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ABSTRACT: The KBr pellet press method for detecting the infrared spectrum of
coal is one of the commonly used methods for analyzing the types and content of
functional groups in coal. However, KBr crystalline water or moisture has a significant
impact on the peak position, peak shape, and peak area of the organic O−H based
stretching vibration wave in coal. In this paper, the theoretical characteristics of
infrared spectra of phenols and alcohols have been simulated and analyzed using the
Gaussian 16 series of programs. Four infrared spectral analysis techniques, in situ
infrared, KBr pellet press, dry KBr pellet press, and paste methods, have been used to
detect the infrared spectra of coal. The results show that the stretching vibration
peaks of free O−H radicals without hydrogen bonding are located between 3700 and
3600 cm−1. After the O−H form hydrogen bonds with each other, the O−H
stretching vibration frequency moves toward the low frequency direction, and the
lower the wavenumber, the more O−H content. The conventional KBr gasket
manufacturing process will absorb moisture in the air to interfere with the hydroxyl absorption peak of coal, and the experimental
process requires absolute drying. The relative content of hydroxyl in coal can be compared and analyzed based on the peak position,
peak shape, and peak area of the hydroxyl stretching vibration wave. Quantitative analysis of hydroxyl groups in coal also requires
combination of elemental analysis and X-ray photoelectron spectroscopy.

1. INTRODUCTION
With the in-depth study of the mechanism of coal spontaneous
combustion, researchers have found that hydroxyl groups are
an important factor leading to spontaneous combustion of
coal. Therefore, the analysis and quantification of OH groups
in coals are of great significance to determine the tendency of
coal spontaneous combustion.

A large number of scholars have analyzed the OH groups’
characteristics of coal by infrared spectroscopy. As early as
1981, Painter et al.1,2 used this method to study the functional
groups of coal. The experimental results show that there is a
broadened absorption peak near 3400 cm−1, belonging to OH
groups and water in coal. The hydrogen bonding between the
OH groups makes the infrared absorption peak wider and
stronger and moves toward the direction of low wavenumber
to form this peak. At the early stage, scholars3−8 mainly studied
the broadened absorption peak of O−H between 3500 and
3200 cm−1 of coal and discussed the type of hydrogen bond
forming this peak in detail. With the deepening of research, the
experimental results of Solomon et al.4,6,7,9−17 show that the
infrared spectrum of OH groups of most coal samples has a
broadened absorption peak between 3500 and 3200 cm−1, and
some sharp small absorption peaks will appear in the area of
3700−3590 cm−1. Among them, some scholars have analyzed
these small sharp peaks. Solomon et al.9,12 pointed out that the
small absorption peak near 3640−3610 cm−1 in the infrared

spectrum of coal is the absorption peak of kaolinite. Miura et
al.4,6,7,11,18 believed that the small absorption peak of 3640−
3610 cm−1 was free OH groups.

Xin et al.19 have detected the infrared spectra of 15 kinds of
coal samples. The results showed that O−H stretching
vibration peaks of 11 kinds of high-rank coal samples appeared
in the 3600−3640 cm−1 band and had no absorption peak in
the 3400 cm−1 band. The O−H stretching vibration peaks of
other four low-rank coal are located at 3400 cm−1. The infrared
spectra of five coal samples studied by Choi et al.20 showed
that there is basically no O−H peak with only small
fluctuations occurring at the area of 3700−3590 cm−1.

Solomon, Okolo, et al.21,22 dried the KBr tablet of coal at
different temperatures and times. The experimental results
show that the broadened absorption peak near 3400 cm−1

decreases, while the absorption peak such as the stretching
vibration of CH bond does not change, indicating that KBr−
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H2O and mineral absorptions have a great interference effect
on the O−H infrared absorption peak of coal.

Above all, there are still some problems to be solved in the
study of OH groups in coal. First, the small sharp absorption in
the wavenumber range of 3700−3590 cm−1 belongs to which
O−H. Second, the content of O in coal is about 2−20% (mass
content). The O-containing groups of coal include ether, ester,
quinone, carboxyl, aldehyde, and so on. For coal with less than
10% O, the content of O−H should be small, so whether there
will be a large number of hydrogen bonds. Theoretically, if
there are no large number of hydrogen bonds, the broadened
absorption peak near 3400 cm−1 will not appear. Third, when
people use infrared spectroscopy, if the O−H peak is not
analyzed, the interference of KBr−H2O can be ignored. If the
O−H peak is analyzed, there are usually three methods. One is
to detect the O−H absorption peak of coal in a nitrogen
atmosphere through in situ infrared spectroscopy. On the
other hand, during the preparation of KBr tablets, vacuum
drying is carried out at the same time to further remove the
water absorbed by KBr during the sample preparation process;
moreover, when studying the infrared spectrum of substances
with OH groups in chemistry, the paraffin oil or fluorine oil
grinding method is often used instead of the KBr pressing
method. We can also use this method for reference in the
infrared spectrum study of coal.

Therefore, in situ infrared, KBr pellet press, KBr pellet
pressed drying, and paste methods were applied here to
determine the influence of KBr crystal water and moisture
contained in coal samples on the assignment of OH groups in
coal. Furthermore, quantum chemistry theory was combined to
simulate the infrared spectrum of phenols and alcohols in coal
determined, so as to analyze the real infrared spectrum
characteristics of organic OH groups in coal.

