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Abstract: The efficient separation of ultrafine coal is a challenging process due to the ultrafine particle
size and gangue entrainment. In this study, a polymer, polyvinylpyrrolidone (PVP), was introduced
as a regulator for ultrafine coal beneficiation. The addition of PVP improved the combustible recovery
of clean coal and decreased the ash content. This effect was also presented by the selectivity index.
The regulation mechanism of PVP was investigated using diverse methods. The adsorption tests
performed demonstrated the adsorption amount of PVP on coal, kaolinite, and quartz, which were
related to the increase in the separation efficiency. A zeta potential analyzer was employed to
elucidate the effect of PVP on the electrical properties of ultrafine particles. The results revealed that
the electrokinetic potential of mineral was sensitive to the varying PVP concentration. The particle
size distribution was observed to value the influence of PVP on the particle behavior, which was
tested by a laser particle size analyzer. X-ray photoelectron spectroscopy was used to investigate the
surface elemental compositions of coal, kaolinite, and quartz, which were regulated by the adsorption
of PVP. This research is beneficial to understanding the role of PVP as regulators and provides a basis
for the efficient separation of ultrafine coal.

Keywords: polyvinylpyrrolidone; ultrafine coal; adsorption; separation efficiency

1. Introduction

As the most abundant fossil fuel in the world, coal accounts for over 50% of China’s
total energy consumption. Coal washing, which results in a large amount of slime, has put
the spotlight on the utilization of coal cleaning technologies [1]. However, coal slime is
difficult to recycle, and the majority of coal slime produced is classified as solid waste. Thus,
the aim of coal slime recycling is not only save energy but also protect the environment [2].
Coal slime generated by coal washing plants usually has a high content of gangue minerals,
with a fine or ultrafine particle size [3]. Fine coal are particles with particle sizes less than
0.5 mm while particles with diameters less than 0.1 mm are defined as ultrafine [4].

Froth flotation is a relatively effective method used to separate fine particles [5] and
is widely used for fine coal separation in many countries, including China. However, the
reprocessing of ultrafine coal by flotation is often not economically viable. The grain size
is an important factor in flotation, especially for ultrafine particles, which need a longer
processing time, higher energy, and more reagent consumption, to obtain a good separation
performance [6]. Since hydrophobic coal particles tend to float on the water surface, partial
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gangue particles can be embedded in coal, causing gangue entrainment. Meanwhile, the
gap between coal and gangue narrows down at ultrafine grain sizes [7]. Attempts have
thus been made to improve ultrafine coal flotation. Methods to enhance flotation can be
divided into physical and physicochemical methods, such as changing the flow pattern of
the air supply [4]; pre-conditioning coal slurry with microbubbles [8], nanobubbles [9], and
high-voltage treatment [10]; carrier flotation [11]; selective oil agglomeration [12]; and the
introduction of a mixed reagent system [13].

