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Abstract: The oxygen-containing functional groups (OCFG) on the coal surface affect the adsorption 

effect of hydrocarbon oily collectors (HOC). An investigation of the interaction between the HOC and 

OCFG in the absence and presence of water is conducive to understanding the effect of OCFG type on 

the adsorption of HOC on the coal surface. In this paper, FTIR analysis was used to analyze the OCFG 

type of coal surface. The adsorption behavior of HOC on different OCFG surfaces was investigated 

using molecular dynamics simulation. The results indicated the presence of OCFG such as -OH, -

COOH, -C=O, and -COCH3 on the coal surface. In conditions without water, the effect of OCFG on HOC 

adsorption capability follows the order -COOH > -C=O > -OH > -COCH3. In an aqueous solution, the 

effect of OCFG on HOC adsorption capability follows the order -C=O>-COCH3>-OH>-COOH. 

Moreover, the hydrophilicity of OCFG is the key factor that affects the adsorption effect of HOC. In 

other words, the adsorption effect of HOC on the coal surface in an aqueous solution does not depend 

on the strength of the interaction between the OCFG and HOC in the absence of water, but on the 

hydrophilicity of the OCFG. The -COOH and -OH on the coal surface are not conducive to the 

adsorption of HOC onto the coal surface. Masking the -COOH and -OH of the coal surface is beneficial 

in improving the coal flotation performance with HOC as a collector.  

Keywords: oxygen-containing functional groups, hydrocarbon oily collectors, molecular dynamics 

simulation, coal surfaces, adsorption 

1. Introduction 

Flotation is a method for the efficient and clean use of coal resources (Li et al., 2020a; Li et al., 2020b;). It 

is a technique based on the difference in surface properties between coal and minerals and being 

separated in a gas-liquid-solid three-phase fluid. Coal surface hydrophobicity is an important surface 

property that determines the flotation effect of coal slimes. In other words, the higher the 

hydrophobicity of the coal surface, the better the flotation effect (Xia et al., 2021; Li et al., 2020c). 

The coal types are numerous. The hydrophobicity of the surface of different types of coal varies 

considerably. This mainly depends on the type and content of oxygen-containing functional groups 

(OCFG) on the surface of the coal (Wang et al., 2018). Some studies found that lignite coals contain many 

OCFG such as hydroxyl, carbonyl, and carboxyl on their surfaces (Zhang et al., 2018; Xia et al., 2016). 

Long-flame coals contain many hydroxyl and carbonyl groups on their surfaces (Qu et al., 2015). This is 

the main reason for the poor hydrophobicity of low-rank coals. Coking coal is bituminous with fewer 

OCFG on its surface and better natural hydrophobicity (Zhang and Xia, 2015). The anthracite has much 

lower OCFG on its surface. It also has excellent natural hydrophobicity. However, oxidation increases 

the OCFG content on anthracites surfaces such as hydroxyl and carboxyl, causing a decrease in its 

hydrophobicity (Xia et al., 2018). This is consistent with the result of Tan et al. that the higher the oxygen 

content in coal, the less hydrophobic surface is (Tan et al., 2020). 

http://www.minproc.pwr.wroc.pl/journal/
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Hydrocarbon oils (e.g., kerosene or diesel) are the most common collectors for fine coal flotation (Xia 

et al., 2018; Harris et al., 1995). Some studies found that the adsorption rate of hydrocarbon oils on the 

coal surface is affected by the surface properties of the coal (Zhang et al., 2020a). Zhang et al. found that 

when the surface hydrophobicity of the coal is high, a good flotation performance can be achieved with 

a small amount of diesel (Zhang et al., 2015). Xu et al. found that the oxygen content on the surface of 

long-flame coal was higher than the carbon content, and the combustible recovery was only 30.14% 

when diesel was used at 6 kg/t (Xu et al., 2018); increasing the amount of diesel used in the flotation 

process helps to improve the flotation of high oxygen content coals. Xia et al. found that dodecane only 

interacts with nonpolar groups on the surface of low-rank coals through hydrophobic interactions and 

hardly interacts with polar groups on their surfaces through molecular dynamics simulations (Xia et al., 

