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Abstract: The large number of oxygen-containing functional groups present on the surface of low-grade 
coal contribute to its strong hydrophilic properties and rendering coal beneficiation by flotation 
challenging. In this study, a magnetic ionic liquid (IL), [C12mim]FeCl4, was developed as a green 
medium to treat low-rank coal. Notably, the IL can be recovered using a magnetic field. The interactions 
between the low-rank coal and the IL were analyzed, and the structure and properties of [C12mim]FeCl4 
were characterized using Raman spectroscopy, Fourier-transform infrared (FT-IR) spectroscopy, and 
vibrating-sample magnetometry. Moreover, the effects of the newly prepared IL on the wetting 
properties of low-rank coal were studied using water contact angle measurements. The contact angle of 
the coal sample treated with the IL increased initially but decreased with subsequent increase in 
treatment time, indicating a change in coal wettability with time. The results from FT-IR analysis show 
that the changes in contact angles may be attributed to the changes to the oxygen-containing functional 
groups at the coal surface upon interaction with the IL, where the content of oxygen-containing 
functional groups in the treated coal sample initially decreased but subsequently increased with 
increase in treatment time. X-ray photoelectron spectroscopy analysis confirmed these results. Thus, it 
can be concluded that [C12mim]FeCl4 initially destroys the oxygen-containing functional groups at the 
coal surface, resulting in an increase in the water–coal contact angle but subsequently promoting 
oxidation of the coal surface, hence causing a reduction in the contact angle. 
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1. Introduction 

Proven reserves of low-rank coal exceed 465 billion tons worldwide, accounting for ˃ 40% of the total 
proven coal reserves. Moreover, China’s proven reserves of low-rank coal exceed 200 billion tons and 
account for approximately 20% of the proven Chinese coal reserves (Li et al., 2013). Thus, global low-
rank coal resources are abundant, but the surface hydrophobicity of this type of coal is poor because of 
the hydrophilicity of the oxygen-containing functional groups on the coal surface, which complicates 
the use of this coal (Gutierrez-Rodriguez and Aplan, 1984; Lyu et al., 2018; Zhu et al., 2019). When the 
oxygen content of the coal surface reaches a certain threshold, it becomes the primary factor determining 
the surface hydrophobicity. As a result of oxidation, the number of oxygen-containing functional 
groups on the coal surface increases, readily forming strong hydrogen bonds with water molecules and 
resulting in a hydration layer on the coal particle surface. This increases the hydrophilicity of the coal 
sample and reduces its hydrophobicity (W. Zhang et al., 2019). Therefore, to increase the hydrophobicity 
of low-rank coal, surface modification is necessary to reduce the number of oxygen-containing 
functional groups, such as hydroxyl, carboxyl, and carbonyl groups (Lan-yun et al., 2011). Several 
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methods to improve the hydrophobicity of oxidized coal and change the surface properties of low-rank 
coal have been proposed, although mixed results have been achieved. Using an ionic liquid (IL) for 
surface modification is a current and environmentally friendly method (Chen et al., 2017; Dey, 2012; 
Malhotra and Riggs, 1986; Xu et al., 2018; You et al., 2019). 

