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Abstract 

To address the challenge of separating fine-grained apatite from layered silicate gangue minerals 
(chlorite and biotite) in medium-low grade collophanite ores, this study systematically investigated 
the effect of carboxymethyl cellulose sodium (CMC-Na) as a selective depressant on flotation 
behavior of different particle size fractions and its underlying mechanism. Pure mineral and artificial 
mixed ore flotation experiments demonstrated that at pH 9 and collector dosage of 5 kg/t, CMC-Na 
enabled selective separation of apatite from gangue minerals, with optimal dosage showing 
significant particle size effects: for the -0.5+0.074 mm fraction, effective separation was achieved with 
collector alone; for the -0.074+0.023 mm fraction, the optimal CMC-Na dosage was 10~100 mg/L, 
yielding 87% apatite recovery for pure minerals and 41.8% recovery with 23.7% P2O5 grade for mixed 
ores; for the -0.023 mm fine fraction, the optimal dosage was 30~300 mg/L, achieving 24.8% recovery 
and 13.2% grade. Mechanism studies revealed that CMC-Na significantly enhanced the 
hydrophilicity of chlorite and biotite, enlarging their surface property differences with apatite. FTIR 
and XPS analyses indicated that CMC-Na adsorbed on biotite via ion exchange with interlayer K+ 
and coordination with octahedral Fe2+/Mg2+, and on chlorite through chemical coordination with 
octahedral Mg2+, whereas only weak physical adsorption occurred on apatite surface Ca2+. The 
adsorption strength followed the order: biotite > chlorite > apatite. This study provides an effective 
reagent scheme and theoretical basis for flotation separation of fine-grained phosphate ores. 

Keywords: carboxymethyl cellulose sodium; apatite; chlorite; biotite; depressant; particle size effect 
 

1. Introduction 

China possesses abundant phosphate rock resources; however, approximately 80% of these 
reserves consist of medium-low grade collophanite (sedimentary phosphorite). With the continuous 
exploitation of mineral resources, high-grade and easily beneficiated phosphate ore reserves have 
been sharply depleted. The characteristics of phosphate ores have gradually deteriorated, exhibiting 
declining grades, fine dissemination particle sizes [1], and complex intergrowth relationships [2–4], 
thereby intensifying the flotation difficulties of medium-low grade phosphate ores. Chlorite and 
biotite are typical magnesium-, iron-, and aluminum-bearing layered silicate gangue minerals in 
phosphate ores. They readily slime, triggering complex interactive effects such as mutual adhesion 
and coating among minerals, which adversely affect flotation performance [5–7]. Conventional 
depressants such as sodium silicate demonstrate poor selectivity toward these minerals, require high 
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dosages, and often cause difficulties in tailings seĴling [8,9]. Therefore, developing highly efficient 
and selective depressants targeting the structural characteristics of layered silicates and optimizing 
flotation separation processes represent critical research directions for achieving quality 
improvement and impurity reduction in phosphate concentrates, as well as ensuring the sustainable 
development of the phosphate chemical industry [10,11]. 

Flotation is a commonly employed technique for separating apatite from gangue minerals 
[12,13]. However, traditional flotation processes often encounter challenges when treating such ores, 
including low separation efficiency, high reagent consumption, and unsatisfactory concentrate 
grades. These problems largely stem from the significantly different flotation behaviors of minerals 
across various particle size fractions: coarse particles tend to detach from bubble surfaces due to their 
greater mass, while fine particles are prone to non-selective coating, severely interfering with the 
separation process [14–16]. Studies have shown that pre-classification of feed ore, directing different 
size fractions into appropriate reagent regimes and flotation circuits, can effectively mitigate 
interferences between particle sizes [17]. Consequently, classified flotation technology can 
substantially enhance overall flotation performance, reduce reagent consumption, and lower 
production costs, garnering increasing aĴention in the separation of high-ash difficult-to-float coal 
slimes and complex polymetallic ores [18–20]. 

Carboxymethyl cellulose sodium (CMC-Na), an anionic polysaccharide polymer, exhibits strong 
water solubility, abundant hydroxyl and carboxyl functional groups, and environmentally friendly 
characteristics, demonstrating potential application value in mineral flotation separation [21–24]. 
Research indicates that CMC-Na can adsorb onto mineral surfaces through hydrogen bonding, 
electrostatic interaction, and hydrophobic association, thereby altering surface hydrophilicity and 
effectively and selectively depressing certain gangue minerals [25–27]. 