For the secondary recycling of carbonaceous resources from coal slime, the intro-
duction of a flotation reagent has been considered as a research hotspot and an effective
antidote to improve the separation efficiency. Traditional hydrocarbon oil collectors, such
as diesel oil and kerosene, are widely used for coal flotation. However, oil consumption
during coal slime separation is very high [14]. The adhesion of reagents on particles is
a complicated process and is affected by the grain size, the type of additives used, and
the pH of the solution [15,16]. It is difficult to obtain good adhesion or adsorption of
non-polar oil collectors on ultrafine coal, wherein a limited efficiency is achieved due to the
ultrafine grain size and particle–bubble attachment [17]. Due to the application of large
machinery and the rapid dissociation rate of coal particles during modern coal processing,
the high surface roughness and high ash content deteriorate the performance of ultrafine
coal flotation [18]. Some surfactants have been proposed to improve the performance of
coal recycling. Xia et al. used a cationic surfactant called dodecyl trimethyl ammonium
bromide to enhance the adsorption of oil collectors on the coal surface, which improved the
collection efficiency of dodecane limited by the oxygen functional groups on the coal sur-
face [19]. Temperature also plays a key role in the adsorption of surfactants: Marsalek et al.
found that the adsorption of cetyltrimethylammonium bromide on coal was influenced
by temperature [20]. The introduction of surfactants plays a similar role in coal surface
modification, adjusting the proportion of coal surface functional groups and reducing the
effect of the coal surface roughness on the adhesion process [21]. It can be concluded that
compound reagents contribute to an improved regulation performance in coal flotation.
Numerous studies have demonstrated the superiority of compound agents, whereas poly-
mer reagents have often been ignored. For fine particles, polymer reagents possess the
advantages of a lower dosage and better adhesion efficiency. Polymer reagents are currently
attracting increasing attention. Zou et al. reported that the introduction of a polymer, such
as hydrophobically modified polyacrylamide, improved the combustible recovery of coal
flotation [22]. Li et al. took advantage of the collaboration between nanobubbles and
polyaluminum chloride to efficiently separate fine coal, with the nanobubbles promoting
the flotation recovery while polyaluminum chloride inhibited entrainment by increasing
the grain size [23]. Lv et al. synthesized a novel pH-sensitive flocculant and studied its
effect on fine particles [24]. Studies exploring the impact of polymer reagents on fine coal
separation are burgeoning. However, it is crucial to improve the floatability and selectivity
of ultrafine coal by developing novel reagents.

As a novel polymer reagent rarely used in coal separation, polyvinylpyrrolidone (PVP)
was adopted in this study. PVP has been adopted in the pharmaceutical and petroleum
industries as an additive for separation, and acts as a carrier of synthetic materials. Pal-
choudhury et al. used PVP nanoparticles as a carrier to separate oil from wastewater and
recycled petroleum wastewater [25]. Alabresm et al. investigated the synergistic effect of
PVP nanoparticles and oil-degrading bacteria for the remediation of oil-water mixtures [26].
To date, only a few studies have explored the impact of PVP on ultrafine coal separation.
PVP plays a key role in many separation scenarios. Through an experimental investigation,
this study proves that PVP can facilitate the separation of ultrafine coal.

To understand how PVP facilitates ultrafine coal separation, laboratory flotation tests
were conducted to observe the influence of PVP on the separation performance. A se-
lectivity index (SI) was introduced to measure the results. Subsequently, an ultraviolet
spectrophotometer (Uv-vis) was used for the adsorption test, wherein the purified minerals
were used to test the adsorption selectivity of PVP on coal, kaolinite, and quartz. The
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agglomeration behavior of the ultrafine particles with the introduction of PVP was investi-
gated using a laser particle size analyzer (LPSA). The electrokinetic potential of the particles
was measured using a zeta potential analyzer, and X-ray photoelectron spectroscopy (XPS)
was employed to analyze the surface energy change of the particles influenced by PVP. We
hope that the results of this study will prove beneficial in terms of understanding the role
polymer reagents play in ultrafine coal separation.

2. Materials and Methods
2.1. Materials

The coal slime (ultrafine coal) and clean coal samples were procured from RecoTech
Co., Ltd. (Tsingtao, China). Kaolinite and quartz were purchased from Beijing Mairuida
Technology Co., Ltd. (Beijing, China). To understand the basic details of coal slime, we
carried out proximate and elemental analyses (Table 1). We observed that the ash content
of coal slime was 55%, and the ash content of clean coal was lower than 8%. The gross
calorific value of clean coal was 24.02 MJ/kg, and its vitrinite reflectance was less than
0.5%. It could thus be classified as sub-bituminous coal according to ISO 11760. To identify
the primary gangue mineral composition in coal slime, the ultrafine coal was scanned by
X-ray diffraction (XRD, Rigaku Smart Lab, Tokyo, Japan). The results showed that the
main gangue components were quartz and kaolinite (Figure 1). An LPSA (Beckman, LS
13320, Brea, CA, USA) was used for the particle size distribution analyses (Figure 2). The
results showed that the mean size (D50) of coal slime was 23.73 µm, with the size of 90%
of the fine particles (D90) being 76.91 µm, which was much lower than 0.1 mm. Thus,
the coal slime was ultrafine coal. To further explore the adsorption and agglomeration
properties of the ultrafine particles, clean coal, kaolinite, and quartz were also ground to
the ultrafine grain size. Correspondingly, the size distribution of clean coal, quartz, and
kaolinite is shown in Figure 3. The D50 of clean coal, quartz, and kaolinite is 24.11, 6.52,
and 5.51 µm, respectively.

