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Abstract Strict relation between the substituents or functional groups attached to the coal macromolecules and the

generation of the volatile products, e.g., CH4, H2O, CO, CO2, etc., during the coal pyrolysis is an important but confusing

subject. In this paper, quadrupole mass spectrometry, gas chromatography, and 13C nuclear magnetic resonance are applied

to real-time monitoring the formations of volatile products, off-line quantitative determination of the total products from

the pyrolysis of a sub-bituminous coal (SC), and the changes of diverse substitents in the SC along with coke foamation,

respectively. These measurements are also performed for the pyrolysis of a caking coal to contrast SC. The qualitative and

quantitative data reveal that, during coal pyrolysis, the functional groups related with the formation of CO, i.e., ether,

carbonyl, and anhydride, can directly generate CO via bond breaking, or take a detour of the formation of other inter-

mediates via condensation and recombination firstly. Moreover, the formations of CO2 and CH4 are related to the direct

removal of -COO- and -CH3, respectively.
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1 Introduction

It is generally recognized that the heterogeneous structure

of coal is formed by a complex three-dimensional macro-

molecular network cross-linked by short aliphatic and

etheric bridges (Liu et al. 2014a, b). A variety of

substituents, such as hydroxyl, ether, ester, carboxyl, and

alkyl groups are attached to the discrete/condensed aro-

matic rings in coal to form the main structure of coal

macromolecules (Poutsma 1990; Ndaji et al. 1997).

Pyrolysis is a most generally used technology for down-

stream processing and clean utilizations of coal (Shabbar

and Janajreh 2013). With the thermal decomposition of

coal macromolecules, the substituents on the aromatic

rings, including side substituents and bridged ones, are

gradually deprived by the release of micromolecules, e.g.,

H2, CH4, H2O, CO, CO2, etc. (Arenillas et al. 1999). The

relationships between substituents on aromatic rings and

the volatile products have been extensively studied, but

only qualitatively and superficially (Attar and Hendrickson

1980; Solomon et al. 1988; Ibarra et al. 1991; Solomon

et al. 1993; Liu et al. 2012). For example, there were report

indicating that methyl groups can be deprived and then

capped by a hydrogen-free radical to form a methane at

high temperature, while other reports concluded that at

moderate temperatures the methane formation occurred as
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well even at moderate temperature, caused by cross-linking

reactions. Therefore, mechanisms of the formation of

volatile products in coal pyrolysis still remains inconsistent

and elusive, even though new reaction models for coal

pyrolysis have been proposed in recent years. (Solomon

et al. 1988; Grant and Pugmire 1989; Fletcher and Kerstein

1990, 1992; Solomon et al. 1990a, b, c; Niksa

1991a, b, c, 1995; Solomon 1994; Tian et al. 2001).

To study the strict relations between the deprivations of

substituents on aromatic rings in coal and the formation of

volatile products in coal pyrolysis, the volatile products

were always qualitatively or quantitatively analyzed by

employing a variety of techniques, such as quadrupole

mass spectrometry (QMS), Fourier transform infrared

spectroscopy (FTIR), and gas chromatography (GC)

(Dollimore et al. 1984; Solomom et al. 1990a, b, c). Many

studies have successfully employed QMS and FTIR for

real-time detecting the pyrolysis behavior of coal and its

gaseous compounds evolution due to the rapid response

and sensitivities of QMS and FTIR (Duan 2007; Duan et al.

2009; Wang et al. 2013a, b; Jia et al. 2013; Wu et al. 2014).

FTIR is, however, not as sensitive as QMS for those

micromolecules in the volatile products. Moreover, QMS

and FTIR are always employed for qualitative analysis

rather than quantitative one (Le et al. 2015). Compared

with QMS and FTIR, GC operation is more accurate and

reliable for quantitative analysis, but it has always to be

off-line performed for compromising its defect of batch

sampling. In addition, nuclear magnetic resonance (NMR)

spectroscopy can provide powerful structure information

on the different kinds of organic carbons, hydrogens, and

oxygen-containing groups in coal, and additionally has

good quantitative properties. The solid-state 13C NMR

spectroscopy has been widely applied to directly charac-

terize the carbon structural features and functional groups

in fossil fuel in the past several decades (Axelson 1985;

Davidson 1986; Miknis 1996; Genetti et al. 1999; Perry

et al. 2000; Sun et al. 2003; Wang et al. 2013a, b).