In this study, CMC-Na was selected as the depressant, combined with a mixed collector system 
comprising sodium oleate, oxidized paraffin soap, and faĴy acid methyl ester sulfonate. Through 
pure mineral and artificial mixed ore flotation experiments, the influence of CMC-Na on the classified 
flotation behavior of apatite, chlorite, and biotite was systematically investigated. Furthermore, 
modern characterization techniques including contact angle measurement, Zeta potential analysis, 
Fourier transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS) were 
comprehensively employed to elucidate the adsorption mechanism of CMC-Na on the three mineral 
surfaces. 

2. Materials and Methods 

2.1. Test Samples and Reagents 

The pure mineral samples of apatite, chlorite, and biotite used in this study were obtained from 
Lianyungang, Jiangsu Province, China. High-crystallinity ore blocks were selected, crushed, 
manually sorted to remove impurities, and ground. Wet sieving with standard screens was then 
conducted to obtain four size fractions: +0.5 mm, 0.5–0.074 mm, 0.074–0.023 mm, and −0.023 mm. The 
coarse +0.5 mm fraction was reserved for future use, while the remaining three fractions were 
employed for subsequent flotation tests. Artificial mixed ore samples were prepared by mixing pure 
apatite, pure chlorite, and pure biotite at a mass ratio of 1:1:1. 

X-ray fluorescence spectroscopy (XRF) and X-ray diffraction (XRD) were used to analyze the 
chemical composition and mineralogical phases of the pure apatite and calcite minerals. The results 
are presented in Tables 1–3 and Figure 1. The analyses indicated that the apatite was fluorapatite with 
a calculated purity of 96%; the chlorite sample had a calculated purity of 95%; and the biotite sample 
achieved a calculated purity of 98%. The XRD paĴerns showed only characteristic diffraction peaks 
of apatite, chlorite, and biotite, with no diffraction peaks from other impurity minerals detected, 
confirming that the sample purities met the requirements for pure mineral flotation experiments. 

Sodium oleate (analytical grade, ≥98% purity, Tianjin Huasheng Chemical Reagent Co., Ltd., 
Tianjin, China), oxidized paraffin soap (analytical grade, mixture without single purity value, quality 
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conforming to manufacturer's analytical grade specifications, Guangdong Yuanfeng Chemical 
Reagent Co., Ltd., Guangdong, China), and sodium faĴy acid methyl ester sulfonate (industrial 
grade, 85% purity, Shanghai Macklin Biochemical Co., Ltd., Shanghai, China) were mixed in certain 
proportions to prepare the collector for apatite flotation. CMC-Na (analytical grade, ≥95% purity, 
Tianjin Kemiou Chemical Reagent Co., Ltd., Tianjin, China) was used as the depressant for apatite 
flotation. Deionized water with resistivity greater than 18.2 MΩ·cm was used for all test solution 
preparation and flotation processes. 

Table 1. Chemical composition analysis of pure apatite. 

Name CaO P2O5 F SiO2 SO3 Fe2O3 SrO MgO MnO 
Content 56.51 38.58 1.53 1.10 0.85 0.09 0.07 0.04 0.04 

Table 2. Chemical composition analysis of pure chlorite. 

Name SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O MnO TiO2 
Content 32.54 18.32 9.91 26.87 1.82 0.14 0.01 0.06 0.33 

Table 3. Chemical composition analysis of pure biotite. 

Name IL Al2O3 SiO2 Fe2O3 CaO MgO K2O Na2O TiO2 
Content 2.06 17.10 40.72 13.95 0.18 15.88 8.82 0.10 0.89 

 

  

(a) (b) 

 
(c) 

Figure 1. XRD paĴerns of apatite, chlorite, and biotite:(a) Apatite; (b)Chlorite;(c)Biotite. 
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2.2. Experimental Methods 

2.2.1. Single Mineral Flotation Tests 

The flotation separation tests of apatite from gangue minerals (chlorite and biotite) were divided 
into pure mineral flotation tests and artificial mixed ore flotation tests. Both were conducted in a 50 
mL hanging trough flotation cell following identical experimental procedures. 

