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Abstract

Fluorapatite is a typical phosphate rock resource. Fluorapatite tends to generate fine
mud agglomeration, which induces dehydration challenges owing to its inherently fine
particle size and negative surface charge. In this paper, phosphate tailings slurries from
a phosphate mine in Hubei Province, China, were selected as the research object, and
flocculation–dehydration experiments were conducted using anionic, cationic, and nonionic
polyacrylamide (PAM) flocculants. The results show that the maximum settling velocity
is 51 mm/s and the moisture content of filter cake is 41.54%, which were obtained when
the unit consumption of cationic flocculant with molecular weight 12 million was 1000 g/t.
The mechanism of sedimentation and dehydration was studied by infrared spectroscopy
and a particle size analyzer. The results showed that polyacrylamide was effectively
adsorbed on the mineral surface, and the size of flocs increased significantly. Finally, the
mechanism of sedimentation and dehydration was proposed. It has important guiding
significance for the efficient solid–liquid separation and water circulation of fluorapatite
mineral processing wastewater.

Keywords: fluorapatite; polyacrylamide; flocculation; dehydration; process mechanism;
solid–liquid separation

1. Introduction
Phosphate ore is a strategic mineral in China. China boasts abundant phosphate ore

reserves, ranking second worldwide in phosphate resource reserves. However, few high-
grade ores can be directly utilized, with the majority being low-grade collophane ore [1–4].
The high impurity content considerably complicates the beneficiation process, driving up
capital expenditure and the final production cost of commercial phosphate rock [5,6]. From
the perspectives of sustainable development, improving resource utilization efficiency,
reducing environmental pollution, and minimizing ecological damage, conducting research
on the efficient utilization of low-grade phosphorus resources is urgent. However, there are
many technical issues with its beneficiation process, including the settling of concentrate
and tailings [7–9]. To achieve good selection results, phosphate ore usually has high
requirements for grinding fineness. However, as the grinding particle size decreases, the
settling of concentrates and tailings becomes increasingly difficult. Usually, it is necessary
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to increase production capacity by adding thickening equipment or adding flocculants to
achieve more efficient sedimentation [10–12].

At present, the reagents used for flocculation and sedimentation of phosphate tailings
are mainly divided into three categories: inorganic flocculant, natural organic flocculant
and synthetic organic flocculant. Inorganic flocculants, such as polyaluminum chloride
and polyferric sulfate, have been used in early stages because of their low price and strong
charge neutralization ability. However, they have some defects, such as high dosage, loose
and fragile flocs, and poor dewatering performance, and they are easily influenced by
pulp pH and ion composition [13,14], so their application effect in fine-grained phosphate
tailings with a complex ion system is limited. Natural organic flocculants, including
chitosan, xanthan gum and flax seed-derived bioflocculants, are environmentally friendly
and biodegradable. Some studies have confirmed that they can achieve a certain particle
bridging effect in the flocculation of phosphate tailings [15–17], but these agents have some
problems such as high preparation cost, low flocculation efficiency and poor adaptability
to acidic pulp, which makes it difficult to meet the needs of industrial production for high
efficiency and low cost.

Synthesis of organic flocculants is the core direction of research and application of
phosphate tailings flocculation at present, among which a polyacrylamide (PAM) series has
become a research hotspot because of its controllable molecular chain, rich charge types
and strong bridging ability. According to the charge characteristics, PAM can be divided
into three types: cationic (CPAM), anionic (APAM) and nonionic (NPAM). Different types
of PAM with different molecular weights show significant differences in the flocculation
of phosphate tailings: NPAM relies on molecular chain bridging to achieve particle ag-
gregation but lacks the ability of charge neutralization, and its flocculation efficiency is
low in strongly negative phosphate tailings [18–22]; APAM can be bridged by complexing
anionic groups with metal ions in pulp, but its effect is easily affected by interfering ions
such as phosphate. CPAM can neutralize the negative charges on the surface of tailings
particles by electrostatic charge, which destroys its colloidal stability. At the same time,
CPAM can bridge the particles efficiently with the help of long molecular chains, showing
more excellent effects in the flocculation of phosphate tailings. The existing research has
confirmed the feasibility of PAM series reagents in the flocculation of phosphate rock tail-
ings, but most of the research focuses on the conventional phosphate rock tailings system.
The research on the compatibility and action mechanism of reagents in the complex ionic
environment of fine-grained phosphate tailings slurries is still insufficient, and there is
no systematic comparison of molecular weight, dosage and flocculation effect of different
types of PAM; the optimal PAM reagent system for fine-grained phosphate tailings slurries
has not been clarified.

This paper selected phosphate tailings from a mine in Yichang for experimental re-
search. Due to the fine particles and high mud content of the phosphate tailings, flocculation
and sedimentation tests were conducted using organic flocculants of different ion types
and molecular weights. This research explored the influence of organic flocculants on the
flocculation and sedimentation behavior of the phosphate ore. First of all, the polyacry-
lamide (PAM) flocculant used in this paper is a very conventional chemical in the field
of phosphate ore tailings dehydration, which constitutes the practical basis for the exper-
iments designed in this study. Specifically, the interaction between flocculant molecules
and mineral surfaces, the adsorption characteristics, and the bridging behavior of macro-
molecular flocculants were investigated. This study reveals the impact mechanism of these
flocculants on sedimentation, providing theoretical support and technical reference for the
further development of phosphate tailings thickening and dewatering technology.
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2. Materials and Methods
2.1. Materials and Reagents