2021; Liu et al., 2019; Xia et al., 2020a; Xia et al., 2019a; Zhang et al., 2020b; Zhang et al., 2021). These 

indicate that OCFG on coal surfaces can limit the adsorption of hydrocarbon oils, affecting the flotation 

efficiency of low-rank coals (LRC) and oxidized coal (Xia et al., 2019a; Zhang et al., 2020c; Zhang et al., 

2021a; Abarca et al., 2018; Carla et al., 2018; Zhou et al., 2018; Jia et al., 2000; Dey et al., 2013). In addition, 

Zhang et al. (2021b) further found in an aqueous solution, the oil droplet cannot spread on the –OH and 

–COOH surfaces, and are still clustered together in a spherical form; for –C=O and -COCH3 surfaces, 

oil droplet spread on these surfaces, thereby forming an oil film. However, in the absence and presence 

of water, the effect and difference of OCFG on the adsorption of hydrocarbon oily collectors (HOC) on 

coal surfaces have not been reported.  

Therefore, an investigation of the interaction between the HOC and OCFG in the absence and 

presence of water is conducive to understanding the effect of OCFG type on the adsorption of HOC on 

the coal surface. In this paper, Fourier-transform infrared spectroscopy (FTIR) was used to analyze the 

OCFG type of coal surface. The adsorption behavior of HOC on different OCFG surfaces in the absence 

and presence of water was investigated using molecular dynamics simulation (MDS), which included 

adsorption configuration, relative concentration profiles, radial distribution function, interaction energy, 

and mean square displacement (MSD). Coal has a complex organic structure. The coal surface contains 

a variety of functional groups. (Liu et al., 2019; Zhang et al., 2020a; Zhang et al., 2020c; Lyu et al., 2018; 

Li et al., 2020c). To reduce the interference of other functional groups on the coal surface, a single OCFG 

was grafted on the graphite surface for constructing the surface models. This had been confirmed to be 

feasible in the study of the mechanism of interaction between the flotation agent and the OCFG of the 

coal surface. (Xia et al., 2020a; Zhang et al., 2020a; Zhang et al., 2021a). Dodecane was used to replace 

the HOC in the MDS because HOC is a mixture. The results provided a new perspective for 

understanding the effect of OCFG type on the adsorption of HOC on the coal surface at the molecular 

level, which is beneficial to help analyze the reasons for the high dosage of diesel and the poor flotation 

performance of coal with high OCFG. It also provides theoretical support for optimizing and designing 

new collectors for improved flotation performance of coal with high OCFG. 

2. Materials and methods 

2.1. Coal sample and reagents 

The LRC and CC samples from Inner Mongolia, China, were used in this study. They were the -0.5 mm 

coal flotation feed in Shendong (low-rank coal) and Bailing (coking coal) coal processing plants, 
respectively. The proximate analysis of the coal samples is given in Table 1. 

Table 1. The results of proximate analysis of the coal samples (%) 

Name Mad Aad Vad FCad 

LRC 2.21 24.98 25.38 47.43 

CC 0.91 20.00 25.87 53.22 

ad: Air-dry basis; M: Moisture; A: Ash; V: Volatile Matter; FC: Fixed Carbon. 

2.2. FTIR analysis 

FTIR analysis was carried out by using a Fourier transform infrared spectroscopy (Nicolet iS5, Thermo 

Scientific, USA). The coal samples of LRC and CC were mixed with KBr (Potassium Bromide), 
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respectively, then pressed to small pelletized discs for FTIR analyses conducted in the range of 400-4000 

cm-1. 

