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Abstract: The effect of sodium hexametaphosphate (SHMP) on the separation of serpentine from pyrite and its mechanism were 
studied systematically through flotation tests, sedimentation tests, surface dissolution, ζ potential tests, adsorption measurements, and 
infrared spectroscopic analyses. The results show that the SHMP could significantly reduce the adverse effect of serpentine on the 
flotation of pyrite and make the mixed sample of pyrite and serpentine more disperse in the alkaline condition, thus improve the 
adsorption of xanthate on pyrite. The action mechanism of the SHMP is that it lowers the pH value at the isoelectric point of 
serpentine and enhances the negative charge through the dissolution of magnesium from the surface of serpentine and adsorbing on 
the surface of serpentine. It changes the total interaction energy between serpentine and pyrite from gravitational potential energy to 
repulse potential energy, according to the calculation of the EDLVO theory. 
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1 Introduction 
 

There is still no good solution for the efficient 
separation of serpentine from sulfide ore in the flotation 
of the serpentine-bearing sulfide ore, especially in the 
flotation of the copper-nickel sulfide. The main gangue 
mineral has a much higher content of serpentine, and it is 
prone to being clayed, which seriously interferes with the 
flotation of nickel-containing minerals[1−8]. In order for 
improving the flotation of the copper-nickel sulfide, 
sodium hexametaphosphate, sodium silicate, guar gum, 
carboxy methyl cellulose (CMC), and other agents are 
used as the inhibitors of serpentine[9−13]. 

Sodium hexametaphosphate disperses serpentine 
slime very well. It is widely used in mineral processing 
as a flotation regulator and has been applied in the 
separation of serpentine sulfide ore. Furthermore, there 
are a number of studies reporting the mechanism of 
sodium hexametaphosphate. GUO et al[14] explored the 
effects of sodium hexametaphosphate on the flotation of 
nickel-bearing pyrrhotite and its mechanism. They 
pointed out that the complexation of metal ions, from 
useful minerals, with sodium hexametaphosphate has a 
great effect on the flotation of nickel-bearing pyrrhotite. 
Based on the literature review[15], sodium 

hexametaphosphate has a good inhibitory effect on 
antigorite. According to another document, sodium 
hexametaphosphate adsorbed on the surface of the 
antigorite, lowering the adsorption of the anionic 
collector on the antigorite. XIA et al[16] studied the 
dispersion mechanism of serpentine. They found that 
sodium hexametaphosphate could change the surface 
potential of the serpentine and disperse the minerals. 

However, the relationship between the dispersion of 
serpentine and pyrite and the flotation behavior has not 
been systematically studied. The action mechanism of 
sodium hexametaphosphate has not been systematically 
explained. 

 In the present work, the influence of sodium 
hexametaphosphate on the flotation and dispersion of the 
serpentine and pyrite is systematically studied. Moreover, 
the mechanism of sodium hexametaphosphate is also 
discussed providing a reference for further study. 
 
2 Experimental 
 
2.1 Samples and reagents 

The serpentine (Mg6[Si4O10](OH)8) used for all 
experiments was obtained from Donghai, Jiangsu 
Province, China. A batch of 20 kg of serpentine rocks 
was ground and sieved. The grain size distribution is  
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shown in Table 1. And the mineral composition of the 
serpentine selected for experiments and tested by XRD 
was as follows: serpentine 90%, chlorite 5%, and illite + 
amphibole 5%. Pyrite was obtained from Yunfu, 
Guangdong Province, China. The result of chemical 
analysis showed that the composition included Fe 
43.96% and S 49.98%, and the grain size distribution of 
the sample is shown in Table 2. 
 
Table 1 Grain size distribution of serpentine sample 

D50/μm D90/μm 
Volume average 

diameter/μm 
Content 

(below 38 μm)/%

3.94 13.62 6.17 100.00 

 
Table 2 Grain size distribution of pyrite sample 

D10/μm D50/μm D90/μm D97/μm 
4.45 20.35 42.41 52.57 

 
Before each test, the pyrite was cleaned for 3 min in 

the SB3200 ultrasonic cleaner. 
HCl, NaOH, and sodium hexametaphosphate used 

in all experiments were analytical reagents. Methyl 
isobutyl carbinol (MIBC) was a commercially pure 
reagent. The purity of potassium amyl xanthate (PAX) 
was 97.5%. The once-distilled water was the test media. 
 