Table 1. Proximate and elemental analyses of coal slime (ultrafine coal).

Industrial Analysis/% Elemental Analysis/%

chemical Mad Aad Vdaf FCdaf Cdaf Hdaf Ndaf Sdaf Odaf *
results 2.03 55.0 23.41 64.58 65.19 5.34 1.04 1.61 26.82

Note: M—moisture; A—ash; V—volatile; FC—fixed carbon; ad—air-dry basis; daf—air-dry ash free basis;
* by difference.
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All the reagents used in the experiments (purchased from Shanghai Macklin Biochem-
ical Co., Ltd., Shanghai, China) are listed in Table 2. The solvent used in this study was
deionized water (Milli-Q Integral 5, France), with a resistivity of less than 18.2 MΩ cm.

Table 2. List of reagents.

Name Purity Molecule Weight Abbreviation

dodecane ≥99% 170 DD
polyvinylpyrrolidone 27,000 PVP

2-octanol ≥99% 130 2-octanol

Polyvinylpyrrolidone (C6H9NO)n is a non-ionic polymer The average molecule weight
of PVP used in this paper was 27,000. Its partial macromolecular structure is shown in
Figure 4.

2.2. Laboratory Flotation Test

The laboratory flotation tests of ultrafine coal were carried out in an XFD flotation cell
purchased from Wuhan Exploration Machinery Co., Ltd. (Wuhan, China). The flotation
cell volume was 1 L. In total, 80 g of coal slime and 800 mL of water were added to prepare
the suspension (8 wt%). Dodecane (DD) was used as the collector, 2-octanol was used as
the frother, and PVP (used as the regulator) was dispersed into the slurry before flotation.
The PVP solution was introduced at several concentrations (1, 3, 6, 10, 15 mg/L) to test its
effect on recovery. PVP was added for 1 min of preset mixing, then DD (0.064 mg/mL)
and 2-octanol (0.04 mg/mL) were added to the flotation cell. For all the flotation tests,
the stirring speed of the agitator was maintained at 1500 rpm and the air supply rate was
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set to 0.15 m3/h. The flotation cell was filled to the level of the standard waterline with
tap water (pH = 6.8). All the tests were conducted at 25 ◦C. The separation products were
collected, filtered, and dried in a ventilated drying oven at 95 ◦C. Proximate analysis was
then conducted to clear the ash content of the samples.

The recovery of flotation was calculated using Equation (1):

R =
M f

Mt
·100% (1)

where M f is the dried weight of combustible matter (mainly coal) or ash (mainly quartz
and kaolinite), Mt is the weight of the total feedstock of flotation cell (weight of coal slime),
and R is the flotation recovery.
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The flotation recovery can reflect the yield of clean coal. However, some further
explanation is required for the separation selectivity. Thus, we first calculated the flotation
rate. Some scholars have assumed that the flotation process can be described as a first-order
reaction [28]. The first-order dynamics equation assumes that all matter floats at the same
rate. In fact, due to differences in the grain size and mineral species, particles should have
different flotation parameters. This study used Kelsall’s model to calculate the flotation
rate as shown in Equation (2) [27]:

R = Rmax − [R f ast·e−k f t +
(

Rmax − R f ast

)
]·e−kst (2)

where Rmax is the maximum theoretical recovery, R f ast is the maximum recovery of the
fast floating fraction, and k f and ks are the rate constant of the fast float and slow float
components, respectively. For practical purposes, flotation separation is often carried out
using multi-stage circulation. The fast-float stage often plays the reference role for the
particle cycling duration time in the flotation circuit while the slow stage is not worth saving.
Thus, we mainly analyzed the parameters of the fast stage, which was more reasonable.
Therefore, the rapid stage is usually more important, where Rmax and k f determine the
efficiency. The solver tool in Excel was used for mathematical analysis of the fitting process,
and the constraints for the parameters were added (R f ast ≤ 100, R f ast > Rslow, k f > ks).
The rate function was set such that the operation represented the true physical process with
the fast and slow stage. The modified rate constant (Km, min−1) was introduced to value
the response of different components as shown in Equation (3) [29]:

Km =
Rmax·k f

100
(3)
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We used the SSQ function to fit the results. The formula is Equation (4):

SSQ = ∑ (R − Ř)2 (4)

where R is the real recovery and R̆ is the fitted value.
Finally, we introduce the selectivity index (SI) to compare the flotation selectivity of

serial tests. The SI was calculated using Equation (5) [30]:

SI
(

combustible
ash

)
=

Km,com

Km,ash
(5)

where Km,com and Km,ash represent the modified rate constants of the combustible matter
(mainly coal) and ash materials, respectively.

2.3. Adsorption Amount and Equilibrium Test

This study employed Uv-vis (UV-2600, Shimadzu, Japan) to test the adsorption char-
acteristics of PVP. Before conducting the test, PVP was prepared as solutions with different
concentrations (1, 3, 6, 10, 15, and 30 mg/L). Subsequently, 4 g of clean coal, quartz, and
kaolinite were dispersed in 50 mL of PVP solution (8 wt%). The PVP solutions with a
concentration of 6 mg/L were used to analyze the rate of adsorption. Pure PVP solutions
without the solid samples were first scanned from 150–500 nm using Uv-vis to achieve the
maximum absorbance value. The value of the peaks was consistently located at 194 nm. At
the same time, the absorbance of PVP solutions with different concentrations was recorded
to draw the calibration curve. Thereafter, the clean coal, kaolinite, and quartz particles
were added to the PVP solutions. These mixtures were stirred at 500 rpm for 3 h to ensure
sufficient adsorption of PVP on particles, which were then transferred into the centrifuge
tube for a 10 min centrifugation at 10,000 rpm by High-Speed Centrifuge (Sorvall LYNX
6000, Thermo Fisher Scientific, Waltham, MA, USA). Then, the supernates were then ex-
tracted using a syringe and used for the Uv-vis test. The residual amount of PVP in the
supernates was calibrated using the calibration curve, and the adsorption quality of PVP on
the particles was deduced by subtraction. The adsorption amount of PVP on the particles
was calculated by Equation (6):

A = [(co − cr + cb)·V·1000]/m (6)

where A (mg/g) is the adsorption mass of PVP on the particles, co (mg/L) is the original
concentration of the PVP solution used for the adsorption test, cr (mg/L) is the residual
concentration of PVP in the supernate after centrifugation, cb is the dissolved matter of
the solid particles in the supernate, V (mL) is the volume of the PVP solution, and m (g) is
the corresponding net weight of the particles in the supernate. This method is called the
subtraction method [31].