ILs are organic molten salts that remain in the liquid state or close to the liquid state at room 
temperature; they are composed entirely of anions and cations. ILs have attracted significant attention 
from both academia and industry as green reaction media, and they have shown great potential for use 
in various chemical reactions as well as extraction, separation, and material preparation processes (Xiao 
et al, 2005; Yanget al., 2017). Several studies have reported that ILs can destroy the oxygen-containing 
functional groups on the surfaces of coal particles. Painter et al. (2010) studied the extent to which ILs 
can dissolve, shatter, and disperse coal samples. Döbbelin and He (Döbbelin et al., 2010; He et al., 2008) 
found that polymers containing ILs can be used to prepare surfaces with switchable wettabilities. Dey 
et al. (Dey, 2012) reported that the unique hydrophilic substructure of various surfactants based on ILs 
can increase coal wettability via electrostatic and hydrogen-bond-based adsorption after contact with 
lignite and oxidized coal containing large quantities of oxygen-rich functional groups. Crawford et al. 
(Crawford & Mainwaring, 2001) suggested that surfactant adsorption on coal surfaces changes its zeta 
potential and the coal-water contact angle. Using contact angle measurements, Zhang et al. (2018a; 
2018b) confirmed that the wettability of ionic-liquid-treated coal was higher than that of coal treated 
with deionized water. Thus, it is important to explore the effects of ILs as surfactants on coal wetting 
characteristics. Various reports (Liu et al., 2013; Shi et al., 2002; Zhu, et al., 2019, Zhu et al., 2020) have 
shown that the structures of ILs can be easily modified, and their physicochemical properties can thus 
be adjusted as desired. Consequently, they can be used to produce surfactants with the desired degree 
of hydrophobicity, hydrophilicity, or amphiphilicity, and they represent a potential avenue for 
changing coal wettability and preventing coal dust generation. Recent reports (Cummings et al., 2015; 
Pulati et al., 2012; Zhen et al., 2018) have suggested that ILs can change the surface structure of coal 
significantly. Wang et al. (Wang et al., 2012) used ILs to change the oxidation activity of coal, but few 
studies have reported the effects of ILs on the coal surface structures. Therefore, it is necessary to explore 
the relationships between coal wettability and the structural changes caused by ILs to elucidate the 
underlying microscale mechanisms.  

Despite their potential, ILs have a few shortcomings: they are expensive and difficult to recover, 
which can lead to high costs, poor recyclability, and low applicability. Therefore, effective recycling 
methods for ILs are urgently needed. As mentioned, a unique feature of ILs is that, by varying the 
combination of anions and cations, their properties can be adjusted. Thus, ILs are considered 
“designable solvents” (Liu et al., 2013). Interestingly, magnetic groups can be incorporated into ILs, 
allowing their recovery by magnetic separation and ensuring their recyclability. In 2004, Hayashi et al. 
(Hayashi and Hamaguchi, 2005) reported the development of a magnetic IL, 1-methyl-3-
butylimidazolium iron(III) tetrachloride ([C4mim]FeCl4), and Li et al. (X. Li, Yang, Zhou, & Zhang, 2010) 
synthesized four magnetic alkyl derivatives ([Cnmim]FeCl4; n = 2, 4, 6, and 8) and three magnetic halide 
derivatives ([C4mim]FeX4; X = Cl, Br) of this IL. Chao et al. (Li et al., 2015) used a two-step synthesis 
process to produce [C4mim]FeCl4 and [C4mim]FeBrCl3 magnetic ILs and characterized their structures 
using Fourier transform infrared (FT-IR) spectroscopy, Raman spectroscopy, and NMR spectroscopy. 
The biggest advantage of these ILs is their responsiveness to magnetic fields. For example, when used 
as a reaction medium, the ILs can be recovered and subsequently recycled via magnetic separation, thus 
greatly improving the efficiency of the process and reducing costs. 

In this study, a magnetic IL, 1-methyl-3-dodecylimidazolium iron(III) tetrachloride 
([C12mim]FeCl4) was synthesized, and its structure and properties were characterized using Raman 
spectroscopy, FT-IR spectroscopy, and vibrating-sample magnetometry (VSM). The effects of this 
magnetic IL on the oxygen-containing functional groups on the surface of coal were investigated using 
FT-IR spectroscopy and X-ray photoelectron spectroscopy (XPS). The changes in the coal surface 
wettability were characterized through contact angle experiments, and the underlying mechanism of 
the interaction of coal with the IL was elucidated. 
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2. Materials and methods 

2.1. Materials 

2.1.1. Coal samples 

Coal samples from the Daliuta coal mine (Shanxi, China) were selected for the experiment. The coal has 
the characteristics of low sulfur, low phosphorus and medium to high calorific value. It belongs to long-
flame coal and non-bonded coal with high volatile content. Daliuta coal samples were selected for the 
experiment, because they are low rank coal and they are superficially rich in oxygen-containing 
functional groups. Coals were dried under vacuum at 60 °C for 24 h. Subsequently, the samples were 
ground, crushed, and sieved to ˂ 0.074 mm. The results of proximate (moisture, ash, volatile, and fixed 
carbon (Mad, Aad, Vdaf, and FCdaf, respectively) contents) and ultimate (elemental contents) analyses of 
the coal samples are shown in Table 1. 