2. MATERIALS AND METHODS
2.1. Computational Details. There are mainly two types

of OH in coals including alcohol O−H and phenol O−H. Few
studies have found carboxylic acids in coal, so the O−H of
carboxylic acids is not discussed in this paper. The molecular
model of alcohol O−H and phenol O−H mainly uses the
actual extracts existing in coals. According to the liter-
ature,23−26 1-undecanol, 2-methyl-3-biphenylmethanol, 2-un-
decanol, 1,2,3,4-tetrahydro-4-methylphenanthrene-1-ol, 2,4-
dimethyl-2-pentanol, phenol, 2-naphthol, 2-hydroxyanthra-
cene, pyren-10-ol, 1,2-benzopyrene-4-ol, and 2,4-di-tert-butyl-
phenol are selected.

DFT provides an efficient way to quantitatively determine
the electronic properties, geometries, and reaction energies.
This promising method depends on its ability to consider
electron exchange and correlation with acceptable computa-
tional cost. The IR spectrum of all molecules is therefore
investigated by DFT at the level of B3LYP/6-31 G(d,p). Due
to the error of the calculation method and the use of resonance
approximation, the theoretical calculated infrared frequency

generally needs to be multiplied by the correction factor to be
consistent with the experimental results. According to the
literature,27,28 the correction factor of B3LYP/6-31 G(d,p)
calculation level is 0.9636. All the mentioned calculations are
done with the Gaussian 16 suite of programs.29

2.2. Samples and Reagents. Four coal samples varying in
rank from lignite to anthracite were collected from working
faces of typical coal basins in China mining area, including
Changchun (CC), Huajin (HJ), Sitai (ST), and Neimeng
(NM). All the samples were crushed to pass through a 100-
mesh sieve, followed by the conventional analyses. Proximate
and ultimate analyses of the selected samples have been
conducted, according the China National Standards GB/T
30732-2014, GB/T 476-2008, GB/T 214-2007, GB/T 19227-
2008, and GB/T 31391-2015. Table 1 presents the analysis of
coals. In order to prevent the interference of moisture in coal
on the hydroxyl absorption peak in infrared spectrums, it
should be dried in a 105 °C oven before the test and then let to
cool (according to the national standard GB/T 30732-2014,
the moisture in coal should be dried at 105−110 °C; finally,
105 °C is selected combined with the literature23,30−33).

The diluent used in the compression method of infrared
spectrum experiment is KBr (spectral grade). KBr powder is
easy to absorb moisture in the air, so it should be dried at 120
°C for 24 h and placed in a dryer for standby before use. The
paste used in the paste method is Fluorolube, which is of
reagent grade, and used without further purification.
2.3. FTIR Spectroscopy. 2.3.1. In Situ Infrared Experi-

ment. The infrared spectrum of coal samples was measured by
a ThermoFisher iS50 infrared spectrometer. Under a nitrogen
atmosphere, the temperature was increased to 100 °C at 5 °C/
min and it was kept constant for 1 h (dry the coal sample to
eliminate the interference of moisture on the O−H absorption
peak). In situ DRIFT spectra of coal samples were recorded
online.
2.3.2. KBr Pellet Press Method. Weigh 1 mg of the coal

sample and 200 mg of spectral pure reagent potassium
bromide (KBr) and place them in a grinding bowl. Under
infrared light, the coal sample and KBr were fully mixed and
ground with a grinding rod to make the average particle size
under 2 μ. The ground mixture was evenly put into the mold,
and then, the mold was put into the pressure gauge. Under the
pressure of about 10 T/cm2 for 2 min, a uniform translucent
ingot was achieved. The infrared spectrum of coal samples was
measured by a German BRUKER Fourier transform infrared
spectrometer.
2.3.3. KBr Pellet Pressed Drying Method. The ground

mixture (coal sample + KBr) was put into the mold, then the
mold was put into the vacuum drying oven, and it was taken
out after constant temperature of 100 °C for 1 h. Finally, it was
cooled in the dryer and made into a uniform translucent ingot.
The infrared spectrum of coal samples was measured by the
German BRUKER Fourier transform infrared spectrometer.

Table 1. Conventional Analyses of Coal Samples

proximate analysis (wt %) ultimate analysis (wt %, ad)

sample Mad Aad Vad C H N O S H/C

CC 0.85 7.89 12.98 83.27 2.65 2.38 2.68 0.28 0.38
HJ 1.91 11.05 22.59 77.94 4.25 2.02 2.37 0.45 0.65
ST 1.52 4.94 22.25 82.73 4.40 0.66 5.30 0.45 0.64
NM 26.07 4.30 56.14 49.08 4.85 1.07 14.52 0.11 1.19
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2.3.4. Paste Method.45,46 When preparing the sample,
about 10 mg of the coal sample (without weighing) was taken
and put into an agate grinding bowl. Half drop of Fluorolube
was added, and the sample was ground into the average
particle size under 2 μ with perfect mixing. The less the paste
dosage, the better because the more the paste dosage, the
stronger the paste absorption peak in the measured spectrum,
the greater the impact. After grinding, the paste was scraped

from the agate mortar with a hard plastic sheet and evenly
coated between the two KBr crystal plates. KBr crystal plates
shall be clamped on the fixture to measure the infrared
spectrum of the coal sample.