2.3. Simulation details 

In this paper, the structure of dodecane is shown in Fig. 1(a). Graphite surface structure was established 

based on the method of the previous studies (Xia et al., 2020a; Zhang et al., 2020a). The OCFG was 

grafted onto the graphite surface to simulate a coal surface with a single OCFG. The detailed 

construction process is shown in Fig. 1(b). Firstly, the graphite was cleaved along its (001) surface. Then, 

a single type of OCFG was grafted onto the graphite surface along the Z-axis at the location shown in 

the figure. Finally, a 10× 10 supercell (24.60 × 24.60Å2) was constructed. In addition, to prevent the 

interaction between the grafting molecules,  the supercell of 2×2 has a grafting site. The zoomed-in view 

of the graft structure of carboxyl (–COOH), hydroxyl (–OH), carbonyl (–C=O), and methyl ether (-

COCH3) is shown in Fig. 1(c). Correspondingly, a cell containing 5 dodecanes/ 1000 water molecules 

was constructed with the same dimensions as grafted graphite. A vacuum layer of 80Å was established 

to eliminate periodicity effects. The final model in the absence of water/ dodecane is shown in Fig. 

1(d)/(e). Based on the model in the absence of water, 1000 H2O was introduced for simulating the 

adsorption process of dodecane in a water environment, as shown in Fig. 1(f), and other parameters 

were the same. In the simulation, all graphite atoms were constrained, and the grafted OCFG, water 

molecules, and dodecane molecules were free to move (Zhang et al., 2021b). Before MDS, 5000 geometric 

optimization steps were performed to eliminate unreasonable contact between atoms.  

(f)(e)

80  Å

1000 H2O

(c)

2×2

80  Å

Vacuum layer

1000 H2O Water layer

Dodecane layer

Oxygen-containing 

group

10×10
Grafting site

Graphite cell

Super cell

C H O

(a)

(b)

(d)

80  Å

 

Fig. 1. Molecular structure and models: (a)  Graphite grafting -COCH3; graphite grafting –COOH; graphite 

grafting –C=O; graphite grafting –OH; (b) Dodecane; (c) OCFG model and  Simulation boxes for MDS in the 

absence of water (d), in the absence of dodecane (e) and in the presence of water and dodecane (f). 

MDS was performed using the Nosé thermostat and NVT ensemble with a one fs time step. This had 

been confirmed to be satisfactory for simulation requirements (Xia et al., 2020a; Zhang et al., 2020a; 

Zhang et al., 2021b). For the entire interaction, 2000 ps simulations were conducted. The last 100 frames 

are used for analysis. The Ewald/ atom-based method was used for electrostatic/ Van der Waals 

interactions with a 0.001 kcal/mol precision/ a cut-off of 12.5 Å. Molecular dynamics simulations were 

carried out using the Forcite modules of Materials studio 8.0 software. COMPASS II force-field was 

employed in all simulations. 
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3. Results      

3.1. FTIR analysis 

The FTIR analysis results of LRC/CC are shown in Fig. 2. As shown in Fig. 2, several absorption band 

for LRC/CC samples include: -OH stretching frequency around 3693cm-1, 3618cm-1, and 3414 cm-1 (He 

et al., 2018; Li et al., 2020c; Aljerf and Nadra, 2019; Fan et al., 2020); -CH stretching frequency at 3041 

cm-1, 2922 cm-1, 2855 cm-1 (Li et al., 2020c; Li et al., 2019; Zhu et al., 2019); -COO- stretching frequency at 

1735 cm-1, 914 cm-1  (He et al., 2018; Zhu et al., 2020); -C=C- stretching frequency at 1607.69 cm-1 (He et 

al., 2018; Li et al., 2020c); -CH3 stretching frequency at 1443 cm-1, 1381 cm-1 (Li et al., 2020c; Zhu et al., 

2020; Cai et al., 2018); -COC- stretching frequency at 1271.74 cm-1, 1096.15 cm-1, 1035.28 cm-1, 879cm-1 (Li 

et al., 2020; He et al., 2018; Fan et al., 2020; Zhu et al., 2020; Yang et al., 2021); -C-C=O stretching 

frequency at 694.45 cm-1, 538.01cm-1, 470.47cm-1 (Li et al., 2020b; Fan et al., 2020; Yang et al., 2021; 

Marcelo et al., 2006; Xie et al., 2017; Akyıldırım et al., 2017). These indicate the presence of functional 

groups such as -OH, -CH, -COO-, -CH3, -COC-, -C=O on the surface of LRC and CC. The OCFG on the 

coal surface are mainly carboxyl (-COOH), hydroxyl (-OH), carbonyl (-C=O), ether(-COC-). 