In this study, real-time measurements by QMS com-

bined with off-line analysis by GC were performed quali-

tatively and quantitatively to analyze the evolution rate of

each gas along with the pyrolysis of caking coal and sub-

bituminous coal. 13C NMR was performed to identify the

structural information and the variety of organic carbons in

raw coals and the corresponding staged char residues from

the coal pyrolysis (Solum et al. 1989). Based on a famous

coal model FG/DVC created by Solomon et al. (1992), we

analyzed these data or information gotten from QMS, GC,

and 13C NMR systematically, and then presented the

relationships between the substituents on aromatic rings in

coal and the evolution products, as well as the potential

mechanisms of gas formation during coal pyrolysis.

2 Experimental

2.1 Samples

Caking coal (North Goonyella, NG) and sub-bituminous

coal (Adaro, AD) were used in this study. The proximate

and ultimate analyses are listed in Table 1. The coal

samples were pulverized to less than 75 lm and dried

under vacuum for 24 h.

2.2 Coal pyrolysis and analysis to the gas products

Coal powders of 2.0 g were used in each experiment. As

shown in Fig. 1, loose-packed coal powders were heated up

to 900 �C with a heating rate of 5 �C/min in a horizontal

quartz tube reactor, with using argon as carrier gas with a

constant flow rate of 200 mL/min (STP). Filtrated by

quartz wool at the tail end of the quartz tube reactor, the

volatile products from coal pyrolysis were detected by only

one of two separated modes, QMS or GC.

QMS (M-QA100TS, ANELVA Corp.) was used for

real-time monitoring. The volatile products were intro-

duced into the QMS through a capillary, which was con-

volved by tape heater of 200 �C to avoid condensation of

coal tar therein. A diaphragm pump was used to help

transporting the gas into the QMS by reducing the tube

pressure to 25 mbar. The delay time of QMS detection was

thus decreased within 5 s. The vacuum degree of QMS was

kept at 1 9 10-5 Pa before measurement, and at 1 9 10-3

Pa during measurement. Other details of QMS operation

were set as follows: ionizing voltage, 24 V; emission cur-

rent, 1.0 mA; mass number range, 1–80 m/z; scan speed,

Table 1 Properties of coal NG and AD

Coal Proximate analysis Ultimate analysis

Moisture Ash Volatile C H N T-Sa Ash-S

wt%b d-wt%c d-wt% d-wt% d-wt% d-wt% d-wt% ash-wt%

NG 2.2 9.1 23.1 81.2 4.57 1.79 0.51 0.11

AD 4.9 1.2 48.6 72.8 5.06 0.90 0.13 3.79

a T-S Total sulfur; b wt% weight percentage, c d- dry basis
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100 ms/amu. Mass numbers of 2, 15, 18, 28, and 44 were

selected to characterize the presences of H2, CH4, H2O,

CO, and CO2, respectively. Real-time evolution curves of

these five gases during coal pyrolysis were thus obtained.

GC-TCD/FID (Himadzu, GC-8A and GC-14B) was

used for off-line detection. Sufficiently cooled in two cold

traps (0 and -70 �C), the non-condensable volatiles were

collected into a gas bag, and then analyzed by GC-TCD/

FID. H2O in coal tar, which had been retained by the quartz

wool in tube reactor and the cold traps, was analyzed by

Karl Fischer Moisture analyzer (MKC-210, KYOTO

ELECTRONICS). Distribution of products from coal

pyrolysis is shown in Table S1 (in Supplementary Infor-

mation). The data that were obtained from off-line GC

assisted the quantitative analysis of the evolution curves of

gas products that were obtained from real-time QMS.

Therefore, the function curves of gases production during

coal pyrolysis with variables of temperatures were finally

obtained by employing differential method.

Coal powders were further briquetted at ambient tem-

perature and with mechanical pressure of 128 MPa for

8 min (Mori et al. 2011). Each briquette (1.0 g) was heated

up to different target temperatures at the same heating rate

of 5 �C/min with a N2 flowrate of 200 mL/min (STP) in a

vertical quartz tube reactor for heat treatment coals, as

shown in Fig. 2. Once reaching the target temperatures, the

char briquettes were instantaneously cooled down by fall-

ing into the bottom of the reactor immersed in liquid N2.