3. RESULTS AND DISCUSSION
3.1. DFT Theoretical Analysis of Infrared Spectra of

O−H. 3.1.1. Vibration Frequency and Intensity of O−H of

Figure 1. IR spectrum of substances containing O−H in coal.
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Organic Molecules. Each molecule of pure hydroxyl
compound contains OH groups, and there must be a hydrogen
bond between molecular clusters. The O−H stretching
vibration peak becomes a broad large peak and moves toward
low frequency. The chemical composition of coal is complex,
and not every molecule has O−H. The content of O−H and
the formation of the hydrogen bond directly affects the peak
shape, peak position, and peak area of O−H stretching
vibration wave of coal. Therefore, the infrared spectra of
organic OH group-based compounds were analyzed by using
quantum chemistry theory and Gaussian 16 software, as shown
in Figure 1.

The O−H stretching vibration frequency of the selected five
alcohol-hydroxy compounds appears in the range of 3699.04−
3662.69 cm−1 (Figure 1). According to the infrared spectra of
1-undecanol, 2-undecanol, and 2,4-dimethyl-2-2-pentanol, the
O−H stretching vibration frequency of them meets the rule of
primary alcohol > secondary alcohol > tertiary alcohol. 2-

Methyl-3-methoxy-biphenyl is also a primary alcohol, and its
O−H stretching vibration frequency is about 15.34 cm−1

higher than that of 1-undecanol. The reason is that its O
atom is sp2 hybrid, forming the O−H σ bond with a sp2 hybrid
orbital and the 1s orbital of the H atom; the C−O σ bond is
formed by a sp2 hybrid orbital and a sp3 hybrid orbital of the
connected methylene C atom; the other sp2 hybrid orbit is
occupied by a pair of unshared electrons. The p orbital
occupied by the pair of solitary electrons that are not shared,
and the π orbital of the aromatic ring cross each other on the
side to form a p−πconjugate system. Due to the influence of
the p−πconjugation effect, the O−H stretching vibration
frequency shifts to higher wavenumber. However, the O−H
and the benzene ring of 1,2,3,4-tetrahydro-4-methyl phenan-
throl are not in the same plane, and the conjugation effect
cannot be formed. 1,2,3,4-Tetrahydro-4-methyl phenanthrol
and 2-undecanol are secondary alcohols, so their O−H
stretching vibration frequency is similar.

Figure 2. Infrared spectra of five molecular clusters of 2-methyl-3-biphenylmethanol.
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The OH groups stretching vibration frequency of the
selected six phenolic hydroxyl compounds appears in the range
of 3703.37−3679.57 cm−1 (Figure 1). 2,4-Di-tert-butylphenol
is affected by the ortho and para substituents, hindering the
conjugation effect between the p orbital occupied by the lone
pair electrons on the O atom and the π orbital of the aromatic
ring, which makes the stretching vibration frequency of the
phenolic hydroxyl O−H bond move to the direction of low
wavenumber, 4.13 cm−1 lower than 1-undecanol. The
stretching vibration frequency of the phenolic hydroxyl group
without the influence of other substituents is not different from
that of 1-undecanol, or slightly higher. In the hydroxyl
stretching vibration, the vibration frequency of phenolic
hydroxyl should be the highest. Because the O atom of the
phenol hydroxyl group forms the C−O σ bond with a sp2

hybrid orbital and a sp2 hybrid orbital of the C atom on the
benzene ring, the O−H σ bond is formed with a sp2 hybrid
orbital and the 1s orbital of the H atom; the other pair, which
does not share the p orbital occupied by the solitary pair
electrons, intersects with the π orbital of the aromatic ring to
form a p−πconjugate system. Due to the influence of the
p−πconjugation effect, the density of the electron cloud on the
O atom shifts to the aromatic ring, which weakens the O−H
bond and shifts the stretching vibration frequency of the
hydroxyl group to the direction of high wavenumber.

Another characteristic infrared wave peak of more than 10
alcohols and phenols, C−O stretching vibration frequency,
appears in the range of 1278.92−1026.46 cm−1 (Figure 1), and
the C−OH bending vibration wave peak is in the range of
1470.12−136.83 cm−1. In addition to C−O stretching
vibration, it also includes C−C stretching, saturated C−H
bending, unsaturated C−H bending, and Ar−H in-plane
deformation vibration of the aromatic ring. These vibration
frequencies are easy to cause coupling because they are located
in the fingerprint area. The internal structure of the molecule
has great influence, and the change rule is not as obvious as the
O−H stretching vibration.

It can be seen from the above analysis that the stretching
vibration of phenol and O−H containing the p−πconjugated
system with π orbitals is about 3680−3690 cm−1, the
stretching vibration frequency of O−H of primary alcohol is
about 3680 cm−1, the stretching vibration frequency of
secondary alcohol is about 3670 cm−1, and the stretching
vibration frequency of tertiary alcohol is about 3660 cm−1.
Meanwhile, the internal molecular structure factors such as the
conjugation effect, steric hindrance, and hydrogen bond also
affect the vibration frequency. The O−H stretching vibration
frequency shifts to the direction of high wavenumber due to
the conjugation effect; affected by steric hindrance, the
intramolecular shifts to the direction of low wavenumber;
affected by hydrogen bonding, it shifts to the direction of low
wavenumber. However, the research results of C−O stretching
vibration and C−OH bending vibration frequency are basically
consistent with the results of existing organic spectrum
textbooks47,48 (C−O stretching vibration frequency appears
in the range of 1278.92−1026.46 cm−1, and C−OH bending
vibration peak is in the range of 1470.12−136.83 cm−1).
3.1.2. Effect of Hydrogen Bonding on the Vibration

Frequency Migration of O−H. In order to investigate the
effect of intermolecular hydrogen bonding on the characteristic
peaks of O−H infrared spectrum in coal, five 2-methyl-3-
biphenylmethanol molecules are selected as examples for
quantum chemistry calculation and analysis. It was found that

five 2-methyl-3-biphenylmethanol molecules form molecular
clusters through free combination, and there is no hydrogen
bond between the five O−H, whose molecular configuration
and infrared spectrum are shown in Figure 2a. The stretching
vibration frequencies of the five O−H bases are 3702.40,
3699.55, 3699.09, 3664.06, and 3635.08 cm−1, respectively.