The phosphorus flotation tailings slurry was collected from a phosphate ore plant in
Yichang City, Hubei Province. In this study, it is hereinafter referred to simply as phosphate
tailings slurry. The basic properties of the slurry are shown in the following figures and
tables. Figure 1 displays the XRD diffraction pattern of the phosphate tailings slurry, and
Table 1 presents the XRF analysis results. Figure 2 illustrates the laser particle size analysis
of the phosphate tailings slurry, and Figure 3 shows the process mineralogy analysis results.
Based on the XRD characteristic peaks and XRF results, the main gangue minerals in the
phosphate tailings slurry are dolomite (CaMg(CO3)2) and gypsum (CaSO4·2H2O), with
high contents of CaO and MgO, along with some fluorapatite and other minerals. Ca2+

and Mg2+ ions released from dolomite and gypsum directly alter the pulp water quality,
thereby impairing the sedimentation performance of the phosphate tailings slurry. The
results of water quality analysis showed that the phosphate slurry had a pH of 3.19, an
electrical conductivity of 12.98 mS/m, and a Zeta potential of −5.307 mV. Additionally,
the residual concentrations of the amine collector and flocculant in the supernatant were
0.46 g/L and 3.83 g/L, respectively. Residual organic agents will cause difficulties in the
subsequent dewatering and settlement of tailings.

Particle size analysis (Figure 2) reveals a relatively narrow particle size distribution for
the phosphate tailings slurry, with a D90 of 18.664 µm and a D50 of 3.700 µm. Fine-grained
minerals are predominant by a significant margin over coarse-grained ones, classifying this
slurry as a fine-grained phosphate tailings system.

Figure 1. XRD analysis of phosphorus tailings slurry.

Table 1. The chemical compositions of phosphorus tailings slurry.

Mineral Content (wt.%)

Phosphate
ore pulp

CaO MgO SiO2 A2O3 Fe2O3 P2O5 SO3 F K2O CO2 Other

32.78 15.73 6.82 5.12 1.41 4.89 0.12 0.32 0.21 32.32 0.28
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Figure 2. Particle size composition analysis of phosphorus tailings slurry.

 
Figure 3. Process mineralogy analysis results of phosphorus tailings slurry.

The process mineralogy analysis results in Figure 3 reveal that fluorapatite, dolomite,
gypsum, and quartz are the main mineral components of the phosphate tailings slurry.
Among them, fluorapatite accounts for 42.74%, while dolomite and gypsum account for
32.69% and 15.08%, respectively, which is generally consistent with the XRD and XRF
analysis results. In the phosphate tailings slurry, compared to fluorapatite, dolomite and
gypsum exhibit more complete monomer liberation. Their strong hydrophilicity is the
primary reason for the challenging sedimentation of the phosphate tailings slurry.

The chemical reagents used in this study are as follows: CPAM (Mw: 6 million;
12 million; Charge density: 2.76 mmol/g), APAM (Mw: 6 million; 12 million; Charge den-
sity: 2.49 mmol/g), and NPAM (Mw: 6 million; 12 million; Charge density: 0.22 mmol/g),
all serving as flocculants. The reagents were sourced from Shanghai Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). HCl and NaOH were used as pH adjusters, and
KCl (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China) was employed
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for Zeta potential measurements. All reagents were of analytical grade, and deionized
water (resistivity = 18.25 MΩ·cm) was used throughout the experiments.

2.2. Pulp Flocculation Sedimentation Test

The flocculants used in the experiment are mainly NPAM, CPAM, and APAM with
molecular weights of 6 million and 12 million. The core differences between non-ionic
polyacrylamide (NPAM), cationic polyacrylamide (CPAM), and anionic polyacrylamide
(APAM) are as follows: First of all, NPAM has no charged functional groups on its molecu-
lar chain, relying on amide groups for hydrophilicity; CPAM contains cationic functional
groups such as quaternary ammonium salts (ionicity: 30–50% in this experiment) and is pos-
itively charged overall; and APAM has anionic functional groups such as carboxyl/sulfonic
acid groups (hydrolysis degree: 20–30% in this experiment) and is negatively charged
in aqueous solutions. Secondly, NPAM mainly relies on the “bridging effect” to connect
particles via molecular chains; CPAM combines “charge neutralization + bridging”—its
positive charges neutralize the negative charges on tailings particles before aggregation;
and APAM achieves flocculation through “electrostatic repulsion regulation + bridging”,
stretching molecular chains to capture fine particles. So, NPAM is suitable for neutral water
and particles with weak charges, featuring strong stability but moderate efficiency; CPAM
is well-adapted to phosphate tailings slurries (negatively charged), offering high dehydra-
tion efficiency and low filter cake moisture content, and is widely used in phosphate ore
dehydration; and APAM is suitable for fine-particle systems but is prone to interference
from calcium and magnesium ions in ore pulp.