 

Fig. 2. FTIR analysis results  

3.2. Interactions between OCFG and dodecane molecules in the absence of water 

3.2.1. Adsorption configuration 

Fig. 3 shows the adsorption initial and equilibrium states of dodecane on the different oxygen-

containing functional groups (DOCFG) of coal surface in the absence of water. It can be observed from 

Fig. 3 that the dodecane molecule can be adsorbed on the OCFG in a tilted or flat manner and form an 

oil film. However, there is a difference in the number of layers of dodecane adsorbed on the DOCFG. 

Dodecane is adsorbed as a monolayer on the -COOH and -C=O surface and as multiple adsorptions on 

the -OH and -COCH3 surface. This indicates that the absorption effect of dodecane on the -COOH and 

-C=O surface is better than those of the -OH and -COCH3 in the absence of water. 

3.2.2. Relative concentration profiles and radial distribution function 

To further analyze the adsorption configuration, the relative concentration distribution and radial 

distribution function of dodecane molecules along the Z-axis (vertically to the surface of the OCFG 

model) were calculated. The results are shown in Fig. 4 and Fig. 5. 

Fig. 4 shows that there were differences in the concentration of dodecane on the OCFG surface, but 

the differences were not significant. The relative concentration of dodecane on the DOCFG surface from 

low to high is -COCH3＜-OH＜-C=O＜-COOH. In other words, dodecane has the highest adsorption 

on -COOH and lowest adsorption on -C-O-CH3. This result is consistent with the observed adsorption 

configuration result (Fig. 3). 
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Fig. 3. The adsorption initial and equilibrium states of dodecane on the DOCFG without water (a) -COOH; (b) -

OH; (c) -C=O; (d) -COCH3 

 

Fig. 4. The relative concentration of dodecane molecules on DOCFG 

The radial distribution function (Fig. 5.) describes how the dodecane density varies as a function of 

distance from a dodecane molecule. Higher peaks indicate more distance between dodecanes. This also 

indicates the strength of the interaction between the OCFG and the dodecane in the Z-axis direction. 

The higher the peak is, the weaker the interaction of the OCFG with the dodecane is. As shown in Fig. 

5, the positions of the radial distribution function peaks between the dodecane are the same. The 

difference lies in the heights of those peaks. The peak height in -COCH3/-OH/-C=O /-COOH is 

469.21/384.67/379.36/355.84. Therefore, the distance between the dodecane molecule order -COCH3＞

-OH＞-C=O ＞-COOH. This means that on the -COOH surface, the probability of finding a dodecane 

molecule around the dodecane molecule is the most at the same distance. The strength of the interaction 

between the dodecane molecule and the -COOH surface is also probably the strongest. The RDF results 

agree well with the results of relative concentration (Fig. 4). 
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Fig. 5. Radial distribution of dodecane molecules on DOCFG 

3.2.3. Interaction energy 

The interaction energy (𝐸𝑖𝑛𝑡) is used to describe the interaction intensity between dodecane molecule 

and OCFG surfaces. Eint can be computed using Eq. (1). The van der Waals energy component (Evdw) 

and electrostatic interaction (Eelec) are also listed in Table 2. 

𝐸𝑖𝑛𝑡 = 𝐸𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − (𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝐸dodecane)                                           (1) 

where 𝐸𝑖𝑛𝑡  is the interaction energy; 𝐸𝑐𝑜𝑚𝑝𝑙𝑒𝑥 , 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 , and 𝐸dodecane  are the energy of the complex 

model, coal, and dodecane, respectively.  

