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Abstract Understanding the structural properties of lignite during hydrothermal treatment would aid in predicting the

subsequent behavior of coal during the pyrolysis, liquefaction, and gasification processes. Here, hydrothermal treatment of

Inner Mongolia lignite (IM) was carried out in a lab autoclave. The distribution of carbon in the lignite was monitored via

solid 13C nuclear magnetic resonance spectroscopy, and the functional groups of oxygen in lignite were determined by

Fourier transform infrared spectroscopy. The curve-fitting method was used to calculate the content of the functional

groups quantitatively. The results show that hydrothermal treatment is an effective method for upgrading the lignite. The

side chains of the aromatic ring in lignite are altered, while the main macromolecular structure remains nearly the same.

The hydrothermal treatment of IM could be divided into three temperature-dependent stages. The first stage (\ 493 K) is

the decomposition reaction of oxygen functional groups, where the O/C ratio decreases from 0.203 in raw IM to 0.185 for

the IM treated at 493 K. In the second stage (493–533 K), hydrolysis of functional groups and hydrogen transfer between

water and lignite occur. Here, the ratio of methylene to methyl increases from 0.871 in IM-493 to 1.241 for IM-533, and the

content of quinone generates from the condensation of free phenol increased. The third stage ([ 533 K) involves breakage

of the covalent bond, and the content of CH4 and CO in the emission gas clearly increase.
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1 Introduction

Lignite is an abundant fossil fuel resource and will con-

tinue to be an important energy source in the foreseeable

future. Because of its high moisture content (25 wt%–

60 wt%), the drying/dewatering is an integral step for

lignite applications that require high efficiency.

Hydrothermal treatment (Butler et al. 2007; Sakaguchi

et al. 2008; Katalambula and Gupta 2009; Ullah et al.

2018), a non-evaporative technique, is considered an

effective method for dewatering and upgrading lignite. The

process enables an improvement in the slurry properties of

coal (Yu et al. 2012; Fu and Wang 2014; Zhang et al. 2018)

and can reduce the viscosity of the coal-water slurry.

Moreover, hydrothermal treatment not only promotes the

hydro-liquefaction activity during coal liquefaction (Li

et al. 2020) but also increases the coal concentration of the

coal-solvent slurry (Inoue et al. 2012a, b), which is because

of the lower porosity for the treated coal. Furthermore,

hydrothermally treated lignite has a greater calorific value

(Yu et al. 2014; Ullah et al. 2018) compared with raw

lignite. Furthermore, contaminant elements in lignite, such

as sulfur, nitrogen, and chlorine (Wang et al. 2016a, b;

Zhao et al. 2020), can be fixed during hydrotreatment.
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The improvement of low-grade coal via hydrothermal

treatment could benefit from a better understanding of the

evolution of the structural properties of lignite during

hydrothermal treatment. This would aid in predicting the

behavior of coal subsequently during the pyrolysis, lique-

faction, and gasification processes (Sun et al. 2004;

Safarova et al. 2005 Wang et al. 2013a, b). Intensive

research on the structure of coal has been undertaken using

X-ray diffraction (XRD) (Sonibare et al. 2010; Wu et al.

2013; Yan et al. 2020), Fourier transform infrared spec-

troscopy (FTIR) (Ibarra et al. 1996; Wang et al. 2013a, b;

Wu et al. 2013, 2014; Jiang et al. 2019), and Raman

spectroscopy (Jiang et al. 2019; Liu et al. 2014). XRD

spectroscopy is commonly used to study the crystal struc-

ture of carbonaceous materials. However, exploring the

non-crystalline part of coal is difficult. Raman spec-

troscopy is a major technique used to evaluate the degree of

ordering and crystallinity in carbonaceous materials. FTIR

is very useful in probing the functional groups in coal and

thus widely used for studying the chemical structure of

coal. Combined with curve-fitting analysis (Ibarra et al.

1996; Wang et al. 2011, 2013a; Wu et al. 2013; Jiang et al.