As shown in Figure 2b, when the O−H of two of the five 2-
methyl-3-biphenylmethanol molecules form hydrogen bonds
with each other, its vibration frequency moves to the low-
frequency direction with the telescopic vibration frequency of
O2−H2 at 3592.12 cm−1 and O1−H1 at 3470.69 cm−1. The
frequencies of the other three O−H that do not form hydrogen
bonds are 3699.54, 3699.20, and 3698.95 cm−1, respectively.

As shown in Figure 2c, when the O−H of four of the five 2-
methyl-3-biphenylmethanol molecules form hydrogen bonds,
its vibration frequency moves toward low frequency, where
1O−1H is 3685.30 cm−1, 2O−2H is 3508.37 cm−1, 3O−3H is
3592.68 cm−1, and 4O−4H is 3494.81 cm−1; O−H without
the hydrogen bond is 3695.21 cm−1.

As shown in Figure 2d, when the three of the five 2-methyl-
3-biphenylmethanol molecules form a trimer by hydrogen
bonding, the other two molecules polymerize through van der
Waals interaction. The stretching vibration frequencies of the
two hydroxyl groups without hydrogen bonding are 3698.87
and 3698.84 cm−1, respectively; the stretching vibration
frequencies of the three hydroxyl groups forming hydrogen
bonds are 3445.31, 3424.46, and 3357.72 cm−1, respectively.

As shown in Figure 2e, when the four of the five 2-methyl-3-
biphenylmethanol molecules form a tetramer by hydrogen
bonding, the other molecule is polymerized by van der Waals
interaction. The O−H stretching vibration frequency without
hydrogen bonding is 3698.78 cm−1; the O−H stretching
vibration frequency of four hydrogen bonds is 3317.29,
3266.71, 3262.25, and 3162.10 cm−1.

The above analysis shows that the 3700−3600 cm−1 region
is the free O−H stretching vibration peak without hydrogen
bonding. When 2-methyl-3-biphenylmethanol forms a dimer,
trimer, and tetramer in the form of hydrogen bond, the OH
base stretching vibration frequency moves to the low-
frequency direction. The O−H stretching vibration frequency
of the dimer hydrogen bond is about 3500 cm−1; the O−H
stretching vibration frequency of the trimer hydrogen bond is
about 3430 cm−1; the stretching vibration frequency of O−H
forming the hydrogen bond of tetramer is about 3265 cm−1.
3.1.3. Effect of Moisture on the O−H Vibration Spectrum

of Coal. In order to analyze the influence of hydrogen bonding
between moisture molecules on O−H stretching vibration
frequency in coal, five moisture molecules are added to the 2-
methyl-3-biphenylmethyl molecular cluster, whose molecular
configuration and infrared spectrum are shown in Figure 2f.
The O−H stretching vibration of the molecular model includes
the stretching vibration of the O−H of 2-methyl-3-
biphenylmethyl and the stretching vibration of the O−H of
moisture molecules. The stretching vibration of the O−H of 2-
methyl-3-biphenylmethyl can be divided into the stretching
vibration of the O−H without hydrogen bonding and the
stretching vibration of the O−H with hydrogen bonding with
moisture molecules. The O−H stretching vibration of moisture
molecules can be divided into antisymmetric stretching
vibration and symmetric stretching vibration. The hydrogen
bond between moisture molecules and the hydrogen bond
between moisture molecules and 2-methyl-3-biphenylmethanol
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have different effects on the antisymmetric and symmetric
stretching vibration frequencies.

In the molecular model, the non-hydrogen-bonded O−H of
2-methyl-3-biphenylmethanol are O1−H1, O2−H2, O3−H3
whose telescopic vibration frequencies are 3633.12, 3697.84,
and 3698.99 cm−1, respectively. O5−H5 is the donor of the
hydrogen bond, and its stretching vibration frequency is
3481.97 cm−1.

Geometric optimization and frequency calculation are
conducted for moisture molecules. The theoretical value of
O−H antisymmetric stretching vibration frequency is 3770.35
cm−1, and the theoretical value of symmetric stretching
vibration frequency is 3661.33 cm−1. In the 2-methyl-3-
biphenyl-methanol and moisture molecular cluster model, the
two O−H of moisture molecule O6−H61 and O9−H91 do
not form hydrogen bonds, and the antisymmetric stretching
vibration frequency is 3736.28 and 3732.25 cm−1, respectively;
compared with the theoretical value, it decreased by 34.07−
38.1 cm−1. The O8−H81 of moisture molecule H81−O8−
H82 also does not form hydrogen bonds, but the
antisymmetric stretching vibration frequency was reduced to
3688.87 cm−1 due to space obstruction, which was 81.48 cm−1

