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Abstract: Selective modulation of the surface properties of K-feldspar and fluorapatite is the key to
achieving efficient separation of the two. In this study, Decyldimethylammonium Chloride (DDAC)
was used as a novel collector to achieve flotation separation of K-feldspar and fluorapatite. The results
of flotation experiments showed that K-feldspar could be selectively floated when the concentration of
DDAC was 10 mg/L at pH=3.0, and the recovery of K-feldspar reached 97.07%, while the recovery of
fluorapatite was only 6.68%. Zeta potential test proved that the cationic collector DDAC could
selectively increase the surface potential of K-feldspar, and the increase of K-feldspar potential at DDAC
concentration of 30mg/L was 43.5 times that of fluorapatite. Infrared spectroscopy and XPS detection
revealed that DDAC selectively reacted with oxygen sites on the surface of K-feldspar and adsorbed on
the surface of K-feldspar through hydrogen bonding and electrostatic adsorption, but had no effect on
fluorapatite.
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1. Introduction

Fluorapatite (Cas(POs)sF) is an important phosphorus-containing mineral resource that plays a central
role in the phosphorus fertilizer and phosphorus chemical industries. As the primary raw material for
global agricultural phosphorus fertilizer production, it is crucial for promoting plant growth and
enhancing soil fertility (Hogen et al., 2024; Liu et al., 2025). Geological exploration data indicates that
over 70% of the identified fluorapatite ore deposits worldwide exhibit the coexistence of fluorapatite
and K-feldspar (K,O-Al,03-6510,) (Miao et al., 2024). K-feldspar is a key raw material for the glass and
ceramics industries (Garcia-ten et al., 2024; Xu et al.,, 2025;). In actual mining operations, the two
minerals often coexist as a composite ore. For example, in some mining areas in China, each 100 tons of
raw ore contains approximately 30-50 tons of fluorapatite and 20-40 tons of K-feldspar. Due to their
similar surface properties (Liu et al., 2024), separating them is challenging, and failure to do so severely
impacts product quality —residual K-feldspar in phosphate fertilizers reduces fertilizer efficacy, while
fluorapatite contamination in glass raw materials leads to decreased product strength. Therefore,
achieving efficient separation of the two is crucial for enhancing resource utilization and ensuring
industrial product quality.

In the flotation separation of K-feldspar and fluorapatite, relevant scholars have conducted research
on this topic. Chao et al. (2018) investigated the effect of BaCl, on K-feldspar flotation under natural pH
conditions using DDAC as the collector. The results showed that low BaCl, concentrations enhanced K-
feldspar floatability, while high concentrations significantly inhibited it. Larsen et al. (2019) developed
a selective flotation process to separate K-feldspar from albite. K-feldspar flotation was conducted in an
alkaline environment (pH 10.5-11.6) using NaOH as the modifier and nonionic Brij58 as the frother. The
flotation produced a K-feldspar concentrate with 14.3% K,O, 77% recovery, and a K;O/Na,O ratio of
10.4. Yi et al. (2023) investigated the effects and mechanisms of Al(IIl) and Fe(Ill) ions on K-feldspar
flotation efficiency in oleate collector systems. Al(IIl) and Fe(III) ions significantly improved K-feldspar
flotation recovery by modifying its surface charge, bonding properties, and adsorption behavior. Due
to the high cost and complexity of existing flotation techniques, developing a selective collector for K-
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feldspar is essential. This will improve flotation efficiency by introducing a cost-effective and
environmentally friendly collector.