2019), these methods can provide additional insight into

the structure of coal and their structural parameters can be

quantitatively analyzed. To better understand the carbon

skeleton structure of coal, solid 13C nuclear magnetic res-

onance (13C-NMR) spectroscopy (Wei et al. 2005; Er-

denetsogt et al. 2010; Xiang et al. 2013; Yan et al. 2014)

has been used to determine the chemical structure, which

could be used to quantitatively characterize different ex-

isting types of carbon in coal.

The raw and hydrothermally-treated Inner Mongolia

lignite (IM) structures were compared via their 13C-NMR

spectra (Zhang et al. 2016). Hydrothermal treatment can

break the cross-linked structure in lignite (Liu et al.

2016, 2017; Ge et al. 2018) to change the conversion

pathway during pyrolysis. The water in the reaction can

participate in one or more roles with the presence of oxy-

gen functional groups (Siskina and Katritzky 2000; Feng

et al. 2008) at the treatment temperature. The hydrogen

from water was determined to be transferred to IM via

analysis of pyrolysis tar using the isotopic tracer method

(Wang et al. 2016a). As discussed above, previous studies

focused on the correlation of the hydrothermal treatment of

lignite with the pyrolysis product, while the structural

evolution of lignite during hydrothermal treatment has

largely been ignored. To the best of our knowledge, an in-

depth investigation of the structural evolution of lignite

during hydrothermal treatment has yet to be carried out.

In this work, the structural evolution of IM during

hydrothermal treatment was studied. The curve-fitting

method was used to quantify the accurate chemical shift

values of different structural carbons via 13C-NMR spec-

troscopy and the wavenumbers of the oxygen functional

groups in lignite were determined using FTIR spec-

troscopy. Finally, changes in the lignite structure during

hydrothermal treatment were determined.

2 Experimental

2.1 Materials

Inner Mongolia lignite (IM) from the Inner Mongolia

province, China was ground to\ 0.2 mm and stored under

a cryogenic environment. The proximate and ultimate

analyses of the lignite are shown in Table 1. The raw lig-

nite was dried under vacuum at 323 K for 8 h before

characterization.

Table 1 Proximate and ultimate analyses of lignites

Sample Yield (wt%) Proximate analyses (wt%) Ultimate analyses (wt%) (daf)

Asha Volatile matterb Fixed carbonb C H N S Od

IM – 14.41 46.48 53.52 72.99 4.65 1.16 1.40 19.80

IM-473c 93.35 14.38 46.94 53.06 73.62 5.53 1.20 1.63 18.02

IM-493 92.91 14.00 45.70 54.30 73.55 5.64 1.18 1.48 18.15

IM-513 90.56 14.22 43.01 56.99 74.27 5.72 1.22 1.42 17.37

IM-533 88.57 14.39 42.24 57.76 75.77 5.56 1.29 1.39 15.99

IM-573 84.55 14.79 39.84 60.16 78.16 5.40 1.30 1.36 13.78

aDry basis
bDry ash-free basis
c‘‘IM-473’’ indicates the IM was treated at 473 K for 30 min; d-by difference
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2.2 Methods

2.2.1 Hydrothermal treatment

Hydrothermal treatment of lignite was carried out in a

500 mL autoclave. The water content of raw lignite is

about 25%–60%; for the experiments a value of about 40%

was used and the original lignite state was simulated in the

laboratory. For this, 80 g lignite and 48 mL deionized

water were placed in the reactor and heated at a rate of 4 K/

min to a certain temperature (473, 493, 513, 533, 573 K);

then, stirred using a stirrer and maintained for 30 min

under saturated vapor pressure. The treated lignite was then

cooled to room temperature and removed from the reactor.

The products were filtered to remove excess water, and

then dried under vacuum at 323 K for 8 h. The lignite

hydrothermally treated at different temperatures is referred

to as IM-473, IM-493, IM-513, IM-533, and IM-573.

