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ABSTRACT 
Two types of bituminous coal were extracted with tetrahydrofuran solvent using microwave-assisted 
method at 50°C and atmospheric pressure. Pore structure parameters and wettability of raw coals and 
their residues were separately tested with nitrogen adsorption and capillary penetration method. Fourier 
transform infrared spectrometer was employed for analysis of surface functional groups of raw coals and 
their residues. Results showed remarkably degraded wettability of coal, especially gas coal, after 
extraction, whereas wetting height of raw coal reached more than twice that of residual coal within the 
same wetting time. Given the different storage characteristics of organic micromolecules in coal, pore 
volume of coal increased after extraction, and solvent extraction exerted different effects on pores. Pores 
of gas coal expanded with reduced specific surface area and improvement in hydrophobicity. Pores of 
coking coal increased with increasing specific surface area and degrading hydrophobicity. Organic 
micromolecules in coal and several side-chain groups in macromolecular skeleton structure were 
dissolved, reducing contents of functional groups in coal, decreasing quantities of groups, such as methyl 
and carbonyl, on coal surface, and modifying microcosmic surface characteristics of coal and improving 
hydrophobicity. Through comprehensive analysis, pore structure, and microcosmic surface characteristics 
of coal jointly determined its wettability.   
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1. Introduction 

At present, coal remains China’s most important source of 
energy; however, large amounts of dust are produced in coal 
mining and processing, whereas dust prevention became a 
focus of coal mining safety.[1] Coal dust is one of the primary 
causes of pneumoconiosis in coal miners,[2] whereas combusti-
bility and explosibility of coal dust are assumed to cause explo-
sions that result in heavy casualties.[3] Thus, current research 
focuses on methods used for controlling dust suppression. 

Pre-wetting the coal seam with water injection [4,5] remains 
as one of the most fundamental approaches for coal dust 

control. However, coal wettability is the key decisive factor 
affecting application of such techniques. Some scholars studied 
wettability of coal based on internal factors, such as coal 
minerals,[6,7] maceral components,[8] and carbon (oxygen) 
groups.[9] Crawford et al.[8] discovered that contact angle 
hysteresis increases with increasing ranking of coal. This 
phenomenon results from low-rank coals possessing organic 
components, which are closer in nature of surfaces to their 
inorganic constituents compared with high-rank coals. Zhao 
et al. [10] measured surface functional groups of coal dust by 
Fourier transform infrared (FTIR) spectroscopy and 

none defined  

CONTACT Wuyi Cheng cwy@cugb.edu.cn School of Engineering and Technology, China University of Geosciences (Beijing), Beijing 100083, PR China; 
Key Laboratory of Deep Geodrilling Technology, Ministry of Land and Resources, China University of Geosciences (Beijing), Beijing 100083, PR China. 
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/ldis.  
© 2017 Taylor & Francis 

https://doi.org/10.1080/01932691.2017.1391701
https://crossmark.crossref.org/dialog/?doi=10.1080/01932691.2017.1391701&domain=pdf&date_stamp=2017-12-22
mailto:cwy@cugb.edu.cn
http://www.tandfonline.com/ldis


considered organic macromolecular structure and surface 
functional groups of coal dust, especially inorganic mineral 
functional groups on coal dust surface (represented by Si-O- 
Si); these properties determine and affect coal dust wettability. 
Numerous researchers studied wettability of coal by adding 
different surfactants to modify surface tension of water.[11,12] 

Literature results [13] showed that addition of sodium dodecyl 
sulfate (SDS) improves coal wettability. As coal rank decreases, 
wettability increases after further investigation. Li et al. [14] 

assumed that species of surfactant and its contents in solvents 
represent two important factors that determine wetting 
abilities of coal dust. 

Coals include extremely complex mixtures comprising 
organic macro- and micromolecular phases and are rich in 
solvent-soluble organic micromolecules; their existence feature 
important effects on heterogeneity and micro-surface of coals. 
Various scholars studied components of organic micromole-
cules (solvent extracts of coal) [15] and their effects on pore 
structure,[16] sorption characteristics,[17] and low-temperature 
oxidation properties of coal.[18] However, few researchers 
discuss effects of organic micromolecules on wettability of coal. 

