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Abstract: In this study, we investigated the effect of the hydrophilic ethylene oxide chain lengths (i.e.,
degree of polymerization) of nonylphenol polyoxyethylene ether (NPEO-x, x = 8, 10, and 12) on the
dewatering of low-rank coal slime through dewatering and adsorption experiments and X-ray
photoelectron spectroscopy (XPS) measurements. The dewatering experiments showed that the
adsorption of NPEO changed the water content of the low-rank coal slime: NPEO-8 achieved the best
effect, followed, in decreasing order, by NPEO-10 and NPEO-12. Adsorption experiments revealed that
the adsorption isotherms of NPEO-x on the low-rank coal surface conform with the Langmuir model,
and its adsorption kinetics follow the pseudo-second-order kinetic equation. Furthermore, the
adsorption is a spontaneous process and controlled by both intraparticle diffusion and liquid film
diffusion. The XPS results showed that the adsorption of NPEO-x decreased the content of oxygen-
containing groups and, thus, improved the hydrophobicity of the low-rank coal surface. Further, the
use of NPEO-x with a low degree of polymerization (x = 8) improves the hydrophobicity of the coal
surface and decreases the water content of low-rank coal slime.
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1. Introduction

Moisture is an important factor in coal processing, affecting the calorific value and utilization rate of the
coal combustion process. Tao et al. reported that, if the moisture of a typical North American coal were
reduced by 1%, the calorific value of the fuel would be increased by 1.4% (Tao et al., 2000). Thus, the
dewatering of fine coal is crucial.

Long-flame coal is a typical type of low-rank coal and is an important part of China's coal energy
resources. Compared with bituminous coal, low-grade coal has higher inherent moisture, and this is
even higher when in contact with water (Vaziri Hassas et al., 2014; X. Zhu et al., 2020). This water content
depresses the calorific value achieved during combustion, resulting in energy waste. Mechanical
dewatering, thermal dewatering, and composite dewatering technology are common methods for the
removal of water from fine coal particles, and the residual moisture content of fine coal is approximately
25% after mechanical dewatering (Le Roux et al., 2005). Consequently, these products can require
further dewatering, which increases processing costs (Yoon et al., 2004). Thermal dewatering has been
recommended to remove water from fine particles (Bergins et al., 2007; Hulston et al., 2005; Vogt et al.,
2012), but this process is costly and environmentally damaging. There are many forms of composite
dewatering technology. Groppo and coworkers (Groppo and Parekh, 1996) studied continuous pressure
filtration with surfactants for the dewatering of fine coal. The results indicated that both nonionic and
cationic surfactants effectively reduce the moisture in the filter cake to less than 20% at dosages as low
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as 0.25 kg/t. Vacuum filtration of clean coal slurry and flocculated slurry with cationic, anionic, and
nonionic surfactants was investigated by Singh (Singh et al., 1998). For all types of surfactant, the
moisture content of the filter cake was significantly reduced, and the most effective surfactant type was
cationic. Therefore, the combination of mechanical dewatering and filtrating is very effective.

Surfactants have amphiphilic molecular structures and can effectively adsorb on the coal surface;
thus, they can be used to adjust the wettability of the coal surface. In some investigations, surfactants
have been shown to improve the hydrophobicity of coal surface (Ahmet et al., 1995; X. Liu et al., 2017;
You, He, Zhu, et al., 2019) and reduce the moisture content of the filter cake (Singh, 1997, 1999;
StrohandStahl, 1990; Vaziri Hassas et al., 2014). The dewatering of flotation coal concentrates with
different degrees of fineness was investigated by Stroh (StrohandStahl, 1990) using nonionic alkyl-
polyalkylene oxides and anionic sulfosuccinate surfactants. The results showed that the moisture
content significantly decreased at surfactant concentrations close to the critical micelle concentration
(CMCQ). The dewatering of lignite and sub-bituminous and bituminous coal was studied by Hassas
(Vaziri Hassas et al., 2014) using Triton-X series surfactants and three other reagents that had the same
hydrophobic-lipophilic balance (HLB) value. It was found that, for the fine particles with lower
hydrophobicity, such as lignite and subbituminous coals, surfactants with higher HLB values (about
10) achieved the optimum dewatering. Further, it was found that there is an optimal concentration for
each reagent, and the moisture content of the filter cake increases in case of the concentration above.