2.2 Equipments 

The main test equipments were WGZ-3 scattered 
light turbidimeter, pHS−3C precision pH meter, Coulter 
delsa 440sx potentiometer, XFG hanging trough flotation 
machine, TU1810 UV-Vis spectrophotometer, FTIR 
spectrometer NEXUS670, PS−6 Vacuum-type Radial 
Plasma Spectrometer, and the SB3200 ultrasonic cleaner. 
 
2.3 Methods 

Coagulation and dispersion between serpentine and 
pyrite were studied using the sedimentation test. After 
the settlement of the slurry with 1 g/L concentration at a 
fixed time (3 min), the dispersion of the supernatant 
liquor was characterized by its turbidity. 

The flotation test was performed in a 40 mL cell, 
using an XFG laboratory flotation machine. 

The ore sample was ground to less than 2 µm. ζ 
potential and pH value were measured after mixing 
according to the test procedures and test conditions. 

The adsorption of PAX was measured using the 
residual concentration method, with a TU1810 UV-Vis 
spectrophotometer. The characteristic absorption peak of 
PAX was at the wavelength of 301 nm and its 
concentration range was 0−9×10−5 mol/L; the Beer’s law 
was obeyed. 

The infrared spectroscopy measurement of the 
serpentine sample was carried out by using a FTIR 

spectrometer NEXUS670. 
The supernatants can be obtained by centrifuged 

pulp that has been stirred for 5 min in a solid content of 
0.5 g/L and pH=9. The content of Mg and P of the 
supernatant was analyzed using a PS−6 Vacuum-type 
Radial Plasma spectrometer. 
 
3 Results and discussion 
 
3.1 Effect of sodium hexametaphosphate on flotation 

separation of serpentine from pyrite 
The effect of sodium hexametaphosphate on the 

flotation separation of serpentine from pyrite was studied 
through flotation tests and sedimentation tests. According 
to Fig.1 and 2, serpentine has a great impact on the 
flotation of pyrite, and the more the amount of serpentine, 
the greater the impact is. When there is only 5% of 
additive serpentine in the mixed mineral of serpentine 
and pyrite, the productivity of the mixed mineral 
decreases from 86% to 32%. However, the addition of 
sodium hexametaphosphate (60 mg/L) could 
significantly weaken the suppression effect of serpentine 
as a result of the sedimentation tests as shown in Fig.2. It 
can be inferred that the heterogeneous coacervation 
between serpentine and pyrite is intense. Sodium 
hexametaphosphate could effectively disperse serpentine 
and pyrite. 

In order to further investigate the effect of sodium 
hexametaphosphate on the flotation separation of 
serpentine from pyrite, the adsorption quantity of PAX 
on artificial mixed ore (pyrite 15 g/L, serpentine 5 g/L) 
was investigated and determined by the TU1810 UV-Vis 
spectrophotometer. From Fig.3, it can be seen that PAX 
has basically not absorbed on the surface of serpentine; 
the absorption amount of PAX on the surface of the 
serpentine-bearing pyrite pulp increases with the 
increasing amount of sodium hexametaphosphate. The 
 

 
Fig.1 Effect of SHMP on flotation separation of serpentine 
from pyrite with flotation condition of pH=9.0, c(PAX)=1×10−4 

mol/L, c(MIBC)=18.5 mg/L and ρ(pyrite)=50 g/L 
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Fig.2 Relationship between turbidity of serpentine and pyrite 
and pH value in flotation test with different conditions 
 

 
Fig.3 Relationship between adsorbed xanthate on mineral with 
dosage of SHMP in flotation separation test under condition of 
pH=9.0, c(PAX)=1×10−4 mol/L 
 
results correspond to Figs.1 and 2. The fact further 
demonstrates that sodium hexametaphosphate reduces 
the coverage of serpentine on pyrite. 
 
3.2 Mechanism of sodium hexametaphosphate 

separating serpentine from pyrite 
3.2.1 The influence of sodium hexametaphosphate on 

electrical property of serpentine 
The relationship between ζ potential and pH value 

of pyrite and serpentine particle surface is presented in 
Fig.4. It can be seen that the pH value at the isoelectric 
point of serpentine is 10.20. The pH value at the 
isoelectric point of pyrite is less than 2. The surface of 
the pyrite particles shows negative electricity in the pH 
range of 2−14. In the pH value range of 2−14, the 
absolute value of ζ potential of the surface of serpentine 
particle is lower and aggregation occurs easily among the 
particles. Meanwhile, the potential of the surface of 
pyrite is negatively high in the pH range of 2−14, and the 
electrical properties of serpentine and pyrite are opposite. 