Yields of heat treatment coals at different temperatures are

shown in Fig. S1 (in Supplementary Information). Thermo-

Fig. 1 Apparatus of horizontal tube reactor with quadrupole mass spectrometry

TC

Magnetic Outlet of gas

Inlet of gas

Liquid N2

Coal 
sample

Fig. 2 Apparatus of vertical tube reactor for heat treatment coals
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gravimetric (TG) curves of the two coal samples were

presented in that figure as well. Note that the TG curves are

well consistent with those dots of yields, indicating the

accuracy of our experiments. Residual heat treatment coals

were then pulverized to powders for the characterizations

by solid-state 13C NMR spectroscopy. The NMR spectra

were recorded with the DEPTH2 technique at 100.53 MHz

in a JEOL ECA 400 spectrometer. The repetition time was

20 s. Magic angle spinning was performed at 15 kHz in the

commercial probe (JEOL 4 mm CPMAS). The 13C NMR

data were then analyzed by a variation of the method

described by Solum et al. (1989).

3 Results and discussion

In our study, all the evolution curves of gases formation

were deconvolved by several independent Gaussian-style

functions, varying their parameters such as the locations,

line widths, and intensities, to get the highest correlation

coefficients. All the correlation coefficients of deconvolu-

tion results were higher than 99%. 13C NMR spectra were

deconvolved based on the chemical shifts in previous

reports (Solum et al. 1989; Kidena et al. 1999), analyzing

the organic carbon varieties in the molecules of coal

samples. With the help of elemental analysis of raw coal

(Table 1), the organic carbons can be quantitatively clas-

sified into 8 varieties, i.e., methyl (-CH3), methylene

(-CH2), aliphatic carbon with oxygen substituents (Al–O),

protonated aromatic carbon (Ar–H), aromatic carbon with

alkyl groups (Ar–C), bridgehead carbon, aromatic carbon

with oxygen substituents (Ar–O), and carbonyl carbon

(O=C–O, C=O) (see Tables 2 and 3). CH4, CO2, CO, H2O,

and H2 are the main gas products from coal pyrolysis, and

these gases are relative with specific functional groups of

coal (Solomon et al. 1988, 1990a, b, c; Figueiredo et al.

1999; Kazuhiro et al. 2002), therefore, it is evident to

quantitatively associate the gas outputs with the quantities

of the functional groups.

3.1 Mechanism of CO formation

Figure 3 shows the yields of CO with elevated tempera-

tures of coal pyrolysis, and the variations of the related Al–

O and Ar–O. With the temperature elevated, CO formation

is continuously increased, while the quantities of the two

kinds of functional group Al–O and Ar–O are not linearly

changed.

(1) Ar–O increases while Al–O slightly decreased

before 400 �C. It was because the side carbon chains

in coal transformed into aliphatic carbon rings, and

ether bonds were dissociated at the relative low

temperature range. To be specific, coking process at

low temperatures during coal pyrolysis resulted in

the ring formation of side carbon chains. When a

side carbon chains contained a primary hydroxyl

group originally, the ring formation would cause the

formation of Ar–O bonds (Reaction 1). Ether bonds

Table 2 Carbon distribution of coal AD, mmol/g-d

Heat treatment temperature (oC) CH3 CH2 Al–O Bridgehead Ar–H Ar–C Ar–O COOC=O

Raw coal 5.1 11.7 2.1 16.0 8.2 6.4 7.0 1.8

400 4.4 7.6 1.6 14.6 8.5 7.0 7.9 1.2

450 3.5 5.2 1.8 13.4 8.4 6.6 6.0 1.0

500 2.3 1.9 0.8 13.0 13.2 6.1 6.5 1.1

600 0.9 1.1 0.5 11.8 17.1 5.6 4.1 1.1

700 0.1 0.1 0.7 8.4 21.8 5.9 2.8 0.6

d dry basis

Table 3 Carbon distribution of coal NG, mmol/g-d

Heat treatment temperature (oC) CH3 CH2 Al–O Bridgehead Ar–H Ar–C Ar–O COOC=O

Raw coal 7.1 7.4 2.2 19.7 17.9 10.1 2.3 0.6

400 6.7 7.5 2.4 20.8 17.4 8.8 1.8 0.5

450 5.1 6.7 2.0 19.5 17.9 9.8 2.8 0.2

500 4.8 3.8 2.1 18.5 26.0 4.4 2.0 0.2

600 1.5 1.4 2.2 16.2 28.2 5.8 1.7 0.4

700 0.6 0.6 0.8 13.5 29.9 8.0 1.6 0.5

d dry basis
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were also easy to be dissociated during coal pyrol-

ysis at low temperature, producing CO gas or

carbonyl group, which should be the reason for the

quantity of Al–O decreasing (Reaction 2). In the

reactions, (coal)Ar- denotes the layer structure of

aromatic rings in coal, while R- represents the

substituents such as alkyl groups or aromatic rings.

