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Abstract: In this paper, a novel hydroxyl-containing quaternary ammonium surfactant N-(2-Hydroxy-
ethyl)-N, N-dimethyl-3-[(1-oxododecyl)amino]-1-propanaminium (LPDC) was synthesized and intro-
duced as a collector for the reverse cationic flotation separation of apatite from quartz; the adsorption
mechanisms between LPDC and two mineral surfaces were investigated by Fourier transform in-
frared spectrometer (FTIR), zeta potential measurements and X-ray photoelectron spectroscopy (XPS)
analysis. The micro-flotation tests showed that LPDC exhibited excellent flotation performance.
When the pulp was at natural pH and LPDC concentration was 25 mg/L, the apatite concentrate
with a P2O5 recovery of 95.45% and P2O5 grade of 38.94% could be obtained from artificially mixed
minerals. FTIR, zeta potential, and XPS analysis indicated that the adsorption of LPDC onto quartz
surface is stronger than that onto apatite surface; meanwhile, the adsorption of LPDC onto quartz
surface is mainly provided by electrostatic force and hydrogen bonding.

Keywords: synthesis; flotation; quartz; apatite; cationic collector

1. Introduction

Phosphorus plays an indispensable role in the growth and development of plants, and
is involved in the composition and metabolism of plants [1,2]. Soil is the main source of
phosphorus for plants. As the world population grows and the desire for food production
becomes urgent, there is the need to apply phosphorus fertilizer to the soil and the demand
for it is increasing. [3]. Phosphate ore is one of the raw materials for the production of
phosphate fertilizer [4]. However, most of the phosphate deposits in China are low-grade
apatite associated with quartz, mica, clay minerals, and other gangue minerals, which are
therefore difficult to be utilized directly [5,6]. So, purifying the low-grade phosphate ores is
necessary to satisfy the demand for high-grade raw materials.

Flotation is one of the important technologies used for separation and purification
by utilizing the differences in wettability of mineral surfaces [7–9]. The floatability of
natural minerals is not sufficient to separate apatite from quartz; thus, it is essential to add
flotation reagents to widen the difference in floatability [10–13]. To achieve the separation
of apatite from silica-bearing minerals, anionic (fatty acid-based) collectors are usually used
to collect apatite directly [14,15].Unfortunately, their disadvantages, such as intolerance
of low temperature and water hardness, have limited their application [16,17]. Therefore,
cationic reverse flotation technology is gradually being applied to the apatite desilication
process [18–20].
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In the initial stages, primary amines (R-NH2) were used for flotation desilication [21].
For example, dodecyl amine (DDA) was commonly used as a cationic collector due to its
low cost and easy access [22,23]. However, DDA as a collector suffers from poor solubility
and low selectivity, which has limited its promotion and application [24–26]. To overcome
these drawbacks, researchers have introduced amines with reactive groups, such as ether
amines (-O-), amides (-CONH-), polyamines (R1-NH-R2-NH2), and quaternary ammonium
salts (R-NH3

+), to synthesize a series of novel reagents as collectors for mineral reverse
flotation desilication process. Researchers such as Zhu et al. have studied the flotation
performance of alkyl diamine ether (GE-609) on quartz and investigated the flotation
mechanism [27]. Zhao et al. studied the flotation ability of an amide-type surfactant,
dimethylaminopropyl lauramide (DPLA), on quartz when it was used as the collector,
and analyzed the adsorption mechanism [28]. Liu et al. synthesized a novel collector
N-dodecylethylenediamine (ND) and proved that ND has an excellent flotation effect on
quartz [29]. Sun et al. used N-hexadecyltrimethylammonium chloride (HTAC) as the
collector to efficiently separate magnesite from quartz [30]. Liu et al. synthesized the
hydroxyl-group-containing (-OH) surfactants N-dodecyl-isopropanolamine (NDIA) and
bis(2-hydroxyethyl)dodecylamine (BHDA), and investigated their collector abilities on
quartz [31,32]. From the above literature, it can be summarized that quaternary amine
collectors have better solubility and flotation performances compared to other amine
collectors; meanwhile, the introduction of an O atom could add to the active sites of
the collector and enhance hydrogen bonding, leading to improved selectivity. So, these
conclusions could give provide direction and inspiration for the design of collectors.

