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Research progress on selective thermal extraction and product

analysis of low-rank coal

LIANG Peng, HAO Meilu, QIN Xizhuang
(College of Chemical and Biological Engineering, Shandong University of Science and Technology, Qingdao 266590, China)
Abstract: Low-rank coals such as lignite and sub-bituminous coal have high oxygen content, volatile matter and reactivity, and are
suitable for using in the preparation of high value-added oxygenated chemicals such as phenols, esters and ketones, thus realizing the high-
efficiency and low-carbon utilization of low-rank coals. Thermal extraction is the key method for the selective separation of phenols, esters
and ketones from low-rank coals under mild conditions. The thermal extraction process involves the breaking and reforming of chemical
bonds. Research progress on thermal extraction to separate phenols, esters and ketones in low-rank coals was summarized in terms of the
structures and types of low-rank coal, solvent types, extraction temperatures and extraction methods. The mechanisms of selective thermal
extraction of phenols, esters and ketones in low-rank coals by different solvents were summed up. The current status of the application of
different analytical methods were also illustrated. Structural models of low-rank coals have not been unified, while the widely accepted
host-guest model suggests that separation of oxygenated structures can be achieved by directed interruption of covalent and non-covalent
bonds among coal molecules. The type and number of chemical bonds among coal molecules and the lithotype of coal are different for
different degree of coalification, thus the organic matter extracted from different types of low rank coals varies considerably. Compared
with high-boiling solvents, low-boiling solvents are more suitable for selective thermal extraction of low-rank coals because of their
suitable extraction yield and easy separation from thermal extraction products; however, conventional solvents exhibit a limited range of

properties for thermal extraction. The design of ionic liquids with suitable extraction yield ( <30% ) and high selectivity for oxygenated
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functional groups is the future development direction. In addition, analytical methods such as precision instrumentation and pre-

treatment of thermal extraction products are useful for a full understanding of the thermal extraction process, however, it is necessary to

introduce more advanced analytical methods and establish cost-effective purification methods in view of the complexity of the

composition of thermal extraction products. For practical industrial applications, advanced processes and equipment need to be developed

and evaluated for techno-economics.
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Fig. 1 Structural models of low-rank coals
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Table 1 Composition of stepwise extraction products of

different low-rank coal types
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Table2 Composition of thermal extraction products of non-polar solvents
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Table 3 Composition of thermal extraction products of polar solvents
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Table 5 Composition of thermal extraction products at different temperatures
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Table 6 Product compositions under different extraction methods
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Table 8 Applications of FTICRMS and QEOTMS

AR et
B i HL U E=PC
IER PR 7R TR
¥ 30 48 S Y PR ™ ) FTICRMS ESI AW 534 Org, NiO; AW 53 A Ny, NO,y, [66]
N,0,;, N,OsS,
SEEAR I AR ) FTICRMS ESI — AT 4 Oy, DBE=0~ 14, [67]
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DBE=1-18, CN=7-37
BIMREL ) 6 545 HE Y QEOTMS  APCI., ESI APCIIH FL&¥ TN O—05. — [70]
B N;0,—N;0,4. N,$;0;—N,8,04;
ESIIE A& R
N;0,—N;0, fl 0;—0,
i AR A ZE U ) QEOTMS APCI FRMAAWEER 0,-0,, L TR EE N 0,-04, DL [36]

>C—0—C <, —CO—C<UI KWL —OH fl—COOH AYIE X A7 7E

H R A e

37



2025 457 2

kB H K

F31%

P55 T L B A5 AR DL B R OT B R A &
Yo WL, e B amde . B B
WEIMEAL & IR AR T R /5 245 e it i 0 5 60T
KL, A REIE O g BRI e M) FH Y 4
T, ERRAYIAIR .

4 HERRE

T EMRE A AR A6, (R ARB R
TR A AR A RO BR A 1 Tl A
HY, AT T MR b B 2 5 R A9 v
PREIME S | MRS FIERZE 25 & S S Y BA R
o MR RATBGRAL ROV, AT L
TTRRR B s LA o, I A 7000 5 0 v R
IEAEEY . BT ALR @ R, ar LE i
BN R SR B IR SR b & S A S
AL B, (HRN B SRG m A AR IR . A b
7 ST 5 R R X A2 AT BB ) 73 85 A AL )
FESIPER . ERTEEXT AR B o028 e BRI 7 48k
BIBETAIAFAE— LRI R, RSt FE P R ST LA
TR AR

1) T AN B A LB iR &
Yy TEXHRF RS A R GR b, TF R RERS I
Brifrp Al . BERRTER Y BSOS . RIS A
AASIN e T Z 5, HETHEAREF I
fhRFEE AL