DDAC is a typical quaternary ammonium salt-based cationic surfactant that combines high surface
activity with antimicrobial properties (Nowicka-Krawczyk etal., 2015; Hafidi et al., 2025) . Its molecular
structure comprises a long-chain alkyl hydrophobic end and a quaternary ammonium salt hydrophilic
end, conferring excellent interfacial adsorption capacity and water solubility. The molecular structure
of DDAC is illustrated in Fig. 1. It remains chemically stable under acidic to weakly alkaline conditions
and can strongly bind to negatively charged mineral surfaces or microbial cell membranes via
electrostatic interactions (Jiang et al., 2024). It is commonly used industrially as a broad-spectrum
antimicrobial agent, widely applied in water treatment, food processing, and healthcare fields, capable
of rapidly inactivating bacteria, fungi, and other microorganisms at low concentrations (Zhang et al.,
2025). In summary, DDAC, due to its low bioaccumulation, good degradability, and strong adsorption
properties toward minerals, can serve as a potential collector in the mineral processing field.
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Fig. 1 Molecular structure of DDAC

In this study, we first evaluated the effect of DDAC on mineral separation through flotation
experiment. Subsequently, we employed zeta potential measurements, Fourier transform infrared
spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS) to investigate the interaction
mechanisms between DDAC and the minerals.

2. Test materials and methods
2.1. Test material

The K-feldspar samples used in this experiment were sourced from the Haicheng area of Liaoning,
while the fluorapatite samples were obtained from the Dashiqiao area of Liaoning. The lump ore was
manually selected, crushed, and subjected to vibratory screening to ensure a homogeneous mixture of
powders. Finally, ore samples with a particle size between -74 +44 pm were prepared for subsequent
experimental studies. The prepared K-feldspar and fluorapatite samples underwent chemical multi-
element analysis and X-ray diffraction analysis. The results of the X-ray diffraction analysis are shown
in Fig. 2, and the results of the chemical multi-element analysis are presented in Table 1. According to
the test results, the purity of fluorapatite and K-feldspar reached 99.5% and 95%, respectively, meeting
the standards required for single-mineral flotation experiment. The chemically pure reagent DDAC
used in this study was provided by Shanghai MacLean Biochemical Technology Co., Ltd. During the
flotation experiment, deionized water was used throughout to ensure consistent water quality.
Additionally, hydrochloric acid and sodium hydroxide were employed as pH adjusters to maintain pH
stability during the experiment.

Table 1. Multi-element analysis of single mineral chemistry

Sample AbO; Si0y FerO; CaO MgO KO NayO TiO, Purity
K-feldspar 1695 66.62 019 0.09 006 15.01 056 0.03 95.02
Fluorapatite - 0.08 0.09 5286 0.03 0.01 0.09 - 99.55

2.2. Flotation experiment

In the single-mineral and binary mixed ore flotation experiments of K-feldspar and fluorapatite, 2 g of
ore sample was chosen for each experiment. The experiment was carried out using a hanging tank
flotation machine with a capacity of 30 ml. The slurry was agitated for 2 minutes at the start of the
experiment, followed by pH adjustment and collector addition in the order specified by the flotation
experiment procedure. The froth scraping process lasted for 3 minutes, and the flotation machine's
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rotational speed was set to 1800 rpm, with 20 ml of deionized water added. After the experiment, each
concentrate was dried and weighed. The flotation experiment flow is shown in Fig. 3.
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Fig. 2. The XRD analysis of mineral samples
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Fig. 3. Flotation experiment flow

2.3. Zeta potential test

The zeta potential of mineral particles was measured using a Malvern Zetasizer Nano ZS instrument
(Malvern, UK) to evaluate the impact of DDAC on the surface electrical properties of fluorapatite and
K-feldspar. Before the experiments, the mineral samples were ultrasonically dispersed to prevent
particle aggregation. The mineral suspensions were prepared as slurries with a solid-to-liquid ratio of
1:100, and the pH was adjusted to 3.0 to ensure stability. The changes in zeta potential on the mineral
surfaces were measured at different DDAC concentrations, with at least three replicate measurements
taken at each pH condition and averaged. The influence of DDAC on surface charge modification was
investigated using the electrophoretic light scattering (ELS) technique.