In the present research, two types of bituminous coal were 
extracted with tetrahydrofuran (THF) as solvent using micro-
wave-assisted method at 50°C and atmospheric pressure. Pore 
structure parameters and wettability of raw coals and their 
residues were separately tested with nitrogen adsorption and 
capillary penetration method. FTIR was employed to analyze 
surface functional groups of raw coals and their residues. 
Based on characteristics of pore structure and surface func-
tional groups, analyses were performed to determine the 
effects of organic micromolecules on coal wettability. Results 
provide significant information regarding coal dust control. 

2. Experimental sample preparation 

2.1. Coal sample 

Two kinds of bituminous coal were adopted as experimental 
samples. These coals were selected from Xiegou Coal 
Mine (XG) and Qingdong Coal Mine (QD). Two coal samples 
were first collected and sealed in underground colliery and 
were then transported back to laboratory. After polishing, 
crushing, and screening coal samples, 100 g samples between 
−60 and þ80 mesh size (0.180–0.250 mm) were used for 
various experiments. Table 1 lists proximate analysis results, 
microscopic and mineral compositions, maximum vitrinite 
reflectance, and extraction rates of these coals. 

2.2. Extractions 

(1) Extraction experiment 
Extraction experiments were carried out on a CW-2008 multi- 
microwave reaction/extraction device at 50°C and atmospheric 

pressure. A total of 50 g coal sample and 1000 ml of THF 
solvent (analytic reagent) were mixed and placed in the 
reaction vessel. Four hours after extraction, mixture was 
filtered with a vacuum filter, and extract liquid was separated 
from residual coal. Residual coals were dried in vacuum for 
12 h at 80°C. 

(2) Extraction rate 
Extraction rate reflects content of organic micromolecules in 
coal, and it was calculated according to Eq. (1) [17]; calculated 
results are shown in Table 1. 

E ¼
ðw � w1Þ � 100
ð1 � Ad=100Þ � w

½1�

where w andw1 represent masses of raw and residual coals, 
respectively. 

2.3. Capillary penetration for wetting test 

Capillary penetration was used to measure coal wettability.[19] 

In this paper, we selected a graduated glass tube with inner 
diameter of 7 mm, height of 300 mm, and made with boron- 
rich silica heat-resistant glass. The lower end of graduated 
glass tube was sealed with fine-mesh gauze and permeable 
tape. Figure 1 illustrates the schematic diagram. 

Under normal pressure and room temperature, 10 g coal 
sample was weighed, placed in the graduated glass tube, and 
was uniformly oscillated for at least 150 times to fill the 
container. The lower end of glass tube was placed in wetting 
liquid used in experiments. Height of liquid-wetted coal 
column was recorded at 10, 30, 60, and 180 minutes. Mean 
value was obtained after three measurements. 

Two surface active agents, SDS (anionic type) and 
polyethylene glycol (non-ionic type), were selected for this 
experiment. Active agents were prepared under normal 
temperature in an aqueous solution with a mass fraction of 
0.2%; this solution was then allowed to settle for defoaming 
for half an hour. According to the above experimental method, 
capillary penetration device was used to carry out wetting 
experiments of raw and residual coals with deionized water, 
0.2% SDS solution, and 0.2% polyethylene glycol solution. 

3. Results and discussion 

3.1. Wettability of coals and their residues 

Wetting experiment of raw coal (gas coal and coking coal) 
was conducted with SDS, polyethylene glycol solution, and 
deionized water. Results are shown in Figure 2. 

As shown in Figure 2, SDS solution and polyethylene glycol 
solution exhibited superior wetting effects on coal samples 
than deionized water; these two solutions especially improved 

Table 1. Physical parameters and extraction rate of coal samples. 