The aim of this study is to investigate the relationship between the degree of polymerization (x = §,
10, and 12) of nonylphenol surfactants (nonylphenol polyoxyethylene ether (NPEO)) and long-flame
coal. Dewatering experiments, adsorption experiments, and X-ray photoelectron spectroscopy (XPS)
measurements were carried out to reveal the effect of the hydrophilic ethylene oxide chain lengths on
the dewatering effect of long-flame coal slime.

2. Materials and methods
2.1. Coal samples

Coal samples were obtained from the Shendong mining area. The samples were all long-flame coal, a
typical low-rank coal. The samples were prepared for experiments according to the international
standard MT/T808-1997 and were packed in sealed bags and placed in a dry environment.

The experimental coal sample was ground to 200 meshes, and vacuum dried at 50 °C for 1 h.
Proximate analysis and ultimate analysis were carried out according to GB/T 212-2008, GB/T 213-2008,
GB/T 214-2007, GB/T 476-2008 and GB/T 19227-2008. Table 1 shows the proximate analysis and the
ultimate analysis of the coal sample. The ash content of the sample is 21.60%, the volatile matter is
37.90%, and the fixed carbon is 62.10%, which is a long flame coal. The elemental analysis of the coal
sample indicates that the contents of carbon, oxygen and hydrogen are 79.49%, 14.22% and 4.75%,
respectively.

Table 1. Proximate and ultimate analysis of long flame coal

Proximate Analysis? (%) Ultimate Analysisdar (%)
Mad Ad Vdat FCaar C H N Ob S
7.29 21.60 37.90 62.10 79.49 4.75 0.57 14.22 0.97

aM,q is moisture on an air-dried basis, A4 is ash content on a dried basis, V4ar and FCg4. are volatile matter and fixed carbon
on a dried ash free basis, respectively

b Subtraction Calculation

The X-ray diffraction (XRD) patterns of the raw coal samples are shown in Fig. 1 (black line). By
comparing the standard XRD patterns, we found that the raw coal sample contains quartz, calcite, and
a small amount of kaolinite, which would interfere with the experimental results and severely affect the
coal analysis. Therefore, the coal samples required demineralization.
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To reduce the experimental error, demineralization using a mixture of HF, HCl, and distilled water
was used to remove the gangue minerals from the raw coal (Hao et al., 2013). The XRD pattern of the
sample after demineralization is shown in Fig. 1 by a red line. As shown, the reflections corresponding
to quartz, calcite, and kaolinite impurity minerals are absent after demineralization, which should
reduce any interference of impurity minerals on the experimental results.

The NPEO was obtained from Union Carbide Corporation, which purity > 99%. Chemical structure
formula of NPEO is revealed in Fig. 2.
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Fig. 1. XRD patterns of raw and demineralized coal
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Fig. 2. Structure formula of NPEO (n=8,10,12)
2.2. Experimental methods

2.2.1. Dewatering experiment

A series of NPEO-x samples with different degrees of polymerization (x = 8, 10, or 12) solutions were
prepared in different concentrations. Then, 25 mL of each solution was transferred to 100-mL
Erlenmeyer flasks containing 2.00 g coal sample. The mixture was shaken at 120 rad /min in a constant
temperature water bath at 30 °C for 10 h. A vacuum sampler was used to separate the coal sample from
the solution, and the coal samples were placed in a blast drying box at 60 °C for 8 h until dried to a
constant weight. The water content of the coal samples was calculated using Eq. (1).
w =172 5 10094 (1)
my
Here, o is the water content of coal samples (%), m is the weight of coal samples that separate from
the solution (g), and m is the weight of coal samples after drying (g).

2.2.2. Adsorption experiments

For these experiments, 25 mL of NPEO solution (several concentrations were tested) was added to a
100-mL conical flask containing a fixed amount of coal sample (0.5000 + 0.001 g), then the flasks were
agitated in a water bath shaker at 25, 35, or 45 °C for 24 h. The solutions after adsorption were obtained
by vacuum filtration, and, then, the equilibrium concentrations of NPEO were determined using
ultraviolet-visible spectroscopy. The amount of NPEO adsorbed on coal surface was calculated using
Eq. (2) (SahinandEmik, 2018; You, He, Cao, et al., 2019).
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Here, ¢ is the initial concentration of NPEO (mg/L), c. is the equilibrium concentration of NPEO
(mg/L), ge is the amount of NPEO adsorbed by the coal at equilibrium (mg/g), V is the volume of the
solution (L), and m is the mass of the coal sample (g).