The gas composition was analyzed via gas chromatog-

raphy (GC) with a GC 126 instrument (INESA instrument,

China), equipped with two detectors, i.e., a thermal con-

ductivity detector (TCD) and a flame ionization detector

(FID). The gas sampling bags were put under vacuum and

purged several times before the experiments.

2.2.2 Analysis of the raw and treated lignite

(1) Proximate and ultimate analyses

The proximate analyses of the lignites were carried out

using standard methods (ISO1171and ISO562). The ele-

ments C, H, N, and S were analyzed using an elemental

analyzer (Elementar Vario Micro Cube, Germany), and the

percentage of oxygen was calculated using the difference.

(2) 13C-NMR

The carbon structure was determined via solid 13C-NMR

using a Bruker Avance 500 NMR spectrometer (Germany)

at a frequency of 125.77 MHz for carbon and a frequency

of 500.12 MHz for the proton. Dry and powdered coals

were packed into a 4 mm rotor. The solid 13C NMR spectra

were obtained at a spinning speed of 5.7 kHz using a solid

cross polarization/magic angle spinning (CP/MAS) probe

and the total suppression of sidebands sequence (TOSS).

The measurement conditions were as follows: the contact

time was 1 ms, with a recycle delay of 3 s and a scan

number [ 2000. The corresponding chemical shifts for

different carbon types have been investigated in numerous

studies (Xiang et al. 2013; Yan et al. 2014; Erdenetsogt

et al. 2010). Using data from other studies along with the
13C-NMR spectra of the raw and treated IM, the chemical

shifts for different types of carbon were determined in our

previously reported study (Liu et al. 2016). The

characteristics of the carbons located in lignite are shown

in Fig. 1.

(3) FTIR analyses

The oxygen functional groups were analyzed via FTIR

spectroscopy. Quantitative FTIR transmission spectra of

the lignites were obtained with a Nicolet 6700 Fourier

Transform infrared spectrometer (USA) using finely

ground samples pressed in KBr pellets. A mixture of lignite

and KBr (ratio of 1:100) was ground together and pressed

into a pellet and then dried in a vacuum oven at 323 K for

24 h. The spectra were recorded with various indexes

between 4000 and 400 cm-1 by co-adding 32 scans at a

resolution of 4 cm-1. The bands of the corresponding

oxygen functional groups (region of 1000–1800 cm-1) for

the FTIR spectra of the raw and treated IM were deter-

mined based on our previously reported study (Liu et al.

2016).

(4) Curve-fitting method

A range of functional groups in lignite clusters were

marked by peak clusters in the spectra, rather than distinct

sharp peaks with specific positions. To interpret the data,

the peak separation and quantitative calculations were

performed using a curve-fitting program in the Origin 8.0

software. The positions and number of bands were initially

established from the second derivative of the spectrum, and

a coefficient of determination (R2) of 0.998 for the desired

fit of the experimental spectrum was obtained. The number

of peaks in a given region was determined, and the fre-

quency and intensity of each peak were estimated. Subse-

quently, each simulated peak was integrated to obtain the

peak area, and the corresponding fraction relative to the

total carbon integration of the spectrum was calculated to

obtain the relative content of each unit.

Fig. 1 Character of the carbon located in lignite
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3 Results and discussion

3.1 Effect of hydrothermal treatment

on preliminary evaluation of lignite composition

The proximate and ultimate analyses of raw and treated IM

are shown in Table 1.

The data in Table 1 indicates that the fixed carbon

content of treated IM increased and the oxygen contents

decreased with increasing temperature, especially above a

temperature of 493 K. The carbon contents of IM-533 and

IM-573 were close to those of bituminous coal (Zhang

2014). The changes in the elemental composition led to an

increase in the calorific value of treated IM. This indicated

that the treated IM could be a better solid fuel than raw IM.

The variation of H/C and O/C during hydrothermal treat-

ment is shown in Fig. 2.