Coal sample Coal type 
Proximate analysis (%) Maceral and mineral (vol. %) 

Rv, max E % Mad Ad Vdaf FCd Vitrinite Intertinite Liptinite Mineral  

XG Gas coal  2.37  31.83  30.52  47.36  38.3  44.3  7.7  9.7  0.82  1.807 
QD Coking coal  0.56  13.85  24.19  65.32  80.0  16.0  –  3.2  1.36  0.634 

Vol., volume; daf, dry ash free; Rv, max, Maximum vitrinite reflectance; Mad, air-dried moisture; Ad, dry ash; FCd, dry fixed carbon.    
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wetting effects on coking coal. Results indicated that addition 
of surface active agents in water can improve wetting effects of 
water on coal. However, different surface active agents yielded 
different wetting effects on coals with different metamorphic 
grades. For gas coal, the aqueous solution added with 
polyethylene glycol presented better wetting effect than that 
added with SDS. For coking coal, results differed with that 
observed when using gas coal. Aqueous solution added with 
polyethylene glycol presented better wetting effects on gas coal 
within same wetting time, and height of gas coal was nearly 
twice that of coking coal. SDS remarkably improved wetting 
effects on coking coal. Wetting height of SDS increased by 
more than four times of that of deionized water within the 
same time. 

Based on wetting effects of deionized water on raw coal, gas 
coal reached higher wetting speed than coking coal. With the 
same particle size, gas coal exhibited lower metamorphic grade 

and higher contents of inorganic components, such as 
moisture, ash content, and mineral substances, than coking 
coal. Table 1 shows that amounts of mineral substances in 
gas coal reached 9.7%, whereas those of coking coal totaled 
3.2%. Thus, coking coal contained mineral substances that 
are thrice higher than those of coking coal. 

Aqueous solution added with polyethylene glycol was 
selected to carry out wetting experiments on raw and residual 
coals. Results are shown in Figure 3. As indicated in Figure 3, 
coal wettability notably degraded, and after THF extraction, 
wetting speed of residual coals significantly decreased, 
especially that of gas coal. Within the same wetting time, 
wetting height of raw coal reached more than twice that of 
residual coal. However, after extraction, differences in wetting 
effect of coking coal were not as remarkable as those of gas 
coal. Differences in wetting effects between these coals indicate 
possible dissolution of organic micromolecules and remark-
able changes in coal wettability. Thus, organic micromolecules 
significantly influence coal wettability. 

3.2. Effects of organic micromolecules on pore 
structures 

The major structure of coal is 3D macromolecular net 
structure, which includes agglomerated aromatic nucleus 
clusters and some uniformly dispersed low-molecular-weight 
compounds. Qin et al. [20] assumed that small molecular 
compounds exist in major structures of coals in free state, 
micropore-embedded state, and network-embedded state. 
Some small molecular compounds can be dissolved with 
organic solvents, namely, the organic micromolecules 
mentioned in this paper. Various research [21,22] indicated that 
removal of these soluble organic matters modify pore structure 
characteristics of coal. 

This study utilized low-temperature nitrogen adsorption to 
test pore structural parameters of raw coal and residual 
coal using ASAP 2460 pore diameter analyzer. Brunauer– 
Emmett–Teller (BET) and Barrett–Joyner–Halenda methods 
were used to obtain average pore diameter, total pore volume, 

Figure 2. Relationships of the wetting height of coals in different solutions to time.  

Figure 1. Schematic diagram of capillary penetration wetting test apparatus.  
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and total specific surface area of different samples. Dubinin– 
Astakhov (DA) method was used to obtain micropore specific 
surface area. Results are shown in Table 2. Figure 4 
summarizes pore diameter distribution. 