The experimental procedure was as follows: (1) Accurately weigh 2.0 g of sample and mix with 
40 mL deionized water in the flotation cell. (2) Set the flotation machine speed to 1992 rpm and stir 
for 2 min. (3) Add dilute HCl or NaOH solution to adjust to the target pH value. (4) Stir for 2 min. (5) 
Add CMC-Na inhibitor solution according to the set concentration gradient. (6) Stir for 3 min. (7) 
Add the collector. (8) Stir for 3 min. (9) Conduct aeration and scrape the froth for 3 min. (10) Filter the 
froth product using quantitative filter paper and dry in an oven at 70°C. (11) Weigh the obtained 
concentrate and calculate the yield and recovery. (12) For artificial mixed ore tests, the concentrate 
product was further subjected to P₂O₅ grade analysis. 

2.2.2. Reagent Mechanism Detection and Analysis 

(1) Contact Angle Measurement 
An appropriate amount of fully dried apatite and calcite powder was pressed into a flat and 

dense sheet sample under specific pressure and fixed on the sample stage of a contact angle 
measuring instrument. The three-dimensional platform was precisely adjusted to ensure that the 
sample surface was horizontal and parallel to the optical axis of the lens. Approximately 2 µL of 
ultrapure water droplet was deposited on the sample surface using a micro-injection unit. The droplet 
morphology was recorded in real-time through a high-speed camera system, and the static contact 
angle value was calculated by fiĴing with the Young-Laplace equation [28,29]. 

(2) Zeta Potential Measurement 
Zeta potential was measured using a Zeta potential analyzer. 1.0 g of pure mineral sample with 

particle size of −0.023 mm was weighed and placed in a beaker, and 20 mL of ultrapure water was 
added. The sample was fully dispersed by magnetic stirring. The pulp pH was precisely adjusted to 
7, 8, 9, 10, 11, and 12 using dilute HCl or NaOH solution. At each preset pH point, the pulp was 
divided into two equal portions: one as a blank control and the other with a quantitative amount of 
inhibitor solution added. Both groups of samples were continuously stirred for 20 min to ensure full 
interaction between the reagent and minerals, then centrifuged to obtain the supernatant for Zeta 
potential measurement [30]. 

(3) Fourier Transform Infrared Spectroscopy (FTIR) Detection 
1.0 g of pure mineral sample with particle size of −0.023 mm was weighed and placed in a beaker 

containing 20 mL of ultrapure water, dispersed by magnetic stirring. A quantitative amount of 
inhibitor solution was added to the pulp and stirred for an additional 20 min. After the reaction was 
completed, the pulp was filtered using medium-speed quantitative filter paper. The obtained filter 
cake was thoroughly dried in a constant temperature oven at 105°C. The dried sample was fully 
ground and mixed with spectroscopically pure potassium bromide (KBr) at a mass ratio of 1:100 in 
an agate mortar, then pressed into a transparent thin sheet. Finally, the Fourier transform infrared 
spectrometer was used to collect infrared spectra in the wavelength range of 4000–400 cm⁻¹ in 
transmission mode. 

(4) X-ray Photoelectron Spectroscopy (XPS) Detection 
Pure mineral samples of apatite, chlorite, and biotite treated with and without inhibitor were 

selected for surface elemental composition and chemical state analysis using an X-ray photoelectron 
spectrometer. The collected high-resolution spectra of C 1s, Ca 2p, Mg 1s, K 2p, and other elements 
were subjected to peak fiĴing processing using the instrument's supporting Avantage software to 
analyze the adsorption mechanism of the inhibitor on the mineral surfaces. 
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3. Results and Discussion 

3.1. Flotation Tests 

3.1.1. Collector Dosage Tests 

Flotation separation of three minerals with different particle sizes was conducted at natural pH, 
and the results are shown in Figures 2, 3, and 4: 

 

Figure 2. Effect of collector dosage on flotation performance of different particle size fractions of apatite. 

 

Figure 3. Effect of collector dosage on flotation performance of different particle size fractions of chlorite. 
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Figure 4. Effect of collector dosage on flotation performance of different particle size fractions of biotite. 