2.4. Zeta Potential Test

A zeta potential analyzer (Malvern Instruments, Malvern, Britain) was used to evaluate
the properties of the ultrafine particles in terms of the surface charge and zeta potential
value. Deionized water was used as a solvent, and 0.01 mol/L of KCL solution was
prepared as the background electrolyte [32]. The pH during zeta potential measurement
in this study was maintained at 6.8. PVP was completely dissolved in water and no
flocs were observed. To understand the effects of the PVP concentration on coal, quartz,
and kaolinite, we prepared eight different concentrations of the PVP solution (1, 2, 3, 6,
10, 15, 20, and 30 mg/L). Considering the increase in the self-aggregation and decrease
in the water solubility of PVP with higher concentrations, concentrations greater than
30 mg/L were excluded from the test range. On the other hand, this study focused on the
effects of the selective adsorption of PVP on ultrafine particles. Excessive PVP may induce
supersaturated adsorption, thus reducing its adsorption selectivity and changing the role of
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PVP in ultrafine coal separation. In total, 4 g of the solid sample (clean coal, kaolinite, and
quartz) was added to 50 mL of the PVP solution and stirred for 3 h at 25 ◦C. Subsequently,
5 mL of the mixture was transferred into the centrifuge tube and centrifuged for 10 min at
10,000 rpm using the high-speed centrifuge (Thermo Fisher scientific, Sorvall LYNX 6000,
Waltham, MA, USA). Thereafter, the supernate in the centrifuge tube was filtered and the
filtrate was used for analysis. For each filtrate sample, tests were conducted several times
with n repetition, and the standard error(y) of the zeta potential value was calculated by
the STDEV function, given in Equation (7):

y =

√
∑(x − x)
(n − 1)

× 100% (7)

where x is the test value and (x) is the average value for one point, and n is the number of
test repetitions for one point. The value of y was set as the depth of the error bars and used
to analyze the validity of the data.

2.5. Particle Size Distribution Test

The LPSA was used to evaluate the flocculation behavior of the ultrafine particles.
The test system worked well in the wet method. Regarding the optical parameter of the
analysis system, the real part of the medium refractive index was set to 1.8, 1.6, and 1.5 for
coal, kaolinite, and quartz, respectively. Deionized water was used for sample dispersion
and circulation, and an 8 wt% ultrafine particle suspension with 6 mg/L PVP was stirred
at a rotation speed of 500 r/min for 3 h. Afterward, the dispersed sample was injected
into the test system of the LPSA with a syringe. Agitation and ultrasonic defoaming were
continued during the measurement [27].

2.6. XPS Test

XPS was used for the elemental analysis of clean coal, kaolinite, and quartz. To prepare
the test samples with the PVP treatment, 4 g of clean coal, kaolinite, and quartz were added
to 50 mL of PVP solution and stirred for 3 h at 25 ◦C. Then, 5 mL of the mixture was
centrifuged and dried. To detect the surface changes, XPS was performed at 25 ◦C (ULVAC
PHI 5000 VersaProbe III, Chigasaki, Japan). From a monochromatic X-ray source, the Al Kα

radiation (hν = 1486.6 eV) and a light spot size of 200 µm were set [33]. The spectra were
recorded and stored at the pass energy of 26 eV in steps of 0.05 eV.

3. Results and Discussion
3.1. Laboratory Flotation

The mass recovery and flotation rate are used to evaluate flotation performance. We set
up a series of flotation tests with different PVP concentrations and collected their separation
products to calculate the recovery and flotation rate parameters. The results (Table 3 and
Figure 5) revealed a difference in the flotation performance induced by PVP. The recovery
and kinetic parameters (Rmax, k f , and Km) were calculated and fitted by Equations (1)–(5).
As seen in Table 3, the results indicated an increase in the combustible recovery of froth
products with the introduction of PVP. Low dosages of PVP can relieve the constraints
for ultrafine coal flotation recovery and can prove beneficial for reducing the number of
oil collectors and energy consumption. The increase in the flotation rate proved that PVP
facilitated the flotation of ultrafine particles, which can be attributed to the regulating
role of PVP in particle behavior [27]. Meanwhile, the change in the ash recovery in the
froth products was more complicated. In the tests with 1, 3, and 6 mg/L of PVP, the ash
content appeared to be lower than the value in the test without PVP (blank control group).
This seems to suggest that a low dosage of PVP is more likely to increase the flotation of
combustible matter compared to the ash component. However, the maximum ash recovery
of the flotation test with 20 mg/L PVP tended to approach the results of the blank control
group. This difference could be attributed to the adsorption characteristics of PVP. Excessive
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PVP can lead to the heterogeneous coagulation of coal and gangue particles. The modified
rate constant Km takes both the maximum recovery and flotation rate into consideration,
which is considered fair regarding process evaluation. The value of Km,com increased with a
higher PVP concentration; on the contrary, Km,ash was reduced with a higher PVP addition.
The increase in the flotation rate constant can be attributed to the enhancement in the
collision probability between the particles and bubbles [29]. The role of the reagents in this
process was mainly focused on the surface modification of particles [34]. The agglomeration
and adsorption behavior also provide evidence for the regulating role of PVP later in this
study. Notably, when PVP exceeded a reasonable amount, the increase in the combustible
recovery and ash recovery occurred simultaneously. More ash components disseminated
in the froth products, limiting the further increase in Rmax,com and Km,com. To describe the
changes and measure the impact of PVP on the separation efficiency, we calculated the SI
(Equation (5)) of the flotation tests, and plotted it against other flotation indexes.