lower than the theoretical value. As a hydrogen bond donor,
the symmetric stretching vibration frequency of O8−H82 is
3387.66 cm−1, which is 273.67 cm−1 lower than the theoretical
value. Moisture molecules H71−O7−H72 form hydrogen
bonds with moisture molecules H61−O6−H62, H81−O8−
H82, H101−O10−H102, and O5−H5 of 2-methyl-3-biphenyl-
methane, respectively. When O7−H71 is taken as a hydrogen
bond donor, the antisymmetric stretching vibration is 3528.54
cm−1. When O7−H72 is taken as the hydrogen bond donor,

the symmetric stretching vibration is 3177.29 cm−1. Moisture
molecules H101−O10−H102 form hydrogen bonds with
moisture molecules H61−O6−H62, H71−O7−H72, H91−
O9−H92, and O4−H4 of 2-methyl-3-biphenylmethane,
respectively. When moisture molecule H101−O10−H102 is
taken as the hydrogen bond donor, the antisymmetric
telescopic vibration frequency of O−H is 3497.59 cm−1,
while the symmetrical telescopic vibration frequency is 3422.63
cm−1. When moisture molecule H91−O9−H92 is taken as the
hydrogen bond donor, the symmetric stretching vibration
frequency of O9−H92 is 3317.97 cm−1. When the moisture
molecule H61−O6−H62 is taken as the hydrogen bond donor,
the symmetric stretching vibration frequency of O6−H62 is
3280.47 cm−1.

Above all, the O4−H4 hydroxyl group of 2-methyl-3-
biphenylmethyl taken as the hydrogen bond receptor, which
forms a hydrogen bond with the H2O molecule, only decreased
by 112.27 cm−1, while the O5−H5 hydroxyl group of 2-
methyl-3-biphenylmethyl as the hydrogen bond donor
decreased by 217.07 cm−1, showing that the hydrogen bond
has greater influence on the donor hydroxyl stretching
vibration frequency. Moisture molecules H71−O7−H72 and
H101−O10−H102 form four hydrogen bonds with surround-
ing molecules, respectively. Due to the different intermolecular
arrangement, the hydroxyl stretching vibration frequency
decreased by 484.04 cm−1 at most. Moisture molecules
H61−O6−H62, H81−O8−H82, and H91−O9−H92 form
two hydrogen bonds with surrounding molecules, respectively.
The moisture molecule H61−O6−H62 is located in the
ternary ring, and the symmetrical stretching vibration
frequency of −OH is reduced by 380.86 cm−1. The moisture

Figure 3. Infrared spectrum curve of coal samples measured by the KBr pellet pressed, KBr pellet pressed drying method, in situ infrared, and
Fluorolube paste methods.
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molecules H81−O8−H82 and H91−O9−H92 are located in
the quaternary ring, and the symmetrical stretching vibration
frequency of −OH is reduced by 343.36 cm−1. The hydrogen
bond between moisture molecules reduces the symmetry
stretching vibration of O−H more. The reduction of the
symmetric stretching vibration frequency of the O−H of the
hydrogen bond donor in the ternary ring is greater than that of
the O−H of the hydrogen bond donor in the quaternary ring.
Under the action of hydrogen bond, the maximum frequency
intensity of O−H stretching vibration of the moisture molecule
is 3317.97 cm−1.
3.2. Experimental Analysis of the O−H Stretching

Vibration Spectrum in Coal. 3.2.1. Comparison of Infrared
Spectra of KBr Pellet Press, In Situ Infrared, and Paste. The
infrared spectrum curves of coal samples measured by KBr
pellet pressed, KBr pellet pressed drying, in situ infrared, and
Fluorolube paste methods are shown in Figure 3. In theory,
KBr has no absorption peak at 400−4000 cm−1. The infrared
spectra of four kinds of coal samples measured by the KBr
pellet pressed method form a broad wave peak at 3440 cm−1.
However, the infrared spectra of CC and HJ coal samples
measured by the KBr pellet pressed drying, in situ infrared, and
Fluorolube oil paste methods showed that the O−H in these
two coals did not form hydrogen bonds, indicating that the
KBr gasket contains hydrogen bonds. In this paper, the
infrared spectrum of the KBr gasket was detected separately
and compared with the infrared spectrum of HJ coal sample.
As shown in Figure 4, the infrared spectrum of pure KBr shows

obvious peaks near 3400 and 1633 cm−1, caused by KBr
absorbing a certain amount of moisture during the grinding
and pressing process. When testing the infrared spectrum of
coal samples, these two peaks have great interference on the
analysis of −OH, olefin C�C bond, and C�O bond
stretching vibration in coal. Finally, we found that the KBr
pellet pressed drying effect is better.

The peaks of O−H base stretching vibration measured by
the KBr pellet pressed drying, in situ infrared, and Fluorolube
paste methods are basically the same, which can eliminate the
interference of KBr hydrophobicity on infrared spectra. The
stability of the infrared spectrum signal detected by in situ
infrared detection is the worst, and the experimental cost is the
highest. The infrared spectrum signal measured by the
Fluorolube paste method has good stability and high intensity,
but it can only analyze the functional groups of 4000−1350
cm−1, and the functional groups between 1350 and 400 cm−1

need to be measured by the Nujol paste method. The infrared
spectrum signal intensity measured by the dried KBr pellet
pressed method is relatively low, but it does not affect the
experimental effect.
3.2.2. OH Groups’ Infrared Spectrum Analysis of

Deashing Coal. In order to analyze and quantify the infrared
spectrum characteristics of organic O−H in coal, it is necessary
to exclude the influence of mineral crystal moisture. Therefore,
four kinds of coal samples were deashed, and the infrared
spectrum of the dried deashing coal was detected by the KBr
pellet pressed drying method. The infrared spectra of four
kinds of deashing coal after baseline correction are shown in
Figure 5.