The O/C ratio decreased from 0.203 in raw IM to 0.185

for IM-493 and to 0.132 for IM-573. The change in the O/C

ratio indicates that oxygen functional groups decreased

during hydrothermal treatment with increasing treatment

temperature. The IM improved during hydrothermal treat-

ment, especially with treatment above a temperature of

493 K. The ratio of H/C increased with increasing tem-

perature below 513 K. The data showed that hydrothermal

treatment promotes the removal of oxygen functional

groups, and hydrogen is exchanged and transferred

between water and lignite. The hydrogen bonds in lignite

were rearranged during hydrothermal treatment. When the

treatment temperature subsequently increased, the H/C

ratio decreased.

3.2 Evolution of different types of carbon in IM

during hydrothermal treatment

To investigate the change of the IM structure during

hydrothermal treatment in detail, the structure of the car-

bon skeleton of the raw and treated IM was analyzed via

solid 13C-NMR spectroscopy, and the spectra are shown in

Fig. 3.

Two peak clusters containing various functional groups

of structural carbons, rather than unique sharp peaks with

specific chemical shifts were observed. They were visible

in the spectrum as: aliphatic units (0–90 ppm), aromatic

units (100–165 ppm), and carbonyl units were observed at

a chemical shift of 170–220 ppm. The spectra were fitted to

quantify the relative proportions of different carbon types

in the raw and treated IM, as shown in Fig. 4.

The relative contents of each carbon unit to the total

carbon content are calculated by their individual areas from

the fitted 13C NMR spectra and listed in Table 2.

The data in Table 2 indicate the difference between the

structural characteristics of raw and treated IM can be

given as: an increase of aliphatic carbons, a decrease of

ether and changes of carboxyl, quinone, and carbonyl

carbons after treatment.

3.2.1 Oxygen-linked carbon species (fal
O, fa

O, and fa
CC)

The functional groups of oxygen were abundant in the raw

IM (oxygen-linked carbon is 27.40%), as characterized by

oxygen aliphatic carbon (fal
O), oxygen aromatic carbon (fa

O),

and carboxyl, quinone, and carbonyl carbon (fa
CC). There

was a decrease in fal
O with increasing treatment temperature.

The fa
O decreased from 12.89% of raw IM to 4.26% in IM-

493, and then increased to 8.16% for IM-533. The change

of fa
CC had the same trend as for fa

O. The results indicate that

hydrothermal treatment promotes the cleavage of ether,

and steam could also depolymerize the lignite macro-

molecular network via cleavage of weak covalent bonds,

Fig. 2 Variation of H/C and O/C during hydrothermal treatment

250 200 150 100 50 0 -50

IM573
IM533

IM513
IM493

IM473
IMRaw

Chemical shift / ppm

Fig. 3 13C NMR spectra of raw and treated IM
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such as ether linkages that are thermally stable but

hydrothermally unstable at elevated temperatures (Zeng

et al. 2006). Water with the presence of oxygen functional

groups in lignite can participate in one or more roles: as a

catalyst, reactant, and solvent in aquathermolysis chemistry

at a high temperature (* 523 K) (Siskina and Katritzky

2000). Therefore, the O/C ratio and fal
O and fa

O decreased

and fa
CC changed. Hydrothermal treatment can be divided

into three stages. (1) At a temperature\ 493 K, thermal

decomposition of carboxyl acid, breaking of the alkyl

Fig. 4 Fitted 13C NMR spectra of the raw and treated IM (Black line is measured spectrum, red line is fitting spectrum, green line is simulated

peak)
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ether, and the slight cleavage of the aryl ether are thought

