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A B S T R A C T

Flotation tests using artificial mixtures of clean coal and quartz were conducted with and without the presence of
sodium hexametaphosphate (SHMP) to study the effect of polyaluminum chloride (PAC) on quartz entrainment
in fine coal flotation. Comparisons of flotation results show that the degree of quartz entrainment was greatly
reduced using a suitable amount (e.g., 20mg/L) of PAC in the absence of SHMP, however, significant changes of
PAC on quartz entrainment did not appear in the presence of SHMP. The possible mechanisms responsible for the
reduced quartz entrainment using PAC in fine coal flotation were investigated by particle size distribution
measurements, zeta potential measurements, and interaction force calculations. Analysis of particle size dis-
tribution results reveals that when SHMP was not added, quartz particles were selectively aggregated with the
addition of 20mg/L PAC and the aggregation of quartz or coal particles was negligible at a high PAC dosage
(e.g., 50 mg/L). Meanwhile, the aggregation of quartz particles induced by PAC was eliminated with the pre-
sence of SHMP. The electrostatic double layer repulsive force between quartz particles was calculated using the
Deyaguin-Landau-Verwey-Overbeek (DLVO) theory with incorporating the results of zeta potential measure-
ments. At 20mg/L of PAC, the negative surface charge of quartz particle was neutralized and the electrostatic
double layer repulsive force between quartz particles reached the minimum. These findings might be reasons of
the aggregation of quart particles and therefore reduce the quartz entrainment in fine coal flotation.

1. Introduction

Gangue entrainment is the main reason that results in the dete-
rioration of flotation concentrate grade. The gangue entrainment pro-
blem in coal flotation has become more severe since the proportion of
fine and ultrafine particles in coal flotation feed increases greatly with
the popularization of mechanical mining and heavy medium cyclone
separation technologies. Since China has adopted much stricter en-
vironmental regulations, the production of high quality clean coal has
become a major challenge faced by the coal flotation industry today.
Reducing the entrainment of fine and ultrafine gangue minerals seems
to be a promising approach to improving the grade of clean coal, al-
though, studies reported that it is very difficult to deal with [1–3].

In recent years, a number of studies have been conducted to im-
prove the quality of flotation clean coal. Jiang et al. [4] and Peng et al.
[5] applied inclined plates in the flotation column to increase the seg-
regation rate between the rising bubbles and descending liquid by
which both the capacity and the separation efficiency of the flotation

column increased. Ni et al. [6] designed an unconventional flotation
column by adopting the mechanism of gravity sedimentation into flo-
tation. They found that the ash of clean coal obtained with the new
column was reduced by 1.17% compared with the conventional flota-
tion column. The successes in improving clean coal quality also have
been achieved by the development of new compound collector to pro-
mote fine particle recovery [7], the uses of ultrasonic [8], and high
intensity conditioning to realize surface cleaning [9]. Recently, two
liquid flotation, for example the Hydrophobic-Hydrophilic Separation
(HHS) technology, has been developed to remove the gangue minerals
by dispersing coal in hydrocarbon phase [10,11]. The entrainment of
gangue minerals such as quartz, kaolinite, and montmorillonite in fine
coal flotation has been recognized since the beginning of employing
flotation. However, research effort has been mainly focused on devel-
oping new processes to improve the clean coal quality as above-
mentioned. On the other hand, various studies have also been carried
out to understand the gangue entrainment. A comprehensive review
paper by Wang et al. [12] summarized the effect of major contributing
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factors on entrainment, the methods for quantifying entrainment, and
the models of gangue entrainment. Wiese et al. [13] proposed that the
shape of particles had influence on entrainment, it was found that the
particles of a flaky shape would be more easily entrained than those of a
spherical shape. Recently, Sheni et al. [14] investigated thoroughly the
effects of pulp chemistry on entrainment, which included pulp poten-
tial, pH, dissolved oxygen, and ionic strength, and found that only the
pulp potential had significant influence on entrainment. Although a
number of methods as to how to mitigate gangue entrainment have
been put forward, the report on their practical application is scare.

It is well recognized that there is a positive correlation between the
gangue entrainment and water recovery. As to fine coal flotation, re-
searches on reducing gangue entrainment were mainly focused on en-
hancing the water drainage in froth by increasing the froth height [15]
and the use of bias water [4,16] to reduce water recovery. The effec-
tiveness of these methods largely depends on whether the gangue
particles are extremely fine, and whether the motion path of fine par-
ticles is exactly the same as the water flow. That is to say, the commonly
used methods on gangue entrainment reduction might not be effective
when the gangue mineral particles are selectively aggregated. Suc-
cessful use of selective aggregation to mitigate the entrainment of
gangue has been frequently reported in the flotation of metalliferous
ores [17–19]. However, attempt on reducing gangue entrainment by
selective aggregation has rarely been given in fine coal flotation. It
might be attributed that the hydrophobic coal will be preferably ag-
gregated when an organic polymer is used [20–22]. Thus, it will be of
interest to explore an effective method on how to reduce gangue en-
trainment in coal flotation by selective aggregation without deterior-
ating of the recovery of coal.