2.4. FTIR testing

FTIR analysis was conducted using a Nicolet iS50 spectrometer (Thermo Fisher, USA) to examine the
interaction between DDAC and surface functional groups of minerals. Before analysis, fluorapatite and
K-feldspar samples were dried at 105°C for 4 hours to eliminate surface moisture. The dried samples
were thoroughly mixed and ground with KBr at a 1:100 mass ratio, then pressed into 13 mm diameter
translucent pellets. FTIR spectra were acquired over a wavelength range of 4000-400 cm™ with a
resolution of 4 cm™, and 32 scans were accumulated for each sample to enhance the signal-to-noise
ratio. The adsorption mechanism of DDAC on fluorapatite and K-feldspar surfaces was elucidated
through systematic analysis of adsorption peak variations by comparing IR spectra before and after
DDAC treatment.
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2.5. XPS analysis

Thermo Scientific's VG ESCALAB 250Xi spectrometer was used to collect XPS spectra of samples before
and after treatment with flotation chemicals at precise pH values. To assure data accuracy, the C1s peak
at 284.80 eV was used as the internal binding energy scale for calibration. First, 2 g of the sample was
added to 20 mL of deionized water and processed using the preset flotation test protocol. After
treatment, the solid-liquid separation was achieved by centrifugation at 3000 rpm for 10 minutes. The
solid minerals were rinsed three times with deionized water and dried at 313K. The solid minerals were
then dried at a temperature of 277.65K (4.5 degrees Celsius). Finally, the dried solid minerals were
analyzed using XPS spectroscopy.

3. Experimental results
3.1. Single mineral floatability experiment

3.1.1 Effect of amine concentration on the flotation performance of single minerals

Fig. 4 shows the differential study of dodecyl amine (DDA) and octadecyl amine (ODA) concentrations
on the flotation of K-feldspar and fluorapatite.
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Fig. 4. The effect of DDA and ODA concentrations on the flotation performance of K-feldspar and fluorapatite

Fig. 4 demonstrates that when DDA and ODA are used as collectors, the flotation recovery of
fluorapatite and K-feldspar remain within the range of 80-85% across the tested concentration gradient,
with a recovery difference of less than 5% between the two minerals. This result indicates that traditional
amine-based collectors fail to achieve effective separation of the two minerals, thereby highlighting the
critical necessity of employing DDAC as a novel collector in this study.

3.1.2. Effect of pH on the floatability of single minerals

The concentration of DDAC was set at 30 mg/L, and the effect of pulp pH on the floatability of K-
feldspar and fluorapatite was investigated, the findings are given in Fig. 5.

As depicted in Fig. 5, DDAC demonstrates excellent collecting performance for K-feldspar across
various pH conditions, maintaining a stable recovery of approximately 96%. However, the recovery of
fluorapatite exhibits significant variations with changes in pH: within the pH range of 3.0 to 7.0, the
recovery of fluorapatite increases significantly from 6.68% to 70.42%. When the pH value further
increases from 7.0 to 11.0, the recovery gradually decreases to 38.04%. Comparative analysis reveals that
the largest difference in recovery between K-feldspar and fluorapatite occurs at pH 3.0, reaching 89.32%.
Therefore, pH 3.0 is determined as the optimal pH condition for the flotation separation of the two
minerals.

3.1.3. Effect of DDAC concentration on the floatability of single minerals

The effect of DDAC concentration on the floatability of K-feldspar and fluorapatite was investigated at
pH=3.0, and the experiment results are shown in Fig. 6.
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Fig. 5. Effect of pH on the floatability of K-feldspar and fluorapatite
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Fig. 6. Effect of DDAC concentration on the floatability of K-feldspar and fluorapatite

As shown in Fig. 6, when the concentration of DDAC is 10 mg/L, the recovery of K-feldspar is
86.45%. When the concentration of DDAC increases to 30 mg/L, the recovery of K-feldspar significantly
rises to 97.07%. Conversely, the recovery of fluorapatite exhibits a decreasing trend with the increase in
DDAC concentration. Specifically, when the concentration of DDAC is 10 mg/L, the recovery of
fluorapatite stands at 19.45%. However, when the concentration of DDAC increases to 30 mg/L, its
recovery drops significantly to 6.68%. Therefore, under the conditions of a DDAC concentration of 30
mg/L and a pulp pH of 3.0, the separation effect between K-feldspar (97.07%) and fluorapatite (6.68%)
is more pronounced.