2.2.3. X-ray photoelectron spectroscopy

XPS (ESCALAB 250Xi) measurements were used to analyze the elemental content of the coal surface.
The XPS system was equipped with a monochromatic Al (Ks) X-ray source and operated at 200 W. A
pass energy of 150 eV was applied for the elemental scan with a step size of 0.05 eV, and the vacuum of
the analytical chamber exceeded 1 x 10 Pa. The Cl1s spectrum was recorded in constant analyzer energy
(CAE) mode with 20 eV pass energy.

3. Results and discussion
3.1. Dewatering experiments

Fig. 3 shows the change in water content of long-flame coal with increase in NPEO concentration. As
shown in the figure, the water content of the coal samples varies with the equilibrium concentration of
the three NPEO samples. The trends in the water content of the coal samples are similar, all decreasing
at first and then increasing. These results reveal that the wettability of long-flame coal surface can be
adjusted by changing the concentration of NPEO.

Compared with the original sample, the water content of the long-flame coal sample decreased after
adsorbing NPEO-8, NPEO-10, and NPEO-12, reaching minimum values at the absorptive capacity of
1.66 x 105, 1.41 x 105, and 1.21 x 105 mol/g, respectively, and the water contents decreased by 8.72%,
7.50%, and 5.64%, respectively, for these NPEO samples. Thus, NPEO-8 shows the best dewatering
effect, followed by those of NPEO-10 and NPEO-12 in decreasing order. Moreover, the dewatering effect
is best when the NPEO concentration approaches the critical micelle concentration CMC.
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Fig. 3 Effects of NPEO adsorption on water content of long-flame coal

3.2. Adsorption experiments

The isothermal adsorption curves (Fig. 4) of NPEO on each coal sample were obtained by adsorption
experiments. The adsorption isotherms were L-type; that is, the amount of NPEO adsorbed on the coal
surface increases with increase in concentration, gradually levelling off at higher concentrations. The
adsorption isotherms of NPEO-8, NPEO-10, and NPEO-12 on the low-rank coal surface are similar.
When the equilibrium concentration of NPEO-8, NPEO-10 and NPEO-12 in the solution was about
38.17mg/L, 54.16mg/L and 72.48mg/L, respectively, the inflection point appeared in the adsorption
curve. Moreover, the maximum adsorption capacity of NPEO increased with increasing temperature.
For example, the maximum adsorption capacity of NPEO-8 was 26mg/g, 31mg/g, and 36mg/g at 25,
35, and 45°C, respectively, indicating increasing temperature was favorable to the adsorption of NPEO
on low rank coal surface. Furthermore, the maximum adsorption capacity of NPEO-8, NPEO-10 and
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NPEO-12 were 26mg/ g, 24mg/ g, and 21mg/ g severally at 25°C, showing that the maximum adsorption
capacity decreased with increase in degree of polymerization (8 — 12). This is because the interaction
between NPEO and water increases with increase in degree of polymerization, but the interaction
between NPEO and coal decreases (SisandChander, 2003).
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Fig. 4 Adsorption isotherms of NPEO on low-rank coal

3.2.1. Adsorption isotherms

The Langmuir and Freundlich models were used to analyze the adsorption isotherms. The Langmuir
model (Cheng et al., 2014; VadivelanandKumar, 2005; Xu et al., 2013) is given by Eq. (3).

Pty ©)

qm 1+Kce
The linear form of Eq. (3) is given by Eq. (4) (Lyu et al., 2018).
Ce Ce 1
2" am &
Here, c. is the equilibrium concentration of NPEO (mg/L), g. is the amount of NPEO adsorbed by
the coal at equilibrium (mg/g), gm is the maximum amount of NPEO adsorbed by coal (mg/g), and K.
is the Langmuir isotherm constant.
The Freundlich model is given by Eq. (5) (HameedandEI-Khaiary, 2008b).

ge = Kg - ce (5)
The linear form of Eq. (5) is given by Eq. (6) (Saha et al., 2005; You, He, Cao, et al., 2019).
logg. = n-logc. +logKg 6)

Here, K is the Freundlich equation constant ((mg-g?)-(L-mg1)'/n), which is related to the adsorption
capacity, and n is the characteristic adsorption constant, which relates to the adsorption intensity.