After thoroughly stirring the phosphate slurry with a mixer, 250 mL of the slurry
was transferred into a large-stoppered measuring cylinder. We weighed an appropriate
amount of PAM to prepare a 0.1% flocculant solution. The required dosage of flocculant
solution (500, 625, 750, 875, 1000, and 1125 g·t−1) was extracted using a syringe and
added to the measuring cylinder containing the phosphate slurry. To ensure thorough
mixing of the flocculant and slurry, the measuring cylinder was immediately inverted
rapidly 10 times. The measuring cylinder was placed on the table to begin the settling
experiment and a stopwatch was used to time it, recording the corresponding scale values
of the clear layer liquid level at different times. After settling for 5 min, we recorded the
corresponding scale values of the sediment layer and took a small amount of supernatant
with a pipette. The transmittance and absorbance of the supernatant were determined
using a spectrophotometer. Each group of experiments was repeated three times. After the
experiment, the average value of each parameter of each group of experiments was taken
to calculate the pulp settling speed. The specific formula is as follows:

V =
M∑B

i=A TiHi −
(

∑B
i=A Ti

)(
∑B

i=A Hi

)
M∑B

i=A T2
i −

(
∑B

i=A Ti

)2 × 6

V—clarifies the initial settling velocity of the interface, mm/s;
Ti—a certain cumulative moment, s;
Hi—corresponding to the cumulative descent distance of Ti clarification interface, mm;
A, B—select the starting and ending points for calculating settlement velocity, respectively;
M—accumulated number of points from A to B (M−B−A + 1).

2.3. ICP-OES Measurements

The elemental concentration analysis in the slurry was conducted using an Agilent
7800 MS instrument (Agilent, Santa Clara, CA, USA). For each test, 2 g of phosphate
tailings slurry was mixed with 100 mL of deionized water and stirred mechanically until

https://doi.org/10.3390/separations13040118

https://doi.org/10.3390/separations13040118


Separations 2026, 13, 118 6 of 22

homogeneous. After allowing the mixture to stand for 5 min, the supernatant from both the
sample without PAM and the sample with PAM was collected separately for centrifugation.
Following centrifugation, the supernatant was taken for ICP-OES measurement.

2.4. Particle Size Testing

The particle size distribution of the slurry was tested using a Malvern Mastersizer
3000 (Malvern Panalytical, Malvern, UK). The phosphate tailings slurry was first filtered
using a vacuum filter and then dried in an oven. A small amount of the dried sample was
placed in a beaker containing deionized water. The beaker was then positioned on the
dispersion unit stage of the laser particle size analyzer. The particle size of the sample was
analyzed by measuring the diffraction pattern generated when the laser beam within the
instrument irradiates the sample particles.

2.5. Floc Morphology Testing

The morphology of phosphorus tailings slurry particles and flocs was observed and
captured using a Nikon SMZ745T (Nikon Corporation, Tokyo, Japan) stereomicroscope.
Following the procedure described in the sedimentation test above, flocs from the compres-
sion layer were gently extracted with a specialized rubber-tip dropper (5 mm in diameter)
and placed on a custom-made stage. The sample was then diluted with water to ensure
uniform dispersion of the flocs. The morphology of slime flocs under different conditions
was observed and photographed under 10× and 20× objective lenses. For each reagent
condition, multiple samples were collected and photographed, with over 10 floc images
(containing no fewer than 80 flocs) obtained to ensure data representativeness.

2.6. Dynamic Characterization Test of Particle Size

The dynamic distribution of particle floc size was measured using a Particle Video
Microscope EasyViewer 100 (Mettler Toledo, Greifensee, Switzerland). For each measure-
ment, samples before and after reagent treatment were separately mixed and stirred with
deionized water. The stirring speed was initially set at 800 r/min for 2 min to ensure
thorough dispersion of the slurry and then adjusted to 300 r/min to promote the formation
of floc aggregates. Continuous monitoring was performed for 15 min under constant
stirring. Throughout the monitoring process, the PVM probe remained fully immersed in
the slurry solution.

2.7. Zeta Potential Testing

The surface potential of minerals was measured using a Malvern Zetasizer Nano ZS90
(Malvern Instrument, Malvern, UK). For each test, 20 mg of the sample was first mixed
with 50 mL of KCl solution (1 × 10−3 mol/L) in a beaker and stirred for 2 min. The pH of
the slurry was then adjusted within the range of 4–10. Corresponding reagents were added
according to the experimental conditions, followed by stirring and a 15 min settling period.
The supernatant in the beaker was subsequently removed for Zeta potential measurement.
Each experimental condition was tested three times, and the average of the results was
taken as the final value.

2.8. FTIR Testing

Infrared spectroscopy of the reagents and phosphate ore samples was performed using
a Thermo Scientific Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA). A 2 g ground phosphate ore sample was mixed with 60 mL of deionized water
in a beaker and stirred for 2 min. Corresponding reagents were then added according
to the experimental conditions, followed by additional stirring. The mixture was subse-
quently filtered and dried (in a constant-temperature vacuum dryer at 25 ◦C). The dried
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powder sample was mixed with pure KBr at a ratio of 1:100, and a pellet was prepared
using a hydraulic press. Infrared spectra were obtained in transmission mode, covering a
wavenumber range of 4000–400 cm−1 with a resolution of 2 cm−1.

3. Results and Discussion
3.1. Analysis of Complex Components of Pulp

Based on the analysis results of XRD, XRF, and process mineralogy of the samples,
the main minerals in the phosphate tailings slurry are dolomite, gypsum, and fluorap-
atite. The dissolved metal ions from partial dissolution on the surfaces of these minerals
directly influence the chemical properties of the ore slurry. Figures 4–6 present the solution
chemistry analysis results of ions dissolved from dolomite, gypsum, and fluorapatite in the
ore slurry, respectively. The initial ion concentration is set to 0.1 mol/L. Since the content
of F element in fluorapatite is relatively low, apatite was used to simplify the solution
chemistry calculation process. Figure 6 shows the slurry potential of the three minerals
under different pH conditions.