Table 1. Industrial of the coal samples 

Index 
Proximate analysis*/% Elemental analysis (daf)/% 

Mad Aad Vdaf FCdaf C H N O S 

Result 5.29 21.60 37.90 62.10 79.50 4.75 0.57 14.21 0.97 

*Mad, Aad, Vdaf, and FCdaf indicate the moisture, ash, volatile, and fixed carbon contents, respectively. Subscripts “ad” and 
“daf” are “air dried” and “dry ash free,” respectively. 

2.1.2. Preparation of the magnetic IL  

A 1:2 molar ratio of [C12mim]Cl IL and FeCl3·6H2O were placed in a beaker and mixed with a magnetic 
stirrer for 24 h. Using a desktop high-speed centrifuge, the mixture was centrifuged for 3 min; after 2 h 
standing, a light green liquid was obtained. The liquid was vacuum dried for 48 h at 80 °C to yield the 
magnetic IL product: [C12mim]FeCl4. 

2.2. Methods 

2.2.1. Coal sample treatment 

First, 0.50 g of coal was directly mixed with 0.01 mol of [C12mim]FeCl4 in a 10-mL centrifuge tube. The 
samples were ultrasonicated for 1 min and heated to 30 °C in an oscillator for either 24 or 48 h. The 
mixture was then filtered through a Büchner funnel and washed with deionized water three times. The 
filtrate was dried at 105 °C on filter paper for 24 h to obtain the treated coal sample. 

2.2.2. Contact angle measurements 

The contact angles were measured using a Krüss DSA30 contact angle analyzer. The sessile drop 
method was used to measure the contact angles on raw and treated coal samples. To achieve this, raw 
coal and ionic-liquid-treated pulverized coal were cold-extruded into coal samples at 20 MPa. In each 
contact angle measurement, the same size of deionized (DI) water droplet was used. After the droplet 
had been placed on the pellet surface and solid–liquid–gas three-phase equilibrium had been reached, 
an image of the droplet was taken, and contact angle measurement was achieved using the software 
provided with the instrument. (Arkhipova, 2011) For each coal sample, the contact angle experiment 
was repeated 15 times under the same experimental conditions, and the arithmetic mean of the test 
results was taken as the contact angle. By comparing the contact angles between the raw and treated 
coal samples, the influence of the IL on the coal wetting characteristics was evaluated. 

2.2.3. Raman spectroscopy 

Raman spectroscopy measurements were carried out with a 300-mW laser in the range of 50–2000 cm-1 
with a resolution of 4 cm-1. Powdered samples of [C12mim]FeCl4 were prepared and placed on glass 
sheets for testing. 
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2.2.4. Fourier transform infrared spectroscopy  

The changes in the chemical structure of the coal were studied using ex-situ diffuse reflectance infrared 
Fourier transform spectroscopy (DRIFTS) (Ma, Wang, Kang, Xin, & Dou, 2019; Qi, Wang, Xin, & Qi, 
2014). Before analyzing the coal samples, the KBr background data were collected for baseline reference. 
The spectra of the samples were recorded from 400 to 4000 cm-1 and the average of 64 scans was taken 
as the final spectrum. 

2.2.5. Vibrating-sample magnetometer measurements  

VSM (American Quantum Design company, Squid VSM) measurements were carried out. In these 
measurements, samples were subjected to a magnetic field and magnetized several times while the 
sample was subjected to strain and the magnetic moment was measured. After measuring the magnetic 
moment with respect to the magnetic flux density, a hysteresis loop was obtained, and the saturation 
magnetization intensity, coercivity, and other magnetic parameters were calculated (Sui, Zhang, & 
Yang, 2018; Zhong, Moore, & Souza). 