 

 

Fig.4 Relationship between Zeta potential and pH value 
 

Sodium hexametaphosphate lowers the pH value at 
the isoelectric point of serpentine, and the negative 
charges on the surface increase. The surface potential of 
serpentine changes from positive to negative in the weak 
alkaline condition. And the sodium hexametaphosphate 
weakens the heterogeneous coacervation between the 
serpentine and pyrite. 
3.2.2 Interaction between sodium hexametaphosphate 

and the surface of serpentine 
A number of studies reported that sodium 

hexametaphosphate could lower the surface ζ potential of 
serpentine. There are two explanations for the action 
mechanism of sodium hexametaphosphate. First, a stable 
hydrophilic complex is able to form due to the 
complexing of sodium hexametaphosphate with metal 
ions from the surface of serpentine. Second, sodium 
hexametaphosphate can adsorb on the surface of 
serpentine, thus changing the electrical properties of 
serpentine. We investigated the interaction between 
sodium hexametaphosphate and the surface of serpentine 
in two aspects. One is the dissolution of the surface of 
serpentine and the other is the adsorption of sodium 
hexametaphosphate on the surface of serpentine. 

Sodium hexametaphosphate (NaPO3)6 is a kind of 
long-chain inorganic salt, a spiral chain polymer derived 
by polymerization from numerous basic structural units, 
and it can be expressed as (NaPO3)n, where n=20−100. 

Sodium hexametaphosphate has a good capacity of 
complexation with metal ions, including calcium ions, 
magnesium ions, and other metal ions, generating soluble 
complexes. 

Some magnesium ions may be dissolved from the 
surface of serpentine by sodium hexametaphosphate. 
Reactions may occur as follows: 
 
(NaPO3)6+Mg2+=[MgNa2P6O18]2−+4Na+                (1) 
 
[MgOH]++[Na4P6O18]2−=MgNa4P6O18+OH−           (2) 
 

The result of the dissolution test is shown in Table 3. 
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The magnesium on the surface of the serpentine 
dissolves significantly in the sodium hexametaphosphate 
solution. Based on the reports, the brucite layer of 
serpentine has damaged in the fracture and the 
surface-exposed magnesium ions of serpentine are 
emplaced ions. Negative charges increase with the 
decrease in the amount of magnesium ions on the surface 
of serpentine and then the electrical property of 
serpentine is changed. 
 
Table 3 Dissolution test results of serpentine in centrifugal 
liquid 

Content/(mg·L−1) 
Addition of 

SHMP/(mg·L−1) Mg P 
Residual P after 
washing for once

0 1.37 3.68 0.76 

50 9.27 11.72 4.04 

100 9.79 23.19 6.43 

 
It could be seen that sodium hexametaphosphate 

remains mainly in the solution by the dissolved P 
measured in the supernatant liquid. However, when the 
surface of the serpentine is washed once, there is still 
residual sodium hexametaphosphate on the surface of the 
serpentine, which shows that a certain amount of sodium 
hexametaphosphates have adsorbed on the surface of 
serpentine. This also leads to a change in the electrical 
property of serpentine. 

In order to verify the adsorption of sodium 
hexametaphosphate on the surface of serpentine, the 
FTIR spectrum of serpentine under the action of sodium 
hexametaphosphate was measured, and the results are 
shown in Fig.5. 

The infrared spectrum of the sample of sodium 
hexametaphosphate is shown as line 1 (Fig.5), where  

 

 

Fig.5 FTIR spectra of serpentine with or without SHMP:     
1 SHMP; 2 SHMP+serpentine, pH=9.0; 3 SHMP+serpentine, 
pH=6.0; 4 Serpentine 

the peaks at 1 279.54, 1 096.33 and 875.52 cm−1 
correspond to the characteristic peak of P=O, P—O, 
and P—O—P, respectively. The infrared spectrum of 
pure serpentine is shown as line 4. The infrared spectrum 
of serpentine after adding sodium hexametaphosphate in 
different pH conditions is shown as lines 2 and 3. It is 
able to obtain the stretching frequency of hydroxyl 
changed after the action of sodium hexametaphosphate. 
It is indicated that sodium hexametaphosphate changes 
the surface hydroxyl of serpentine. Compared with line 4, 
the peak at 1 096.33 cm−1 on lines 2 and 3 are 
strengthened after the action of sodium 
hexametaphosphate. It demonstrates that the sodium 
hexametaphosphate has adsorbed on the surface of 
serpentine. There is a peak at 1 259.5 cm−1 on line 3, 
which also demonstrates that the sodium 
hexametaphosphate has adsorbed on the surface of 
serpentine. Na in sodium hexametaphosphate could be 
replaced by H, and hence cause the change of stretching 
frequency. 