In the present work, a model system (mixtures of fine clean coal and
quartz particles) was used to study the gangue entrainment in fine coal
flotation. Polyaluminum chloride (PAC), a low-cost and commonly used
inorganic polyelectrolyte, was chosen to aggregate quartz particles. The
effect of PAC on quartz entrainment was investigated through de-
termining clean coal ash and water recovery, and also analyzed through
measurements of aggregation degree of particles and zeta potential, and
calculations of interaction energy.

2. Experimental

2.1. Materials

The quartz particles with a top size of 125 μm were purchased from
Wanquan Co. Ltd, China. X-ray diffraction (XRD) analysis in Fig. 1
shows that only a trace amount of muscovite was found in the sample.

Therefore, the quartz sample was used without further purification. A
clean bituminous coal sample was collected from a coal mine in
Shandong province, China. The coal sample was firstly crushed and
ground to −250 μm. Then, the −1.4 g/cm3 density fraction was col-
lected and used in flotation tests, particle size distribution and zeta
potential measurements. Table 1 presents the results of proximate and
ultimate analysis of the clean coal sample used in this study. As shown,
the ash content of the clean coal is 6.25% (dry basis). The FTIR spec-
trum of the clean coal sample is shown in Fig. 2. There were no obvious
peaks at 1100 cm−1 or 1750 cm−1 which respectively originated from
the symmetric stretching of Si–O–Si linkages and the asymmetric
stretching of the Si–O–Si systems [23]. The FTIR measurements vali-
dated that quartz was not present in the clean coal sample.

The PAC of 0.5–0.7 basicity from Sinopharm Chemical Reagent Co.
Ltd, China was used as received. A 1% by weight PAC solution was aged
for 24 h before use. Sodium hexametaphosphate (SHMP) of analytical
grade (Sinopharm Chemical Reagent Co. Ltd, China) was used as a
dispersant. Kerosene and 2-octanol were used as the collector and
frother, respectively. These two reagents are the conventional flotation
reagents used in the coal preparation plant where the coal sample was
obtained. Sodium hydroxide (NaCl) of analytical grade was used as a
background electrolyte. All the experiments were conducted in the
presence of 1mM NaCl. Deionized water with a resistivity of
18.2 MΩ·cm (Watson, Ltd.) was used for preparation of reagent solu-
tions and flotation tests.

2.2. Flotation experiments

The flotation experiments were conducted using a XFD laboratory
mechanical flotation machine with a 1.5 L cell. In each test, a mixture of
25 g clean coal and 25 g quartz was placed in the cell containing 1.5 L of
1mM NaCl solution and agitated for 4min at 1800 rpm. After, the
slurry was first conditioned with PAC (predetermined dosages) for
4min, then kerosene (40mg/L) for 2min with each reagent addition.
Frother (2-octanol, 10 mg/L) was added last followed by 1min of
conditioning. For the tests using dispersant, 2 g/L SHMP was added
prior to the addition of PAC followed by 2min conditioning. During allFig. 1. X-ray diffraction results of quartz sample.

Table 1
Proximate and ultimate analysis of the clean bituminous coal sample.

Proximate analysis (dry basis) Ultimate analysis (dry-ash-free basis)

Ash
content
(%)

Volatile
matter
(%)

Fixed
carbon
(%)

C (%) H (%) N (%) O (%) S (%)

6.25 48.93 44.82 81.56 5.11 1.66 11.12 0.55

Fig. 2. FTIR spectrum of the clean coal sample.
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flotation tests, the superficial gas velocity was maintained at 0.69 cm/s
while the froth was scraped every 5 s over a period of 3min. The flo-
tation tests were repeated once under the same condition. The wet and
dry weights of froth products in each test were recorded to calculate the
water recovery. A series of float-and-sink tests was conducted on the
froth products obtained from each flotation test using an organic liquid
mixture of a 1.6 g/cm3 density to separate the quartz from clean coal.
The results were used to determine coal recovery, quartz recovery, and
quartz entrainment (the mass of quartz in unit volume of water) in the
froth product by following equations:

= ×Coal Recovery MC
MC

100%C

F (1)

= ×Quartz Recovery MQ
MQ

100%C

F (2)

= ×Water Recovery MW
MW

100%C

F (3)

=
×

Quartz Entrainment
MQ ρ

MW
C W

C (4)

where MCC, MQC, MWC, MCF, MQF, and MWF refer to the mass of coal,
quartz, and water in the flotation concentrate and in the flotation feed,
respectively, ρW refers to the density of water with the value of
1× 103 kg/m3.