The fitted parameters for the Langmuir and Freundlich models are listed in Table 2. The coefficient
of determination (R?) for the fitting to the Langmuir model is obviously higher than that of the
Freundlich model, indicating the adsorption of NPEO on low-rank coal can be described best by the
Langmuir isotherm. The maximum adsorption capacity of NPEO-8 NPEO-10 and NPEO-12 on low rank
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coal surface was 26.08, 24.29, and 21.65 mg/ g severally at 25°C, which was very close to the equilibrium
adsorption capacity. Other temperatures as well.

Table 2. Fitted adsorption parameters for NPEO on coal samples

Langmuir Freundlich
Surfactant T, °C
gm Mg/ g Ku L/g R2 Kr n R2
25 26.08 117.41 0.9995 0.030 0.11 0.3972
NPEO-8 35 31.25 172.49 0.9998 0.033 0.07 0.2020
45 36.04 202.58 0.9999 0.037 0.05 0.2605
25 24.29 83.64 0.9999 0.027 0.12 0.7300
NPEO-10 35 28.85 112.68 0.9996 0.031 0.09 0.4120
45 33.88 137.98 0.9999 0.034 0.05 0.5608
25 21.65 71.93 0.9995 0.023 0.10 0.5529
NPEO-12 35 25.34 85.95 0.9995 0.028 0.12 0.4679
45 29.51 115.86 0.9996 0.031 0.08 0.2833

3.2.2. Adsorption thermodynamics

The corresponding thermodynamic parameters were calculated using Egs. (7-9). The change in the free
energy (AG) is given by Eq. (7) (Demirbas et al., 2006; Pedro Silva et al., 2004; You et al., 2018).
AG = —RT -InK @)
The enthalpy change (AH) is given by the Clausius-Clapeyron equation, as shown in Eq. (8) (S. Liu
et al., 2020; Y. Liu, 2009).

InK=—2242 ®)
RT R
The entropy change (AS) is given by Eq. (9).
AG = AH —TAS )

In Egs. (7-9), T is the temperature (K), R is the ideal gas constant (8.314]/(mol K)), and K is the
thermodynamic equilibrium constant, which is given by the Langmuir isotherm equation. The
thermodynamic parameters for adsorption are listed in Table 3.

Table 3. Thermodynamic parameters for the adsorption of NPEO on low-rank coal

Surfactant T, °C AG, kJ/mol AH, K] /mol AS, ] K-t mol-!

25 -27.54 21.58 164.82

NPEO-8 35 -29.45 21.58 95.61

45 -30.83 21.58 96.94

25 -27.05 19.75 157.06
NPEO-10 35 -28.72 19.75 93.26

45 -30.19 19.75 94.94

25 -26.99 18.72 153.38
NPEO-12 35 -28.35 18.72 92.05

45 -30.06 18.72 94.53

The negative sign of the free energy (AG) for the adsorption of NPEO on low-rank coal in the range of
studied temperatures suggests that adsorption was a spontaneous reaction and thermodynamically
favorable (Oyelude et al., 2017). Moreover, the absolute values of AG were between 25 to 31 kJ/mol,
which indicated that the adsorption of NPEO on long-flame coal was physical absorption (B.
ZhuandZhao, 1999). The positive value of AH implies that adsorption is an endothermic adsorption
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process. In addition, the value of AS was greater than zero, which reflects the increased randomness at
the coal-NPEO solution interface (Oyelude et al., 2017; Sun et al., 2008).

A higher absolute value of AG implies a more energetically favorable adsorption process. The values
of AG adsorbed by NPEO-8, NPEO-10, and NPEO-12 on low rank coal surface were -27.54k]/mol, -
27.05kJ/mol and -26.99k] /mol at 25°C, respectively, showing that the absolute values of AG adsorbed
by NPEO-8, NPEO-10, and NPEO-12 on the low-rank coal surface decreased with increase in the
number of ethylene oxide units, which indicated that a lower degree of polymerization is favorable for
the adsorption of NPEO on the low-rank coal surface.