2.2.6. X-ray photoelectron spectroscopy analysis  

X-ray photoelectron spectroscopy (Thermo Scientific ESCALAB 250Xi) was used to analyze the carbon 
and oxygen contents in the coal samples. The X-ray excitation source was monochromatic Al Kα  
(hν = 1486.6 eV) with a power of 150 W, X-ray beam spot size of 500 µm, and energy analyzer fixed 
transmission energy of 30 eV. The adventitious carbon C1s peak was used as the calibration standard. 
Using the obtained wide and narrow scan spectra, the elemental and functional group compositions 
were analyzed (Xia & Zhang). Briefly, the XPS peaks of the different elements were fitted and 
deconvoluted to obtain information concerning the chemical state of the elements on the surface. 

3. Results and discussion 

3.1. Characterization of the synthesized magnetic IL  

3.1.1. Raman spectroscopy  

Raman spectroscopy is an effective method for characterizing the organic anions present in an IL, and 
the spectrum of [C12mim]FeCl4 is shown in Fig. 1. The spectrum of the synthesized IL contains peaks at 
120 and 330 cm-1. The peak at 120 cm-1 can be assigned to the [C12mim]+ cation, whereas that at 330 cm-

1 can be ascribed to the stretching vibrations of the completely symmetrical Fe-Cl bonds. Thus, these 
results confirm that the synthesized IL contained [FeCl4]- anions, as expected. 

 
Fig. 1. Raman spectrum of [C12mim]FeCl4 

3.1.2. FT-IR analysis 

The prepared [C12mim]FeCl4 IL was also characterized by FT-IR spectroscopy, and the results are shown 
in Fig. 2. 
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Fig. 2. FT-IR spectrum of [C12mim]FeCl4 

The spectrum contains a peak corresponding to the stretching vibrations of the C-H bonds in the 
aromatic ring at approximately 3150 cm-1, and peaks corresponding to the stretching vibrations of the 
C-H bonds in the chain at 2850-2930 cm-1. A peak corresponding to the stretching vibrations of the -
C=N- group was observed at approximately 1570 cm-1, and another corresponding to the stretching 
vibrations of the aromatic ring was observed at approximately 1170 cm-1. In addition, peaks arising from 
the in-plane ring vibrations were observed at 820-830 cm-1, and those corresponding to the out-of-plane 
ring vibrations were observed at 730-740 cm-1 (Xie and Taubert, 2011; Zhang et al., 2018b). 

The cationic structure of the synthesized magnetic IL was consistent with that of the raw material, 
and no significant differences between the spectra of the two materials was observed, but the spectrum 
of the magnetic IL exhibited sharper peaks. Therefore, the [C12mim]+ cation was not coordinated to the 
metal center, and only Cl- and FeCl3 participated in the complexation reaction. That is, the anion of the 
complex had little influence on the chemical displacement of the complex. Thus, we determined that 
the fabricated compound was [C12mim]FeCl4. 

3.1.3. VSM measurements and magnetic characterization 

The magnetic properties of [C12mim]FeCl4 were analyzed via VSM measurements. The relationship 
between the magnetization of the IL and strength of the applied magnetic field is shown in Fig. 3. 

 
Fig. 3. Relationship between the magnetization of [C12mim]FeCl4 and applied magnetic field strength 
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From Fig. 3, it is clear that when the magnetic field strength was 0 T, the susceptibility was 
approximately 0 emu/g, and the magnetic susceptibility of the IL increased almost linearly with 
increase in magnetic field strength. This suggests that the synthesized magnetic IL was a paramagnetic 
material, confirming that [C12mim]FeCl4 was indeed magnetic; thus, it might be possible to recycle this 
material by magnetic separation. 

Because ILs usually exist as mixtures with solvents when used as modification reagents, the 
magnetic behavior of a mixture of [C12mim]FeCl4 with water was studied. A 50% mixture of water and 
[C12mim]FeCl4 was prepared, yielding two phases. Next, the two-phase mixture was placed in the 
magnetic field produced by a NdFeB magnet (N50 NdFeB, Sanen Magnetic Industry Co., Ltd., 
Dongguan). Fig. 4 shows the responses of the mixtures to the external 1.4-T magnetic field. The 
[C12mim]FeCl4 phase in the mixture moved toward the magnetic pole, indicating that the water and 
[C12mim]FeCl4 phases can be successfully separated by the application of strong magnetic field (here, 
1.4 T).  