In this study, N-(2-Hydroxyethyl)-N, N-dimethyl-3-[(1-oxododecyl)amino]-1-prop-
anaminium (LPDC) was synthesized in the laboratory and employed as a novel cationic
collector in the reverse flotation separation of apatite and quartz. The LPDC structure
was characterized by Fourier transform infrared spectrometry (FTIR), 1H nuclear magnetic
resonance spectroscopy (1HNMR) and mass spectrometry (MS). The LPDC flotation per-
formance was investigated by micro-flotation tests, and the adsorption mechanisms were
analyzed by FTIR, zeta-potential measurements, and XPS.

2. Materials and Methods
2.1. Minerals

The apatite and quartz mineral samples used in this study were obtained from Guizhou
province and Liaoning province, P.R. China, respectively. Firstly, the large mineral blocks
were smashed to about −5 mm by using a gauze-wrapped hammer (to avoid iron contami-
nation). The high-grade mineral fractions were carefully selected by hand and then placed
in a ceramic ball mill for grinding. Finally, a standard sieve was used to obtain the particle
size of −74 + 38 µm for flotation and other analyses [33]. The quartz and apatite samples
that met the particle size range were further purified by the hydrochloric acid leaching
method and shaking table method, respectively [16,18]. The mineral composition of the
two mineral samples were analyzed by X-ray diffraction spectra (XRD), and the results are
given in Figure 1. In addition, the chemical analysis of P2O5 in apatite and SiO2 in quartz
were carried out and the results were 39.94% and 99.42%, respectively, which were used as
the feed samples for flotation tests and other analyses.

2.2. Reagents

A two-step synthesis of LPDC was carried out in the laboratory; the synthesized routes
are shown in Scheme 1. Firstly, a three-necked flask containing 0.10 mol lauric acid, 20 mL
toluene, and a magnetic stirrer was placed in an oil bath. The system was heated to 100 ◦C
to ensure the lauric acid had completely dissolved. Then, the 0.15 mol 3-(Dimethylamino)-
1-propylamine was added dropwise slowly to the three-necked flask through a pressure-
equalizing funnel (approximately 3 h for dropwise completion). After that, continued to be
heated at 140 ◦C and reacted for 12 h. With the reaction complete, the toluene and excess
3-(Dimethylamino)-1-propylamine were evaporated under reduced pressure. The crude
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product was recrystallized by petroleum ether 2 times, followed by drying in a vacuum oven
for 24 h to obtain the target product of the first step—(Laurylamidopropyl)dimethylamine
(DPLA).
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Scheme 1. The synthesis procedure of LPDC.

The purified (Laurylamidopropyl)dimethylamine was placed in a three-neck flask, the
system was heated to 60 ◦C, and then 2-chloroethanol was slowly added dropwise into the
system through a constant-pressure dropping funnel (2 h dropwise completion), and the
reaction was continued at 60 ◦C for 12 h. Following completion of the reaction, the solvent
and unreacted materials were removed by distillation under reduced pressure to obtain
the crude product of LPDC. Finally, the unpurified product was recrystallized 5 times by
acetone to obtain the LDPC concentrated product.

Sodium hydroxide (NaOH) and hydrochloric acid (HCl) were used to adjust the pulp
pH, which was provided by Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. All
the reagents were of analytical grade purity. Deionized water was used in all the tests to
avoid the influence of water quality on the experiments.

2.3. Flotation Tests

The micro-flotation tests of single minerals and artificial mixed minerals were con-
ducted at an XFGII-5 laboratory flotation machine (Jilin Exploration Machinery Plant,
Changchun, China) with a 40 mL flotation cell; the impeller spindle speed was 1992 r/min.
The flotation process is shown in Figure 2. A mass of 2 g single mineral sample or artificially
mixed minerals samples (the mass ratio of apatite: quartz was 3:2) and 30 mL deionized
water were placed into the flotation cell, then the pulp pH was adjusted to a predetermined
pH (if required) and conditioned for 2 min, followed by addition of the collector, and again
conditioned for 2 min before flotation. The flotation scraping time was 4 min, and the
concentrates and tailings were separately filtered, dried, and weighted, and the grade of
P2O5 in concentrates was assayed.
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The yields were taken as the single mineral flotation tests recoveries. For the artificially
mixed mineral flotation, the recovery was calculated by Equation (1) [34]:

ε =
γβ

α
(1)

where ε and β are the recovery and grade of P2O5 in concentrate, respectively; γ is the yield
of concentrate; and α is the P2O5 grade of the feed. Each test was repeated three times and
the average value was taken as the final result.