As shown in Table 2, residual coal yielded higher total pore 
volume than raw coal, indicating dissolution of organic micro-
molecules and increase in and expansion of holes. However, 
organic micromolecules exerted different effects on pores of 
coals with different metamorphic grades. Gas coals belong to 
bituminous coals with medium and low metamorphic grades. 
After dissolution of organic micromolecules of gas coal and 
expansion of pores, micropores expanded to form large pores. 
Consequently, quantity of micropores and specific surface area 
decreased. For example, specific surface areas calculated 
through BET and DA methods decreased from 6.5741 and 
5.7270 m2/g to 5.7270 and 5.0617 m2/g, respectively; total pore 
volume increased from 0.011801 cm3/g to 0.016842 cm3/g; 
average pore size increased from 5.5236 nm to 8.8553 nm. 
Figure 4 shows that after extraction, quantity of 3–4 nm pores 
of gas coal significantly reduced, indicating that micropores 
expanded into large pores, and their quantity decreased by a 
large margin. These results indicated that dissolved organic 
micromolecules of gas coal were mainly hosted in large 
pores, and some were embedded in low-molecular-weight 
compounds of gas coal in free state, primarily resulting in coal 
pore expansion. 

Contrary to gas coal, coking coal belongs to bituminous 
coals with medium and high metamorphic grades. After 
dissolution of some organic micromolecules of gas coal, these 
molecules resulted in increased pores, whereas closed pores 
were blocked by organic micromolecules. Defects in aromatic 

layer developed and formed new low-content pores inside the 
coal matrix; these pores presented strong interactions with the 
macromolecular net structure of coal. Hence, under mild 
extraction conditions (normal pressure, 50°C), coking coal 
contained small amounts of dissolved material (Table 1 shows 
that extraction rate of coking coal reached 0.634%). Thus, 
newly increased pores mainly comprised micropores. Table 2 
shows that after extraction, BET total specific surface area 
and micropore specific surface area of coal increased to 
different degrees. Total pore volume also increased. However, 
average pore diameter decreased from 11.4457 nm to 
7.7572 nm, indicating increased number of formed micropores 
after extraction of coking coal. Figure 4 shows that after 
extraction, quantity of 2–4 nm coal pores remarkably 
increased, indicating that after dissolution of organic micro-
molecules of coking coal, numerous micropores formed, and 
specific surface area increased. These results indicated that 
dissolved organic micromolecules of coking coal were mainly 
embedded into the macromolecular net structure, and low- 
molecular-weight compounds occupied several micropores. 
After extraction, these low-molecular-weight compounds 
affected coal by increasing pore number. 

3.3. Effects of organic micromolecules on functional 
groups 

In recent years, many research achievements were obtained 
through understanding chemical structure of organic matters 
and distribution features of functional groups according to 
analyses of absorption bands on IR spectrograms.[23–26] In this 
paper, FTIR was used to analyze raw and residual coals, and 

Table 2. Average pore size, surface areas, and micro/mesopore volumes of coal. 
Coal sample BETs./(m2 · g−1) BJHd/nm BJH mes.v./(cm3 · g−1) D-R mic.s./(cm2 · g−1)  

Gas coal Raw coal  6.5741  5.5236  0.011801  5.7270 
residue  5.3925  8.8553  0.016842  5.0617 

Coking coal Raw coal  2.2509  11.4457  0.005163  2.0547 
residue  3.3513  7.7572  0.007298  2.6782 

BETs., the specific surface area was obtained by the BET equation; BJHd., the average pore diameter was obtained by BJH equation; BJH mes.v., the mesopore volume 
was obtained by BJH equation; D-R mic.s., the micropore surface area was obtained by the D-R equation.    

Figure 3. Relationships of the wetting height of coals and their residues to time.  
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results are shown in Figure 5. Absorption peaks in IR 
spectrograms of coals were divided into four types: hydroxyl 
absorption peak, aromatic structure absorption peak, aliphatic 
composition absorption peak, and oxygen-containing 
functional group absorption peak. Table 3 provides band 
assignments of FTIR spectra of coal.[27–29] 

Figure 5 shows that before and after extraction, both 
position and shape of main coal spectral peaks contained 
similar absorption peaks, indicating that coal structures 
feature similar properties, and solvent extraction failed to 
damage macromolecular skeleton structures of coal. This study 
employed integral areas of characteristic peaks to express 
relative contents of functional groups contained in coals, 
as specifically shown in Table 3. The zone measuring 

3,750–3,550 cm−1 (sharp peak) was assigned to H2O in coal, 
and its peak shape remained unchanged after extraction. 