Chemical reaction and equilibrium constant of dolomite dissolution ions [23]:

CaMg(CO3)2 ⇌ Ca2+ + Mg2++2CO2−
3 pK = 19.35 (1)

Ca2++HCO−
3 ⇌ CaHCO+

3 pK = −0.87 (2)

CaHCO+
3 ⇌ H+ + CaCO3(aq) pK = 7.99 (3)

Ca2+ + (OH)− ⇌ Ca(OH)+ pK = −1.30 (4)

Ca(OH)+ + (OH)− ⇌ Ca(OH)2(s) pK = 1.30 (5)

Ca(OH)2(aq) ⇌ Ca(OH)2(s) pK = −5.10 (6)

Mg2+ + HCO−
3 ⇌ MgHCO+

3 pK = −1.16 (7)

MgHCO+
3 ⇌ H+ + MgCO3(aq) pK = 8.09 (8)

Mg2+ + (OH)− ⇌ Mg(OH)+ pK = −2.57 (9)

Mg(OH)+ + (OH)− ⇌ Mg(OH)2(s) pK = −8.48 (10)

Mg(OH)2(aq) ⇌ Mg(OH)2(s) pK = −2.67 (11)

CO2−
3 + H2O ⇌ HCO−

3 + OH− pK = 3.67 (12)

HCO−
3 + H2O ⇌ H2CO3 + OH− pK = 7.62 (13)

Dolomite (CaMg(CO3)2) is a typical carbonate mineral, and carbonate minerals gen-
erally exhibit high solubility. Ca2+, Mg2+, and CO3

2− in dolomite continuously dissolve

https://doi.org/10.3390/separations13040118

https://doi.org/10.3390/separations13040118


Separations 2026, 13, 118 8 of 22

into the ore slurry. As shown in Figure 5, the concentrations of CO3
2−, HCO3

−, CaOH+,
CaHCO3

+ and MgOH+ all increase with the rise in pH from 2 to 7 under acidic conditions,
while the concentration of MgHCO3

+ decreases. Ca2+ reacts with OH− generated by the
hydrolysis of CO3

2− in the solution to form a significant amount of CaOH(s) [24], which
leads to a decrease in the positive charge components in the ore slurry. The pH of the
phosphate tailings slurry used in this experiment is 3.19, which corresponds to a Zeta
potential of −8.07 mV for the dolomite slurry, as shown in Figure 6.

 

Figure 4. Solution chemical analysis of pulp.

Figure 5. Solution chemical analysis of gypsum.
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Figure 6. Solution chemical analysis of fluorapatite.

Chemical reaction and equilibrium constant of gypsum dissolution ions [25]:

CaSO4(aq) ⇌ Ca2+ + SO2−
4 pK = 4.61 (14)

Ca2+ + OH− ⇌ CaOH+ pK = −1.40 (15)

Ca2++2OH− ⇌ Ca(OH)2(aq) pK = −2.77 (16)

H+ + SO2−
4 ⇌ HSO−

4 pK = −1.92 (17)

In the dissolved ion components of gypsum (CaSO4·2H2O), the pH increases of Ca2+,
SO4

2−, and CaSO4(aq) remain basically stable. As the pH increases, the concentration of
HSO4

− gradually decreases, while the concentration of CaOH+ increases gradually. When
the pH is 3.19, HSO4

− is still the dominant component in the ore slurry, and the Zeta
potential of the gypsum ore slurry is −2.39 mV at this pH.

Chemical reaction and equilibrium constant of fluorapatite dissolved ions [26]:

Ca10(PO4)6(OH)2 ⇌ 10Ca2++6PO3−
4 +2OH− pK = −115.00 (18)

Ca2+ + HPO2−
4 ⇌ CaHPO4(aq) pK = 2.70 (19)

H+ + PO3−
4 ⇌ HPO2−

4 pK = 2.70 (20)

H+ + HPO2−
4 ⇌ H2PO−

4 pK = 7.20 (21)

H+ + H2PO−
4 ⇌ H3PO4 pK = 2.15 (22)

Ca2+ + H2PO−
4 ⇌ CaH2PO+

4 pK = 1.10 (23)
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Ca2+ + PO3−
4 ⇌ CaPO−

4 pK = 6.46 (24)

Ca2+ + HPO2−
4 ⇌ CaHPO4(aq) pK = 2.70 (25)

CaHPO4(aq) ⇌ CaHPO4(s) pK = 4.30 (26)

As shown in Figure 7, with the increase in pH, the concentrations of H3PO4, H2PO4
−,

and CaH2PO4
+ in the solution components of fluorapatite (Ca5[PO4]3F) gradually decrease,

while the concentrations of CaOH+ and PO4
3− gradually increase. At a pH of 3.19, the

primary solution components in the fluorapatite ore slurry are Ca2+, H2PO4
−, H3PO4,

CaPO4
−, and HPO4

2−, among others. These components determine that the Zeta potential
of the fluorapatite ore slurry tends to be negative, which is −10.21 mV.

 
Figure 7. Pulp potentials of three minerals under different pH conditions.

Combined with the chemical analysis results of three mineral solutions, it can be
seen that dolomite, gypsum and fluorapatite in phosphate ore pulp are mainly negative
components, and the whole solution demonstrates negative potential. It is inferred that
cationic flocculant has a good effect and can be effectively adsorbed on the surface of
fine-grained minerals at this time. With the increase in pH, the mineral hydroxylation
reaction is serious, and the pulp potential tends to be more negative.