 
Fig. 4. Photographs of a 50% v/v mixture of [C12mim]FeCl4 and water in the (a) absence and (b) presence of  

a 1.4-T magnetic field 

3.2. Analysis of coal surface changes induced by IL treatment 

3.2.1. Contact angle measurements 

Contact angle measurements can be used to analyze coal wettability. The contact angles are listed in 
Table 2 and photographs of the contact angle measurements are shown in Fig. 5. 

As shown by the data in Table 2 and images in Fig. 5, the contact angle increased from 59.32° 
(untreated) to 94.63° (after 24-h treatment), subsequently decreasing to 77.08° after 48-h treatment. A 
higher contact angle is indicative of higher hydrophobicity. Based on the measurements, the contact 
angle of the [C12mim]FeCl4-treated coal increased after 24-h treatment but decreased after 48-h 
treatment time, as expected. 

Table 2. Results of contact angle measurements 

Treatment time, h Untreated 24 48 

Contact angle, ° 59.32 ± 1.2 94.63 ± 1.8 77.08 ± 1.1 

Relative error, % 2.4 3.4 1.9 

 
Fig. 5. Contact angles of the (a) untreated coal and those treated with the IL for (b) 24 and (c) 48 h 
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3.2.2. FT-IR analysis 

FT-IR analysis is widely used to analyze the functional groups on coal particle surfaces (Weiqing Zhang, 
Jiang, Wu, et al., 2018). The results reveal that the coal surface was mainly composed of aliphatic 
hydrocarbons, aromatic hydrocarbons, oxygen-containing functional groups, and inorganic mineral 
groups. The carboxyl, hydroxyl, carbonyl, and other oxygen-containing functional groups, along with 
mineral groups, have the most significant influence on coal hydrophilicity.  

Fig. 6 shows that the untreated and treated coal samples contained similar functional groups. 
Further, the bands corresponding to various functional groups remained largely unchanged after the 
IL treatment, indicating that the basic framework and structural units of the pulverized and treated coal 
samples were similar. However, the intensities of some of the peaks were significantly different, likely 
because of the destruction of some of the functional groups by [C12mim]FeCl4. The IL treatment had a 
strong effect on the swelling of the coal, thereby destroying the hydroxyl formed in the coal bonds. 
Based on the literature, the FT-IR peaks that change the most after IL treatment are those arising from 
oxygen-containing functional groups. The peak intensities of the oxygen-containing functional groups 
for the coal samples treated with [C12mim]FeCl4 were lower than the corresponding peaks of the 
untreated coal sample, indicating that some of the oxygen-containing functional groups had been 
destroyed. Thus, together with the contact angle results, the FT-IR results indicate that the wettability 
of the coal varied with changes in the content of oxygen-containing functional groups.  

 

Fig. 6. FT-IR spectra of untreated and IL-treated coal samples 

Based on the FT-IR data obtained, the following conclusions can be drawn: 
(1) Hydroxyl groups: The band corresponding to free -OH groups in the untreated coal sample was 

observed at approximately 3750 cm-1. However, this peak disappeared after treatment with the IL for 
24 and 48 h, indicating that the free -OH groups had been affected by [C12mim]FeCl4. The peaks at 3620 
and 1020 cm-1 can be attributed to the stretching vibrations of the phenol hydroxyl group (C6H5-OH). 
The relative -OH group content was reduced significantly after treatment for 24 and 48 h, indicating 
that the two types of hydroxyl functional groups were partially dissolved by [C12mim]FeCl4. The peak 
at 1120 cm-1 in the spectrum of the untreated coal sample, which was attributed to the stretching 
vibrations of ether bonds, was absent from the spectra of the treated samples (24 and 48 h), indicating 
that the ether bonds were also affected by [C12mim]FeCl4. 

(2) Carbonyl groups: No peaks related to the stretching vibrations of the C=O carbonyl group were 
observed in the spectrum of the untreated coal sample. However, a related peak was observed at 
approximately 1682 cm-1 in the spectra of both treated samples, indicating that carbonyl groups had 
formed on the coal surface by the action of [C12mim]FeCl4 and water. The peak at 1377 cm-1 was 
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attributed to the stretching vibrations of the carbonyl group (CH2-C-O) and was observed in the spectra 
of all three samples. However, the carbonyl peak intensities in the spectra of the untreated and 48-h 
treated samples were higher than those in the spectrum of the 24-h treated sample, indicating that 
carbonyl groups were present. 