2.3. Particle size distribution measurements

The Focused Beam Reflectance Measurement (FBRM G400, Mettler
Toledo, Switzerland) technique was used to obtain the particle size
distribution of quartz and coal samples. Compared to other size mea-
surement techniques, it has the advantage of avoiding the breakage of
the aggregates during the measurement since the sampling process was
not necessary here. In each test, 1 g quartz or clean coal particles were
dispersed in 200mL of 1mM NaCl solution and agitated for 20min at
500 rpm using a magnetic agitator. The size distribution measurement
was then conducted after reducing the agitation speed to 150 rpm. For
the measurement on the particles treated with PAC, a pre-determined
dosage of PAC was added to the abovementioned fully dispersed sus-
pension in 4min after the measurement, and the particle size dis-
tribution was plotted after 1min conditioning with the addition of PAC.
The size measurement tests were repeated once under the same con-
dition and the averaged results with an error less than 5% were re-
ported in this study.

2.4. Zeta potential measurements

5 g quartz or clean coal sample was first dispersed in 100mL of
1mM NaCl solution and agitated at 500 rpm for 4min by a means of
magnetic agitator. Then the suspension was agitated for another 5min
after the addition of a pre-determined dosage of PAC. After the agita-
tion, the suspension was kept standing for 12 h to allow coarse particles
to settle. 20mL supernatant was taken out using a pipette to conduct
the zeta potential measurement (ZetaPALS, Brookhaven, US). Five
measurements were performed under each condition, and the average
zeta potential was reported in this study with the standard deviation
less than 3mV.

3. Results and discussion

3.1. Flotation results

The results of effects of PAC on the ash content and yield of froth
product in the absence and presence of SHMP are presented in Fig. 3(A)
and (B), respectively. As shown in Fig. 3(A), when SHMP was not used,
the ash content of froth product decreased significantly from 10.35% to

8.14% with the addition of 10mg/L PAC. An evident negative linear
relationship between PAC concentration and froth product ash content
was observed with varying PAC concentration in the range of
20–50mg/L. At 50mg/L of PAC, the ash content of froth product was
6.69% which was very close to that of the clean coal feed. On the other
hand, the yield of froth product gradually decreased with the increase
of PAC concentration in a mild manner compared with the changes of
ash content.

In the presence of 2 g/L SHMP, as shown in Fig. 3(B), the ash con-
tent of froth products obtained using various PAC concentrations re-
mained stable around 8.50%, which was much higher than that of the
clean coal feed, indicating that quartz entrainment became more sig-
nificant in the addition of SHMP. As to the yield of froth product, it
remained around 44% when PAC concentration was in the range of
0–20mg/L, and decreased to 38.60% as PAC concentration increased to
50mg/L.

Comparisons of Fig. 3(A) and (B) show that the quality of flotation
clean coal could be improved with the use of PAC in the absence of
SHMP, and the effect of PAC on the ash rejection was not observed in
the presence of SHMP. Extensively discusses on the effects of PAC will
be given in the following section. It is also found that the yield of the
flotation clean coal decreased significantly at a high dosage of PAC
(e.g., 50mg/L). Therefore, a recommended dosage of PAC would be in
the range of 10–20mg/L with the comprehensive consideration of both
the quality and recovery of the clean coal.

To better understand the flotation performance, coal and quartz
were separated from the froth product. Fig. 4 presents the recoveries of
coal and quartz as a function of PAC concentrations. As can be seen in
Fig. 4(A), when SHMP was not added, the quartz recovery was 37.40%
in the absence of PAC and it steadily reduced to 26.78% as PAC con-
centration increased to 50mg/L. Meanwhile, the coal recovery re-
mained stable around 53% when PAC concentration was low, but it
quickly dropped to 30% as PAC concentration further increased from
30mg/L to 50mg/L. When 2 g/L SHMP was present, a complete change
in the pattern of effect of PAC on the quartz recovery was seen in
Fig. 4(B), the quartz recovery slightly increased from 31.29% to 34.33%
as the increase of PAC concentration. However, the variation of coal
recovery to the PAC concentration was similar to those obtained in the
absence of SHMP except for a smaller reducing trend.