2) W EA —E IR R, IRIERE R
ZERRRIE, B U BRI R A R R A
T RARRI A ETT ), AEJ T IRARATAE R
K NG SR EAERE, Tl AN IR LR
ME, T BRI R B IR, SRR PILE R
PATERC, FEARE TR, [ ORIER 71
PR 5 AU E R A B R

3) BB R SR S, TR B BF
FE, HENARA Ry B aliA 5, I
PERAER T 7 5 S BR TAR I A JE A

22 3Lk ( References ) :

(] XU ARE AL RS BOMAT 45 PERAESE (D). Bl 10
TRHIIR, 2023,

(2] MOCHIDA I, OKUMA O, YOON S H. Chemicals from direct
coal liquefaction[J]. Chemical Reviews, 2014, 114(3):
1637-1672.

(3] VEZEME, Zeie, ik, . N FEBGE BRI T S B LAY
L2058 ). R BLAFR, 2013, 41(11): 113-115, 119.
WANG Aiguo, LUAN Haiyan, ZHANG Qian, et al. Technique
study on removing oxygen containing compounds in lignite by

solvent extraction[]J]. Coal Science and Technology, 2013,

38

(5]

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

41(11): 113-115, 119.

ZHANG N, ZHANG ] L, WANG G W, et al. Physicochemical
characteristics of three-phase products of low-rank coal by
hydrothermal carbonization: Experimental research and quan-
tum chemical calculation([J]. Energy, 2022, 261: 125347.

XU Z, MUNYANEZA N E, ZHANG Q K, et al. Chemical upcy-
cling of polyethylene, polypropylene, and mixtures to high-value
surfactants[J]. Science, 2023, 381(6658): 666—671.

HU L, GUO X H, WEI X Y, et al. Research on the influence of
sequential isopropanolysis liquefaction on the composition of
liquid tars and physicochemical structure evolution of renbei
lignite[J]. Energy, 2023, 279; 128097.

SRR, 2022 4F [ N IREY/ YR A 7 KT BT (7], 4
Tolk, 2023, 41(2): 48-55.

ZHANG Guihua. Domestic production, market analysis and
prediction of phenol/acetone in the year offJ]. Chemical Indus-
try, 2023, 41(2): 48-55.

EEIF, /N FRIE AR R R mRE T T 1. KA
HE kA, 2022, 30(12): 14-16.

LI Yufang, WU Xiaoming. Market analysis of dioctyl phthalate in
China[]]. Fine and Specialty Chemicals, 2022, 30(12): 14-16.
JUNG ] M, OHJ I, KWON D, et al. Synthesis of fatty acid methyl
esters via non-catalytic transesterification of avocado oil with
dimethyl carbonate[J]. Energy Conversion and Management,
2019, 195: 1-6.

LIZK, WEI XY, YAN H L, et al. Advances in lignite extraction
and conversion under mild conditions[]]. Energy & Fuels, 2015,
29(11): 6869-6886.

S, ARSCIR, TREESE, 58, R TR T 5 i Tt b & e
1. HERFERE BT, 2019, 34(4): 417-425.

YE Mao, ZHU Wenliang, XU Shuliang, et al. Coordinated devel-
opment of coal chemical and petrochemical industries in
China[]]. Bulletin of Chinese Academy of Sciences, 2019, 34(4):
417-425.

QIN X Z, JIAO T T, ZHANG Y Q, et al. Effect of solvent
pretreatment on pyrolysis characteristic of high-sulfur bitumi-
nous coal[J]. Journal of Analytical and Applied Pyrolysis, 2018,
135: 54-59.

WANG Z C, WU T, WU Z Q, et al. A low carbon footprint
method for converting low-rank coals to oxygen-containing
chemicals[]]. Fuel, 2022, 315: 123277.

WENDER 1. Catalytic synthesis of chemicals from coal[J]. Cataly-
sis Reviews, 1976, 14(1): 97-129.

GIVEN P H. Structure of bituminous coals: Evidence from distri-
bution of hydrogen([J]. Nature, 1959, 184: 980-981.

WOLFRUM E A. Correlations between petrographical proper-
ties, chemical structure, and technological behavior of Rhenish
brown coal[M]. Washington, D. C. : American Chemical Soci-
ety, 1984: 15-37.