to be the main reactions (Li et al. 2013). In this stage, fal
O,

fa
O, and fa

CC decrease, and then the hydrogen bond is

weakened. (2) The stage between 493 and 533 K, here, the

hydrogen bond between lignite and water is broken (Li

et al. 2011), and the interaction of lignite and water tends to

occur. The free H? and OH- are possibly cross-linked to

the benzene or phenoxy groups to generate phenolic groups

via electrophilic substitution, and fa
O increases. Because of

the mineral matter present in lignite, lignite was enclosed

in an acidic environment after the addition of water (Shui

et al. 2006). The weak covalent bonds were catalyzed for

cleavage, hence, fal
O continued to decrease. Furthermore,

water was adsorbed around the oxygen functional groups

(Xiang et al. 2014) to produce a new hydrogen bond, and

the raw IM hydrogen bond between the hydroxyl was

broken to obtain a free hydroxyl (Miura et al. 1991), which

resulted in a rearrangement of the hydrogen bond. The free

hydroxyl condensed to obtain quinone, so fa
CC increased

and the H/C ratio decreased. (3) At temperatures[ 533 K,

a cleavage of the covalent bond may occur (Shi et al.

2013), the ether bond is broken further, and the carboxyl,

quinone, and carbonyl groups begin to break under the

steam pressure. When the temperature was increased to

573 K, fal
O decreased from 0.69% in IM-533 to 0.13% in

IM-573, fa
O decreased from 8.16% in IM-533 to 5.88% in

IM-573 m, and fa
CC decreased from 9.91% in IM-533 to

5.74% in IM-573.

3.2.2 Aromatic carbon species (fa
H, fa

B, fa
S, and fa

O)

The aromatic carbon species comprises * 50% at the

treated temperature below 533 K. While the main lignite

structure displays minimal change with hydrothermal

treatment below 533 K, the protonated aromatic carbon and

side chains markedly changed. The ratios of the protonated

aromatic carbon, bridging ring junction aromatic carbon,

and aliphatic substituted aromatic carbon to the total aro-

matic carbon are shown in Fig. 5.

From Fig. 5, it can be seen that the decomposition of the

carboxyl is a primary reaction during the first stage of

hydrothermal treatment. The fa
H increased, while fa

B and fa
S

had only a small change. The H/C increased in the first

stage according to Fig. 1, which is consistent with the

analysis for oxygen-linked carbon. In the second and third

stages, the free radical in lignite increased because of the

hydrolysis of the oxygen functional groups. A cross-linking

reaction occurred between the free radicals under aqueous

conditions. The aliphatic hydrocarbon radical may be

linked with the aryl radical at elevated temperature and the

ratio of fa
S to aromatic carbon increased from 0.176 in IM-

493 to 0.214 in IM-573, and the ratio of fa
H to aromatic

carbon decreased from 0.196 in IM-493 to 0.109 in IM-

573.

3.2.3 Aliphatic carbon species (fal
3 , fal

a , fal
2 , fal

1 , and fal
* )

From the data in Table 2, it can be seen that the total

aliphatic carbon changes a little (* 35%). However, the

ratio of CH2/CH3 (fal
2 /(fal

3 ? fal
a )) increased from 0.727 in

IM to 1.241 in IM-533 (Fig. 6) in the second stage, and it

decreased from 1.241 in IM-533 to 0.256 in IM-573 in the

third stage.

Table 2 Carbon structure distributions of the raw and treated IM on the basis of the raw lignite

Sample Carbon yield (%) fal
3 (%) fal

a (%) fal
2 (%) fal

1 ? fal
* (%) fal

O (%) fa
H (%) fa

B (%) fa
S (%) fa

O (%) fa
CC (%)

IM – 10.08 10.38 14.87 2.39 4.00 3.89 23.04 7.95 12.89 10.51

IM-473 94.15 7.18 9.34 15.24 3.56 3.27 11.01 25.73 7.92 5.22 5.69

IM-493 93.63 10.98 6.92 15.59 4.31 1.53 9.99 27.76 9.00 4.26 3.31

IM-513 92.15 8.64 6.87 15.32 4.58 1.25 6.88 26.43 8.14 6.95 7.09

IM-533 91.94 10.32 4.47 18.36 2.14 0.69 4.55 24.24 9.09 8.16 9.91

IM-573 90.53 10.03 9.18 4.92 8.02 0.13 5.70 29.71 11.22 5.88 5.74

IM-Raw IM-473 IM-493 IM-513 IM-533 IM-573

0.1

0.2

0.3

0.4

0.5

0.6

R
at

io

Sample

fa
H/(fa

H+fa
B+fa

S+fa
O)

fa
B/(fa

H+fa
B+fa

S+fa
O)

fa
S/(fa

H+fa
B+fa

S+fa
O)