Fig. 5 shows the effects of PAC on water recovery and quartz en-
trainment in froth in the absence and presence of SHMP. As shown in
Fig. 5(A), when SHMP was not used, the water recovery first increased
from 7.33% to 9.74% at PAC concentration of 20mg/L, then decreased
to 5.70% as PAC concentration further increased to 50mg/L. However,
the quartz entrainment showed a completely opposite trend. The quartz
entrainment first decreased from 85 g/L to 54 g/L as PAC concentration
increased from 0 to 20mg/L, then increased to 78 g/L at PAC con-
centration of 50mg/L. This means that the maximum reduction of
quartz entrainment was achieved at PAC concentration of 20mg/L,
although the quartz recovery and the clean coal ash content were not
the lowest. It is also found that the water recovery reached the max-
imum at PAC concentration of 20mg/L, thus the quartz recovered in
the froth phase per unit volume of water was the lowest. It is worth
noting that the quartz recovery did not increase with water recovery
when PAC concentration was lower than 20mg/L, which was contra-
dictory with the classical models that gangue recovery changes pro-
portionally with water recovery [24,25]. This difference may be at-
tributed to the aggregation of quartz particles induced by the presence
of a small amount of PAC, which was not considered in the classical
models. Gong et al. [26] and Liu and Peng [27] conducted the col-
lectorless flotation of quartz with the addition of polymers, such as
polyethylene oxide, and they also found that the quartz recovery de-
creased when the polymer was added. However, the water recovery did
not increase when the polymer was added in their work. Compared to
their work, the major difference in this work is that we used the hy-
drophobic coal particles in addition to the hydrophilic quartz particles.
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It, therefore, can infer that PAC may also have effect on the hydro-
phobicity of coal or froth structure.

As shown in Fig. 5(B), when 2 g/L SHMP was added, the water re-
covery decreased with the increase of PAC concentration, while the
opposite trend showed for quartz entrainment. It suggests that the
mitigation of quartz entrainment induced by PAC shown in Fig. 5(A)
was eliminated by the presence of SHMP. It is also noted that the
amounts of quartz entrained into the froth in the presence of 2 g/L
SHMP were much larger than those obtained without SHMP. Therefore,
PAC should not be used together with dispersant in order to reduce
gangue entrainment.

3.2. Particle size distribution results

Fig. 6 and Table 2 show the measurement results of the particle size
distributions using various amount of PAC in the absence of SHMP. It is
clearly shown that the quartz particles became coarser with the addi-
tion of 20mg/L PAC with an increase of the mean particle size from
63.67 μm to 78.96 μm. Additionally, the volume percentage of particles
coarser than 50 μm and 100 μm increased from 64.28% to 72.78% and
from 11.99% to 27.99%, respectively.

However, when PAC of 50mg/L was added, the pattern of particle
size distribution was very similar to that obtained without PAC and
only a slight increase was observed in terms of the mean particle size
and the volume percentage of particles coarser than 50 μm and 100 μm.
These results indicate that the aggregation of quartz particles appeared
at PAC of 20mg/L but not at PAC of 50mg/L. This finding is in line

with those results obtained by other researchers [28,29]. When cationic
polyelectrolyte is used to aggregate negative charged particles, there is
an optimum polyelectrolyte dosage to attain charge neutralization.
Aggregation of particles is significant at this optimum dosage. However,
with higher cationic polyelectrolyte dosage, the particles become po-
sitive charged and disperse in water again. It is also noted that the
aggregation of quartz particles induced by PAC in this work was less
significant than that achieved by polyethylene oxide reported in other
literature [26,27]. This is because the molecular weight of polyethylene
oxide was in millions but the molecular weight of PAC was only in
thousands. It was reported in our previous work [30] that the hydro-
phobic coal and hydrophilic gangue minerals were simultaneously ag-
gregated by polyethylene oxide when SHMP was not added, and the
hydrophobic coal was prior to be aggregated by polyethylene oxide
than the hydrophilic gangue minerals when SHMP was present.
Therefore, polyethylene oxide was not used in this work because it is
not favorable for quality improvement of the flotation clean coal.

Fig. 7 and Table 3 show the measurement results of the particle size
distributions using various amount of PAC in the presence of SHMP.
The particle size distribution did not change significantly no matter
how much PAC was added. That is to say, the aggregation of quartz
particles did not occur. This may be because SHMP prevented the ad-
sorption of the cations dissociated from PAC on quartz surfaces, which
will be discussed in the following section. A series of particle size dis-
tribution measurements was also conducted on coal with varying
amount of PAC in the absence and presence of SHMP with the results
presented in Fig. 8. Distinguishable differences were not found when

Fig. 3. Effects of PAC on the ash content and yield of the flotation froth product (A: without SHMP, B: with 2 g/L SHMP).