SHINN ] H. From coal to single-stage and two-stage products: A
reactive model of coal structure[]]. Fuel, 1984, 63(9): 1187-1196.
TRI5. BRI R 73R T A R AR S 431 3 ) A
U [D]. MR EE: I RIE Tl R, 2020,


https://doi.org/10.1021/cr4002885
https://doi.org/10.1016/j.energy.2022.125347
https://doi.org/10.1126/science.adh0993
https://doi.org/10.1016/j.energy.2023.128097
https://doi.org/10.1016/j.enconman.2019.04.095
https://doi.org/10.1016/j.jaap.2018.09.021
https://doi.org/10.1016/j.fuel.2022.123277
https://doi.org/10.1080/03602457608073408
https://doi.org/10.1080/03602457608073408
https://doi.org/10.1038/184980a0
https://doi.org/10.1016/0016-2361(84)90422-8

WS 45 AERBAAREBE FEPE AAR HOUR™  S T S Ea

2025 455 2 1

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

LI H, LIANG S S, HOU Y C, et al. A study on the structure of
Naomaohu coal and its suitability for direct coal liquefaction[J].
Fuel Processing Technology, 2022, 227: 107135.

1R, B30, SR, A5, AU S AT HLES YRR KR 21
BRI [)]. ERER, 2024, 30(6): 75-84.

REN Yuan, MO Wenlong, MA Yaya, et al. Organic structure
characteristics and macromolecular model construction of
Balochistan lignite[J]. Clean Coal Technology, 2024, 30(6):
75-84.

VAN NIEKERK D, MATHEWS ] P. Molecular representations of
Permian-aged vitrinite-rich and inertinite-rich South African
coals[J]. Fuel, 2010, 89(1): 73-82.

MAYY, MAFY, MO W L, et al. Five-stage sequential extrac-
tion of Hefeng coal and direct liquefaction performance of the
extraction residue[J]. Fuel, 2020, 266: 117039.

ZHAO X Y, ZONG Z M, CAO ] P, et al. Difference in chemical
composition of carbon disulfide-extractable fraction between
vitrinite and inertinite from Shenfu-Dongsheng and Pingshuo
coals[J]. Fuel, 2008, 87(4-5): 565-575.

EVBRE IR A R U R IR 52 A A B R iR 2R (D 1R
M B REE, 2017,

W7 55t AR AT DU L A A AL FMEEAL I 028 SN (D).
TRM: HEBL R, 2016.

ZUBKOVA V. Chromatographic methods and techniques used
in studies of coals, their progenitors and coal-derived
materials[J]. Analytical and Bioanalytical Chemistry, 2011,
399(9): 3193-3209.

ARE. ERBAE ML A A U™ M A PRI SE [D]. JG%: K
TR, 2016.

AL, HE AU ARG P4 5 9 7 G 2 S AR I B
PR (D] 150 FHEHECEE, 2014,

ZHOU Y, ZONG Z M, ZHAO Y P, et al. Enrichment of oxygen-
containing aromatics in an extract from Zhundong subbitumi-
nous coal[]]. International Journal of Oil, Gas and Coal Technol-
ogy, 2014, 8(3): 325.

BT, XV, BLGIE, 4. N UL TR BE T i3
FEIFRAE )] SREHEAAAT, 2015, 43(4): 416-421.

PAN Chunxiu, LIU Hualong, ZHU Wanwan, et al. Characteriza-
tion of the thermal dissolution products of a subbituminous coal
at different temperatures[]]. Journal of Fuel Chemistry and Tech-
nology, 2015, 43(4): 416-421.

SHUIHF, ZHOU Y, LI H P, et al. Thermal dissolution of Shenfu
coal in different solvents|[J]. Fuel, 2013, 108: 385-390.

AL, BSOS, AR5, 45, JC KM ORI BT R (7). ¢
241k, 2020, 45(9): 3301-3313.

YANG Jianxiao, WEI Wenjie, QI Yong, et al. Research progress
on hyper-coal for efficient utilization[J]. Journal of China Coal
Society, 2020, 45(9): 3301-3313.

X, Seie AEFIB B SR IR PGE (D). M b E R
2,2014.

WANG Y H, WEI X Y, YUE X M, et al. The compositional
features of thermally soluble fractions from two Chinese coals in

cyclohexane[]]. Energy Sources, Part A: Recovery, Utilization,

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

and Environmental Effects, 2013, 35(19): 1836-1844.

LI Z K, WEI X Y, YAN H L, et al. Characterization of soluble
portions from thermal dissolution of Zhaotong lignite in cyclo-
hexane and methanol[J]. Fuel Processing Technology, 2016, 151:
131-138.

ZHANG Y Y, WEIX Y, LV ] H, et al. Study on the oxygen forms
in soluble portions from thermal dissolution and alkanolyses of
the extraction residue from Baiyinhua lignite[J]. Fuel, 2020, 260:
116301.

TRICES. T LT UL A 78 2 A 55 [T A i s e AL B0
TS AL D] M. R, 2020.

HAO M L, LIANG P, ZHANG W R, et al. Investigation on selec-
tive separation of oxygen-containing compounds in lignite and
sub-bitumite[J]. Journal of Analytical and Applied Pyrolysis,
2023, 171: 105953.