OH

(coal)Ar
O(coal)Ar

H2 ð1Þ

CH2

R1

O

R2

R1

O

R1 R2 orCO R2 ð2Þ

(2) At the temperature range from 400 to 450 �C, the
quantity of Ar–O decreased greatly while that of Al–

O elevated slightly. In this stage, the formation of

CO was not only related with Reaction 2, but also

with Reaction 3. As shown in Reaction 3, the

carbonyl group will be generated from the cleavage

of Ar–O bond of Ar–O–R, only if -R denotes long-

chain alkyl groups. CO is also possible to be formed

only if -R represents -CH3. In addition, Al–O slightly

increasing at the temperature range was probably

attributed to the transferred ether groups from

aromatic rings to side chains (see Reaction 4).

O

R

(coal)Ar (coal)Ar
O

R
or CO

ð3Þ

O

R
(coal)Ar (coal)Ar

O

R

ð4Þ

(3) At the temperature range from 400 to 450 �C, Ar–O
increases while Al–O deceases. In this stage, the

formation of CO was still attributed to Reactions 2

and 3. In addition, other reactions such as the

condensation between O-containing heterocyclic

compounds and aromatic rings, and aromatization

of cycloalkanes should occur in this stage. Both of

these two reactions can increase the quantity of Ar–

O (Reactions 5 and 6). Moreover, according to these

two reactions, the quantity of bridgehead C atoms

should be increased simultaneously, which is also

verified by the AD profile in Fig. 4.

O(coal)Ar
(coal)Ar

O(coal)Ar

(coal)Ar

ð5Þ

O

R

(coal)Ar O

R

(coal)Ar H6 ð6Þ

(4) At the temperature range from 500 to 600 �C, the
quantity of Ar–O begins decreasing significantly,

while that of Al–O is continuously decreasing. In

this stage, there was still CO gas generated through

Reactions 2 and 3. Meanwhile, with deprivation of O

atoms to form oxygen free radicals and to produce

0
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400 500 600 700

m
m
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/g

-d
 

Temperature, oC 

AD CO

CO

Al-O

Ar-O

Raw coal

Fig. 3 Integration of CO as a function of temperature and the trends of its relevant functional groups of Al–O and Ar–O of coal AD
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CO eventually, the O-containing aromatic rings

started to condense, forming bigger condensed

arenes. As a result, the quantity of Ar–O decreased

largely.

(5) Above 600 �C, Ar–O decreases continuously due to

the presence of Reaction 7, while Al–O increased

slightly since a few oxygen free radicals reacted with

the side substituents of aromatic rings (Reaction 8).

O

(coal)Ar (coal)Ar
(coal)Ar (coal)Ar

O

ð7Þ

As shown in Tables 2 and 3 and Fig. 5, compared with

AD, NG contains similar quantity of Al–O but less Ar–O,

while the CO formation of NG is less than that of AD. This

further verifies that the formation of CO is closely relative

with Ar–O. It is interesting that the variation profiles of Ar–

O and Al–O of NG at the temperature range from ambient

to 600 �C are similar with those of AD at the temperature

range from 400 to 700 �C. This phenomenon implies that

the molecular structures of NG might be similar with those

of AD after treatment of pyrolysis at low temperatures.

From ambient temperature to 600 �C, the Ar–O in NG

should react successively as Reactions from 3 to 7, while

Al–O should react as Reactions 2, 6, and 8. When the

temperature was elevated above 600 �C, the quantity of

Ar–O remained unchanged, while Al–O decreased greatly

to form CO gas. This was mainly because the further

pyrolysis of side substituents on aromatic rings occurred as

Reaction 8.