Therefore, there are two kinds of explanations for 
the action mechanism of sodium hexametaphosphate. 
First, a certain amount of magnesium ions are dissolved; 
second, sodium hexametaphosphate adsorbs on the 
surface of serpentine, which not only results in the 
change of the ζ potential of serpentine, but also changes 
the space steric hindrance. 
3.2.3 Interaction energy between serpentine and pyrite 

particles 
The extended DLVO theory model is as follows. 

Taking the energies of electrostatic interaction, van der 
Waals interactions, and steric hindrance effects into 
consideration [17−18], 
 
VT=VW+VE+VSR                                               (3) 
 
where VT is the interaction energy; VW is van der Waals 
interaction energy; VE is electrostatic interaction energy; 
VSR is the steric hindrance interaction energy. And 
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The radius of serpentine particle R1 is 3 μm, the 
radius of pyrite particle R2 is 11 μm; κ is the thickness of 
the electric double-layer, κ=0.180 nm−1; ε0, εr represents 
the vacuum dielectric constant and the relative dielectric 
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constant of the continuous phase, with given value of 
6.95×10−10 C2/(J·m), and H represents the distance 
between particles; A represents the effective Hamaker 
constant for the serpentine and pyrite in aqueous solution, 
and A=1.97×10−20 J; δ is the thickness of the adsorbed 
layer after the absorption of sodium hexametaphosphate 
on the surface, and δ=5 nm[17]; K is the Boltzmann 
constant, and K=1.381×10−23 J/K; Z is the absorbing area 
of macromolecules on the surface of the particles, the 
given value is 1.9×10−16 m2[18]; ψ1 and ψ2 are the surface 
potential, mV. A dynamic potential can be used. 

Replacing the relative data into Eqs.(2) and (3), the 
result is shown in Fig.6. 
 

 

Fig.6 Relationship between interaction energy of pyrite– 
serpentine particles and particles distance 
 

The total interaction energy between serpentine and 
pyrite of the samples without SHMP is negative, as 
shown in Curve 1 of Fig.6. They attract each other and 
the aggregation of each other occurs easily. The total 
interaction energy between serpentine and pyrite is 
positive after adding SHMP, as shown in Curve 2 of 
Fig.6. Mutual exclusion will appear among the particles. 
This is consistent with the experimental results. 
 
4 Conclusions 
 

1) The heterogeneous coacervation between 
serpentine and pyrite is intense when pH>7.5 in the 
alkaline condition. Sodium hexametaphosphate can 
effectively disperse the serpentine and pyrite, reduce the 
coverage of serpentine on pyrite and then increase the 
adsorption of PAX on the surface of the pyrite, 
improving the flotation recovery of the pyrite. 

2) The main reason for the heterogeneous 
coacervation between serpentine and pyrite is the higher 
pH value at the iso-electric point of serpentine. Sodium 
hexametaphosphate lowers the pH value at the electric 
point of the serpentine significantly, and then the space 
hindrance comes into being. The total interaction energy 

changes from the gravitational potential energy to the 
repulsion potential energy, effectively weakening the 
heterogeneous coacervation. 

3) The change in the electrical properties of 
serpentine is due to the dissolution of magnesium from 
the surface of serpentine by sodium hexametaphosphate, 
and its adsorption on the surface of serpentine. The 
former is the main reason. 
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摘  要：通过浮选试验、沉降试验、表面溶解、ζ电位测试、吸附量测试和红外光谱测试研究六偏磷酸钠在蛇纹

石与黄铁矿分离中的作用与机理。结果表明，六偏磷酸钠可以显著减弱蛇纹石对黄铁矿浮选的不利影响，它能在

碱性条件下使蛇纹石与黄铁矿分散，从而提高黄药在黄铁矿表面的吸附量。六偏磷酸钠的作用是通过溶出蛇纹石

表面的镁，并在其表面吸附，降低蛇纹石表面等电点 pH，增强负电性。DLVO 理论计算表明，六偏磷酸钠能使

蛇纹石与黄铁矿间的总相互作用能由引力位能转变为斥力位能。 

关键词：蛇纹石；六偏磷酸钠；溶解；黄铁矿；浮选 
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