ST s R = YR AL L A i 2 B L S 0 T4
FRFERISE [D]. BB AT Frfis, 2021,

FEBE, X M8, Ay, 45, R R T 9 A LS A 4L B
LSRRI ). S0BME 22240, 2017, 45(1): 9-14.

DU Jiaojiao, ZHAO Yunpeng, TIAN Youjia, et al. Composition
and structural characteristics of soluble organic species in Baiyin-
hua lignite[]J]. Journal of Fuel Chemistry and Technology, 2017,
45(1): 9-14.

DING M, ZHAO Y P, DOU Y Q, et al. Sequential extraction and
thermal dissolution of Shengli lignite[J]. Fuel Processing Tech-
nology, 2015, 135: 20-24.

LEI Z P, ZHANG Y Q, WU L, et al. The dissolution of lignite in
ionic liquids(J]. RSC Advances, 2013, 3(7): 2385-2389.
SONMEZ O, YiLD1Z O, MEHMET OZDEN C, et al. Influence of
the addition of various ionic liquids on coal extraction with
NMPJJ]. Fuel, 2018, 212: 12-18.

FEHSE, DO, 2, S5 RN K 1- 2 5E-3- Y REBRIE i
RPN IV AL AT R IEER (7] A7 b4
1), 2018, 34(4): 793-798.

WANG Yanmei, LI Zhuangmei, LI Ping, et al. Impact on the
extraction behaviors of the yangchangwan coal induced by differ-
ent solvents extraction and thermal depolymerization by 1-ethyl-
3-methylimidazole acetate[J]. Acta Petrolei Sinica (Petroleum
Processing Section), 2018, 34(4): 793-798.

JIAO T T, LIN S J, BAI G M, et al. Study on extract-pyrolysis
cascading utilization characteristics of typical biomass using
imidazolium-based ionic liquids(J]. Fuel, 2023, 346: 128279.

YI L, WU X Q, GUO L, et al. Applications of ionic liquids and
deep eutectic solvents for the extraction of phenolic compounds
from coal-based crude oils[J]. Separation and Purification Tech-
nology, 2024, 337: 126383.

WANG S K, WEL X Y, LIS, et al. Insights into physicochemical
changes of yinggemajianfeng lignite in co-solvents of ionic
liquids and methanol[]J]. Energy & Fuels, 2019, 33(4):
2867-2871.

LEI Z P, CHENG L L, ZHANG S F, et al. Dissolution of lignite in
ionic liquid acetate[J]. Fuel

Processing Technology, 2015, 135: 47-51.

1-ethyl-3-methylimidazolium

39


https://doi.org/10.1016/j.fuproc.2021.107135
https://doi.org/10.1016/j.fuel.2009.07.020
https://doi.org/10.1016/j.fuel.2020.117039
https://doi.org/10.1016/j.fuel.2007.02.021
https://doi.org/10.1007/s00216-010-4328-x
https://doi.org/10.1504/IJOGCT.2014.065814
https://doi.org/10.1504/IJOGCT.2014.065814
https://doi.org/10.1504/IJOGCT.2014.065814
https://doi.org/10.1504/IJOGCT.2014.065814
https://doi.org/10.1504/IJOGCT.2014.065814
https://doi.org/10.1016/j.fuel.2012.11.005
https://doi.org/10.1016/j.fuproc.2016.05.029
https://doi.org/10.1016/j.fuel.2019.116301
https://doi.org/10.1016/j.jaap.2023.105953
https://doi.org/10.1016/j.fuproc.2014.09.031
https://doi.org/10.1016/j.fuproc.2014.09.031
https://doi.org/10.1016/j.fuproc.2014.09.031
https://doi.org/10.1039/c2ra23097f
https://doi.org/10.1016/j.fuel.2017.10.017
https://doi.org/10.1016/j.fuel.2023.128279
https://doi.org/10.1016/j.seppur.2024.126383
https://doi.org/10.1016/j.seppur.2024.126383
https://doi.org/10.1016/j.seppur.2024.126383
https://doi.org/10.1016/j.fuproc.2014.10.010
https://doi.org/10.1016/j.fuproc.2014.10.010

2025 445 2 1] & % K H31%
[49]  HRE. PRI SR B AR K R R R 520 (7). T v Engineering and Biotechnology. Atlantis Press, 2016: 441-446.

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

40

R, 2014, 20(2): 87-89.

BAI Xiaoyan. Influence of pyrolysis temperature on volatile
phenolic compounds in low rank coal pyrolysis water[J]. Clean
Coal Technology, 2014, 20(2): 87-89.

LIANG P, QIN X Z, BAI G M, et al. Effects of ionic liquid
pretreatment on pyrolysis characteristics of a high-sulfur bitumi-
nous coal[J]. Fuel, 2019, 258: 116134.