(3) Carboxyl groups: The peak at approximately 1426 cm-1, which was observed in the spectra of all 
samples, was attributed to the stretching vibrations of COOH. The carboxyl peak intensities in the 
spectra of the untreated and 48-h-treated samples were higher than those in the spectrum of the 24-h-
treated sample, indicating that the carboxyl groups were initially destroyed and subsequently re-
formed under the action of [C12mim]FeCl4 and water.  

In general, after treatment with [C12mim]FeCl4, the hydroxyl, carboxyl, and carbonyl group contents 
changed, and the FT-IR intensities of the bands associated with hydrogen bonding were weakened or 
removed. After IL treatment, significant swelling was observed on the coal surface. When solvents are 
used to disrupt the hydrogen bonding network in coal, the structure of coal is stressed, resulting in 
swelling and fragmentation. Thus, the FT-IR results indicate that IL treatment resulted in the breakage 
of the hydrogen-bonding network present in coals. Although FT-IR is suitable for the qualitative 
analysis of the oxygen-containing functional groups in coal after IL treatment, it does not allow for 
quantitative analysis. Hence, XPS analysis was also performed. 

3.2.3. XPS analysis 

XPS analysis was performed to measure the changes in the organic oxygen-containing functional group 
contents of the coal samples after treatment quantitatively to understand the effects of [C12mim]FeCl4 
on these functional groups. Most oxygen-containing functional groups in coal are composed of O and 
C. Thus, the chemical environment of the C atoms is influenced by the neighboring O atoms. Thus, 
narrow XPS scans for C were obtained. 

Table 3. Analysis of the narrow-scan C1s XPS data 

Group 
Untreated 24 h 48 h 

BE, eV % BE, eV % BE, eV % 
C-C/C-H 284.75 71.71 284.75 72.54 284.75 72.35 

C-O 286.05 16.86 286.05 15.53 286.05 16.77 
C=O 287.58 1.71 287.75 6.49 287.75 4.86 

O=C-O 289.1 9.72 289.1 5.44 288.48 6.02 

The C in coal mainly exists in the form of -C-C-/-C-H-, but it also contains oxygen-containing 
functional groups, such as -C-O, -C=O, and -COO- (X. Liu, Liu, Fan, Guo, & Li; Pietrzak & Wachowska, 
2006). The binding energies of the peaks corresponding to the various groups were as follows: -C-C-/-
C-H (284.75 eV), -C-O- (286.05 eV), -C=O- (287.58 eV), and -O=C-O- (289.1 eV). Fig. 7 shows the narrow-
scan XPS C1s spectra of the untreated coal and those of the coal samples treated with [C12mim]FeCl4 for 
24 and 48 h. By fitting the XPS peaks of the various samples, the -C-C-/-C-H-, -C-O-, -C═O-, and COO- 
contents and the positions of their corresponding peaks were determined (Table 3). 

Clearly, most of the C in the coal samples was in the form of -C-C-/-C-H-, followed by -C-O-,  
-C=O-, and COO-. The -C-O- content in the untreated coal sample was 16.86%, but after 24-h treatment 
with [C12mim]FeCl4, the content decreased to 15.53%. In contrast, after IL treatment for 48 h, the -C-O- 
content increased to 16.77%. The COO- content decreased from 9.72% in the untreated coal sample to 
5.44% in 24 h-treated sample and subsequently increased to 6.02% in the 48-h-treated sample. This 
indicates that [C12mim]FeCl4 had an initial destructive effect on the -C-O- and COO- groups in coal after 
24 h, but it promoted the formation of these bonds after 48-h treatment. However, the -C=O- content 
increased from 1.71% in the untreated sample to 6.49% after 24-h treatment and subsequently decreased 
to 4.86% after 48-h treatment. From the data, it appears that the -C=O- contents increased. Actually, the 
-C=O- contents decreased. Because of the low content, the -C-O- and -COO- groups on the coal surface 
dominate, so the relative content shows an increase of 24 h. The same is true after 48 h, where the relative 
content of -C=O- is reduced. 
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Fig. 7. Narrow-scan C1s spectra of the (a) untreated and (b) 24 and (c) 48-h treated coal samples 