Fig. 4. Effects of PAC on the recoveries of coal and quartz (A: without SHMP, B: with 2 g/L SHMP).
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PAC was added to the coal suspension, no matter whether SHMP was
present or not. Consequently, it could be inferred that PAC would not
induce the aggregation of hydrophobic coal particles in the tested range
of 0 to 50mg/L.

3.3. Zeta potential results

Zeta potentials of quartz and coal particles in deionized water with a
background electrolyte of 1mM NaCl were measured. As shown in
Fig. 9, the zeta potentials of coal and quartz particles were negative
over the tested pH range from 4 to 9, therefore, an aggregation of coal
or quartz particles at neutral pH would not be expected theoretically. As
the pH increased from 4 to 9, the zeta potential of quartz steadily de-
creased from −19 to −54mV, while the zeta potential of coal also
decreased from −17 to −46mV. It is seen that the point of zero charge
(pzc) for quartz was less than 4, which is consistent with those reported
in the literature [31,32]. It is observed that the zeta potential difference

between quartz and coal was small in the tested pH range.
As shown in Fig. 10, as the increase of PAC concentration, the zeta

potential of quartz and coal both gradually increased. For quartz par-
ticles, when the PAC concentration was close to 20mg/L, the zeta po-
tential approached to zero, at which the quartz particles could be ag-
gregated due to the neutralization of surface charge. This consists with
the results shown in Fig. 5(A) that the lowest quartz entrainment was
achieved with 20mg/L PAC. Thus, it can infer that the mitigation of
quartz entrainment in fine coal flotation may be due to the aggregation
of quartz particles. With the PAC concentration further increased to
higher than 20mg/L, the zeta potential of quartz became positive and it
was strongly positively charged with a zeta potential of +53mV at PAC
concentration of 50mg/L. For coal particles, the negative surface
charge was neutralized at PAC concentration lower than 10mg/L. The
zeta potential reached a stable value around +35mV at PAC con-
centration of 30mg/L and kept in this level regardless of the increase of
PAC concentration.

Fig. 5. Effects of PAC on the water recovery and quartz entrainment in the froth (A: without SHMP, B: with 2 g/L SHMP).

Fig. 6. Particle size distributions of quartz at different PAC concentrations in
the absence of SHMP.

Table 2
Characterization of particle size distributions of quartz at different PAC con-
centrations in the absence SHMP.

PAC concentration
(mg/L)

Mean
particle size
(μm)

Volume percentage
of particle > 50 μm
(%)

Volume percentage
of particle
> 100 μm (%)

0 63.67 64.28 11.99
20 78.96 72.78 27.99
50 65.55 66.18 12.84

Fig. 7. Particle size distributions of quartz at different PAC concentrations with
2 g/L SHMP.

Table 3
Characterization of particle size distributions of quartz at different PAC con-
centrations with 2 g/L SHMP.

PAC concentration
(mg/L)

Mean
particle size
(μm)

Volume percentage
of particle > 50 μm
(%)

Volume percentage
of particle
> 100 μm (%)

0 60.89 58.51 11.58
20 62.04 60.51 12.52
50 63.34 61.89 13.33
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The zeta potential results show that the adsorption of the cations
dissociated from PAC on quartz and coal surfaces was not selective,
however, a higher PAC concentration was required to realize charge
neutralization for quartz than that for coal. This might be due to the fact
that the surface area of quartz particles was much higher than that of
coal particles since the original top size of the quartz particles (125 μm)

was much finer than that of clean coal particles (250 μm).
The results presented in Fig. 10 also provide explanations why coal

recovery decreased when PAC was added, especially for high con-
centration. This may be owing to the decrease of the hydrophobicity of
coal caused by the adsorption of the cations dissociated from PAC,
which constitute mainly of aluminum hydroxyl group [33,34]. It is
reported that the decrease of the population of hydrophobic coal par-
ticles in the froth could result in the slower water transfer rate from the
pulp to the froth [35]. Therefore, the decrease of water recovery when
PAC of high concentration was used as shown in Fig. 5 also could be a
result of the decrease of coal hydrophobicity.