It can be seen from Figure 5 that CC, HJ, and ST coal
samples still have multiple overlapping peaks between 3720
and 3690 cm−1; there is no hydrogen bond in CC and HJ coal
molecules; a small amount of hydrogen bonds were formed in
ST coal molecules; a large number of hydrogen bonds are
formed in NM coal molecules. After deashing, the peak
position of the hydroxyl stretching vibration of the coal sample
does not change, and the absorbance basically does not change,
explaining that the infrared spectrum characteristics of coal
samples are basically not affected by mineral crystal moisture.
3.2.3. Infrared Spectrum Characteristics of −OH in Coal.

The oxygen content of CC and HJ coal samples is less than 3%
(Table 1), and the O−H stretching vibration peak is at 3713−
3600 cm−1 (Figure 5). According to the peak position, peak
strength, and oxygen element content of O−H stretching

Figure 4. Infrared spectrum of KBr and HJ coal samples measured by
the KBr pellet pressed method.

Figure 5. Infrared spectrum of the deashing coal sample measured by the KBr pellet pressed method after vacuum heating.
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vibration, it can be determined that CC and HJ coal samples
basically do not form hydrogen bonds.

The O−H-based stretching vibration peak of the ST coal
sample (oxygen content 5.3%) is located at 3718−3326 cm−1

(Figure 5), which is divided into two parts. One is composed
of several overlapping small and sharp peaks, located at 3718−
3606 cm−1, which belong to the free O−H stretching vibration
peak; the other is a relatively broad peak, located at 3606−
3326 cm−1, with the peak center at 3470 cm−1. The peak shape
is relatively symmetrical, belonging to the O−H stretching
vibration peak of the hydrogen bond. ST coal samples have
relatively high oxygen content, and some O−H form hydrogen
bonds. According to the theoretical analysis of the effect of
hydrogen bond on O−H stretching vibration frequency, the
hydrogen bond in the ST coal sample is mainly a trimer.

The oxygen content of the NM coal sample is 14.52%, which
is the highest among the four coal samples. As displayed in
Figure 5, the O−H stretching vibration peak and the stretching
vibration peak of the aromatic C−H bond overlap each other
to form a broad wave peak (located at 3625−3000 cm−1), with
the peak center at 3396 cm−1. Its peak shape is asymmetrical,
and the half peak width in the high frequency direction is
narrow, and the half peak width in the low-frequency direction
is wide. According to the theoretical analysis results of the
influence of the hydrogen bond on the O−H stretching
vibration frequency, the hydrogen bond dimer, trimer, and
tetramer in the NM coal sample are all present, and the
content of the tetramer is relatively high, which leads to the
asymmetry of the O−H stretching vibration peak. It can be
seen from Figure 2a−e that the O−H stretching vibration
intensity after the formation of the hydrogen bond increases by
about 10−100 times. The sensitivity of the infrared spectrum

experimental instrument is limited. When there are a large
number of hydrogen bonds, it is very difficult to detect a very
small amount of free O−H radical stretching vibration peaks.

As exhibited in Figure 5, the infrared spectrum of coal
roughly contains three spectral bands, which are the O−H
stretching vibration peak at 3730−3100 cm−1, the C−H bond
telescopic vibration peak at 3100−2760 cm−1, and the spectral
band at 1800−400 cm−1 that can be divided into two segments
(one is the carbon skeleton and oxygen-containing functional
group region at 1800−1000 cm−1; the other is the benzene
substitution region at 1000−400 cm−1).

The chemical composition of coal is complex, and the main
components are aromatic hydrocarbons and aliphatic hydro-
carbons (composed of C/H/O/N/S five elements). The
infrared peaks of various functional groups between 1800 and
1000 cm−1 of the coal sample overlap with each other, forming
a relatively wide spectral band. On the basis of the analysis on
the vibration frequency and intensity of organic molecule O−
H and the description in the literature, C−OH in-plane
bending vibration is within the range of 1500−1350 cm−1; C−
OH telescopic vibration belongs to the strong absorption zone,
located in the range of 1280−1000 cm−1. In order to combine
the C−O stretching vibration peak and C−OH in-plane
bending vibration, further analysis of the hydroxyl infrared
spectrum, PeakFit has been applied to conduct peak-splitting
processing for spectral band at 1800−1000 cm−1 according to
the second derivative spectrum method, as shown in Figure 6.

The bending vibration wavenumber in the C−OH plane is
in the range of 1500−1350 cm−1, and the bending vibration
wavenumber in the C−OH plane of different hydroxyl
compounds varies greatly. For example, the C−OH in-plane
bending vibration wavenumbers of pyren-10-ol, 1-undecanol,

Figure 6. Spectral band peak fitting curve at 1800−1000 cm−1 of the infrared spectrum of coal samples.
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2-methyl-3-biphenylmethanol, and 1,2,3,4-tetrahydro-4-meth-
ylphenanthrene-1-ol are 1455.69, 1417.00, 1398.48, and
1383.45 cm−1, respectively. In the 1500−1350 cm−1 spectral
band of the infrared spectrum of coal, the C�C stretching
vibration of aromatic hydrocarbon also has two vibration peaks
in this spectral band (1500−1450 cm−1 and 1380 ± 10 cm−1,
respectively). It can be seen from Figure 6 that the aromatic
hydrocarbon C�C of the four coal samples has high tensile
vibration intensity and high characteristics, covering the
bending vibration peak in the C−OH plane.