As shown in Figure 2, the flotation behavior of apatite varies across different particle size 
fractions: the coarse fraction (+0.074 mm) maintains consistently high recoveries of 93%–95%, 
essentially unaffected by collector dosage; the medium-fine fraction (−0.074+0.023 mm) shows a 
positive correlation between recovery and dosage, reaching a peak of 80% at 5 kg/t; the fine fraction 
(−0.023 mm) maintains a stable recovery of 33% within the 5–7.5 kg/t range. As illustrated in Figures 
2 and 3, the recovery of the gangue mineral chlorite decreases with increasing reagent dosage across 
all size fractions, while biotite recovery shows a slight increase with dosage but remains below 60%. 
Considering the recovery efficiency of the target mineral, the depression effect on gangue minerals, 
and economic costs, the optimal collector dosage was determined to be 5 kg/t, which achieves efficient 
selective recovery of apatite while maintaining production economy. 

3.1.2. pH Determination 

The effect of different pH values on mineral flotation was investigated under pH 5–11 
conditions, and the results are shown in Figures 5, 6, and 7. 

 
Figure 5. Effect of pH on flotation performance of different particle size fractions of apatite. 
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Figure 6. Effect of pH on flotation performance of different particle size fractions of  chlorite. 

 

Figure 7. Effect of pH on flotation performance of different particle size fractions of biotite. 

As shown in Figures 5, 6, and 7, in neutral or weakly alkaline environments, the recovery of 
+0.074 mm fraction apatite remains consistently stable at a high level above 95%, while the recoveries 
of gangue minerals chlorite and biotite are maintained at relatively low levels, with chlorite recovery 
ranging between 8% and 14%, and biotite recovery between 19% and 28%. This significant difference 
in recovery rates enables effective separation of the target mineral from gangue minerals in this size 
fraction without the need for additional depressants. Therefore, subsequent experiments on 
depressants and dispersants will focus on the −0.074+0.023 mm and −0.023 mm size fractions. 

A pulp pH of 9 achieves optimal selective separation. This condition ensures effective recovery 
of apatite while maximizing the depression of gangue minerals. 

3.1.3. CMC-Na Dosage Tests 

Under the conditions of pH 9 and collector dosage of 5 kg/t, the flotation test results of 
−0.074+0.023 mm and −0.023 mm fractions of apatite, chlorite, and biotite at different CMC-Na 
dosages are shown in Figures 8 and 9. 
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Figure 8. Effect of CMC-Na on floatability of −0.074+0.023 mm frraction apatite, chlorite, and biotite. 

 
Figure 9. Effect of CMC-Na on floatability of −0.023 mm frraction apatite, chlorite, and biotite. 

As shown in Figure 8, for the −0.074+0.023 mm size fraction of the three minerals, a low CMC-
Na dosage (10 mg/L) is most favorable for apatite flotation, with the highest recovery reaching 87%, 
followed by a slight decrease and stabilization at approximately 74% with increasing dosage. The 
recovery of chlorite first decreases and then increases, reaching a minimum of 65% at 10 mg/L, and 
then slowly recovering to approximately 70%. Biotite exhibits the poorest floatability, with recovery 
gradually increasing from 26% to 41% as reagent dosage increases. Overall, the optimal separation of 
the three minerals is achieved at a CMC-Na dosage of 10 mg/L.  

As shown in Figure 9, for the −0.023 mm size fraction, significant differences in recovery between 
apatite and chlorite/biotite are observed at lower CMC-Na concentrations. Apatite recovery remains 
stable at approximately 66% in the 20–50 mg/L range, then rises to 76% before declining to 71%. 
Chlorite recovery remains stable at approximately 30% in the 20–100 mg/L range, and then 
significantly increases to 50% with further increase in reagent dosage. Biotite recovery shows a "first 
increase then decrease" trend, briefly declining at 50 mg/L before recovering, reaching a peak at 100 
mg/L, and subsequently decreasing. Considering separation efficiency and economy, the optimal 
CMC-Na dosage was determined to be 30 mg/L.  

Pure mineral tests indicate that the selective depression capability of CMC-Na on chlorite, biotite, 
and apatite is related not only to particle size but also to dosage. 
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3.1.4. Artificial Mixed Mineral Tests 

Under the conditions of pH 9 and collector dosage of 5 kg/t, the effect of CMC-Na dosage on the 
separation of different particle size fractions of apatite from chlorite and biotite (mixed at a mass ratio 
of 1:1:1) was further investigated, and the results are shown in Figures 10 and 11. 

 

Figure 10. Effect of CMC-Na on mixed flotation of −0.074+0.023 mm fraction apatite, chlorite, and biotite. 

 

Figure 11. Effect of CMC-Na on mixed flotation of −0.023 mm fraction apatite, chlorite, and biotite. 