2.4. FTIR Measurements

A Thermo Scientific Nicolet 380 FTIR spectrometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) was employed to record the FTIR data of LPDC, the pure minerals,
the and minerals treated with LDPC. All the measurements were conducted in a dry and
room-temperature (25 ± 2 ◦C) environment. Prior to testing, the quartz or apatite samples
were ground to below 5 µm by an agate mortar and the finely ground mineral samples were
added to deionized water without and with 25 mg/L LDPC; the powder was stirred for
30 min by a magnetic stirrer and then filtered, and dried at low temperature in a vacuum
drying oven (40 ± 2 ◦C) for 24 h [35]. Then, 5 mg of dry samples were mixed with 0.5 g
KBr (mass ratio of samples: KBr = 1:100) and the test specimens were prepared according
to the KBr pellet method, with a wavenumber range of 400–4000 cm−1.

2.5. Zeta Potential Determinations

The zeta potential measurements of apatite and quartz before or after treatment with
LPDC were performed on a Nano-ZS90 zeta potential analyzer (Malvern Instruments Ltd.,
Malvern, UK). In each test, 20 mg finely ground (−5 µm) minerals and 30 mL deionized wa-
ter or 25 mg/L LDPC solution were placed in a 50 mL baker, using NaOH and HCl solution
to adjust the slurry to the predetermined pH. Then, the slurry was agitated by magnetic
stirring equipment for 10 min and allowed to stand for 5 min [36]. The supernatant was
filled into the electrolyzer and the measurements were taken as required by the instrument.
The results applied in this study were the average value of five independent measurements.
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2.6. XPS Measurements

A Thermo Scientific K-Alpha with Al X-ray (1486.6 eV) as the sputtering source was
used to conduct the XPS measurements. The Thermo Scientific Advantage v5.52 was used
to analyze XPS spectra. The peak of C 1s spectrum with a bounding energy of 248.8 eV was
used as the calibrating binding energy. The preparation of samples for XPS measurements
was the same as that of the FTIR measurements.

3. Results and Discussions
3.1. Characterization of LPDC

FTIR, 1HNMR and MS were used to characterize the structure of LPDC. The FTIR
spectrum of LPDC is shown in Figure 3. It can be seen that the characteristic peaks
at 3294 cm−1 and 3177 cm−1 were the stretching vibration of N-H in NH4

+ [37]. The
peaks at 2916 cm−1, 2849 cm−1 1463 cm−1, 1348 cm−1 and 719 cm−1 were referred to
the asymmetrical stretching vibration, symmetric stretching vibration, bending vibration,
in-of-plane wagging vibration and out-of-plane wagging vibration of -CH2-, respectively.
The peaks at 1637 cm−1 and 1552 cm−1 were attributed to the stretching vibration of
C=O and the C-N-H bending vibration, respectively [38,39]. The peak at 1124 cm−1

was referred to the stretching vibration of C-C. The peak at 1048 cm−1 was referred to
the stretching vibration of C-OH. The 1HNMR spectrum analysis of LPDC indicated that
1HNMR (400 MHz, CDCl3): δ ppm 5.59 (s, 1H, NH(CONH)), δ 4.03 (s, 1H NHR2

+), δ 3.59 (dt,
J = 11.4, 4.9 Hz, 6H, 3 CH2), δ 3.25 ppm (s, 6H, 2 CH3), δ 2.20 ppm (q, J = 8.0 Hz, 2H CH2),
δ 2.10–1.49 ppm (m, 4H, 2 CH2), δ 1.24 ppm (d, J = 7.6 Hz, 18H, 9 CH2), and δ 0.86 ppm
(t, J = 6.6 Hz, 3H, CH3). The MS (ESI+): calculated for C19H41N2O2

+ 328.48; found 329.13
[M+H]. The characterization showed that the synthesized product was the target product.
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3.2. Flotation Tests of Single Minerals

The collecting ability of the novel collector could be evaluated by single mineral
flotation tests; therefore, the flotation tests were carried out and the curves of the flotation
recovery are shown in Figures 4 and 5.
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natural pulp pH.