The C−O stretching vibration of alcohol/phenol (in the
range of 1280−1000 cm−1) is also disturbed by other
functional groups. The coal molecules are mainly aromatic
compounds and contain a certain amount of aromatic �C−H
bonds. When the number of substituents and the position of
substituents on the aromatic ring are different, there are several
absorption bands in the bending vibration of the �C−H plane
in the range of 1300−990 cm−1. The polar substituents can
significantly enhance these absorption peaks, which are
superimposed with the C−O stretching vibration peaks of
alcohol/phenol and cannot be identified. At the same time, the
C−O stretching vibration of ether also overlaps with the C−O
stretching vibration band of alcohol/phenol. The antisym-
metric stretching vibration wavenumber of saturated fatty ether
C−O−C is between 1125 and 1110 cm−1. The antisymmetric
and symmetric stretching vibrations of aromatic ether are
located near 1240 ± 10 and 1040 ± 10 cm−1, respectively. By
summarizing a large number of experiments and literature
studies, the infrared spectrum distribution of coal functional
groups was drawn (Figure 7).

Figure 7 shows that the 1500−1000 cm−1 spectral band of
the coal infrared spectrum involves complex functional groups
and is not suitable for auxiliary analysis of OH groups
characteristics. The 3730−3100 cm−1 spectral band is not
interfered by other functional groups and is most suitable for
analyzing the characteristics of OH groups in coal. However,
when collecting experimental data, attention should be paid to
eliminating moisture interference.
3.3. Quantitative Analysis of O−H in Coal. 3.3.1. Anal-

ysis of Oxygen Content in Coal. The content of organic
oxygen elements in coal must be determined before the
quantitative analysis of O−H in coal. According to the element
analysis (Table 1), the oxygen element content of CC, HJ, ST,
and NM coal samples is 2.68, 2.37, 5.30, and 14.52%
respectively. When the mass content of elements in coal
samples is converted into atomic content, the number of
oxygen atoms per 100 atoms in CC, HJ, ST, and NM coal
samples is 1.69, 1.54, 3.02, and 7.96 respectively.34−41

According to the infrared spectrum of coal samples (Figure
5), the O−H in CC and HJ coal with oxygen content less than
3% does not form hydrogen bonds. The O−H in ST coal with
5.30% oxygen content forms a small amount of hydrogen
bonds. The oxygen content of NM coal is the best, and its
infrared spectrum has the largest stretching vibration peak of
hydrogen bond O−H, which moves to about 3400 cm−1 in the
low-frequency direction, and the right side of the peak overlaps
with the stretching vibration peak of the aromatic C−H
bond.42−44

In addition to the OH group, the oxygen-containing
functional groups in coal also include ether (C−O−C), C�

Figure 7. Infrared spectrum distribution of coal functional groups.

Figure 8. O−H stretching vibration peak of coal samples.
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O, COOR, and so on. Compared with the relative content of
O−H in different coal samples, semi-quantitative analysis can
be carried out by the infrared spectrum peak height and peak
area.
3.3.2. Quantitative Determination of O−H in Coal by

Infrared Spectroscopy. There are two methods for quantita-
tive analysis of the infrared spectrum: one is to measure the
peak height of the absorption peak, that is, to measure the
absorbance of the absorption peak; the other is to measure the
peak area of the absorption peak. Quantitative analysis using
the peak area is often more accurate than quantitative analysis
using peak height.

There are many kinds of O−H compounds in coal, and the
O−H base peaks are overlapped by many sub-peaks, forming
an asymmetric absorption band (Figure 8). The O−H
absorption band is divided into two sections, one is the free
O−H stretching vibration band (between 3750 and 3600
cm−1), that is, the O−H stretching vibration band without
hydrogen bonds; the other is a broad O−H stretching
vibration band with hydrogen bonds, and the infrared
spectrum is between 3600 and 3100 cm−1.

According to the theoretical analysis, the tensile vibration
intensity of the O−H base increases by about 10−100 times
due to the hydrogen bond effect. Therefore, the quantity of the
free O−H group and the hydrogen bond O−H group need to
be compared separately. The free O−H group is directly
quantitatively analyzed by peak area comparison. For the broad
stretching vibration peak of hydrogen bonding O−H, the peak
position, peak height, peak area, and peak shape have high
reference value for the quantification of the hydrogen bonding
O−H group.48,49

In order to quantitatively analyze the content of t
hehydrogen bond O−H in ST and NM coal samples, the
broad O−H stretching vibration wave peak was fitted by peak
division to determine the peak position, peak height, and peak
area of each sub-peak. The O−H stretching vibration peak of
hydrogen bonds of the ST coal sample is fitted with three sub-
peaks, which are 3516.61, 3441.59, and 3383.99 cm−1,
respectively (Figure 8c). The O−H stretching vibration peak
of hydrogen bonds of the NM coal sample is fitted with six
sub-peaks, which are 3519.18, 3457.84, 3387.57, 3291.84,
3205.47, and 3132.59 cm−1, respectively (Figure 8d).
Combined with the analysis of quantum chemistry theory,