3.2. Experimental Analysis of Pulp Flocculation and Sedimentation

In a beaker, prepare solutions of different types of flocculants with a mass fraction of
0.1%. Using a syringe, add the reagents to the phosphate tailings slurry according to the floc-
culant dosage standards of 500 g/t, 625 g/t, 750 g/t, 875 g/t, 1000 g/t, and 1125 g/t. Record
the demarcation line values of solid–liquid separation at different time points, and plot
sedimentation velocity graphs for different types of flocculants for comparative analysis.

Figure 8 shows the sedimentation characteristic curves of different types of polyacry-
lamide. Comparing the sedimentation velocities of flocculants with different molecular
weights of the same reagent, it can be observed that flocculants with higher molecular
weights within the same type have higher maximum sedimentation velocities than those
with lower molecular weights. As the reagent dosage increases, all three types of polyacry-
lamide exhibit a trend of sedimentation velocity initially increasing and then stabilizing.

https://doi.org/10.3390/separations13040118
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High reagent dosages do not significantly improve sedimentation velocity. Among them,
CPAM shows a noticeable improvement in sedimentation velocity only after the dosage
reaches 1000 g/t.

Figure 8. Analysis of sedimentation characteristics of phosphorus tailings pulp under different types
of flocculants. (The inset represents the sedimentation rate in the first 5 s).

The superior sedimentation performance of CPAM and APAM compared with NPAM
can be ascribed to their appropriate charge densities: CPAM possesses a charge density of
2.76 mmol/g, APAM has a charge density of 2.49 mmol/g, while NPAM is nearly charge-
neutral with a charge density 0.22 mmol/g. The charged groups on CPAM and APAM
enhance electrostatic interactions with phosphate ore particles, which promotes polymer
adsorption and interparticle bridging, thereby leading to higher sedimentation velocities
than NPAM.

Comparing the sedimentation velocities of different types of flocculants, the sedimen-
tation velocities using CPAM and APAM are generally higher than those using NPAM.
NPAM (MW: 12 million) reaches a peak sedimentation velocity of 38.0 mm/s at a dosage
of 1000 g/t; APAM (MW: 12 million) reaches a peak sedimentation velocity of 42.0 mm/s
at a dosage of 1125 g/t; and CPAM exhibits a relatively low initial sedimentation velocity
at lower dosages. However, when CPAM (MW: 12 million) reaches a dosage of 1000 g/t,
the initial sedimentation velocity increases rapidly, reaching a maximum of 51 mm/s.
Additionally, the addition of CPAM results in a lower compressed layer of flocs and better
compaction effects. Based on the comprehensive results of the flocculation–sedimentation
experiments, CPAM (MW: 12 million) at a dosage of 1000 g/t is identified as the optimal
reagent for the flocculation–sedimentation of fine-grained phosphate tailings slurry.

Figure 9 shows the absorbance values of various polyacrylamide types at different
dosages. Absorbance measurements were performed using a spectrophotometer under test
conditions simulating the scattering and absorption of incident light at 650 nm wavelength
by phosphate ore following flocculant addition. As shown in the figure, the absorbance
values of all six polyacrylamide types gradually decrease with increasing dosage. This
indicates that higher concentrations of polyacrylamide yield superior flocculation and
sedimentation effects. Comparing the absorbance values of different polyacrylamide types,
NPAM exhibited the highest absorbance after treatment of the phosphate tailings slurry,
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followed by APAM, while CPAM showed the lowest absorbance. At a dosage of 1000 g/t,
both CPAM (MW: 6 million) and CPAM (MW: 12 million) exhibited absorbance values
below 0.08, resulting in a generally clear supernatant. Based on the absorbance tests of
different polyacrylamide types, CPAM (MW: 12 million) is the most suitable for flocculation
and sedimentation of fine-grained phosphate tailings slurry, with a dosage of 1000 g/t.
Above all, CPAM (MW: 12 million) at a dosage of 1000 g/t is the optimal combination
under our experimental design among the tested chemicals.

 
Figure 9. Supernatant absorbance of different types of flocculants.

3.3. ICP-OES Analyses

Based on the results of flocculation–sedimentation tests and absorbance measurements
of flocculants, CPAM (MW: 12 million) was selected as the flocculant. The relative con-
centrations of unavoidable ions in the supernatant of the pulp before and after reagent
addition were investigated using ICP-OES, as shown in Figure 10. Analysis of the un-
avoidable ion concentrations in the supernatant of the original pulp revealed that the
slurry components of the phosphate ore were complex. The original pulp contains high
concentrations of Ca2+ (769.21 mg/L), Mg2+ (1475.89 mg/L) and PO4

3− (3022.77 mg/L)
released by the dissolution of dolomite and gypsum. After adding 1000 g/t CPAM (MW:
12 million), the concentrations of these ions decreased significantly, with the PO4

3− con-
centration dropping by 2672.8 mg/L (the most obvious decline). We further interpret this
phenomenon: the cationic functional groups of CPAM can first form stable complexes with
PO4

3− through electrostatic interaction, which effectively reduces the competitive adsorp-
tion of PO4

3− on the mineral surface and eliminates its interference with the bridging effect
of CPAM molecules. Meanwhile, the chelation of CPAM with Ca2+ and Mg2+ can reduce
the hydration film thickness of mineral particles, which is conducive to the close contact
between particles and the full play of polymer bridging effect. These results indicate that
CPAM (MW: 12 million) preferentially mitigates the adverse effects of phosphate groups
in the pulp and subsequently further facilitates the flocculation and bridging of various
unavoidable metal ions.
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Figure 10. Concentration distribution of main unavoidable ions in the supernatant of phosphate
tailings slurries before and after adding 1000 g/t CPAM (MW: 12 million).