Table 3 shows post-extraction decrease in relative areas of 
absorption peaks of aromatic structure, aliphatic composition, 
and oxygen-containing functional groups. However, results for 
coking coal slightly differed from those of gas coal. Oxygen- 
containing functional groups decreased most significantly in 
gas coal (reducing from 5.716 to 3.133). Reduction of aromatic 
structure was mainly attributed to aromatic CHx stretching 
(3,000–3,100 cm−1) and aromatic C=C ring stretching 
(1,550–1,650 cm−1); reduction of fat composition was the least 
remarkable (with a decrease from 9.870 to 9.440), indicating 
that organic micromolecules dissolved by gas coal mainly 
comprised oxygen-containing compounds and aromatic 

Figure 4. Pore size distributions of coals and their residues.  

Figure 5. FTIR spectra of coals and their residues.  
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compounds. Most reduced organic micromolecules in coking 
coal comprised aliphatic hydrocarbon structures (with a 
reduction from 12.813 to 8.374). Reduction of aromatic 
hydrocarbons was mainly attributed to aromatic CHx 
stretching and out-of-plane deformation of aromatic CHx. 
Oxygen-containing functional groups decreased the least (with 
a reduction from 1.116 to 0.924), indicating that organic 
micromolecules dissolved in coking coal mainly consisted of 
aliphatic hydrocarbon compounds and aromatic hydrocarbon 
compounds. As a whole, organic micromolecules and some 
side-chain groups in macromolecular structures in coal 
dissolved after extraction using THF, which reduced contents 
of functional groups in coal and significantly influenced 
chemical structures of coal microcosmic surface. 

3.4. Discussions of organic micromolecules influencing 
coal wettability 

Specific surface area of coal is directly proportional to its 
physical adsorption capacity, that is, higher specific surface 
area results in higher adsorptive potential energy on coal 
surface and stronger adsorption capacity. Specific surface area 
(5.7270 m2/g) of gas coal was notably larger than that of 
coking coal (2.0547 m2/g). Thus, water adsorption capacity 
of pores on gas coal surface was remarkably stronger than that 
of coking coal. Within the same wetting period, wetting height 
of gas coal was significantly higher than that of coking coal. 
Specific surface area and wettability of gas coal decreased after 
extraction, agreeing with experimental results. However, after 
extraction of coking coal, micropore quantity increased, 
specific surface area enlarged, and theoretically, its wettability 
should have improved. However, wettability of coking coal 
weakened, as shown in experimental results. On the one hand, 
as newly formed micropores of coking coal deeply penetrated 
coal matrix, and macromolecular structures of coal consisted 
of agglomerated aromatic ring clusters with strong hydropho-
bicity, difficulty arose from wetting increased micropores with 
hydrones, where increased specific surface area showed limited 
effects on improving wettability of coking coal; on the other 
hand, as coal wettability is closely related to coal surface 
characteristics, such as material composition and chemical 
structure,[30] solvent extraction reduced contents of functional 
groups in coal, affecting coal wettability. 

Japanese scholars[19] conducted several detailed studies on 
wettability of brown coal and bituminous coal. Scholars 
believed that as oxygen content of coal increases, especially 
when oxygen-containing functional groups increase, coal 