Table 2. Interaction energies between dodecane and OCFG (KJ/mol) 

OCFG   Eint Evdw Eelec 

 -COOH    -83.49 -79.84 -3.65 

 -OH   -68.00 -67.42 -0.58 

-COCH3   -62.74 -62.00 -0.14 

-C=O   -75.34 -74.63 -0.70 

It can be seen from Table 2 that the interaction energies of dodecane with -COCH3/-OH/-C=O /-

COOH are -62.74 kcal.mol-1 /-68.00 kcal.mol-1 /-75.34 kcal.mol-1 /-83.49 kcal.mol-1. Therefore, the 

interaction between dodecane and OCFG from low to high is -COCH3＜-OH＜-C=O＜-COOH. This 

result is consistent with the radial distribution function (Fig. 5.). Meanwhile, the van der Waals force 

does work that is very close to the interaction energy. The electrostatic force does work those only 

account for a tiny part. This result suggests that EvdW is dominant in the adsorption of dodecane on the 

coal surface. The main reason accounting for this phenomenon is that the dodecane molecules cannot 

ionize, and then no source of electrostatic interaction ( Zhang et al., 2021b ).  

3.2.4. The diffusion coefficients of dodecane on OCFG 

The differences in the surface properties of OCFG will affect the dynamic behavior of dodecane (Li et 

al., 2019). MSD curves were used to analyze the kinetic properties of dodecane on OCFG. In the MSD 
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curves, the mobility of dodecane is affected by the type of OCFG. The relationship between MSD and 

the diffusion coefficients (D) is based on the related literature, as follows: 

𝐷 = lim
𝑡→∞

(
𝑀𝑆𝐷

6𝑡
) =

1

6
𝐾𝑀𝑆𝐷                                                                 (2) 

where KMSD is the slope of the MSD curve. 

 

Fig. 6. MSD curves of dodecane on the DOCFG 

MSD curves were used to analyze the stability of dodecane on the DOCFG. MSD curves of dodecane 

on the DOCFG are shown in Fig. 6. It was found that the diffusion coefficients of dodecane are 1.15×10-

10 m2.s-1/ 1.76×10-10 m2.s-1/ 2.27×10-10 m2.s-1/ 2.86×10-10 m2.s-1 on the -COOH/ -C=O/ -OH / -COCH3, 

respectively. The diffusion coefficient of dodecane on the -COOH surface is the smallest, followed by -

C=O, -OH, and -COCH3. However, a bigger diffusion coefficient value suggests higher dynamic 

properties (Wan et al., 2021). In other words, the bigger the diffusion coefficient value is, the weaker the 

ability to limit the diffusion of dodecane molecules is. The desorption capacities of dodecane on the 

surfaces of DOCFG range from strong to weak: -COCH3＜ -OH＜ -C=O＜ -COOH. The diffusion 

coefficients results agree well with the results of Interaction energy (Table 2.). Therefore, the adsorption 

effect of hydrocarbon oil on the OCFG surface order -COOH＞ -C=O ＞-OH ＞-COCH3 in the absence 

of water. 

3.3. Interactions between OCFG and dodecane molecules in the presence of water 

Water is an essential medium in the flotation process (Hosseinian et al., 2020). It affects the properties 

of the mineral surface and the adsorption behaviors of flotation agents significantly. The water molecule 

cannot be ignored in the study of the interaction between dodecane and coal surface. Therefore, the 

adsorption behavior of dodecane at the solid-liquid interface was investigated by introducing 

multilayer water containing 1000 H2O. Like the MD simulation in the absence of water, the structural, 

dynamic, and energetic information of the simulation systems was analyzed. 

3.3.1. Adsorption configuration 

The adsorption initial and equilibrium states of dodecane on the DOCFG in the presence of water were 

shown in Fig. 7. It can be observed from Fig. 7 that in an aqueous solution, the dodecane molecule still 

can adsorb on the DOCFG surfaces. But its adsorption morphology on the DOCFG surfaces is different. 

On the -C=O and -COCH3 surfaces, dodecane appears as a monolayer with almost complete spreading. 

On the -OH and -COOH surfaces, dodecane appears as a multilayer and clusters together; especially on 

the -COOH surface, the dodecane molecules are clustered together in a spherical form. This result is 

significantly different from the adsorption conformation in the absence of water (Fig. 3). 
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Fig. 7. The adsorption initial and equilibrium states of dodecane on the DOCFG in the presence of water (a) -

C=O; (b) -COCH3; (c) -OH; (d) -COOH 

3.3.2. Relative concentration profiles and radial distribution function 

Fig. 8 shows that the dodecane concentrations on the DOCFG surfaces differed significantly. Dodecane 

molecules are densely adsorbed on the -C=O and -COCH3 surfaces; whereas the density on the -OH 

and -COOH surfaces is very low. The relative concentration of dodecane on the coal surface with 

DOCFG is from low to high: -COOH＜-OH＜-COCH3＜-C=O. This result is also significantly different 

from the result of relative concentration in the absence of water (Fig. 4). 