3.4. Laser Particle Size Analysis and Floc Morphology Analysis

Based on the results of flocculation sedimentation tests, CPAM (MW: 12 million)
was selected for particle size distribution and floc morphology analysis of the phosphate
tailings slurry before and after reagent addition, as shown in Figures 11 and 12, with a
dosage of 1000 g/t. As shown in Figure 11, before adding CPAM, the D90 of the phosphate
tailings slurry was 17.572 µm and the D50 was 4.583 µm. The slurry contained a high
proportion of fine particles, which were low in density and dispersed, leading to difficulties
in sedimentation. After adding CPAM, the D90 of the phosphate tailings slurry increased
to 71.473 µm and the D50 to 9.884 µm. A large number of slurry particles aggregated,
forming flocs with larger particle sizes, which promoted the sedimentation of the phosphate
tailings slurry. This verifies the advantage of CPAM (MW: 12 million) in the flocculation
sedimentation process of fine-particle phosphate tailings slurry.

 

Figure 11. Laser particle size analysis of phosphate tailings slurries slurry before and after adding
1000 g/t CPAM (MW: 12 million).
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Figure 12. Floc morphology of phosphate tailings slurries slurry under an optical microscope (10×)
treated with CPAM (MW: 12 million) at dosages of 875 g/t, 1000 g/t and 1125 g/t.

Floc morphology provides a more intuitive reflection of the effect of CPAM on phos-
phate ore particles. CPAM (MW: 12 million), which exhibited excellent sedimentation
performance, was selected, and microscope images of flocs were captured at dosages of
875 g/t, 1000 g/t, and 1125 g/t. The microscopic images clearly show that at lower CPAM
dosages, the flocs formed during flocculation and sedimentation are smaller, mostly below
5 µm, resulting in a slower settling velocity. As the CPAM dosage increases, the size of the
flocs increases, and the number of floc particles rises, consistent with the laser particle size
analysis results. At a dosage of 1000 g/t, the floc size generally reaches about 10 µm, and
the flocs remain as discrete entities. When the dosage is increased to 1125 g/t, the floc size
exceeds 15 µm. Excessive hydrophilic CPAM leads to increased water entrapment within
the flocs, a decrease in floc density, and an increase in the viscosity of the sedimentation
system due to the surplus polymer, ultimately causing a decline in floc settling velocity.
The floc morphology analysis indicates that 1000 g/t CPAM is the optimal dosage for the
flocculation and sedimentation of fine-grained phosphate tailings slurry. Exceeding this
dosage will impede the sedimentation process.

3.5. Dynamic Analysis of Particle Size and Morphology

Figure 13 presents the PVM test results of the phosphate tailings slurry before and after
the addition of 1000 g/t CPAM (MW: 12 million). As illustrated, over time, the floc size
distribution remains within the 10–100 µm counting range, irrespective of reagent addition.
Compared to the untreated slurry, the introduction of CPAM significantly enhances the floc
size of phosphate ore particles. Specifically, the average floc size of the untreated slurry
decreases at the 2 min mark and subsequently stabilizes around 35 µm. In contrast, for the
CPAM-treated slurry, the average floc size exhibits an initial increase followed by a decrease
during the 2–8 min interval, eventually stabilizing near 53 µm. Analysis of the unweighted
chord length distribution reveals that as time progresses from 5 to 11 min, the particle floc
size distribution shifts to the right in both cases. This shift indicates a gradual reduction
in smaller flocs and a corresponding increase in larger flocs. In the untreated slurry, this
phenomenon is attributed to spontaneous aggregation, whereas in the CPAM-treated slurry,
it results from floc bridging and adsorption mechanisms. Conversely, in the CPAM-treated
slurry, flocs appear relatively dispersed at 2 min, progressively evolving toward a more
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aggregated state, and ultimately reaching a substantially stable floc aggregate structure
by 11 min.

 
Figure 13. Dynamic particle size analysis of phosphate tailings slurries before and after adding
1000 g/t CPAM (MW: 12 million) by PVM.

3.6. Zeta Potential Analysis

The variation in mineral surface potential can directly reflect the adsorption behavior
of reagents [27,28]. Zeta potential measurements of the phosphate tailings slurry were
conducted before and after the addition of CPAM (MW: 12 million), with the reagent
dosage set at 1000 g/t, as shown in Figure 14a. As illustrated, the isoelectric point of the
phosphate tailings slurry sample occurs near pH 2.2, and the overall potential is negative,
which is generally consistent with previous studies [29–31]. Upon the addition of CPAM,
the slurry potential increases significantly. The maximum difference in potential before
and after reagent addition, approximately 31.5 mV, is observed within the pH range of 3–5,
indicating the strongest adsorption capacity of CPAM on the surface of phosphate tailings
slurry particles under these conditions. As the pH continues to rise, the potential difference
between the treated and untreated slurry gradually decreases. The CPAM molecular chain
contains a large number of cationic groups. The ionization of these cationic groups in
water imparts a strong positive charge to the CPAM polymer chain, promoting electrostatic
neutralization on the negatively charged surfaces of phosphate tailings slurry particles. This
process disrupts the stability of the colloidal system, allowing fine particles to approach
each other and undergo flocculation.