3.2.3. Adsorption kinetics

Pseudo-first-order and pseudo-second-order kinetic models were used to study the adsorption of
NPEO on the low-rank coal surface.
The pseudo-first-order kinetic model is given by Eq. (10) (VadivelanandKumar, 2005).

d
f =Ky (Ge—q0) (10)
The linear formula of Eq. (10) after integration is given by Eq. (11) (SahinandEmik, 2018).
In(ge — qo) = Ingqe — Kyt (11)

Here, g. is the amount NPEO adsorbed by the coal at time t in the adsorption process (mg/g), and
K is the pseudo-first-order rate constant.

The pseudo-second-order kinetic model is given by Eq. (12) (VadivelanandKumar, 2005; Xiao et al.,
2020).

d
f =Kz (qe — q0)° (12)

The linear formula after integration is given by Eq. (13) (Oyelude et al., 2017).
S = — (13)

a Kead | de
Here, K> represents the pseudo-second-order rate constant.
The adsorption kinetics curves of NPEO on low-rank coal at different contact times are shown in Fig.
5, and the adsorption curves are all very similar. The amount of NPEO adsorbed by the coal increased
rapidly in the first 60 min; after this, the increase slowed; finally, equilibrium was reached after 720 min.
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Fig. 5. Adsorption kinetic curves of NPEO on coal samples

The fitting parameters for the pseudo-first-order and pseudo-second-order models are listed in Table
4. The values of R? achieved using the pseudo-second-order model are obviously higher than those
obtained with the pseudo-first-order model, and, for the second-order model, the theoretical adsorption
capacities (ge2) are very close to the maximum equilibrium adsorption capacities obtained by
experiment. This indicates that the adsorption of NPEO on low-rank coal fitted the pseudo-second-
order kinetic model best.
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Table 4. Kinetic parameters for the adsorption of NPEO on low-rank coal

Pseudo-first-order Pseudo-second-order
Surfactant de,mg/g
Je1, mg/g Ky R2 Je2, Mg/ g Kz R2
NPEO-8 25.32 8.04 0.0018 0.8924 22.40 1.622 0.9994
NPEO-10 24.04 8.14 0.0020 0.9406 20.69 1.463 0.9988
NPEO-12 20.79 7.03 0.0023 0.9334 16.96 1.618 0.9988

3.2.4. Adsorption diffusion mechanism

The intraparticle diffusion and film diffusion models are the two most widely used models to identify
the limiting adsorption step of the adsorption process.
The intraparticle diffusion model is given by Eq. (14) (Caceres-Jensen et al., 2013; HameedandEI-
Khaiary, 2008b; Hameed et al., 2009).
g =Kijq " t** +C (14)
Here, Kiq is the intraparticle diffusion constant, and C is an arbitrary constant.
If, on fitting Eq. (14), a linear fit is obtained and C is zero, then intraparticle diffusion is the sole rate-

limiting step. Otherwise, there is likely another rate-limiting step involved.
The film diffusion model (Ahamad et al., 2018; TaffarelandRubio, 2009) is given by Eq. (15).
In(1-F)=—Kgq 't (15)

Here, F is the ratio of the adsorption capacities at time t and equilibrium (F = g/ ge), and K is the
adsorption rate constant.

On fitting the data to Eq. (15), if a zero intercept is obtained, the adsorption kinetics is controlled by
diffusion through the liquid film surrounding the solid sorbent. Otherwise, film diffusion is not only
the rate-limiting step, and intraparticle diffusion could also be taking place.

The Boyd model can be used to identify whether external transport or intraparticle transport (i.e.,
film diffusion or intraparticle diffusion) control the rate of adsorption (Eq. (16)) (Caceres-Jensen et al.,
2013; Onal et al., 2007).

(1—F)=Ze (16)

Here, F = gi/ge, and Bt is a function of F.
IfF < 0.85, Btis given by Eq. (17) (HameedandEIl-Khaiary, 2008a).