The O on the coal surface was mainly present as -C-O- groups, but there were also small amounts of 
-C=O- and COO-. The binding energies of the peaks related to O in the coal sample were as follows: 
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C=O- at 531.56 eV, -C-O- at 532.7 eV, and -O=C-O- at 533.93 eV, whereas that of adsorbed oxygen was 
observed at 535.84 eV (Cai and Zhang, 2013; Present, 2015).  

Fig. 8 shows the XPS O1s spectra of the untreated, 24-h-treated, and 48-h-treated coal samples. By 
fitting the XPS peaks, the peak binding energies of the -C=O-, -C-O-, and COO- groups and the adsorbed 
oxygen, as well as their contents, were determined (Table 4). 

 

Fig. 8. Narrow-scan O1s spectra of the (a) untreated coal and (b) 24 and (c) 48-h treated coal samples 
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Table 4. Analysis of the narrow-scan O1s XPS data 

Group 
Untreated 24 h 48 h 
BE, eV % BE, eV % BE, eV % 

-C=O- 531.56 11.04 531.56 25.95 531.56 16.58 
-C-O- 532.7 60.33 532.7 52.64 532.7 55.92 
-O-C=O- 533.93 28.63 533.93 21.41 533.93 27.50 

From the data in Table 4, most of the O in the coal sample existed in the form of -C-O-, followed by 
-C=O- and COO-. The -C-O- content in the untreated coal sample was 60.33%; after the 24-h treatment 
with [C12mim]FeCl4, this content decreased to 52.64%. Furthermore, after 48 h, the -C-O- content again 
increased to 55.92%, indicating that [C12mim]FeCl4 had a negative effect on the -C-O- content in coal 
after 24-h treatment. However, after 48-h treatment, the IL promoted the formation of -C-O- groups. 
Meanwhile, the COO- content decreased from 28.63% for the untreated sample to 21.41% in the 24 h-
treated sample, subsequently increasing to 27.50% in the 48 h-treated sample. This suggests that the IL 
initially destroyed the COO- groups in the coal but subsequently promoted COO- generation until 48 h. 
In contrast, the -C=O- content increased from 11.04% initially to 25.95% after 24 h, finally decreasing to 
16.58% after 48 h. From the data, it appears that the -C=O- content increased. Actually, the -C=O- content 
decreased. Because of its low content, the -C-O- and COO- on the coal surface dominate, so the relative 
content shows an increase after 24 h. The same is true after 48-h treatment, where the relative -C=O- 
content shows a reduction. These results are consistent with those obtained from the narrow-scan XPS 
C1s spectral analysis. 

4. Conclusions 

In this study, a magnetic IL, [C12mim]FeCl4, was synthesized and the relationship between coal 
wettability and microstructure after treatment with the magnetic IL were studied. The main conclusions 
can be summarized as follows:  

(1) The magnetic IL [C12mim]FeCl4 was successfully synthesized, and its anionic and cationic 
structures were verified by FT-IR and Raman spectroscopy, respectively. This proved that the 
synthesized magnetic IL was indeed [C12mim]FeCl4. Furthermore, VSM measurements confirmed that 
the prepared liquid was paramagnetic. 

(2) After treatment with [C12mim]FeCl4, the coal microstructure changed significantly, primarily in 
terms of the oxygen-containing functional group content. The contact angle of the treated coal sample 
differed significantly from that of the untreated sample: increasing initially and then decreasing with 
increase in treatment time. FT-IR and XPS analyses showed that the IL treatment of the coal for different 
durations affected the content of hydrophilic oxygen-containing functional groups. The oxygen-
containing functional groups on the coal surface were first destroyed by the IL and subsequently 
regenerated with increasing treatment time. The decreased number of oxygen-containing functional 
groups on the coal surface improved its hydrophobicity. 
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