Fig. 11 shows the zeta potential of quartz and coal particles as a
function of PAC concentration at pH 6–7 in the presence of 2 g/L SHMP.
As seen, the zeta potential of quartz was independent of the PAC con-
centration and remained steady around −50mV. This may be due to
the adsorption of the negative charged (PO3)6− from SHMP on quartz
surfaces. The hydrated layer around quartz surface was thickened due
to the high hydration ability of (PO3)6−. As a result, the adsorption of
cations on quartz surface was prevented and the quartz particles could
not be aggregated by PAC any more within the tested PAC concentra-
tion range. Since the dispersion condition of quartz particles in water
did not change, it was expected that the quartz recovery in froth would
remain steady. However, the quartz entrainment increased as shown in
Fig. 5. This might be due to the decrease of the water recovery. As
shown in Fig. 11, the zeta potential of coal still gradually increased with
PAC concentration, but not as significant as that in Fig. 10. This in-
dicates that the presence of SHMP did not completely prevent the

Fig. 8. Particle size distributions of coal at different PAC concentrations without SHMP and with 2 g/L SHMP.

Fig. 9. Zeta potential of quartz and coal particles as a function of pH.

Fig. 10. Zeta potential of quartz and coal particles as a function of PAC con-
centration at pH 6–7 in the absence of SHMP.

Fig. 11. Zeta potential of quartz and coal particles as a function of PAC con-
centration at pH 6–7 in the presence of 2 g/L SHMP.
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adsorption of PAC on coal surface, therefore, similar to the tests without
SHMP, the hydrophobicity of coal also decreased but to a smaller ex-
tent. As a result, the coal recovery and water recovery both decreased.

3.4. Interaction between quartz particles calculated by the DLVO theory

To further interpret the aggregation mechanism of quartz particles,
the DLVO theory was applied to calculate the interaction energy be-
tween quartz particles at different PAC concentrations. The Hamaker
approach was used to calculate the van der Waals force, and the Lifshitz
theory was applied to predict the Hamaker constant (A132) because it
was more valid than the combining rules when the media, such as water
in this work, was with high dielectric constant. The electrostatic double
layer force (edl) was calculated at the constant surface potential
boundary condition since the ion exchange process in this work was
assumed to be slow. The models used in the calculation are as follows
[36]:

= +E E EvdW edl (5)

= −E A R
h12vdW
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where A132 refers to the Hamaker constant, R refers to the radius of
quartz particle (50 μm in this work), h is the distance between two
quartz particles, kB is the Boltzmann constant with value of
1.381× 10−23 J/K, T is the temperature in K (293.15 K in this work), ħ
is the Planck constant with the value of 6.626×10−34 J s, ω is the
characteristic relaxation frequency of the UV region with the value of
2.068× 1016 rad/s, n1 and n3 represent the refractive indices of quartz
and water, respectively, ε is the relative dielectric constant of the 1mM
NaCl solution with the value of 78.5, ε0 is the permittivity of vacuum
with the value of 8.854×10−12 C2·m/J, ψ is the surface potential of
quartz, which is substituted by the measured zeta potential value, κ−1 is
the Debye length with the value of 9.6 nm in 1mM NaCl solution, de-
termined by Eq. (9) with the unit of nm for κ−1, and mol/L for cNaCl,
respectively.

=−κ
c

0.304
NaCl

1

(9)

Fig. 12(A) illustrates the interaction energy of the individual van der
Waals force (vdw) and electrostatic double layer force (edl) at different
PAC concentrations, while Fig. 12(B) illustrates the summation inter-
action energy. Fig. 12 indicates that the van der Waals force was at-
tractive and it was independent of PAC concentration. The electrostatic
double layer repulsive force was of high magnitude at PAC concentra-
tion of 0 and 50mg/L due to the high absolute value of zeta potential
while it was negligible at PAC concentration of 20mg/L due to the low
zeta potential value. Therefore, the quartz particles were aggregated at
PAC concentration of 20mg/L due to the attractive van der Waals force,
which further resulted in the mitigation of quartz entrainment in coal
flotation. The interaction energy between quartz particles with SHMP
of 2 g/L was shown in Fig. 13. The electrostatic double layer repulsive
force remained high at different PAC concentrations because the quartz
surfaces were highly negative charged. Under this condition, quartz
particles could hardly be aggregated, so the quartz entrainment in coal
flotation was not mitigated by PAC.

4. Conclusions

The mitigation of quartz entrainment in fine coal flotation was
successfully achieved with the addition of PAC at a suitable con-
centration (e.g., 20mg/L). Analysis of results of particle size distribu-
tion, zeta potential and interaction energy between particles concludes
that the mitigation of quartz entrainment is attributed to the aggrega-
tion of quartz particles induced by PAC. Through the zeta potential
measurements and the DLVO interaction energy calculation, it de-
monstrated that PAC of 20mg/L neutralized the negative charge on
quartz surface and impaired the strength of the electrostatic double
layer repulsive force between quartz particles. The presence of SHMP
prevented the adsorption of PAC on quartz surface, resulting in the
ineffectiveness of PAC on the reduction of quartz entrainment in fine
coal flotation.