3.2. Artificial mixed ore flotation separation experiment

To further enhance the flotation separation of fluorapatite and K-feldspar under different conditions,
an artificial mixed ore flotation separation experiment was conducted following the flotation
experiment process shown in Fig. 2. Table 2 shows an artificial mixed ore flotation experiment using a
total of 2.0 grams of minerals, with the mixed ore ratios of fluorapatite to potassium feldspar set at 7:3
and 1:1.

Table 2. Artificial mixed ore experiment results

. . e Grade /% Recovery /%
Mixed ore ratio Sample Productivity/ % POs AL, Floomapatite YK—fEIdspar
Fluorapatite : concentrate 43.89 69.12 0.96 82.81 4.97
K-feldspar =1:1 ore 100.00 21.93 8.47 100.00 100.00
Fluorapatite : concentrate 60.77 67.82 1.71 78.05 20.43

K-feldspar =7:3 ore 100.00 30.702 5.08 100.00 100.00
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As indicated in Table 2, under a 1:1 ratio, the grade of P,Os in the concentrate is 69.12%, the recovery
of fluorapatite is 82.81%, and the recovery of K-feldspar is merely 4.97%. When the ratio is adjusted to
7:3, the grade of P,Os in the concentrate drops to 67.82%, the recovery of fluorapatite increases to
78.05%, and the recovery of K-feldspar climbs to 20.43%. These findings reveal that, despite an upward
trend in the recovery of K-feldspar, DDAC still favors the flotation of fluorapatite. This verifies DDAC's
potential as an efficient collector for the selective separation of fluorapatite and K-feldspar.

3.3. Mechanism of action analysis
3.3.1. Zeta potential results

The interaction of flotation agents with mineral surfaces modifies their surface properties, consequently
affecting the flotation behavior of mineral particles (Yao, 2024). Zeta potential analysis has been
extensively employed in mineral flotation separation studies to investigate surface-agent interactions
(Hanetal., 2021; Luo et al., 2024; Teng et al., 2018). Fig. 7 presents the zeta potential measurement results
demonstrating the surface charge variations of fluorapatite and K-feldspar before and after exposure to
flotation reagents.
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Fig. 7. Zeta potential of mineral surfaces before and after DDAC at pH=3.0

As illustrated in Fig. 7, the Zeta potential test conducted under pH 3.0 conditions revealed that in
the absence of DDAC, the surface of fluorapatite exhibited a weak positive Zeta potential (+5.0 mV),
whereas the surface of K-feldspar displayed a strong negative Zeta potential (-22.5 mV). Upon the
addition of DDAC, the Zeta potential of fluorapatite slightly decreased to +4.2 mV. Conversely, due to
electrostatic attraction, positively charged DDAC tends to adsorb onto the negatively charged surface
of K-feldspar, leading to a significant positive shift in the Zeta potential of K-feldspar, reaching +12.3
mV. The surface potential of fluorapatite underwent only minor changes, indicating that DDAC
primarily adsorbed onto the surface of K-feldspar, with only a small amount adsorbed onto the surface
of fluorapatite. These results suggest that the synergistic effect of hydrogen bonding and electrostatic
adsorption facilitates the strong adsorption of DDAC on the surface of K-feldspar, thereby achieving
efficient separation between K-feldspar and fluorapatite.