Table 3. Flotation kinetic parameters (Rmax, k f , and Km) with varying PVP concentrations.

PVP (mg/L)
Combustible Matter Ash

Rmax kf Km,com Rmax kf Km,ash

0 41.36 3.13 1.29 28.37 0.14 0.04
1 43.93 3.28 1.44 23.88 0.11 0.03
3 59.77 4.16 2.49 21.51 0.08 0.02
6 84.58 3.23 2.73 22.08 0.08 0.02
10 78.76 3.67 2.89 28.54 0.12 0.03
20 80.01 3.62 2.90 35.69 0.10 0.04
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Figure 5 shows the results of the combustible recovery and ash content of the froth
products, and the calculated SI of various tests. As a blank control group, the tests with-
out PVP yielded the highest ash content (18.02%) in the froth products, and the lowest
combustible recovery (38.71%) and SI (70.22). Compared to the blank control group, the
lowest ash content (12.08%) was achieved with 1 mg/L PVP. However, the combustible
recovery and SI did not yield perfect results (70.53% and 106.21, respectively). The best SI
(159.03) was obtained in the test conducted with 6 mg/L PVP; the ash content (13.17%) and
combustible recovery (87.89%) were also great. The best maximum combustible recovery
(88.81%) was obtained by the test performed with 20 mg/L PVP; however, the SI (85.26)
was poor due to the increased entrainment of ash content (16.27%). Both the selectivity and
recovery need to be considered when improving efficiency. Relatively good results were
achieved with the 1 and 3 mg/L PVP concentrations. In general, particles tend to be coated
by reagents, and the radius of particles and the length of the reagent play important roles
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in flotation [35]. As a type of polymer, PVP has an advantage regarding the length of its
molecular chain, which is effective in enhancing ultrafine particle flotation.

3.2. Adsorption Amount and Equilibrium

Uv-vis was used to test the adsorption capacity of PVP on the clean coal, kaolinite,
and quartz particles. A hydration film typically exists on the surface of particles to prevent
the collision or adhesion of particles, bubbles, or reagents. Effective adhesion is achieved
only if the film is ruptured. Once stable adsorption is achieved, the amount of adsorption
reflects the adsorption capacity. The results in Figure 6 prove that PVP adsorbed a less
amount on coal than quartz and kaolinite regardless of the scale of the initial concentration
of PVP (Figure 6a) or the equilibrium time (Figure 6b). In addition, the saturated adsorption
amount of PVP on the particle surface, which is a critical parameter for determining the
adsorption property, was closely related to the specific surface area of the particle. Although
the saturated adsorption amount of PVP on kaolinite and quartz was greater than that
on clean coal, the specific surface areas of kaolinite and quartz were much higher than
on coal. It is worth mentioning that when the time increased, the adsorption of kaolinite
and quartz increased correspondingly. At this moment, the initial concentration of PVP
(6 mg/L) was more beneficial to the adsorption of PVP on coal. One explanation is that
the adsorption strength of PVP could be stronger than that of gangue minerals, and the
saturation adsorption amount was limited by the specific surface area of coal. However,
the contact of the reagents with the particles in flotation was more complicated, wherein
the adsorption efficiency was also influenced by the hydromechanical characteristics. Thus,
the saturation adsorption of kaolinite and quartz was hardly achieved in the suspension
adjustment process during flotation due to the process duration time. This could be the
main reason for the improvement in the combustible recovery for low PVP dosages, and
the increase in gangue entrainment can be attributed to the increase in PVP adsorption for
high PVP dosages. Finally, it can be deduced that the enhancement in flotation was mainly
related to the adsorption of PVP on the particles.
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3.3. Zeta Potential