WANG T M, ZONG Z M, LIU F J, et al. Investigation on compo-
sitional and structural features of Xianfeng lignite through
sequential thermal dissolution[J]. Fuel Processing Technology,
2015, 138: 125-132.

ZHAO Y P, TIAN Y J, DING M, et al. Difference in molecular
composition of soluble organic species from two Chinese lignites
with different geologic ages|[J]. Fuel, 2015, 148: 120-126.
LUHY, WEIXY, YUR, et al. Sequential thermal dissolution of
Huolinguole lignite in methanol and ethanol[J]. Energy & Fuels,
2011, 25(6): 2741-2745.

XS, BEAU. R SRl B P e BT et e 7). St
2R, 2021, 49(1): 162-174.

LIU Shugin, TUO Kaiyong. Recent advances in microwave-
assisted thermal upgrading of low-rank coal[J]. Coal Science and
Technology, 2021, 49(1): 162-174.

g A R A R A IS /NG AR S TR S5 A0 AR (D).
TR B LR, 2014,

3, B, H 8, 25, AR IR N AR A TP e A A
BRI AT 0] OB A27R, 2016, 44(1): 15-22.

YAN Jie, ZHAO Yunpeng, XIAO Jian, et al. Thermal dissolution
of Shengli and Xiaolongtan lignites in methanol and analysis of
the soluble portions[J]. Journal of Fuel Chemistry and Technol-
ogy, 2016, 44(1): 15-22.

AT TR A AL R SR EERIAT ST (D).t g™
R, 2014

KANG H Y, CHEN F S, RONG T, et al. Investigation of the
mechanism of solvothermal extraction of direct coal liquefaction
residue by macromolecular models[J]. Separation and Purifica-
tion Technology, 2024, 340: 126781.

SRRE, 2, RO, S (RBAER) BGA A BGR B UEIE R ().
HERRIEHAR, 2023, 51(6): 286-303.

GUO Zhu, LI Xian, LI Zhiyu, et al. Research progress on
degradative solvent extraction of low-rank coals[J]. Coal Science
and Technology, 2023, 51(6): 286-303.

WANG Y G, WEI XY, LI P, et al. Mechanism analysis for super-
critical ethanolysis of Huolinguole lignite[J]. Journal of Fuel
Chemistry and Technology, 2012, 40(3): 263-266.

LI S, ZONG Z M, LI Z K, et al. Sequential thermal dissolution
and alkanolyses of extraction residue from Xinghe lignite[J]. Fuel
Processing Technology, 2017, 167: 425-430.

CONG X S, LI M, GAO H Y, et al. Thermal dissolution of
Shengli lignite in isometric methanol and ethyl acetate mixed
solvent - molecular composition of the extract and the role of
ethyl acetate[C]//Proceedings of the 2015 2nd International

Conference on Machinery, Materials Engineering, Chemical

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

MG, o 580, 238, 45 IR IBEE 2R 2 R th A I Ak
AR E LB ], BT 40 (A AR R,
2014, 38(6): 611-616.

CONG Xingshun, ZONG Zhimin, LI Min, et al. Thermal disso-
lution of Shengli lignite in ethyl acetate: Chemical composition of
the extract and mechanism analysis[]]. Journal of Hebei Normal
University (Natural Science Edition), 2014, 38(6): 611-616.

LV JH, WEI XY, ZHANG Y Y, et al. Occurrence and distribu-
tion of biomarkers in baiyinhua lignite[J]. Fuel, 2020, 271:
117525.

CAO X H, FAN X, XIA J L, et al. Sequential thermal dissolution
of two low-rank coals and characterization of their structures by
high-performance liquid chromatography/time-of-flight mass
spectrometry and gas chromatography/mass spectrometry(J].
Rapid Communications in Mass Spectrometry, 2020, 34(20):
e8887.

LI S, ZONG Z M, LIU ], et al. Changes in oxygen-functional
moieties during sequential thermal dissolution and methanolysis
of the extraction residue from Zhaotong lignite[J]. Journal of
Analytical and Applied Pyrolysis, 2019, 139: 40-47.

LIU F J, WEL X Y, XIE R L, et al. Characterization of oxygen-
containing species in methanolysis products of the extraction
residue from Xianfeng lignite with negative-ion electrospray
ionization Fourier transform ion cyclotron resonance mass spec-
trometry[]]. Energy & Fuels, 2014, 28(9): 5596—5605.

LV JH, WEI XY, WANG Y H, et al. Mass spectrometric analy-
ses of biomarkers and oxygen-containing species in petroleum
ether-extractable portions from two Chinese coals[]]. Fuel, 2016,
173: 260-267.

LI Z K, WEI X Y, YAN H L, et al. Insight into the chemical
complexity of ethanolysis products from extraction residue of
Zhaotong lignite[]]. Fuel, 2016, 174: 287-295.