As shown in Figure 10, CMC-Na dosage has a significant effect on the flotation performance of 
different particle size fractions of apatite. For the −0.074+0.023 mm size fraction, recovery reaches a 
peak of 41.8% at 100 mg/L, while the grade continues to decline. Considering both factors, 100 mg/L 
was determined as the optimal dosage, where recovery and grade (23.7%) are most balanced. As 
shown in Figure 11, for the −0.023 mm fine size fraction, recovery is highest (24.8%) at 300 mg/L, 
while the grade is highest (13.4%) at 10 mg/L; however, the comprehensive index is optimal at 300 
mg/L (recovery 24.8%, grade 13.2%). At low dosages, CMC-Na preferentially depresses gangue 
minerals, enhancing selectivity; at high dosages, it adsorbs onto the apatite surface, depressing its 
floatability and resulting in decreased recovery and grade. 
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3.2. Mechanism Analysis 

3.2.1. Contact Angle Measurements 

The surface contact angle measurement results of apatite, chlorite, and biotite after interaction 
with reagents are shown in Figures 12, 13, and 14. 

(a) (b) 

Figure 12. Contact angle of apatite before and after CMC-Na interaction: (a) Apatite+Collector; (b) 
Apatite+CMC-Na+Collector. 

(a) (b) 

Figure 13. Contact angle of chlorite before and after CMC-Na interaction: (a) Chlorite+Collector; (b) 
Chlorite+CMC-Na+Collector. 

(a) (b) 

Figure 14. Contact angle of biotite before and after CMC-Na interaction: (a) Biotite+Collector; (b) Biotite+CMC-
Na+Collector. 

As shown in Figure 12, after the addition of the depressant CMC-Na, the target mineral apatite 
maintains strong floatability despite a slight decrease in hydrophobicity (contact angle from 85.7° to 
75.3°). As shown in Figures 13 and 14, the gangue minerals are significantly depressed, with the 
contact angles of chlorite and biotite decreasing to 62.9° and 27.0°, respectively, indicating 
substantially enhanced hydrophilicity. The reagent regime effectively enlarges the weĴability 
difference between apatite and gangue minerals (particularly biotite), providing the essential surface 
property basis for preferential flotation separation of apatite. 

3.2.2. Zeta Potential Analysis 

The Zeta potential variation curves of apatite, chlorite, and biotite with pH before and after 
interaction with CMC-Na are shown in Figures 15, 16, and 17. 
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Figure 15. Zeta potential of apatite before and after CMC-Na interaction. 

 
Figure 16. Zeta potential of chlorite before and after CMC-Na interaction. 

 
Figure 17. Zeta potential of biotite before and after CMC-Na interaction. 

Figures 15, 16, and 17 show that the adsorption strength of CMC-Na follows the order: biotite > 
chlorite > apatite, with negative shifts of −9.5, −7.5, and −6.0 mV, respectively, confirming its stronger 
adsorption on gangue minerals. Biotite exhibits continuous strong adsorption in the pH 9–12 range 
due to interlayer K⁺ exchange and surface coordination; chlorite reaches its adsorption peak at pH 10; 
while apatite shows weakened adsorption after pH 8. The pH 9–10 range represents the optimal 
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separation window, where the maximum potential difference between gangue minerals and apatite 
enables selective depression. 

3.2.3. FTIR Analysis 

FTIR detection was performed on apatite, chlorite, and biotite before and after CMC-Na 
treatment, and the results are shown in Figures 18, 19, and 20. 

 

Figure 18. FTIR spectra of apatite before and after CMC-Na interaction. 

 

Figure 19. FTIR spectra of chlorite before and after CMC-Na interaction. 

 

Figure 20. FTIR spectra of biotite before and after CMC-Na interaction. 
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Figures 18, 19, and 20 confirm that the adsorption strength of CMC-Na on the three minerals 
follows the order: biotite > chlorite > apatite. The characteristic C=O stretching peak of the carboxylate 
group in CMC-Na (~1621 cm⁻¹) consistently shifts to higher wavenumbers (to ~1646–1647 cm⁻¹) after 
mixing, indicating coordination between the carboxyl groups and metal ions on the mineral surfaces. 
Biotite exhibits the strongest 1646 cm⁻¹ carboxyl peak and 679 cm⁻¹ Fe-O shift, suggesting interlayer 
exchange and Fe²⁺ coordination. Chlorite shows moderate enhancement at 1646 cm⁻¹ but weak CMC 
fingerprint peaks, indicating parallel orientation adsorption. Apatite shows only faint carboxyl peaks 
with absent C-H characteristics, confirming weak adsorption. 

