulsive potential on fluorapatite surface atoms varied
under different chemical conditions, the variations in binding energy of Ca 2p were more
noticeable than matching values obtained in this work. As a result, the hydrophobic
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flotation of fluorapatite may be attributed mostly to the active components RSO3
− in the

collector interacting with the Ca sites, resulting in the formation of a hydrophobic layer
coverage. The peak at 169.27 eV after the addition of SDBS has shifted to 169.58 eV (shifted
by 0.31 eV), indicating that SDBS has successfully adsorbed onto fluorapatite surface and
the chemical surrounding of S atomic has experienced a large change, which may be
attributed to chemical bonding between sulfo group and Ca sites [25]. As for O 1s, from
Figure 6c it can be seen that the O 1s spectrum of fluorapatite after the treatment of SDBS
was fitted into two peaks: PO4

3− (531.27 eV), -O-S=O (532.06 eV). The presence of -O-S=O
indicates that chemical adsorption occurred at Ca sites on the fluorapatite surface and the
reaction involved the sulfonate species of SDBS. The XPS analyses strongly demonstrate
that SDBS showed a high affinity on fluorapatite and the interaction is mainly due the
chemical bonding between sulfo groups and Ca sites.

1 
 

 
Figure 5. Effect of SDBS concentration on the (a) P2O5 contents and (b) recovery (pH = 9.6,
temperature = 15 ◦C ± 0.2).
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1 
 

 

 

Figure 6. (a) Ca 2p, (b) S 2p, and (c) O 1s of fluorapatite sample with and without the addition of SDBS.

As for dolomite, the S 2p, C 1s, Ca 2p, Mg 1s and O 1s XPS spectra were presented in
Figure 7, respectively. From Figure 7a it can be seen that with and without the pretreatment
of SDBS, there are no S peaks have been detected on dolomite surface, suggesting that
the adsorption of SDBS on dolomite was weak. As depicted in Figure 7b, for untreated
dolomite, three well-fitting bands at 284.86 eV, 286.17 eV, and 289.92 eV separated from
the C 1s spectrum. The fitted bands at 284.86 eV and 286.17 eV on the dolomite surface
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were assigned to the adventitious contaminants of hydrocarbon and carbon-oxygen [32],
while the separated peak at 289.92 eV was derived from the carbon of dolomite itself [6].
After the dolomite conditioned with SDBS, no significant shift and new peaks occurred,
indicating that the chemical environment of carbon element kept stable. The Ca 2p and
Mg 1s spectra of dolomite are displayed in Figure 7c,d. The two strong double peaks at
347.37 eV and 350.94 eV were derived from Ca 2p3/2 and Ca 2p1/2 in dolomite, the peak
located at 352.24 eV was attributed to Mg KLL Auger due to magnesium element existed
in dolomite. The peak of Mg 1s spectrum was located at 1304.25 eV. After the addition
of SDBS, the binding energy of both Ca 2p and Mg 1s shifted slightly, indicating that the
chemical environment of Ca and Mg on dolomite surface were not affected and there is no
chemical bonding between SDBS and Ca, Mg active sites. Moreover, the O 1s peak of bare
dolomite was divided into two bands recorded at 531.87 eV and 533.41 eV, which separately
belonged to the oxygen element of CO3

2− in dolomite itself and adventitious carbon oxides
(contamination). After the addition of SDBS, the binding energy of these two characteristic
peaks shifted slightly, indicating that the weak adsorption of SDBS on dolomite surface.
The XPS results of dolomite are in good agreement with the experimental phenomenon
that SDBS has a certain collecting ability towards dolomite, but the adsorption is relatively
weak compared to that on fluorapatite surface.

1 
 

 

 
 
 
 
 
 
 
 
 

Figure 7. Cont.



Minerals 2022, 12, 228 10 of 12

 

2 

 

 

 
Figure 7. (a) S 2p, (b) C 1s, (c) Ca 2p, (d) Mg 1s and (e) O 1s of dolomite sample with and without the
addition of SDBS.
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4. Conclusions

In this study, SDBS was selected as the collector to replace the traditional collector
sodium oleate for effective recovery of fluorapatite under low temperature owing to its low-
cost freely soluble capacity. Single minerals and artificially mixed minerals flotation were
conducted to evaluate the collecting ability and selectivity of SDBS toward minerals under
low temperature. The adsorption mechanism was described by means of XPS analyses.
The flotation results demonstrate that SDBS collector exhibited a stronger harvesting
effect on fluorapatite as opposed to dolomite, an effective separation of dolomite from
fluorapatite could be achieved under low temperature, a concentrate with P2O5 grade of
32.8% and recovery of 96.63% was obtained. Moreover, SDBS collector could preferred
adsorb on fluorapatite surface in the mixed flotation system. Compared to NaOL, SDBS
is more suitable for satisfactory recovery of fluorapatite under low temperature. The
results obtained from XPS analyses demonstrate that SDBS collector showed a higher
affinity towards fluorapatite as RSO3

− components could interact with Ca active sites on
fluorapatite surface through chemical bonding.
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