LIS, ZONG Z M, WANG S K, et al. Compositional features of
the extracts from the methanolysis of Xilingol No. 6 lignite[]].
Fuel, 2019, 246: 516-520.

XU Y'Y, FAN X, LIU L, et al. Catalytic hydrodeoxygenation of a
long flame coal and its model
NiO-Mo,05/ZSM-5[]]. Journal of the Energy Institute, 2024,
113:101532.

FAN X, WEI X Y, ZONG Z M. Application of gas chromatogra-

compounds  over

phy/mass spectrometry in studies on separation and identifica-
tion of organic species in coals[J]. Fuel, 2013, 109: 28-32.
XIAJL, FAN X, YOU CY, et al. Sequential ultrasonic extraction
of a Chinese coal and characterization of nitrogen-containing
compounds in the extracts using high-performance liquid chro-
matography with mass spectrometry[J]. Journal of Separation
Science, 2016, 39(13): 2491-2498.

YOU C Y, FAN X, ZHENG A L, et al. Molecular characteristics
of a Chinese coal analyzed using mass spectrometry with various
ionization modes|J]. Fuel, 2015, 155: 122—127.

TIAN B, QIAO Y Y, FAN J F, et al. N-methyl-2-pyrrolidone/CS,

extraction induced changes in surface and bulk structures of a


https://doi.org/10.1016/j.fuel.2019.116134
https://doi.org/10.1016/j.fuproc.2015.04.029
https://doi.org/10.1016/j.fuel.2015.01.058
https://doi.org/10.1016/j.seppur.2024.126781
https://doi.org/10.1016/j.seppur.2024.126781
https://doi.org/10.1016/j.seppur.2024.126781
https://doi.org/10.1016/S1872-5813(12)60014-0
https://doi.org/10.1016/S1872-5813(12)60014-0
https://doi.org/10.1016/j.fuproc.2017.07.025
https://doi.org/10.1016/j.fuproc.2017.07.025
https://doi.org/10.1016/j.fuel.2020.117525
https://doi.org/10.1002/rcm.8887
https://doi.org/10.1016/j.jaap.2019.01.006
https://doi.org/10.1016/j.jaap.2019.01.006
https://doi.org/10.1016/j.fuel.2016.01.067
https://doi.org/10.1016/j.fuel.2016.02.001
https://doi.org/10.1016/j.fuel.2018.11.133
https://doi.org/10.1016/j.joei.2024.101532
https://doi.org/10.1016/j.fuel.2012.09.003
https://doi.org/10.1002/jssc.201600190
https://doi.org/10.1002/jssc.201600190
https://doi.org/10.1016/j.fuel.2015.04.009

B MGAE AR PEE A U W) 2 M STk

2025 455 2 1

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

lignite[J]. Journal of the Energy Institute, 2018, 91(5): 756-768.
WANG Y, MAY Y, MO W L, et al. Functional groups of sequen-
tial extracts and corresponding residues from Hefeng sub-bitu-
minous coal based on FT-IR analysis[J]. Journal of Fuel Chem-
istry and Technology, 2021, 49(7): 890-901.

DU FF,ZHANG Z S, LIU Z Q, et al. Selective catalytic ethanoly-
sis of C-O bonds in lignite-related model compounds and Xilin-
guole lignite over difunctional Ni/HZSM-5 in H2-free system([J].
Fuel Processing Technology, 2023, 241: 107590.

WANG Z C, SHUI H F, PAN C X, et al. Structural characteriza-
tion of the thermal extracts of lignite[J]. Fuel Processing Technol-
ogy, 2014, 120: 8-15.

LIUY, YAN LJ, LV P, et al. Effect of n-hexane extraction on the
formation of light aromatics from coal pyrolysis and catalytic
upgrading[J]. Journal of the Energy Institute, 2020, 93(3):
1242-1249.

ZHU Y H, ZHENG H A, TIAN F, et al. Characterization of
nitrogen-containing compounds in coal tar and its subfractions
by comprehensive two-dimensional GC x GC-TOF and ESI FT-
ICR mass spectrometry based on new separation method[J]. Fuel
Processing Technology, 2022, 227: 107125.

CODY R B, LARAMEE ] A, DUPONT DURST H. Versatile new
ion source for the analysis of materials in open air under ambi-
ent conditions[]]. Analytical Chemistry, 2005, 77(8): 2297-2302.
FAN X, WANG C F, YOU C Y, et al. Characterization of a
Chinese lignite and the corresponding derivatives using direct
analysis in real time quadrupole time-of-flight mass spectrome-
try[J]. RSC Advances, 2016, 6(107): 105780—105785.