2
n2F
Bt = (\/E— - (T)) (17)
IfF > 0.85, Btis given by Eq. (18) (Caceres-Jensen et al., 2013; HameedandEl-Khaiary, 2008a).
Bt = —0.4977 —In(1 — F) (18)

If the regression of Bf versus ¢ is a straight line with zero intercept, the adsorption rate is governed
by the intraparticle diffusion mechanism. If the fit is nonlinear or linear but does not pass through the
origin, film diffusion or chemical reaction controls the adsorption rate.

The experimental data were fitted to the Weber-Morris equation. As shown in Fig. 6, there are two
linear portions. At the beginning of adsorption, there is a linear region representing pore diffusion,
followed by a horizontal linear region representing equilibrium. The slope and intercept of the second
linear portion characterize the rate of intraparticle diffusion; these parameters are listed in Table 5.

From Table 5, the R2 values of the fitted curve of g; versus 15 are all higher than 0.9, but the intercept
C values are not zero; that is, the straight line does not pass through the origin, suggesting intraparticle
diffusion is not the sole rate-limiting step in the adsorption of NPEO on low-rank coal. Fitting to the
film diffusion model yielded straight lines that did not pass through the origin, indicating that film
diffusion is not the only rate-limiting step. Therefore, the adsorption of NPEO on low-rank coal surface
is controlled by both liquid film diffusion (external mass transfer) and intraparticle diffusion (mass
transfer through the pores). The Bt values were plotted against time following the Boyd model, as
shown in Fig. 7, and the results are presented in Table 6. The values of R? are all greater than 0.9,
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indicating that the plot of Bt versus t (the initial stage of adsorption) is linear; however, the linear plot
does not pass through the origin, indicating that the adsorption rate of NPEO on low-rank coal is
governed by film diffusion.
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Fig. 6. Fitting of the adsorption of NPEO on coal samples to the intraparticle diffusion model

Table 5. Results of fitting to intraparticle and liquid film diffusion model

Intraparticle diffusion Liquid film diffusion
Surfactant
Kid C R2 K A R2
NPEO-8 0.00044 0.012 0.9794 0.0018 -1.05 0.8924
NPEO-10 0.00041 0.010 0.9196 0.0020 -0.95 0.9406
NPEO-12 0.00037 0.007 0.9817 0.0023 -0.88 0.9334
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Fig. 7. Fitting of the liquid film diffusion of NPEO on low-rank coal

3.3. FTIR analysis

The transmittance intensity of peaks near 3690 cm™ (-OH group) and 910 cm1(Si-O-Si group) in the
spectrum of raw long-flame coal was slightly higher than that in the spectrum of long-flame coal after
adsorbing NPEO. These results showed that long-flame coal after adsorbing NPEO has slightly higher
hydrophobic properties than raw coal. Comparing the samples which adsorbing NPEO could be found
that the transmittance intensity variation of peaks is tiny, resulting in an inability to determine which
effect is better. Therefore, the XPS was used for further study.
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Table 6. Results of fitting to the Boyd model

Surfactant Slope Intercept R2
NPEO-8 0.0035 0.38 0.9867
NPEO-10 0.0034 0.34 0.9441
NPEO-12 0.0031 0.30 0.9580

3690 910 700
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Coal/NPEO-12
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Fig. 8. The FTIR spectra of samples

3.4. XPS analysis

XPS analysis of the low-rank coal surface was carried out, and the elemental contents were calculated
assuming the sum of the C, O, Si, and Al content to be 100%. The relative content of C, O, Si, and Al on
the low-rank coal surface with or without surfactant is different (Fig. 9), and the atomic contents are
listed in Table 7.

Compared to that of low-rank coal without NPEQO, the C content on low-rank coal with NPEO-8,
NPEO-10, and NPEO-12 increased by 1.96%, 1.44%, and 1.08%, respectively, whereas the O content
decreased from 17.16% to 15.25%, 15.83%, and 16.16%. This shows that NPEO had adsorbed onto the
low-rank coal surface.

Peak fitting and deconvolution of the Cls peak was performed using XPS Peak 4.1, and the fitting
curves are shown in Fig. 10. The C-C/C-H, -COOH, >C=0, and -C-O contents were calculated from the

Dcoal+NPEO12

- -

Dcoal+NPEO10

0 200 400 600 800
Binding Energy (eV)

Fig. 9. XPS wide energy scans of the demineralized coal surface before and after the adsorption of NPEO
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fitting results, and the contents of the carbon-containing groups on each coal sample (demineralized
coal surface with and without NPEO) are listed in Table 8.