The measured zeta potential values of the clean coal, kaolinite, and quartz suspensions
at different PVP concentrations are shown in Figure 7, where the error bars represent the
standard deviation of the three replicate tests. As a widely used metric for analyzing the
interaction of particles or macromolecules in the field of surface chemistry, the zeta potential
explains changes in the electrostatic attraction or repulsion induced by PVP [36]. With
0.01 mol/L KCL, the mean value of the initial zeta potentials of kaolinite and quartz were
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−37.68 and −42.41 mV, respectively, both of which were much higher than the −28.88 mV
of clean coal. With an increase in the dosage of PVP, the zeta potential of clean coal
fluctuated from −26.95 to −28.88 mV. The response was much weaker than the change
noticed in gangue minerals. The zeta potential of kaolinite increased to −27.41 mV, whereas
the zeta potential of quartz increased to −31.25 mV and then remained constant at the
PVP concentration of 30 mg/L, which caused a strong electrostatic attraction between
the gangue minerals. Kaolinite and quartz tended to agglomerate from the analysis of
the homogeneous system. However, the zeta potential was measured under relatively
ideal conditions of pure matter. In a real system of ultrafine coal separation, competitive
adsorption of PVP can occur between different particles, and particle behavior is associated
with the dosage of reagents. The ideal separation effect will only be maintained when the
right range of reagent concentrations is used.

Minerals 2022, 12, x FOR PEER REVIEW 10 of 14 
 

 

  

Figure 6. Adsorption amount of PVP on clean coal (wine), kaolinite (orange), and quartz (blue): (a) 
adsorption amount with an increase in the PVP concentration amd (b) adsorption amount with an 
increase in time. 

3.3. Zeta Potential 
The measured zeta potential values of the clean coal, kaolinite, and quartz suspen-

sions at different PVP concentrations are shown in Figure 7, where the error bars represent 
the standard deviation of the three replicate tests. As a widely used metric for analyzing 
the interaction of particles or macromolecules in the field of surface chemistry, the zeta 
potential explains changes in the electrostatic attraction or repulsion induced by PVP [36]. 
With 0.01 mol/L KCL, the mean value of the initial zeta potentials of kaolinite and quartz 
were −37.68 and −42.41 mV, respectively, both of which were much higher than the −28.88 
mV of clean coal. With an increase in the dosage of PVP, the zeta potential of clean coal 
fluctuated from −26.95 to −28.88 mV. The response was much weaker than the change 
noticed in gangue minerals. The zeta potential of kaolinite increased to −27.41 mV, 
whereas the zeta potential of quartz increased to −31.25 mV and then remained constant 
at the PVP concentration of 30 mg/L, which caused a strong electrostatic attraction be-
tween the gangue minerals. Kaolinite and quartz tended to agglomerate from the analysis 
of the homogeneous system. However, the zeta potential was measured under relatively 
ideal conditions of pure matter. In a real system of ultrafine coal separation, competitive 
adsorption of PVP can occur between different particles, and particle behavior is associ-
ated with the dosage of reagents. The ideal separation effect will only be maintained when 
the right range of reagent concentrations is used. 

 
Figure 7. Zeta potentials of clean coal (wine), kaolinite (orange), and quartz (blue) with different 
PVP concentrations. 

Figure 7. Zeta potentials of clean coal (wine), kaolinite (orange), and quartz (blue) with different
PVP concentrations.