Fig. 5 Variation of the ratio of protonated aromatic carbon, bridging

ring junction aromatic carbon, and aliphatic substituted aromatic

carbon to the aromatic carbon
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The CH2/CH3 ratio can be considered to be an estimate

of the length of the aliphatic chains of lignite and a

branching index (Ibarra et al. 1996). In the first stage, the

increase of methylene is due to the decomposition of

oxygen functional groups, hence, H/C increases; however,

the increasing trend is not obvious. The CH2/CH3 ratio

clearly increases in the second stage because hydrolysis of

the oxygen functional groups (such as carboxyl, esters, and

ethers) plays an important role in this stage. The hydrogen

of the functional groups in lignite can exchange with water

via electrophilic substitution on addition of water at this

temperature (Ishihara et al. 1993, 2002), and then transfer

in lignite or the methyl hydroaromatic structures opposite

to the branched aliphatic structures. The H radicals pro-

duced by the condensation of free phenol also participate in

the hydrogen transfer. However, a portion of the covalent

bonds of C–C begin to break in the third stage and the

length of the aliphatic carbon decreases. The length of the

aliphatic chain is smaller when the treatment temperature

rises to 573 K. The composition of the gas produced during

hydrothermal treatment was analyzed via GC and the

results are presented in Table 3.

The decomposition and hydrolysis of the oxygen func-

tional group is the primary reaction occurring below 533 K

during the hydrothermal treatment. The largest gas com-

ponents are CO2 and CO. Hydrogen transfer reaction

occurs in the second stage, here, the production of H2

during hydrothermal treatment increases from 0.18% at

493 K to 0.83% at 533 K. The cleavage of covalent bonds

leads to an increase in the CO and CH4 components of the

gas in the third stage, which indicates that the length of the

aliphatic carbon decreased. These results are consistent

with the previously discussed analyses.

3.3 FTIR analysis of the evolution of oxygen

functional groups during hydrothermal

treatment

To verify the objectives discussed above, the functional

groups of IM-Raw and IM-533 were monitored via FTIR.

The 3000–3500 cm-1 region of the IM-Raw and IM-533

spectra were compared using the absorption of the C=C

bond stretching of the aromatic ring at 1588 cm-1 as a

standard peak, and the obtained spectra are shown in

Fig. 7.

A decrease in the intensity of the band near 3300 cm-1

can be seen in the spectrum in Fig. 7. This indicates that

the hydrogen bond decreased during the hydrothermal

treatment of lignite because of hydrolysis of the oxygen

functional group. While water absorbed in KBr may

obscure this band, the results agree with Ishihara et al.

(2002) and Yan et al. (2020) and the discussion above.

The oxygen functional groups (region of

1000–1750 cm-1) were analyzed via curve-fitting and the

results are shown in Fig. 8.

The content of each oxygen functional group unit rela-

tive to the total simulated peak area in the region of

1000–1750 cm-1 was determined from the fitted spectra;

the results for IM-533 were calculated based on the raw

lignite listed in Table 4.