Figure 4 shows the flotation behaviors of quartz and apatite as the function of pulp
pH when the collector LPDC was at 20 mg/L. It is clearly illustrated by the flotation results
in Figure 4 that the recovery of quartz is much higher than that of apatite in the pulp pH
range of 2–12. So the effect of pulp pH on the foam recovery of quartz is significantly
greater than that of apatite. The recovery of quartz increased with the pulp pH when it was
below the natural pulp pH (6.5), and reached a maximum recovery of 92.70% at the natural
pulp pH. However, the quartz recovery decreased slightly when the pulp pH continued
to increase, and always remained above 90%, whereas for apatite, recovery fluctuated
slightly with changes in pulp pH; its recovery was always below 10% at the tested pulp
pH range, and reached a maximum recovery of 6.30% at the natural pulp pH (6.6). From
the above research, it can be conducted that the alkaline pulp environment is favorable
for the separation of quartz and apatite when LPDC is used as collector. To assess the
collecting performance of LPDC, the conventional cationic collector DDA was introduced
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as a reference. The effects of the LPDC and DDA concentrations on the recoveries of quartz
and apatite at the natural pulp pH are shown in Figure 5. It can be noted that both quartz
and apatite recoveries increased with increasing concentration of both LPDC and DDA
from 10 mg/L to 25 mg/L. When the concentration was at 25 mg/L, the collection capacity
of the two collectors for quartz seemed to be at a maximum, and at this point, the recoveries
of quartz were 93.05% (LPDC) and 94.12% (DDA), respectively. There were no significant
changes in the quartz recoveries when the concentration of both collectors continued to
increase. However, it can be concluded that the recovery of apatite is closely related to the
type of collector. Although the apatite recoveries both increased slowly with the increase
in concentration of the two collectors, the difference in the recovery was obvious. When
DDA was used as a collector, the apatite recovery increased from 78.58% to 87.20% when
the collector concentration increased from 10 mg/L to 30 mg/L. While the LPDC was used
as the collector, the apatite recoveries were always below 10% in the tested concentration
range. Therefore, it can be concluded from the recoveries of both minerals that LPDC has
better selectivity than DDA.

3.3. Flotation Tests of Artificial Minerals

Based on the single mineral flotation, artificially mixed mineral flotation tests were
carried out to further assess the separation performance of LPDC on apatite and quartz.
The results are shown in Figures 6 and 7.

Minerals 2023, 13, x  7 of 14 
 

 

fluctuated slightly with changes in pulp pH; its recovery was always below 10% at the 

tested pulp pH range, and reached a maximum recovery of 6.30% at the natural pulp pH 

(6.6). From the above research, it can be conducted that the alkaline pulp environment is 

favorable for the separation of quartz and apatite when LPDC is used as collector. To as-

sess the collecting performance of LPDC, the conventional cationic collector DDA was in-

troduced as a reference. The effects of the LPDC and DDA concentrations on the recover-

ies of quartz and apatite at the natural pulp pH are shown in Figure 5. It can be noted that 

both quartz and apatite recoveries increased with increasing concentration of both LPDC 

and DDA from 10 mg/L to 25 mg/L. When the concentration was at 25 mg/L, the collection 

capacity of the two collectors for quartz seemed to be at a maximum, and at this point, the 

recoveries of quartz were 93.05% (LPDC) and 94.12% (DDA), respectively. There were no 

significant changes in the quartz recoveries when the concentration of both collectors con-

tinued to increase. However, it can be concluded that the recovery of apatite is closely 

related to the type of collector. Although the apatite recoveries both increased slowly with 

the increase in concentration of the two collectors, the difference in the recovery was ob-

vious. When DDA was used as a collector, the apatite recovery increased from 78.58% to 

87.20% when the collector concentration increased from 10 mg/L to 30 mg/L. While the 

LPDC was used as the collector, the apatite recoveries were always below 10% in the tested 

concentration range. Therefore, it can be concluded from the recoveries of both minerals 

that LPDC has better selectivity than DDA. 