BRUNS E A, PERRAUD V, GREAVES ], et al. Atmospheric
solids analysis probe mass spectrometry: A new approach for
airborne particle analysis[J]. Analytical Chemistry, 2010, 82(14):
5922-5927.

WANG S Z, FAN X, ZHENG A L, et al. Evaluation of atmo-
spheric solids analysis probe mass spectrometry for the analysis
of coal-related model compounds][J]. Fuel, 2014, 117: 556—563.
ZHANG Y Y, WEI X Y, LV J H, et al. Identification of oxygen-
containing aromatics in soluble portions from thermal dissolu-
tion and alkanolyses of Baiyinhua lignite[J]. Fuel Processing
Technology, 2019, 186: 149-155.

ZHANG Y Y, WEI X Y, LU J H, et al. Characterization of nitro-
gen-containing aromatics in Baiyinhua lignite and its soluble
portions from thermal dissolution[J]. Chinese Journal of Chemi-
cal Engineering, 2019, 27(11): 2783-2787.

LIU P, SHI Q, PAN N, et al. Distribution of sulfides and thio-
phenic compounds in VGO subfractions: Characterized by posi-
tive-ion electrospray Fourier transform ion cyclotron resonance
mass spectrometry[J]. Energy & Fuels, 2011, 25(7): 3014-3020.
KONG J, WEL X Y, LI Z K, et al. Identification of organonitro-
gen and organooxygen compounds in the extraction residue from
Buliangou subbituminous coal by FTICRMS[]J]. Fuel, 2016, 171:
151-158.

ZHU Y L, VIETH-HILLEBRAND A, NOAH M, et al. Molecular

characterization of extracted dissolved organic matter from New

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

Zealand coals identified by ultrahigh resolution mass spectrome-
try[J]. International Journal of Coal Geology, 2019, 203: 74-86.
WANG F, FAN X, XIA J L, et al. Insight into the structural
features of low-rank coals using comprehensive two dimensional
gas chromatography/time-of-flight mass spectrometryl[J]. Fuel,
2018, 212: 293-301.

ZHU Y H, GUO Y T, TENG H P, et al. Analysis of oxygen-
containing species in coal tar by comprehensive two-dimen-
sional GC x GC-TOF and ESI FT-ICR mass spectrometry
through a new subfraction separation method[]J]. Journal of the
Energy Institute, 2022, 101: 209-220.

GUO X H, WEIX Y, HU L, et al. Molecular characterization of a
middle/low-temperature coal tar by multiple mass spectrome-
tries[J]. Fuel, 2021, 306: 121435.

KUMAR S, DUTTA S. Utility of comprehensive GC x GC-
TOFMS in elucidation of aromatic hydrocarbon biomarkers[J].
Fuel, 2021, 283: 118890.

SPAAK G, EDWARDS D S, FOSTER C B, et al. Geochemical
characteristics of early Carboniferous petroleum systems in
Western Australia[J]. Marine and Petroleum Geology, 2020, 113:
104073.

LIU FJ, FAN M H, WEL X Y, et al. Application of mass spec-
trometry in the characterization of chemicals in coal-derived
liquids(J]. Mass Spectrometry Reviews, 2017, 36(4): 543-579.
YANLL, ZHANG Y H, YAN HY, et al. Molecular characteriza-
tion of lignite extracts of methanol and carbon disulfide/N-
methyl-2-pyrrolidone by high-resolution mass spectrometry/[J].
ACS Omega, 2020, 5(48): 31085-31091.

COOPER W T, CHANTON J C, D’ANDRILLI J, et al. A history
of molecular level analysis of natural organic matter by FTICR
mass spectrometry and the paradigm shift in organic geochem-
istry[J]. Mass Spectrometry Reviews, 2022, 41(2): 215-239.

SUN M, CHEN J, DAI X M, et al. Controlled separation of low
temperature coal tar based on solvent extraction-column chro-
matography([J]. Fuel Processing Technology, 2015, 136: 41-49.
SUN Z H, ZHANG W H. Chemical composition and structure
characterization of distillation residues of middle-temperature
coal tar[J]]. Chinese Journal of Chemical Engineering, 2017,
25(6): 815-820.

LIU S T, HE L, YAO Q X, et al. Separation and analysis of six
fractions in low temperature coal tar by column chromatogra-
phy[J]. Chinese Journal of Chemical Engineering, 2023, 58:
256-265.

HAN ] H, LI X, KONG S Y, et al. Characterization of column
chromatography separated bio-oil obtained from hydrothermal
liquefaction of Spirulinal[J]. Fuel, 2021, 297: 120695.

ZENG F X, LIU W ], JIANG H, et al. Separation of phthalate
esters from bio-oil derived from rice husk by a basification-acidi-
fication process and column chromatography[J]. Bioresource
Technology, 2011, 102(2): 1982-1987.