This work provides a new direction on improving the quality of coal
flotation concentrates by selectively aggregating the gangue minerals.
However, nowadays, the chemistry of recycled water to the flotation
system in coal preparation plants in China has become more and more
complicated due to the poorer quality of the run-of-mine coal and the
increasing use of various chemicals for thickening. The present work
has shown that the presence of dispersant SHMP has detrimental in-
fluence on the aggregation of quartz particles induced by PAC.
Therefore, in the future work, it will be of interest to investigate and
analyze the water chemistry in some typical coal preparation plants in
China and study the synthetical effects of PAC and other typical residual

Fig. 12. DLVO interaction energy between quartz particles at different PAC concentrations without SHMP.
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chemicals in the recycle water on the mitigation of gangue entrainment.

Acknowledgments

This work was supported by the Fundamental Research Funds for
the Central Universities (2018QNA13). We also would like to express
thankfulness to a Priority Academic Program Development of Jiangsu
Higher Education Institutions.

References

[1] Oats WJ, Ozdemir O, Nguyen AV. Effect of mechanical and chemical clay removals
by hydrocyclone and dispersants on coal flotation. Miner Eng 2010;23:413–9.

[2] Lyu X, You X, He M, Zhang W, Wei H, Li L, et al. Adsorption and molecular dy-
namics simulations of nonionic surfactant on the low rank coal surface. Fuel
2018;211:529–34.

[3] Xing Y, Gui X, Cao Y. Effect of calcium ion on coal flotation in the presence of
kaolinite clay. Energy Fuels 2016;30(2):1517–23.

[4] Jiang K, Dickinson JE, Galvin KP. Two-stage fast flotation of coal tailings using
reflux flotation. Miner Eng 2018;98:151–60.

[5] Peng Y, Ni C, Tan J, Sha J, Xie G. Separation performance of flotation column with
inclined plates in the froth zone. Int J Miner Process 2016;148:124–7.

[6] Ni C, Xie G, Li B, Liu B, Peng Y, Dong Y. Enhancement of gravity sedimentation in
column flotation to reduce clean coal ash. J China Coal Soc 2014;39(12):2513–8.

[7] He J, Liu C, Yao Y. Flotation intensification of the coal slime using a new compound
collector and the interaction mechanism between the reagent and coal surface.
Powder Technol 2018;325:333–9.

[8] Ozkan SG. Further investigations on simultaneous ultrasonic coal flotation. Minerals
2017;7:177.

[9] Yu Y, Ma L, Wu L, Ye G, Sun X. The role of surface cleaning in high intensity
conditioning. Powder Technol 2017;319:26–33.

[10] Yoon RH, Gupta N, Li B, Luttrell G, Bratton R, Reyher J, et al. Hydrophobic-hy-
drophilic separation (HHS) process for simultaneous recovery and dewatering of
fine particles. XXVIII International Mineral Processing Congress: Quebec. 2016.

[11] Yoon RH, Gupta N, Li B, Luttrell G, Bratton R, Reyher J, et al. HHS process: a new
approach for recovering fine Illionis basin coals. In: Proceedings of the international
coal preparation conference. Louisville, KY, USA; 2016. p. 99–106.

[12] Wang L, Peng Y, Runge K, Bradshaw D. A review of entrainment: mechanisms,
contributing factors and modelling in flotation. Miner Eng 2015;70:77–91.

[13] Wiese J, Becker M, Yorath G, O’Connor C. An investigation into the relationship
between particle shape and entrainment. Miner Eng 2015;83:211–6.

[14] Sheni N, Corin K, Wiese J. Considering the effect of pulp chemistry during flotation
on froth stability. Miner Eng 2018;116:15–23.

[15] Tao D, Luttrell GH, Yoon RH. A parametric study of froth stability and its effect on
column flotation of fine particles. Int J Miner Process 2000;59:25–43.

[16] Stevenson P, Ata S, Evans GM. Convective-dispersive gangue transport in flotation
froth. Chem Eng Sci 2007;62:5736–44.

[17] Liu Q, Zhang Y, Laskowski JS. The adsorption of polysaccharides onto mineral
surfaces: an acid/base interaction. Int J Miner Process 2000;60:229–45.

[18] Cao M, Liu Q. Reexamining the functions of zinc sulfate as a selective depressant in
differential sulfide flotation—the role of coagulation. J Colloid Interface Sci
2006;301:523–31.

[19] Huang P, Cao M, Liu Q. Using chitosan as a selective depressant in the differential
flotation of Cu–Pb sulfides. Int J Miner Process 2012;106–109:8–15.