3.3. Flotation Tests of Artificial Minerals  

Based on the single mineral flotation, artificially mixed mineral flotation tests were 

carried out to further assess the separation performance of LPDC on apatite and quartz. 

The results are shown in Figures 6 and 7. 

 

Figure 6. Effect of pulp pH on the flotation of artificially mixed minerals (LPDC 25 mg/L). Figure 6. Effect of pulp pH on the flotation of artificially mixed minerals (LPDC 25 mg/L).

Figure 6 shows the effect of pulp pH on the flotation of artificially mixed minerals
with 25 mg/L LPDC. Since the apatite desilication process was a reverse flotation process,
the apatite concentrate was left in the flotation cell. It can be seen that with the increase
in pulp pH, the grade of apatite concentrate showed a trend of first decreasing and then
slightly decreasing; however, its recovery always remained at a high level. At the natural
pulp pH, the apatite concentrate reached a maximum grade of 38.94% (the P2O5 grade of
the apatite sample was 39.94%) and the recovery was 95.45%. This indicated that the LPDC
has excellent separation efficiency on quartz and apatite under natural pulp pH.
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The effects of LPDC concentration on the flotation artificially mixed minerals of quartz
and apatite at the natural pulp pH were investigated; the results are displayed in Figure 7.
It can be seen from Figure 7 that at an LPDC concentration from 10 mg/L to 30 mg/L,
the recovery of apatite gradually decreased while its grade gradually increased, due to
some of the apatite being entrained and floated out during the collecting of the quartz.
When the LPDC concentration was at 25 mg/L, the apatite recovery reached 95.45%,
and the grade of the apatite concentrate was 38.94%. Continuing to increase the LPDC
concentration not only decreased the grade of apatite but also decreased its recovery. So, it
can be conducted that the optimal concentration of LPDC for separating apatite and quartz
artificially mixed mineral is 25 mg/L. The LPDC has the potential to become an effective
collector for apatite desilication.

3.4. FTIR Analysis

FTIR can be used to determine the functional groups of substances by their character-
istic peaks [40]. The FTIR can not only investigate and analyze the structure of compounds,
but also can be used in the field of flotation to analyze and study the adsorption mechanism
between flotation reagent and mineral surface. The FTIR spectra of quartz and apatite
before and after treatment with LPDC at the natural pulp pH are shown in Figure 8.

The FTIR spectra were resolved according to the standard database and the previous
literature. As shown in Figure 8a, in the quartz FTIR spectrum, the peak around 1082 cm−1

was due to the asymmetrical stretching vibration of Si-O-Si; the peaks as 778 cm−1 and
684 cm−1 were the symmetric stretching vibration of Si-O-Si, and the asymmetric bending
vibration of Si-O [25,41], respectively. After the reaction of quartz with LPDC, new charac-
teristic peaks could be seen on the FTIR spectrum of quartz. The strong and broad peak
around 3439 cm−1 corresponded to the characteristic peak of -OH stretching vibration,
which was maybe due to the formation of hydrogen bonds between the −OH of LPDC
and the quartz surface. The new peaks which appeared at 2924 cm−1 and 2853 cm−1 were
referred to the asymmetrical stretching vibration and the symmetric of −CH2-, respectively.
These results, along with the appearance of the new characteristic peaks in the quartz FTIR
curve, could be related to the adsorption process. According to previous studies [41,42], it
is assumed that physical adsorption and hydrogen bonding adsorption of LPDC may have
occurred on the quartz.
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For apatite, it can be seen in Figure 8b that the peaks around 1994 cm−1, 1042 cm−1

were the were asymmetrical stretching vibration of PO4
2−, and the peaks around 602 cm−1

and 574 cm−1 were the symmetrical stretching vibration of PO4
2−. A comparison of the

FTIR spectra of apatite before and after LPDC treatment showed that no new characteristic
peaks appeared on the FTIR curve of apatite after LPDC treatment, which indicated that
LPDC may not be strongly absorbed on the apatite surface.