IM-Raw IM-473 IM-493 IM-513 IM-533 IM-573
0.2

0.4

0.6

0.8

1.0

1.2
f al

2 / (
f al

3 +f
al

a )

Sample

Fig. 6 Variation of the CH2/CH3 ratio

Table 3 Composition of the gas produced during the hydrothermal

treatment

Temperature (K) CO2 (%) CO (%) H2 (%) CH4 (%)

493 97.64 2.18 0.18 *0

533 96.45 2.62 0.83 0.10

573 95.56 3.00 1.16 0.28

3600 3500 3400 3300 3200 3100 3000

Wavenumber / cm-1

IM-Raw
 IM-533

A
so

bt
an

ce

Fig. 7 Comparison of IM-Raw and IM-533 spectra in the region

3000–3500 cm-1
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The main oxygen functional groups in IM are aryl ether,

phenol, and carbonyl or quinone conjugated with aromatic

rings. Hydrothermal treatment promotes the cleavage of

weak bonds such as the ether and carboxyl, resulting in a

decrease in the amount of ether and carboxyl groups. With

the addition of water, the free H and OH possibly cross-link

with the benzene or phenoxy groups to generate phenol via

electrophilic substitution in the second stage. Hence, the

area percentage in 1269 cm-1, assigned to phenolic

groups, clearly increases from 9.60% in IM to 18.51% in

IM-533. With decreasing hydrogen bonds and increasing

free phenol, quinone is produced and takes part in hydro-

gen transfer between water and lignite. Therefore, the

conjugated C=O increases according to the stretching band

at 1656 cm-1. The results of the FTIR characterization

were in good agreement with the NMR analysis.

From these results, it can be concluded that the

hydrothermal treatment proceeds in three stages: the first

stage is the reaction involving the decomposition of the

carboxyl, non-covalent bond and weak covalent bond; the

second stage is hydrolysis of the oxygen functional groups

and hydrogen transfer between water and lignite; and the

third stage is the breakage of covalent bonds. The evolution

of the lignite structure is described in Fig. 9.

4 Conclusions

In this work, the evolution of the IM lignite structure

during hydrothermal treatment was investigated via solid
13C NMR and FTIR spectroscopies. The carbon content

increased from 72.99 wt% in IM to 78.16 wt% in IM-573.

The atomic ratio of O/C decreased from 0.203 in IM to

0.132 in IM-573. The hydrothermal treatment resulted in

improvement of the IM. The structural evolution of IM

during hydrothermal treatment can be divided into three

stages depending on the treatment temperature:

(1) In the first stage (\ 493 K), oxygen functional

groups decompose and are substituted by hydrogen

with increasing temperature. The atomic ratio of H/C

increased from 0.764 in IM to 0.920 in IM-493, and

oxygen-linked carbon decreased from 27.40% in IM

to 9.10% in IM-493. The main components of the

escaping gas were CO2 with a small amount of CO;

(2) In the second stage (493–533 K), the hydrolysis of

functional groups promoted cleavage of weak bonds.

H? and OH- were linked by lignite via an ionic

pathway under hydrothermal conditions. The oxy-

gen-linked aromatic carbon increased from 4.26% in

IM-493 to 8.16% in IM-533, and the phenolic groups

increased, as indicated by the FTIR spectra. Hydro-

gen transfer took place between the water and lignite

or within the intra-molecular structure. The

hydroaromatic methyl structure converted to a

branched aliphatic structure, resulting in an increase

of the CH2/CH3 ratio from 0.871 in IM-493 to 1.241

in IM-533. The free phenolic group was condensed

to generate quinonyl and the carbonyl carbon

increased from 3.31% in IM-493 to 9.91% in IM-

533; the H/C ratio had a small decrease. H2 and CH4

were eliminated in this stage.

(3) In the third stage ([ 533 K), a portion of the

covalent bonds begin to break. The CH2/CH3 ratio

decreased and the hydroaromatic methyl structure

content increased. The conjugated C=O in lignite

also decomposed to produce CO and the carbonyl

carbon decreased from 9.91% in IM-533 to 5.74% in

IM-573. The content of CO and CH4 in the escaping

Fig. 8 Fitted FTIR spectra of the oxygen functional group in IM-

Raw and IM-533 (Black line is measured spectrum, red line is fitting

spectrum, green line is simulated peak)
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gas also increased. The bridge ring junction carbon

content increased from 24.24% in IM-533 to 29.71%

in IM-573. At this stage, the changes in the lignite

structure were clear.
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