To establish the quantitative correlation between Zeta potential shifts and floc size
evolution, the test data from the laser particle size analyzer and Zeta potential meter were
integrated to plot the correlation scatter diagram and temporal variation curve. The results
showed a significant positive correlation between Zeta potential and floc D50 (R2 = 0.80).
The Zeta potential of the pulp increased rapidly from −5.307 mV to −2.85 mV within
0~3 min under the action of CPAM, which created conditions for the rapid growth of
floc size in the subsequent 3~8 min. Figure 14b shows that when the Zeta potential
increased from −5.307 mV to the range of −8.07~−2.39 mV, the floc D50 increased by
115% synchronously with a correlation coefficient of R2 = 0.89, indicating that the potential
rise caused by electrostatic neutralization is the key driving factor for the increase in floc
particle size. It was confirmed that electrostatic neutralization reduced the inter-particle
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repulsion and provided a necessary prerequisite for polymer bridging flocculation, with a
clear temporal and quantitative correlation between them.

Figure 14. (a) Zeta potential variation in phosphate tailings slurries with pH value before and after
adding 1000 g/t CPAM (MW: 12 million). (b) The sequential changes in Zeta potential and floc D50
under the action of CPAM (12 million,1000 g/t). (c) Correlation between Zeta potential and floc D50
under different PAM conditions.

3.7. FTIR Analysis

The infrared spectra of the phosphate ore before and after interaction with the floccu-
lant are displayed in Figure 15. The spectral lines show the transmission infrared spectrum
of phosphate ore. The absorption peaks at 1096 and 1043 cm−1 are attributed to the anti-
symmetric stretching vibration peak of PO4

3−. The absorption peaks at 604 and 570 cm−1

correspond to the antisymmetric bending vibration of PO4
3−. The absorption peaks at 1456

and 1430 cm−1 are attributed to the CO3
2− antisymmetric stretching vibration peak. It

is generally believed that CO3
2− ions mainly enter the apatite lattice in a homomorphic

substitution manner, forming fluorocarbon apatite.
There are residual substances in the previous process. Phosphate ore contains amide

groups. After the heating treatment, the infrared test is conducted. For the phosphate ore
adsorbing polyacrylamide, the intensities of the characteristic peaks of the amide groups at
1622 cm−1 were enhanced. The peak intensity of the characteristic peak of C-N at 1120 cm−1

slightly increased. The intensity of the free −NH2 peak (at 3440 cm−1) slightly increased.
These changes indicate that polyacrylamide is adsorbed onto the surface of phosphate ore.
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Figure 15. FTIR transmission spectra of phosphate tailings slurries before and after adding 1000 g/t
CPAM (MW: 12 million).

4. Discussion
4.1. An Analysis of Flocculation Process

Based on the phenomenon of flocculation and sedimentation experiments, the sedi-
mentation process of floc particles is divided into four stages.

As shown in Figure 16a, A-A represents the clear liquid level. After settlement begins,
the relative velocity between floc particles and water gradually increases under downward
acceleration. As shown in Figure 16b, B-B represents the sedimentation liquid level. As
the relative velocity between floc particles and water increases, the drag force on floc
particles during sedimentation also gradually increases. Then, the settling layer begins to
form as the floc particle group gradually settles downwards. As shown in Figure 16d, the
sedimentation liquid level in the measuring cylinder coincides with the clarification liquid
level. Under the action of gravity, the sedimentation of “particles” continues, continuously
rearranges the flocs and squeezes out the free water trapped within the network. Due
to the low water content, the turbulent disturbance caused by the flow of rising water is
weakened, and the drainage process tends to be slow. By relying solely on the gravitational
force of flocs to expel water, the settling velocity is significantly reduced.

Compaction Settling Stage:

Figure 16. Schematic diagram of the four stages of floc particle sedimentation in phosphate
tailings slurries ((a): accelerated settling, (b): constant-velocity settling, (c): falling-rate settling,
(d): compaction settling).
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4.2. The Bridging Mechanism of Flocculants in Phosphate Ore Particles

As shown in Figure 17, upon adding PAM to the slurry, one segment (or terminal
group) of the polymer chain first adsorbs onto the mineral particle surface, with the remain-
ing long polymer chain extending outward into the aqueous solution. The molecules can
adsorb onto other particles through collision and contact, thereby forming a bridging effect.
Known as unstable particles, they produce flocs. Many non-ionic polyacrylamide molecules
on unstable particles adsorb onto another particle with adsorption vacancies. Random flocs
are formed through the bridging effect. At this point, non-ionic polyacrylamide molecules
play a bridging role between two particles, forming irregular flocs.

Figure 17. Schematic diagram of sedimentation process and flocculation bridging mechanism of
phosphate tailings slurry particles treated with polyacrylamide flocculant.

The segment of the non-ionic polyacrylamide molecule that extends towards the so-
lution from unstable particles may, due to the polymer’s linear structure and abundant
functional groups, entangle with and re-adsorb onto its own particle surface during move-
ment [32–36]. This self-adsorption effectively covers the particle surface, locally inducing
a dispersing effect (or steric hindrance) that prevents the polymer from forming a stable
bridging effect with other particles. The resulting loose flocs, formed through limited
bridging, undergo mechanical dehydration shrinkage when subjected to external forces,
compressing the irregular structure into denser floc agglomerates.