Table 2. Peak Area of O−H Stretching Vibration Wave of Coal Samples

CC HJ ST NM

peak position peak area (%) peak position peak area (%) peak position peak area (%) peak position peak area (%)

free OH(S1) 3750−3600 4.33 3725−3600 12.38 3725−3600 3.97 3750−3600 0.00
hydrogen bond OH(S2) 3516.61 9.75 3519.18 14.02

3441.59 11.05 3457.84 14.37
3383.99 4.44 3387.57 26.40

3291.84 23.37
3205.47 12.64
3132.59 9.20

total 4.33 12.38 29.20 100.00

Figure 9. XPS fine spectrum of oxygen element of coal samples.
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when the hydroxyl compound exists as a dimer, the O−H
stretching vibration peak is at 3500 ± 30 cm−1, and the half
peak width in the high-frequency direction is large; when the
hydroxyl compound exists as a trimer, the O−H stretching
vibration peak is at 3430 ± 10 cm−1, and the peak shape is
symmetrical; when the hydroxyl compound exists as a
tetramer, the O−H stretching vibration peak is at 3265 ± 5
cm−1, and the peak shape is symmetrical; when a number of
moisture molecules and hydroxyl compounds form a polymer,
the O−H stretching vibration peak is located at 3318 cm−1,
and the half peak width in the high-frequency direction is large.
The O−H stretching vibration peak of hydrogen bonds in the
ST coal sample is located near 3450 cm−1, and the peak shape
is symmetrical, indicating that the O−H in the ST coal sample
is mainly dimers and trimers.

The O−H stretching vibration peak area of each coal sample
according to the peak division results is as shown in Table 2.
For the following coal samples, the O−H base stretching
vibration infrared peak area of NM coal samples is taken as the
control group.

The free O−H stretching vibration peak areas of the three
coal samples of CC/HJ/ST are 4.33, 12.38, and 3.97%,
respectively. The content of free O−H in the ST coal sample is
lower than CC and HJ but some O−H form hydrogen bonds.
The area of the hydrogen bond O−H stretching vibration peak
of the ST coal sample only accounts for 25.24% of the NM
coal sample. The O−H content of the NM coal sample should
be the largest of the four coal samples. The comparison of O−
H content of HJ and ST coal samples also needs to be
combined with XPS experiment for auxiliary analysis.
3.3.3. Quantification of O−H-Based XPS in Coal.

According to the organic element analysis of coal samples,
the oxygen element content has been determined. Combined
with XPS fine spectrum of oxygen elements, the oxygen
content of three chemical forms of C−O, C�O, and COOR
in coal samples can be further quantified. Among them, C−O
functional groups include C−OH and C−O−C. Therefore, the
content of oxygen in O−H of coal is definitely lower than the
content of C−O functional group determined by XPS oxygen
element fine spectrum.

Figure 9 shows the narrow energy spectrum of O 1s of coal
samples. The O 1s peak curves were fitted using the Gaussian
line shape, and divided into three peaks, which are 531.7 ± 0.3,
532.5 ± 0.2, and 533.5 ± 0.2 eV, respectively. The spectrum
confirmed the presence of C�O (carbonyl), C−O (alcohol,
phenol, or ether), and COOR (ester) in coal samples.

According to the peak fitting results of energy spectrum data,
the contents of oxygen-containing functional groups in coal
were calculated, as shown in Figure 10. The order of C−O
(alcohol, phenol or ether) contents in coal samples from high
to low was NM (5.47%) > ST (1.14%) > HJ (0.87%) = CC
(0.87%).

The above analysis shows that the O−H content of CC and
HJ coal samples is not higher than 0.87%; the O−H content in
the ST coal sample is not higher than 1.14%; and the O−H
content of the NM coal sample is not higher than 5.47%.
According to the quantitative analysis of infrared spectrum, the
O−H content in CC is lower than that in HJ, indicating that
the ether content of the CC coal sample is higher than that of
the HJ coal sample.

4. CONCLUSIONS
The infrared spectrum characteristics of O−H in coal are
discussed through infrared spectrum experiment and quantum
chemistry theory, and the quantitative analysis of O−H is
assisted by XPS experiment. The conclusions are as follows.

(1) After DFT calculation, it was found that the free O−H
radical stretching vibration peak without hydrogen
bonding was located between 3700 and 3600 cm−1.
After the O−H radicals form hydrogen bonds with each
other, the O−H radical stretching vibration frequency
moves toward the low frequency direction, and the lower
the wavenumber, the more the OH radical content.

(2) The OH based absorption spectrum in coal is divided
into two sections, one of which is a free O−H based
stretching vibration spectrum (located between 3750
and 3600 cm−1) with sharp small peaks; when the
content of OH group in coal exceeds a certain limit,
hydrogen bonds are formed between molecules. From
the formation of a broad hydrogen bond O−H
stretching vibration band (located between 3600 and
3100 cm−1), the larger the hydrogen bond content, the
more the wavenumber, and the peak position can move
to about 3400 cm−1.

(3) The O−H based stretching vibration peak (3730−3100
cm−1 spectral band) in coal is not interfered by other
functional groups and is more suitable for analyzing the
O−H based characteristics of coal, which can be used as
a basis for comparative analysis of relative content.

(4) The O−H stretching vibration peaks of the infrared
spectra measured by dry potassium bromide tablets, in
situ infrared spectroscopy, and the Fluorolube oil paste
method are basically consistent, which can eliminate the
interference of KBr hydrophobicity on the infrared
spectra.
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