[20] Song S, Trass O. Floc flotation of Prince coal with simultaneous grinding and hy-
drophobic flocculation in a Szego mill. Fuel 1997;76(9):839–44.

[21] Ozkan A, Duzyol S. Gamma processes of shear flocculation, oil agglomeration and
liquid-liquid extraction. Sep Purif Technol 2014;132:446–51.

[22] Liang L, Peng Y, Tan J, Xie G. A review of the modern characterization techniques
for flocs in mineral processing. Miner Eng 2015;84:130–44.

[23] Nguyen HKD, Hoang PT, Dinh NT. Synthesis of modified silica aerogel nano-
particles for remediation of vietnamese crude oil spilled on water. J Braz Chem Soc
2018;29:1714–20.

[24] Warren LJ. Determination of the contributions of true flotation and entrainment in
batch flotation tests. Int J Miner Process 1985;14:33–44.

[25] Kirjavainen VM. Mathematical model for the entrainment hydrophilic particles in
froth flotation. Int J Miner Process 1992;35:1–11.

[26] Gong J, Peng Y, Bouajila A, Ourriban M, Yeung A, Liu Q. Reducing quartz gangue
entrainment in sulphide ore flotation by high molecular weight polyethylene oxide.
Int J Miner Process 2010;97:44–51.

[27] Liu D, Peng Y. Reducing the entrainment of clay minerals in flotation using tap and
saline water. Powder Technol 2014;253:216–22.

[28] Lin Jr., Huang C, Chin CM, Pan JR. Coagulation dynamics of fractal flocs induced by
enmeshment and electrostatic patch mechanisms. Water Res 2008;42:4457–66.

[29] Yu W, Gregory J, Campos LC, Graham N. Dependence of floc properties on coa-
gulant type, dosing mode and nature of particles. Water Res 2015;68:119–26.

[30] Liang L, Tan J, Li Z, Peng Y, Xie G. Coal flotation improvement through hydro-
phobic improvement induced by polyethylene oxide. Int J Coal Prep Util
2016;36:139–50.

[31] Xu D, Ametov I, Grano SR. Quantifying rheological and fine particle attachment
contributions to coarse particle recovery in flotation. Miner Eng 2012;39:89–98.

[32] Zhu S, Avadiar L, Leong Y. Yield stress – and zeta potential-pH behaviour of washed
α-Al2O3 suspensions with relatively high Ca(II) and Mg(II) concentrations:
Hydrolysis product and bridging. Int J Miner Process 2016;148:1–8.

[33] Duan J, Gregory J. Coagulation by hydrolysing mental salts. Adv Colloid Interface
Sci 2003;100–102:475–502.

[34] Lin Jr, Huang C, Chin CM, Pan JR. The origin of Al(OH)3-rich and Al13-aggregate
flocs composition in PACl coagulation. Water Res 2009;43:4285–95.

[35] Melo F, Laskowski JS. Effect of frothers and solid particles on the rate of water
transfer to froth. Int J Miner Process 2007;84:33–40.

[36] Nguyen AV, Schulze HJ. Colloidal science of flotation. Marcel Dekker; 2004
[Chapter 14–16].

Fig. 13. DLVO interaction energy between quartz particles at different PAC concentrations with 2 g/L SHMP.

L. Liang et al. Fuel 235 (2019) 150–157

157

http://refhub.elsevier.com/S0016-2361(18)31305-X/h0005
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0005
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0010
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0010
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0010
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0015
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0015
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0020
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0020
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0025
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0025
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0030
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0030
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0035
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0035
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0035
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0040
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0040
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0045
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0045
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0050
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0050
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0050
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0060
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0060
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0065
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0065
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0070
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0070
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0075
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0075
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0080
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0080
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0085
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0085
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0090
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0090
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0090
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0095
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0095
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0100
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0100
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0105
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0105
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0110
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0110
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0115
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0115
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0115
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0120
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0120
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0125
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0125
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0130
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0130
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0130
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0135
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0135
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0140
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0140
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0145
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0145
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0150
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0150
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0150
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0155
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0155
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0160
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0160
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0160
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0165
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0165
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0170
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0170
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0175
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0175
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0180
http://refhub.elsevier.com/S0016-2361(18)31305-X/h0180

	Reducing quartz entrainment in fine coal flotation by polyaluminum chloride
	Introduction
	Experimental
	Materials
	Flotation experiments
	Particle size distribution measurements
	Zeta potential measurements

	Results and discussion
	Flotation results
	Particle size distribution results
	Zeta potential results
	Interaction between quartz particles calculated by the DLVO theory

	Conclusions
	Acknowledgments
	References