According to the above-mentioned analysis about the

CO formation and the variations of related functional

groups, we deconvolved the CO formation rate profiles of

NG and AD, and further identified each independent

reaction we proposed. According to previous reports, the

CO formation of coal pyrolysis was closely related with

three to five potential reactions (Seebauer et al. 1997;

0.0
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Fig. 5 Integration of CO as a function of temperature and the trends of its relevant functional groups of Al–O and Ar–O of coal NG
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Hodek et al. 1991; Giroux et al. 2006). As shown in

Fig. 6a, b and Table 4, we recognize that the CO formation

is attributed to four independent reactions (correlation

coefficients are higher than 99%). CO formation at low

temperatures was related with the cleavage of ether group

(Reaction 2), and this reaction occurred at a relative wide

temperature range from 300 to 500 �C (Liu et al. 2014a, b).

Peak 1 is thus assigned to Reaction 2. The reaction indi-

cated by Peak 2 should be caused by the pyrolysis of

anhydrides, which forms CO and CO2 at ca. 600 �C (Otake

and Jenkins 1993; Zhuang et al. 1994a, b). Note that parts

of these anhydrides existed originally in the raw coals,

while other parts should come from the condensation of -

COOH groups simultaneous with the H2O formation. Peak

3 was relative with the cleavage of carbonyls, which can

produce CO at a high temperature (Figueiredo et al. 1999).

Peak 4 can be assigned to free radical reactions. As above

mentioned, the quantity of Ar–O started decreasing greatly

since 500 �C, meanwhile the further condensation among

aromatic rings were initiated. The condensation processes

removed the O atoms, which then reacted with C and H

atoms easily to form CO and H2O, respectively.

The reactions involving oxygen free radicals were the

main sources of CO formation both for AD and for NG,

while one of the CO sources of NG at low temperature, the

cleavage of ether groups, was not as significant as that of

AD. This means the ether groups should widespread in sub-

bituminous coal.

3.2 Mechanism of CO2 formation

The deconvolution results of rate profiles of CO2 formation

are shown in Fig. 6c and d, in which Peak 1 is located at
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Fig. 6 Gas evolutions and deconvolutions as a function of the temperature for coal AD and NG

Table 4 Deconvolution results of coal AD and NG

Item Peak Assignment Center

Temp. (oC)

Gas amount

(mmol)

a AD CO Peak 1 Methoxyl 490 1.63

Peak 2 Anhydride 592 0.17

Peak 3 Carbonyl 685 0.15

Peak 4 Oxygen radical 708 1.46

b NG CO Peak 1 Methoxyl 494 0.17

Peak 2 Anhydride 574 0.09

Peak 3 Carbonyl 725 0.07

Peak 4 Oxygen radical 731 0.33

c AD CO2 Peak 1 Carboxyl 245 0.36

Peak 2 Ester 407 1.07

Peak 3 Anhydride 625 0.29

d NG CO2 Peak 1 Carboxyl 334 0.02

Peak 2 Ester 489 0.02

Peak 3 Anhydride 691 0.07

e AD CH4 Peak 1 b-methyl 504 1.00

Peak 2 Aryl methyl 610 0.30

Peak 3 C2?-hydrocarbon 716 0.20

f NG CH4 Peak 1 b-methyl 503 0.45

Peak 2 Aryl methyl 572 1.20

Peak 3 C2?-hydrocarbon 655 0.63
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low temperature, and Peak 2 and 3 are located at 400 and

600 �C. These three peaks were attributed to the removal

of carboxyl, ester group, and anhydride, respectively

(Vinke et al. 1994; Zhuang et al. 1994a, b; Zielke et al.

1996; Zhao 2007). Note that, according to previous studies,

the Peak 3 might include a few contributions from the

decomposition of mineral substances at the temperature

range from 600 to 700 �C (Li 2009; Wang et al. 2012),

otherwise the quantity of CO2 formed at this temperature

range should be same with that of CO (see Peak 2 of

Table 4a, b) since the decomposition of anhydrides could

generate same amount of CO2 and CO.
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Fig. 7 Integration of CH4 as a function of temperature and the trends of its relevant functional groups of -CH3 of coal AD
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In Table 4, the quantities of CO2 of AD and NG are so

different that CO2 formation of AD (1.72 mmol) is 15

times as much as that of NG (0.11 mmol). This was mainly

caused by the different quantities of COO and C=O groups

in AD and NG. There was 1.8 mmol COO and C=O in AD,

while that in NG was only 0.6 mmol.