Fig. 9 shows that there is a peak located at approximately 1.1 Å, which is the same as the peak 

position illustrated in Fig. 5. In addition, the peak intensities in -COOH/-OH/-COCH3/-C=O are 

598.83/  578.97/  566.56/  548.42.  The  peak  intensities  of  the -OH and -COOH surfaces are significantly  

 

Fig. 8. The relative concentration of dodecane molecules on DOCFG 
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Fig. 9. Radial distribution of dodecane molecules on DOCFG 

higher than those of the -C=O and -COCH3 surfaces. In other words, on the -OH and -COOH surface, 

the probability of finding dodecane molecules around the dodecane molecule is lower at the same 

distance. Therefore, the strength of the interaction between the dodecane molecule and the --OH and -

COOH surface is weaker. These results agree well with the results of relative concentration (Fig. 8). 

3.3.3. The Diffusion Coefficients of dodecane on OCFG 

MSD curves of dodecane on the DOCFG are shown in Table 3. It was found that in the presence of 

water, the diffusion coefficient of dodecane on the -C=O surface is the smallest, followed by -COCH3, -

OH, and -COOH. In other words, the desorption capacities of dodecane on the DOCFG surfaces range 

from strong to weak: -COOH＞-OH＞-COCH3＞-C=O. The diffusion coefficients results agree well with 

the results of radial distribution (Fig. 9). Therefore, the adsorption effect of hydrocarbon oil on the OCFG 

surface from bad to good is -COOH＜-OH＜-COCH3＜-C=O in the presence of water. 

 

Fig. 10. Diffusion coefficients of dodecane on DOCFG 
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4. Discussion 

Based on MDS results, it can be observed that under conditions without water, HOC has a higher 

affinity for -COOH, followed by the -C=O, -OH, and -COCH3. In an aqueous solution, HOC has a better 

adsorption effect on -C=O, followed by the -COCH3, -OH, and -COOH. This indicates that the water 

molecule has a significant effect on the interaction of the HOC with the OCFG. To further explain this 

phenomenon, the relative concentrations of water molecules on the DOCFG surfaces in the presence 

and absence of dodecane molecules were analyzed in the paper. The result is shown in Fig. 11.  

It can be found from the figure that in the absence of dodecane, water molecules are capable of 

adsorption on the OCFG surface through hydrogen bonding (Xia et al., 2019b; Wang et al., 2017); the 

relative concentration of water on the OCFG surface from high to low is -COOH＞-OH＞-COCH3＞-

C=O. This indicates that -COOH has a strong hydrophilic property, followed by the -OH, -COCH3, and 

-C=O; or the OCFG hydrophobic order C=O＞-COCH3＞-OH ＞-COOH. These agree with the results 

of previous studies (Wang et al., 2017; Wang et al., 2021). After the addition of dodecane to this system, 

dodecane interacts with OCFG through van der Waals forces and displaces water molecules adsorbed 

on the OCFG surface (Zhang et al., 2021b). This caused a decrease in the relative concentration of water 

on the OCFG surface; especially, on the -C=O and -COCH3 surfaces, the relative concentration of water 

molecules decreased more significantly, followed by the -OH, -COOH. This result is consistent with the 

hydrophobic order of the OCFG (Wang et al., 2021). 

 

Fig. 11 The relative concentrations of water molecules on the DOCFG surfaces in the presence and absence of 

dodecane molecules: (a) -C=O; (b) -COCH3；(c) -OH；(d) -COOH 

Moreover, MDS results of HOC on DOCFG surfaces also showed significant changes in the 

adsorption behavior of HOC on -COOH and -COCH3 surfaces in the presence and absence of water (Fig. 