It should be noted that if excessive amounts of polyacrylamide are used, the surface
of each particle will be saturated with polyacrylamide molecules and there will be no
more adsorption vacancies [37–40]. Polyacrylamide can no longer achieve bridging effect,
but it instead stabilizes the dispersed system due to the steric hindrance effect. If the
flocs formed by bridging action continue to be stirred vigorously or for a long time, the
flocs will be dispersed and broken, forming scattered flocs. During the movement of the
dispersed flocs, they undergo secondary adsorption by the polymer carried by the particles
themselves, forming stable dispersed flocs again. Due to its dispersing effect, the dispersed
system forms a stable protective colloid, making it less prone to flocculation. Therefore,
to minimize significant experimental errors, the flocs must be sampled immediately after
the coagulation and sedimentation experiment is completed and protected before any
subsequent research or dewatering tests.

PAM molecules can adsorb onto the surface of phosphate ore particles through hy-
drogen bonding and electrostatic interactions, thereby forming inter-particle “bridges”
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to agglomerate fine particles [41–43]. In the experimental system, the dosage of PAM is
moderate (the dosage of CPAM with a molecular weight of 12 million is 1000 g/t), which
avoids excessive overlap of molecular chains. Meanwhile, the linear structure of PAM
enables it to fully extend and connect adjacent particles, thus confirming that bridging
flocculation dominates in this experiment.

4.3. Cost and Benefit Analysis

As shown in Table 2, the dosage of PAM is extremely low in phosphate ore dehydration.
Specifically, in this paper, when prepared at a concentration of 0.5% (five per thousand), the
chemical consumption per ton of phosphate ore tailings is only about 1 kg. The industrial
price of commonly used PAM ranges from 10 to 50 yuan per kilogram, while the reference
price of phosphate concentrate with a grade of 30% is approximately ¥1050 to 1150 per
ton. From the perspective of cost and benefit, it is reasonable to use the organic flocculant
polyacrylamide as the dehydration agent for phosphate ore tailings.

Table 2. Cost accounting of PAM agent usage.

Economic Indicators Value Range (CNY/ton of Fluorapatite)

Dehydration Agent Cost (PAM) 10–50

Revenue from Corresponding Phosphate Concentrate 315–345

Theoretical Profit (Before Deducting Other Production Costs) 265–335

Detailed Calculation Bases

(1) Dehydration Agent Cost Calculation

The PAM flocculant is configured at a concentration of 0.5% (five per thousand) for
practical application in phosphate tailings slurry dehydration. According to industrial pro-
duction experience, the dosage of PAM per ton of phosphate tailings slurry is approximately
1 kg. Considering the price range of industrially commonly used PAM products (which
varies slightly by purity, molecular weight, and application scenario), the unit price of PAM
is set at 10–50 CNY/kg. Thus, the dehydration agent cost per ton of fluorapatite is derived
from the product of PAM dosage per ton and its unit price (1 kg/ton × 10–50 CNY/kg).

(2) Concentrate Revenue Calculation

For the purpose of intuitive economic comparison, this analysis assumes a 100% min-
eral processing recovery rate of phosphate tailings slurry (note: this is an idealized assump-
tion for cost–benefit reference only; the actual recovery rate needs to be adjusted according
to specific processing technology and equipment conditions). The reference price of phos-
phate concentrate with a grade of 30% (a common industrial grade) is 1050–1150 CNY/ton.
The revenue from the concentrate corresponding to each ton of fluorapatite is calculated by
multiplying the tailing quantity, grade conversion factor, and concentrate unit price (1 ton
of tailings × 30% × 1050–1150 CNY/ton of concentrate).

(3) Theoretical Profit Calculation

The theoretical profit per ton of fluorapatite is obtained by subtracting the dehydration
agent cost from the concentrate revenue. It is important to emphasize that this profit value
is a preliminary theoretical result, as it does not include other production costs such as
energy consumption during mineral processing, equipment wear and tear, labor costs,
and transportation expenses. However, even when considering these additional costs,
the extremely low proportion of PAM agent cost (accounting for only 3.2–15.9% of the
concentrate revenue) ensures a significant profit margin for industrial production.
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5. Conclusions
(1) The phosphate tailings slurry from a phosphate mine in Yichang primarily consists

of dolomite and gypsum, with minor amounts of fluorapatite, hydroxyapatite, quartz, and
other minerals. Its particle size distribution was characterized using a laser particle size
analyzer. The content of fine particles in phosphate tailings is very high, and the content of
coarse particles is relatively low, belonging to ultrafine slurry. Therefore, the phosphate
tailings slurry of the phosphate plant is difficult to settle.

(2) Sedimentation experiments were conducted using flocculants of different molecular
weights. The experimental results show that the sedimentation effect of high-molecular-
weight flocculants is better than that of low-molecular-weight flocculants. High-molecular-
weight flocculants exhibit superior sweep flocculation efficiency, enabling them to entrap
more small-sized flocs and form larger, denser floc aggregates.

(3) The sedimentation and dehydration experiments of three different types of floc-
culants showed that the Zeta potential of the phosphate tailings slurry was negative. The
coagulation and sedimentation effect of CPAM is best under the action of electric neutral-
ization. At the same time, under the action of CPAM, the dewatering effect of phosphate
tailings slurry is also the best. CPAM is the most effective flocculant in the experiment.

(4) The settling behavior of phosphate tailings particles was analyzed, and the set-
tling process was divided into four stages: acceleration stage, constant velocity stage,
deceleration stage, and floc compaction stage. Furthermore, the bridging flocculation
theory was employed to elucidate the action mechanism of flocculants on phosphate tail-
ings particles, yielding certain theoretical value for the solid–liquid separation process in
fluorapatite beneficiation.
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