3.5. Zeta Potential Measurements

In the case of minerals in contact with water, the transfer of charged electrons will occur
at the mineral surface, and cause the mineral surface to be charged [43]. The adsorption of
flotation reagents at the solid–liquid interface is often influenced by the electrical properties
of the particle surface, so the adsorption mechanism between the flotation reagent and the
mineral surface can be investigated according to the changes in the electrical properties
in the mineral surface. The zeta potential of quartz and apatite before and after treatment
with 25 mg/L LDPC under different pulp pHs are shown in Figure 9.
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As can be seen in Figure 9, under the same pulp pH environment, the zeta potentials
of quartz are more negative than those of apatite in the test range. The point of zero charges
(PZC) of quartz and apatite are 1.9 and 2.9, respectively [15,44], which is in accordance with
those previously reported. When the pulp pH increases, the zeta potential of both quartz
and apatite gradually decreases. It can be clearly seen that there is a significant shift in
the surface potential of quartz to a more negative zeta potential after the LPDC treatment;
however, the zeta potential of apatite only fluctuates in a small range and no regular shift
occurs. From the results, it can be conducted that the adsorption of LPDC is primarily on
the quartz surface.

3.6. XPS Analysis

XPS is an effective tool for detecting the elemental composition, content and chemical
state of the mineral surface. The XPS results of quartz before and after treatment with
LPDC under the natural-pulp-pH condition are listed in Table 1 and Figures 10 and 11.

Table 1. The atomic concentrations of the main elements on quartz and quartz treated with 25 mg/L
LPDC at natural pulp pH.

Sample
Atomic Concentration (%)

C 1s O 1s N 1s Si 2p

quartz 18.8 52.6 - 28.6
quartz + LPDC 22.2 49.7 2.9 27.2
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From Table 1, it can be seen that pure quartz only contains three elements of C (due to
the exposure of the samples to the air, carbon-containing contaminants were formed), O,
and Si. After treatment with LPDC, the relative atomic concentration of the representative
atoms on the quartz surface changed, where the N element was detected. As can be seen in
Figure 10, two N1s signals on the LPDC-treated quartz surface were observed at 402.3 eV
and 400.3 eV, which were assigned to N in the first anchored adsorption layer and the
higher (second, third, etc.) layers, respectively [45], and indicates that the adsorption of
LPDC occurred on the quartz surface.
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From Figure 11, peaks in the binding energy of 531.5 eV, 532.7 eV, and 534.3 eV on the
pure quartz surface were detected, which were attributed to the element O in Si-OH, and
Si-O-/Si-O-Si, respectively [24,45]. After LPDC treatment, the signals of the binding energy
of O1s had been changed to 533.0 eV, 533.4 eV, and 534.5 eV. These shifts indicated that
the adsorption of LPDC may have broken the original bonds and formed new hydrogen
bonds on the quartz surface. The negatively charged Si-O- on the quartz surface could be
combined with RNH4

+ of LPDC in the solution by electrostatic attraction. Furthermore,
the binding energy shifts of O1s are also affected by the hydrogen bond (Si-OH . . . N-R,
Si-O . . . HO-R) [34,46]. The XPS results were agreement with the results of the analysis
obtained by FTIR and zeta potential.

4. Conclusions

To overcome the challenge of poor solubility for conventional cationic collectors, a
novel hydroxyl-containing quaternary ammonium salt, N-(2-Hydroxyethyl)-N,N-dimethyl-
3-[(1-oxododecyl)amino]-1-propanaminium (LPDC), was synthesized and characterized,
then it was introduced into the apatite reverse flotation desilication system as the collector.
The mechanism of adsorption was studied by FTIR, zeta potential analyses, and XPS.

The FTIR 1HNMR and MS spectra confirmed that the molecular structure and satis-
factory purity of the synthesized product was achieved. The single mineral flotation tests
showed that LPDC has a better collecting ability for quartz than that of apatite, and exhibits
significant flotation differences. At the natural pulp pH and an LPDC concentration of 25
mg/L, an apatite concentrate with a P2O5 grade of 38.94% and recovery of 95.45% was
obtained from the artificially mixed minerals, which indicated the excellent separation per-
formance of LPDC. FTIR, zeta potential and XPS analyses demonstrated the adsorption of
LPDC on the quartz surface was mainly due to physical adsorption, especially electrostatic
force and hydrogen bonding.
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