3.2.4. XPS Analysis 

XPS detection was performed on apatite, chlorite, and biotite before and after CMC-Na 
treatment. 

(1) The XPS survey spectra of apatite, chlorite, and biotite surfaces before and after CMC-Na 
interaction are shown in Figures 21, 22, and 23. 

 

Figure 21. XPS survey spectra of apatite surface before and after CMC-Na interaction. 

 

Figure 22. XPS survey spectra of chlorite surface before and after CMC-Na interaction. 
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Figure 23. XPS survey spectra of biotite surface before and after CMC-Na interaction. 

Figures 21, 22, and 23 indicate that CMC-Na coordinates with metal ions on mineral surfaces 
through its carboxyl groups (−COO⁻) and forms hydrogen bonds through hydroxyl groups (−OH), 
thereby effectively coating the surfaces of all three minerals. This is directly reflected in the significant 
enhancement of carbon (C) signals in the XPS spectra. This process is a surface interaction that does 
not disrupt the bulk crystal structure of the minerals. Additionally, new nitrogen (N) signals were 
detected in some complexes by XPS, providing new clues for revealing deeper interaction 
mechanisms. 

(2) Figure 24 presents the peak-fiĴing results of high-resolution C 1s spectra of the three minerals 
before and after CMC-Na treatment. 

  

(a) (b) 

  
(c) (d) 
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(e) (f) 

Figure 24. Peak fiĴing of C 1s spectra of mineral surfaces before and after CMC-Na interaction: (a) Apatite C 1s; 
(b) Apatite+CMC-Na C 1s; (c) Chlorite C 1s; (d) Chlorite+CMC-Na C 1s; (e) Biotite C 1s; (f) Biotite+CMC-Na C 
1s. 

Comprehensive analysis of FTIR spectra, XPS survey spectra, and high-resolution C 1s spectra 
indicates that CMC-Na undergoes specific coordination with metal ions on mineral surfaces through 
its carboxyl groups (−COO⁻), with its macromolecular chains forming effective coating layers on the 
mineral surfaces. This process is a surface interaction that does not disrupt the bulk structure of the 
minerals. Apatite shows weak C signals with slight COO⁻ peak shift, indicating no strong interaction 
with CMC-Na. Chlorite exhibits negative COO⁻ peak shift, suggesting −COO⁻ coordination with Mg2+ 
and alteration of electron cloud density. Biotite shows slight positive −COO⁻ shift, indicating 
interlayer K+ exchange with Na+. 

(3) The apatite surface is rich in Ca2+, which exhibits strong chemisorption interaction with CMC-
Na. Figure 25 presents the peak-fiĴing results of high-resolution Ca 2p spectra of apatite before and 
after CMC-Na treatment. 

  

(a) (b) 

Figure 25. Peak fiĴing of Ca 2p spectra of apatite surface before and after CMC-Na interaction: (a) Apatite Ca 2p 
; (b) Apatite+CMC-Na Ca 2p. 

As shown in Figure 25, no significant changes are observed in the Ca 2p₃/₂ (347.42 eV → 347.41 
eV) and Ca 2p₁/₂ (350.96 eV → 350.94 eV) peak positions before and after CMC-Na interaction, with 
the spin-orbit spliĴing energy maintained at 3.54 eV. This indicates that CMC-Na does not form 
chemical coordination bonds with laĴice Ca2+ on the apatite surface, but only adsorbs through weak 
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physical interaction. This constitutes the structural basis for the weaker depressing effect of CMC-Na 
on apatite compared to gangue minerals. 

(4) Chlorite is a magnesium-bearing layered silicate mineral. CMC-Na can adsorb through 
interaction with Mg2+ in the interlayer or at edges, resulting in negative shift of the Mg 1s peak. Figure 
26 presents the peak-fiĴing results of high-resolution Mg 1s spectra of chlorite before and after CMC-
Na treatment. 

  
(a) (b) 

Figure 26. Peak fiĴing of Mg 1s spectra of chlorite surface before and after CMC-Na interaction: (a) Chlorite Mg 
1s ; (b) Chlorite+CMC-Na Mg 1s. 