3.3.2. FTIR results

Infrared spectroscopy serves an effective analytical tool for characterizing surface functional groups of
materials (Payerl et al., 2017; Tian et al., 2022; Cheng et al., 2024). By detecting infrared absorption peaks,
the vibrational modes of chemical bonds within molecules can be identified, thereby revealing the
interaction mechanisms between minerals and collectors (Wang et al., 2022). Since different chemical
bonds or functional groups exhibit characteristic absorption peaks within specific wavelength ranges,
this study systematically analyzed the chemical structural changes on the surfaces of fluorapatite and
K-feldspar before and after DDAC treatment using FTIR spectroscopy, aiming to investigate their
adsorption mechanisms (Fig. 8).
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Fig. 8. Infrared spectra of K-feldspar and fluorapatite before and after DDAC action

As summarized in Fig. 8, the main absorption peak of the infrared spectrum of fluorapatite remained
essentially unchanged before and after the addition of DDAC. Specifically, the characteristic absorption
peaks at 1093.01 cm™, 1040.89 cm™, 601.7 cm™, and 572.15 cm™ exhibited only minor shifts, with no
significant changes observed. In contrast, K-feldspar exhibited pronounced spectral changes after
DDAC treatment: two new absorption peaks emerged at 2920.37 cm™ and 2851.91 cm™, corresponding
to the symmetric and asymmetric stretching vibrations of the C-H bonds in the DDAC alkyl chain,
respectively. Simultaneously, the main absorption peaks of K-feldspar at 1010.02 cm™, 772.9 cm™, and
536.76 cm™* shifted significantly. The comparative analysis of infrared spectra revealed that the interface
interaction between K-feldspar and DDAC was significantly stronger than that in the fluorapatite-
DDAC system, further confirming DDAC's high selective adsorption capacity for K-feldspar.

3.3.3. XPS results

XPS is a highly efficient characterization technique that can be used to analyze the elemental
composition, chemical state, molecular structure, and surface content of material surfaces (Liu , 2024;
Moeini et al., 2023; Hu et al., 2024). In this study, the adsorption behavior of DDAC on the surface of
fluorapatite and K-feldspar was analyzed by XPS (Figs. 9 and 10), focusing on the full spectra of the
minerals before and after the treatment of DDAC, the changes in the elemental composition of the
surfaces, the binding energies, and their interactions with the oxygen centers (Figs. 11 and 12), thus
revealing the mechanism of the selective adsorption of DDAC on the surface of K-feldspar.

As shown in Fig. 9, the surface of K-feldspar without DDAC treatment primarily exhibited
characteristic peaks of K2p, Si2p, Al2p, Ols, and Cls. After DDAC treatment, a distinct N1s peak
emerged in the XPS spectrum, originating from the nitrogen element in the quaternary ammonium salt
ion [(C10H21)2N(CHs)]* present in DDAC, thus indicating successful adsorption of DDAC on the K-
feldspar surface. Conversely, the chemical composition of fluorapatite remained largely unchanged
before and after DDAC treatment. Its XPS spectra predominantly displayed characteristic peaks such
as Ca2p, P2p, Ols, and Cls, suggesting a weaker adsorption capacity of DDAC on the fluorapatite
surface.
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Fig. 9. Mineral X-ray photoelectron full spectrum of K-feldspar before and after DDAC action
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Fig. 10. Mineral X-ray photoelectron full spectrum of fluorapatite before and after DDAC action

Table 3 presents the variations in surface elemental composition of K-feldspar and fluorapatite
before and after DDAC treatment. Following treatment, the N1s concentration on the K-feldspar surface
increased to 0.81%, and the Cls content rose significantly from 26.10% to 40.46%. This increase aligns
with the adsorption behavior of the DDAC alkyl chain, indicating substantial adsorption of DDAC on
the K-feldspar surface. Concurrently, the decrease in Ols content likely results from the surface being
coated by organic molecules, thereby reducing oxygen exposure. In contrast, fluorapatite exhibited
minimal changes in surface composition post-DDAC treatment: the Cls concentration saw a slight
increase from 30.12% to 30.27%, no N1s signal was detected, and the Ols concentration remained largely
unchanged. These findings further corroborate the weak interaction between DDAC and fluorapatite.