6 and Fig. 10). In the absence of water, the absorption effect of HOC was best on the -COOH surface and 

worst on the COCH3 surface. In the presence of water, the adsorption effect of HOC on the -COOH 

surface is the worst, the adsorption effect on the COCH3 surface is substantially improving, and even 

the adsorption effect of HOC on the COCH3 surface is better than that on the -OH surface (the 

adsorption of HOC on the -OH surface was better than that on the COCH3 surface in the absence of 

water). This is because the interaction between dodecane and OCFG is dominated by the van der Waals 

force (Zhang et al., 2021b), and the interaction between water molecules and OCFG is dominated by 

hydrogen bonding (Xia et al., 2019b); the van der Waals forces are in the range of about 1 nm (Liu et al., 
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2012). Hydrogen bonding makes water molecules form a hydration film at the solid-liquid interface, 

and the hydration layer thickness is generally within a few nanometers (Wu et al., 2016). However, in 

the presence of water, HOC needs to break through the hydration film to interact with the OCFG (Xia 

et al., 2020b). The hydration film thickness is affected by the hydrophilicity/ hydrophobicity of the solid-

liquid interface (Sun et al., 2015). The stronger the hydrophilicity of the OCFG, the thicker the hydration 

film near the solid-liquid interface, and the more difficult it is for the HOC to break through the 

hydration film. If the thickness of the hydration film exceeds the distance of the van der Waals force, 

the HOC will not be able to break through the hydration film, not to mention the interaction with the 

OCFG (Zhang et al., 2021b). This indicates that the hydrophilicity of OCFG is the key factor that affects 

the adsorption effect of HOC on coal surfaces. In other words, the adsorption effect of HOC on the coal 

surface in an aqueous solution does not depend on the strength of the interaction between the OCFG 

and HOC in the absence of water, but on the hydrophilicity of the OCFG. Therefore, the adsorption 

effect order of HOC on the surface of OCFG in the presence of water is consistent with the OCFG 

hydrophobic order.  This conclusion is beneficial to improve the coal flotation performance with 

hydrocarbon oil as a collector by masking the strong hydrophilic o OCFG on the coal surface. This is in 

good agreement with the conclusion that pre-treatment with surfactants such as dodecyl nonaethoxyl 

ether (C12EO9), carboxylic acid, and methyl acrylate improves the flotation index of low-rank coal 

(Zhang et al., 2021b; Zhang et al., 2021a; Guo et al., 2022).  

5. Conclusions 

The presence of OCFG such as -OH, -COOH, -C=O, and -COCH3 on the coal surface. They affect the 

adsorption of HOC on coal surfaces. In conditions without water, HOC has a higher affinity for -COOH, 

followed by the -C=O, -OH, and -COCH3. In an aqueous solution, HOC has a better adsorption effect 

on -C=O, followed by the -COCH3, -OH, and -COOH. Moreover, the van der Waals force plays an 

important role in the adsorption progress of HOC on the DOCFG of coal surface. However, water 

molecules can be adsorbed on the OCFG surface through hydrogen bonding, further generating a 

hydrated film. With the increasing hydrophilicity of OCFG, the hydration film at the solid-liquid 

interface thickens. This causes a decrease in the chance of HOC breaking through the hydration film 

and interacting with OCFG. When the thickness of the hydration film exceeds the distance of the van 

der Waals force, the HOC will not be able to break through the hydration film, not to mention the 

interaction with the OCFG. These indicate that the hydrophilicity of OCFG is the key factor that affects 

the adsorption effect of HOC. In other words, the adsorption effect of HOC on the coal surface in an 

aqueous solution does not depend on the strength of the interaction between the OCFG and HOC in the 

absence of water, but on the hydrophilicity of the OCFG. Therefore, the -COOH and -OH on the coal 

surface is not conducive to the adsorption of hydrocarbon oils onto the coal surface. Masking the -

COOH and -OH of the coal surface is beneficial in improving the coal flotation performance with 

hydrocarbon oil as a collector. This result can help to analyze the reasons for the high dosage of 

hydrocarbon oils when used as a collector and the poor flotation performance of coal with high OCFG. 

It also provides theoretical support for optimizing and designing new collectors for improved flotation 

performance of coal with high OCFG. 
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