3.4. Particle Size Distribution

To explain the effect of PVP on the particle size distribution of clean coal, kaolinite, and
quartz, we chose the PVP solution of 6 mg/L for the LPSA measurement, corresponding
to the group that yielded the best SI results in the flotation test. The LPSA functions
through light diffraction and scattering of particles. After eliminating the effect of the test
environment and sample characteristics, an agglomeration tendency was noticed in all
three types of particles with the assistance of PVP, as shown in Figure 8. The median size
(D50) was often used to describe the feature size of a particle swarm. On the one hand,
the D50 of the clean coal particles increased from 24.11 to 36.56 µm after PVP adsorption,
which was beneficial for combustible recovery. On the other hand, the D50 of the kaolinite
and quartz particles was below 10 µm (Figure 9). In comparison, the coal flocs tended
to float upward after the adsorption of PVP, and the entrainment of kaolinite and quartz
was depressed. This condition was consistent with the flotation behavior of ultrafine coal
with the 6 mg/L PVP addition. Apart from D50, D90 represents the maximum diameters of
90% particles, which also presented growth. All the changes observed in the particle size
distribution prove the effect of PVP adsorption on the particle behavior. By observing the
adsorption amount of PVP on the surface of clean coal, kaolinite, and quartz, we formed
the opinion that the addition of a low PVP dosage improves the selectivity during the
flotation of ultrafine coal.
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3.5. XPS

Figure 10 shows the wide energy spectrums of the clean coal, kaolinite, and quartz
surfaces tested by XPS. On the one hand, the results (Figure 10a) illustrate that C (75.6%),
O (19.0%), N (2.1%), Si (2.3%), and Al (1.0%) elements occupied the surface of clean coal.
It was reported earlier that the proportion of N on the surface of PVP was higher than
on coal [27]. Thus, the adsorption of PVP changed the elemental composition of the coal
surface, mainly increasing the proportion of N from 2.1% to 3.6% (Figure 10b); on the other
hand, the maximum peak of N1s also appeared on the kaolinite (Figure 10d) and quartz
(Figure 10e) surfaces after PVP absorption, which can be attributed to the lactam group
of PVP. The Si and Al content decreased with the absorption of PVP. The increase in the
proportion of N observed on the surfaces of kaolinite and quartz was much lower than
in coal [37,38]. In terms of the detection method, Uv-vis tends to analyze the adsorption
amount of PVP while XPS tends to detect the surface adsorption form. Although the
adsorption equilibrium amount of PVP in the gangue minerals was higher than in clean
coal, XPS is a test that can be conducted for flat surfaces, excluding the influence of the
grain size. In conclusion, PVP could be adsorbed on the coal, kaolinite, and quartz surfaces,
resulting in better selectively in coal flotation.
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4. Conclusions

This study investigated the influence of PVP on the efficient separation of ultrafine
coal. The poor flotation performance of ultrafine coal can be attributed to the initial high
ash content and ultrafine grain size. PVP was used to adjust the process before flotation and
improve the flotation performance. The adsorption, zeta potential, particle size distribution,
and an XPS test were investigated to illustrate the mechanism of the adjusting role played
by PVP. The supporting analyses and the main conclusion are summarized as follows:

(a) PVP could be adsorbed on the surface of ultrafine coal. The adsorption amount
of PVP was affected by the initial concentration of PVP and the adsorption time. The
adsorption amount of PVP could be used to adjust the zeta potential of the particles and
influence the attraction between them.

(b) The adsorption characteristics of PVP affected the flocculation of clean coal, kaolin-
ite, and quartz, forcing more particles to float upward. The flotation rate and combustible
recovery were significantly improved, and the SI value revealed an increase in the selectivity
at low PVP concentrations.

(c) The separation process of ultrafine particles was highly sensitive to the polymer
reagents. The addition of low concentrations of PVP led to an improvement in the separa-
tion efficiency, whereas excessive amounts of PVP were not conducive to separation.

(d) Polymer agents have wide application prospects and can be used to solve problems
that are not proficient for the short-chain molecule. As polymers are easy to load or modify,
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the influence of the long chain length of PVP can be further researched to achieve more
efficient separation.
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