Table 3. Comparison of binding energy and mineral surface element composition before to and following

DDAC activity
Sample ElerrTental content % (Binding energy /eV)
Kop Siop Abp Cls Ols Nils
K-feldspar 4.82 17.7 6.43 26.10 44.94
(293.15) (102.05) (73.75) (284.80) (531.23) 0
K-feldspar 2.59 15.65 5.04 40.46 35.04 0.81
+DDAC (292.42) (101.36) (73.19) (284.80) (530.83) (399.87)
Fluorapatite 0 2.78 0 30.12 51.20 0
(100.74) (284.80) (530.79)
Fluorapatite 0 2.73 0 30.27 51.08 0
+DDAC (100.62) (284.80) (530.80)

The Ols binding energy of fluorapatite and K-feldspar was analyzed, as shown in Figs. 11 and 12. The
results indicate that the Ols binding energy of K-feldspar significantly decreased from 531.23 eV to
530.83 eV after DDAC treatment, suggesting a strong interaction between the cationic quaternary
ammonium group of DDAC and the oxygen centers on the K-feldspar surface, which altered the
chemical environment of the oxygen atoms. In contrast, the Ols binding energy of fluorapatite remained
nearly unchanged before (530.79 eV) and after treatment (530.80 eV), demonstrating negligible
interaction between DDAC and the oxygen sites on the fluorapatite surface, and thus minimal surface
adsorption. These findings are consistent with the XPS full-spectrum data and elemental composition
analysis, further confirming the weak adsorption capacity of DDAC on the fluorapatite surface.

3.4. Modeling the separation of K-feldspar and fluorapatite

Based on experimental and mechanistic, the modeling of the separation of K-feldspar and fluorapatite
in the presence of a DDAC collector is shown in Fig. 13.

DDAC is a double-chain quaternary ammonium salt cationic surfactant. In solution, DDAC exists as
[(C10H21)2N(CHs)]?*.  Under acidic conditions, the Si-O functional groups on the K-feldspar surface
acquire a negative charge, enhancing their ability to adsorb cations. In contrast, the PO,*” groups in
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Fig. 13. Modeling the separation of K-feldspar and fluorapatite in the presence of DDAC collector

fluorapatite undergo protonation upon interaction with H* ions, leading to the release of Ca?" and
disruption of the surface charge balance, resulting in a net positive charge on the fluorapatite surface.
The positively charged DDAC selectively adsorbs onto the K-feldspar surface through hydrogen
bonding and electrostatic interactions, with its hydrophobic groups rendering the mineral surface
hydrophobic and promoting bubble attachment, thereby facilitating flotation. Conversely, fluorapatite,
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due to its strong hydrophilicity and minimal DDAC adsorption, sinks, enabling the effective separation
of the two minerals (Liu et al., 2017; Yao et al., 2025; Gao et al., 2024).

4. Conclusions

This systematic investigation elucidates the selective mechanism of DDAC as a collector for separating

fluorapatite from K-feldspar, yielding three principal findings:

1. Maximum differentiation in recovery (K-feldspar vs. fluorapatite) reached 82.6% under optimal
conditions (pH 3.0, 30 mg/L DDAC concentration), demonstrating DDAC's preferential affinity for
K-feldspar.

2. Surface potential analysis revealed a charge reversal on K-feldspar (from negative to positive)
through DDAC adsorption, mediated by combined electrostatic interactions and hydrogen bonding.
FTIR spectroscopy confirmed these interfacial interactions, while fluorapatite exhibited negligible
response under identical conditions.

3. XPS analysis identified specific oxygen site interactions on K-feldspar surfaces, providing electronic
structure evidence for DDAC's selective adsorption behavior. No comparable binding sites were
detected on fluorapatite.
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