wettability becomes stronger; lower number of aliphatic series 
in hydrocarbon chains of aromatic ring results in poorer coal 
wettability; for bituminous coal with low and medium 
metamorphic grade, lower metamorphic grade causes stronger 
wettability. Based on IR spectroscopy experimental results, 
contents of oxygen-containing functional groups of gas coal 
were remarkably higher than those of coking coal (as 
shown in Table 3, with amounts reaching 5.716 and 1.116, 
respectively). Metamorphic grade of gas coal was lower than 
that of coking coal, which sufficiently justifies better wettabil-
ity of gas coal than coking coal (Figure 4) and also indicates 
that chemical structural characteristics of coal surface 
remarkably influence coal wettability. Organic micromolecules 
dissolved from coal included aromatic compounds, some 
fatty compounds, and a small quantity of heterocyclic 
compounds,[31,32] all of which contain various active groups, 
such as methyl and carbonyl.[33] As organic micromolecules 
were dissolved, contents of oxygen-containing functional 
groups in coal decreased, active groups on micropore surface 
decreased by a large margin, and coal surface homogenized 
with the decrease in potential energy. Consequently, coal 
hydrophobicity improved and wettability degraded. 

In summary, after extraction, coal wettability was jointly 
influenced by its surface characteristics and pore structure. 
Under the effects of reduced specific surface area and 
functional groups on coal surface, wettability of gas coal 
degraded to a significant extent. For example, wetting height 
in the first 10 minutes decreased by more than thrice the 
original value and finally reduced by more than twice of 
the second measurement (Figure 3). Dissolved organic 
micromolecules in coking coal mainly affected increase in 
micropores, thus increasing specific surface area of coking 
coal, but did not remarkably affected coal wettability. Coal 
hydrophobicity improved significantly with decreasing surface 
groups, and coal wettability degraded under comprehensive 
effects. However, compared with gas coal, amplitude of 
wettability degradation of coking coal was visibly smaller 
(Figure 3). Hence, coal organic micromolecules that were 
dissolved by organic solvents affected pore structure and 
surface characteristics of coal, subsequently affecting coal 
wettability. 

4. Conclusions 

This paper adopted THF solvent to extract organic micromo-
lecules in coal and to test wettability of raw and residual coals. 
Based on various roles of functional groups and pore 
structures before and after extraction, influences of organic 
micromolecules on coal wettability were discussed, and the 
following conclusions were drawn: 
1. Addition of surface active agent in water remarkably 

improved wetting effect of water on coal, but different 
surface active agents resulted in significant differences in 
wetting effects on coals with different metamorphic grades: 
wettability of gas coal was notably higher than that of 
coking coal because of its low metamorphic grade and high 
contents of hydrophilic substances, such as minerals. 

2. After extraction with THF, coal wettability degraded, 
especially for gas coal. Within the same wetting period, 

Table 3. Band assignments of FTIR spectra of coal and the peak integral area of 
raw coals and their residues. 

Wavenumber / 
(cm−1) Assignment 

Peak integral area 

Gas coal Coking coal 
Raw  
coal residue 

Raw  
coal residue  

3300 Hydrogen-bonded OH  –  –  –  – 
3000–3100 Aromatic CHx stretching  2.145  1.805  3.069  2.126 
2800–3000 Aliphatic CHx stretching  9.870  9.440  12.813  8.374 
1650–1800 Oxygenated groups  5.716  3.133  1.116  0.924 
1550–1650 Aromatic C=C ring stretching  4.831  4.539  2.180  1.433 
700–900 Out-of-plane deformation  4.800  4.635  6.393  4.993   
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wetting height of raw coal reached more than twice that of 
residual coal. Although effects of coking coal were not as 
remarkable as those of gas coal, raw coal exhibited superior 
wettability than residues of coking coal. 

3. After dissolution of organic micromolecules, micropores 
expanded into large pores, and quantity of gas coal micro-
pores decreased. As a result, specific surface area of gas coal 
decreased, and hydrophobicity of gas coal improved. 
However, increased number of micropores was detected 
in coking coal, specific surface area enlarged, and its 
hydrophobicity was degraded. On the other hand, reducing 
contents of functional groups in coal changed microcosmic 
surface characteristics of coal and improved hydrophobicity 
of coal. Coal wettability was jointly affected by surface 
characteristics and pore structural features. Existence of 
organic micromolecules in coal affected pore structure 
and its surface characteristics, significantly influencing coal 
wettability. 
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