3.3 Mechanism of CH4 formation

The formation of CH4 was related with the cleavage of -

CH3. As shown in Figs. 7 and 8, with increasing the tem-

perature, the quantity of -CH3 decreases gradually, and the

CH4 is produced continuously. There were several -CH3

types in coal, and the removals of different -CH3 groups

occurred at different temperature ranges. The -CH3

attached to the aromatic rings in coal molecules can be

classified into three groups in addition to those bonding

with heteroatoms (Fig. 9). However, these -CH3 types

cannot be distinguished from each other through 13C NMR

spectra.

As shown in Fig. 6e, f, the formation of CH4 can be

attributed to three independent reactions. At the tempera-

ture range from 400 to 700 �C, the CH4 should be gener-

ated from the cleavage of b-CH3 (-
1CH3 in Fig. 9). When

the temperature was elevated to 600 �C, the cleavage of

Ar-CH3 occurred (-2CH3 in Fig. 9). The formation of CH4

at the temperature higher than 600 �C should be related

with the secondary pyrolysis of the long-chain alkanes

attached to aromatic rings, since the pyrolysis of such

alkanes required very high energy (-3CH3 in Fig. 9). Our

study is also supported by previous reports (Zhao 2007; Li

2009; Porada 2004). Liu et al. (2014a, b) proposed the

mechanisms of CH4 formation for coal pyrolysis at the

temperature range from 400 to 700 �C, which is well

consistent with our results.

In Fig. 6e, f, the temperature range of CH4 formation of

AD is similar with that of NG. However, compared with

AD, whose b-CH3 is the main resource for CH4 formation,

the CH4 produced by NG is mainly generated from the

cleavage of Ar–CH3. This means that there are many

bridged alkyls and long side chains in the coal molecules of
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Fig. 9 Segmental structure of coal for illustrating different kinds of
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AD, while the condensed degree of NG is much higher than

that of AD, such that the alkyls of NG are mainly attached

to the aromatic rings.

3.4 Mechanism of H2O formation

As shown in Fig. 10, the temperature range from ambient

to 900 �C for H2O formation is wider than that of any other

gases. The physically adsorbed H2O in coal was emitted

when the temperature is lower than 300 �C, while the

pyrolysis of coal (mainly as the cleavage of –OH groups) at

the temperature higher than 300 �C became the main

resource of H2O formation (Suuberg et al. 1985; Ibarra

et al. 1991). The formation of H2O was closely related with

so many potential reactions that its temperature range is the

widest. It was thus impossible to deconvolve its formation

profile exactly. For example, as seen in Reactions 9–11, the

cleavage of -OH was an important source for H2O forma-

tion, while other groups such as ether, ester, and anhydride

that underwent pyrolysis at high temperature would pro-

duce oxygen free radicals to generate H2O eventually as

well.

4 Conclusions

Based on the QMS analysis of the product gases of NG and

AD and the 13C NMR spectra, the mechanism of coal

structure changes at molecular level during pyrolysis are

quantitatively revealed.

(1) The CO formation can be mainly attributed to the

cleavage of ether group, the removal of anhydrides,

oxygen free radicals reaction, and cleavage of carbonyl

groups. The removals of carboxyl, ester, and anhydride

groups are the main reasons for the CO2 formation.

(2) The quantity of Ar–O during coal pyrolysis will

temporarily increase during coal pyrolysis due to the

secondary effects of some reactions such as cycliza-

tion of side chains containing hydroxyl groups and

condensation of O-containing aromatics. The quan-

tity of Al-O increases temporarily as well, because of

the migration of O free radicals.

(3) The formation of H2O must be followed by those of

CO and CO2. With the formation of anhydrides,

esters, and ethers, the reactions among different

carboxyl and hydroxyl groups during coal pyrolysis

generate H2O first, and then their further reactions of

removing anhydrides and esters must cause the

formations of CO and CO2.

(4) The formation of CH4 is relatively independent

from that of other volatile products. It is generated

by the cleavages of b-CH3, Ar–CH3, and long

chain alkanes attached to the aromatic rings in coal

molecules. The dissociation energies of methyls of

different locations are greatly different from each

other, so the main temperature ranges for CH4

formation depend largely on the coal ranks.

In addition, the different performances of coals with

different ranks during pyrolysis are ascribed to their dif-

ferent quantities and distributions of O-containing func-

tional groups, alkyls, and scales of aromatic rings.

Representing caking coals, NG has less substituents, but

higher aromaticity and condensation degree than those of

AD representing sub-bituminous coals.
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