As shown by Table 8, the C-C/C-H group content on the samples surface increased by 5.26%, 3.21%,
and 1.80% after the adsorption of NPEO-8, NPEO-10, and NPEO-12, respectively. Moreover, the C-O,
C=0, and O=C-O contents on the sample surfaces all decreased after the adsorption of NPEO. This
indicates that NPEO was adsorbed on the low-rank coal surface, and this improved the hydrophobicity
of the coal surface and enhanced the dewatering of the low-rank coal. On the basis of the peak fitting of
the Cl1s peak in the spectra of the coal surface after the adsorption of NPEO, the greatest increase in C-
C/C-H content was that for NPEO-8, followed, in decreasing order, by those for NPEO-10 and NPEO-
12. This shows that NPEO-8 improved the hydrophobicity of the coal surface to the greatest extent,
which is consistent with the results of dewatering experiments.

Table 7. Contents of Cls, Ols, Si2p, and Al2p on demineralized coal surface before and after adsorbing NPEO

Element content, %

Sample
Cls Ols Si2p Al2p
Demineralized coal 81.76 17.16 0.55 0.53
Dcoal/NPEO-8 83.71 15.25 0.47 0.56
Dcoal/NPEO-10 83.19 15.83 0.45 0.53
Dcoal/NPEO-12 82.84 16.16 0.49 0.51
Dcoal is logogram of demineralized coal
(a) Raw Intensity (b) Raw Intensity
N Peak Sum Peak Sum
Background Background
—— C-C/C-H —— C-C/C-H
o —co
o ——C=0
—0=C-0 — 0=C-0

278 280 282 284 286 288 290 292 294
Binding Energy (eV)
(a) Demineralized coal

278 280 282 284 286 288 290 292
Binding Energy (eV)
(b) Coal + NPEO-8

294

(c)

Raw Intensity
Peak Sum
Background
—— C-C/C-H

—c0
—cC-0
——0=C-0

(d) Raw Intensity
Peak Sum
Background
—— C-C/C-H
—C-0
—C=0

— 0=C-0

278 280 282 284 286 288 290 292 294
Binding Energy (eV)
(c) Coal + NPEO-10

278 280 282 284 286 288 290 292
Binding Energy (eV)
(d) Coal + NPEO-12

Fig. 10 Peak fitting of Cls peaks on coal samples
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Table 8. Content of carbon-containing groups on coal samples

Content, %

Sample
C-C/C-H C-O C=0 0=C-O
Demineralized coal 70.69 20.46 1.27 7.58
Dcoal/NPEO-8 75.95 14.51 2.19 7.35
Dcoal/NPEO-10 73.90 15.71 2.76 7.62
Dcoal/NPEO-12 72.49 18.48 1.74 7.29

4. Conclusions

The following conclusions were obtained. The water contents of long-flame coal samples after the
adsorption of NPEO-8, NPEO-10, and NPEO-12 reached 38.17, 54.16, and 72.48 mg/L, representing
decreases of 8.72%, 7.50%, and 5.64%, respectively. This indicates that NPEO-8 has the best dewatering
effect for low-rank coal, followed, in decreasing order, by NPEO-10 and NPEO-12. The adsorption
isotherms of NPEO on low-rank coal were best described by the Langmuir model, and the adsorption
kinetics fit the pseudo-second-order kinetic equation well. Moreover, the adsorption process was
controlled by both intraparticle diffusion and liquid film diffusion, and film diffusion controls the
adsorption rate. The adsorption of NPEO on low-rank coal is a spontaneous endothermic process and
is governed by physical adsorption. The contents of C-C/C-H groups on the sample surfaces increased
after the adsorption of NPEO, whereas the surface contents of C-O, C=0, and O=C-O groups decreased.
Moreover, the largest increase in C-C/C-H content was observed after the treatment of the coal with
NPEO-8, followed in decreasing order by NPEO-10 and NPEO-12, indicating that NPEO-8 resulted in
the greatest increase in the hydrophobicity of the coal surface.
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