As shown in Figure 26, the binding energy of Mg 1s in chlorite decreases from 1303.66 eV to 
1303.38 eV after CMC-Na interaction, with a negative shift of 0.28 eV, confirming the formation of 
chemical coordination bonds between the carboxyl groups of CMC and Mg2+ in the octahedral layer. 
In contrast to the unchanged Ca 2p of apatite, this demonstrates the selective chemisorption of CMC-
Na on gangue minerals; however, the small contact angle change suggests parallel orientation of 
CMC, resulting in lower hydrophobic competition efficiency. 

(5) Biotite is a potassium-bearing layered silicate mineral. The interlayer K⁺ ions are highly 
active. Figure 27 presents the peak-fiĴing results of high-resolution K 2p spectra of biotite before and 
after CMC-Na treatment. 

  
(a) (b) 

Figure 27. Peak fiĴing of K 2p spectra of biotite surface before and after CMC-Na interaction: (a) Biotite K 2p ; 
(b) Biotite+CMC-Na K 2p. 
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As shown in Figure 27, after CMC-Na interaction, the K 2p₃/₂ (292.89 → 292.64 eV) and K 2p₁/₂ 
(295.67 → 295.33 eV) peaks of biotite exhibit significant negative shifts, with the spin-orbit spliĴing 
energy decreasing from 2.78 eV to 2.69 eV. This confirms ion exchange between Na+ and interlayer 
K+ and the intercalation of CMC molecules into the interlayer space. 

The above results confirm that CMC-Na selectively adsorbs onto gangue mineral surfaces 
through chemical coordination (chlorite) and interlayer intercalation (biotite), while having 
negligible effect on the target mineral apatite, thereby achieving selective depression for flotation 
separation. 

4. Results 

This study focuses on the challenge of separating layered silicate minerals (chlorite and biotite) 
from fine-grained apatite flotation. Systematic pure mineral flotation tests, artificial mixed mineral 
flotation tests, and mechanism studies were conducted. The main conclusions are as follows: 

(1) Pure mineral and artificial mixed mineral flotation test results demonstrate that under the 
conditions of pH 9 and collector dosage of 5 kg/t, CMC-Na can effectively achieve selective separation 
of apatite from chlorite and biotite; however, the optimal depressing dosage exhibits a significant 
particle size effect. For the −0.5+0.074 mm size fraction, effective separation can be achieved with 
collector alone; for the −0.074+0.023 mm size fraction, 10–100 mg/L CMC-Na strongly depresses 
chlorite and biotite, with apatite recovery reaching 87%–41.8%; while for the −0.023 mm size fraction, 
effective separation requires 30–300 mg/L CMC-Na, where chlorite and biotite are strongly depressed 
and apatite recovery increases to 24.8%. 

(2) Mechanism studies confirm that the significantly different adsorption behaviors of CMC-Na 
on the three mineral surfaces constitute the fundamental reason for achieving selective depression. 
Contact angle measurements indicate that CMC-Na substantially enhances the hydrophilicity of 
gangue minerals, with the contact angle of chlorite decreasing from 66.5° to 62.9° and biotite from 
33.1° to 27.0°, whereas apatite only decreases from 85.7° to 75.3°, maintaining strong hydrophobicity. 
Zeta potential analysis shows that the adsorption strength of CMC-Na on gangue mineral surfaces is 
much greater than on apatite, with potential negative shifts following the order: biotite (−9.5 mV) > 
chlorite (−7.5 mV) > apatite (−4.0 mV). 

(3) FTIR and XPS analyses jointly confirm that CMC-Na adsorption on all three mineral surfaces 
is dominated by the —COO⁻ functional group. However, significant differences exist in adsorption 
strength and mechanism: on biotite surfaces, —COO⁻ undergoes ion exchange with interlayer K⁺ and 
coordinates with octahedral Fe²⁺/Mg²⁺, resulting in the strongest adsorption; on chlorite surfaces, —
COO⁻ forms chemical coordination bonds with octahedral Mg²⁺, showing moderate adsorption; while 
on apatite surfaces, the inherent laĴice Ca²⁺ interacts weakly with CMC-Na, primarily through weak 
physical adsorption. This differential adsorption ultimately leads to the excellent selective depression 
effect of CMC-Na on gangue minerals, providing an effective reagent regime and theoretical basis for 
fine-grained phosphate ore flotation separation.  
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