MORA M, FABREGAS E, CESPEDES F, et al. Dialysis and
column chromatography for biomass pyrolysis liquids separa-

tion[J]. Waste Management, 2023, 168: 311-320.
41


https://doi.org/10.1016/j.joei.2017.05.005
https://doi.org/10.1016/S1872-5813(21)60055-5
https://doi.org/10.1016/S1872-5813(21)60055-5
https://doi.org/10.1016/S1872-5813(21)60055-5
https://doi.org/10.1016/j.fuproc.2022.107590
https://doi.org/10.1016/j.fuproc.2013.11.017
https://doi.org/10.1016/j.fuproc.2013.11.017
https://doi.org/10.1016/j.fuproc.2013.11.017
https://doi.org/10.1016/j.joei.2019.11.007
https://doi.org/10.1016/j.fuproc.2021.107125
https://doi.org/10.1016/j.fuproc.2021.107125
https://doi.org/10.1021/ac050162j
https://doi.org/10.1039/C6RA23899H
https://doi.org/10.1021/ac101028j
https://doi.org/10.1016/j.fuel.2013.09.010
https://doi.org/10.1016/j.fuproc.2018.12.021
https://doi.org/10.1016/j.fuproc.2018.12.021
https://doi.org/10.1016/j.cjche.2019.06.001
https://doi.org/10.1016/j.cjche.2019.06.001
https://doi.org/10.1016/j.cjche.2019.06.001
https://doi.org/10.1016/j.fuel.2015.12.048
https://doi.org/10.1016/j.coal.2019.01.007
https://doi.org/10.1016/j.fuel.2017.10.044
https://doi.org/10.1016/j.joei.2022.01.017
https://doi.org/10.1016/j.joei.2022.01.017
https://doi.org/10.1016/j.fuel.2021.121435
https://doi.org/10.1016/j.fuel.2020.118890
https://doi.org/10.1016/j.marpetgeo.2019.104073
https://doi.org/10.1002/mas.21504
https://doi.org/10.1021/acsomega.0c04223
https://doi.org/10.1002/mas.21663
https://doi.org/10.1016/j.fuproc.2014.09.005
https://doi.org/10.1016/j.cjche.2016.12.007
https://doi.org/10.1016/j.cjche.2022.12.002
https://doi.org/10.1016/j.fuel.2021.120695
https://doi.org/10.1016/j.biortech.2010.09.024
https://doi.org/10.1016/j.biortech.2010.09.024
https://doi.org/10.1016/j.wasman.2023.06.005

2025 445 2 1] E 4K K H31%
[104] DRUGKAR K, RATHOD W, SHARMA T, et al. Advanced sepa- of Shenfu low-rank coal[J]. Fuel Processing Technology, 2017,

[105]

[106]

[107]

[108]

42

ration strategies for up-gradation of bio-oil into value-added
chemicals: A comprehensive review[J]. Separation and Purifica-
tion Technology, 2022, 283: 120149.

CONG X S, ZONG Z M, LI M, et al. Enrichment and identifica-
tion of cyclized hopanoids from Shengli lignite[J]. Fuel Process-
ing Technology, 2015, 134: 399-403.

CONG X S, ZONG Z M, WEI Z H, et al. Enrichment and identi-
fication of arylhopanes from Shengli lignite[J]. Energy & Fuels,
2014, 28(11): 6745-6748.

FAN X, JIANG ], CHEN L, et al. Identification of organic fluo-
rides and distribution of organic species in an anthracite with
high content of fluorine[J]. Fuel Processing Technology, 2016,
142: 54-58.

ZHANG L P, HU S, SYED-HASSAN S S A, et al. Mechanistic

influences of different solvents on microwave-assisted extraction

[109]

[110]

[111]

[112]

166: 276-281.

CONG X S, ZONG Z M, LI M, et al. Isolation and identification
of two novel condensed aromatic lactones from Zhundong subbi-
tuminous coal[]]. Energy & Fuels, 2014, 28(12): 7394-7397.

XU JF, WANG F, FAN X, et al. Molecular characteristics of coals
at different coal seams in the same mine obtained by high perfor-
mance separation methods|[J]. Fuel, 2022, 322: 124189.

XU Y Y, FAN X, MO W L, et al. Advanced separation of soluble
organic matter in a low-rank coal and evaluation using unsuper-
vised analyses[]]. Fuel, 2022, 328: 125212.

YAN Y Y, WANG C F, FAN X, et al. Characteristics of enriched
components from thermal dissolution extracts of Zhaotong
lignite using solid phase microextraction[J]. Fuel, 2022, 314:
122791.


https://doi.org/10.1016/j.seppur.2021.120149
https://doi.org/10.1016/j.seppur.2021.120149
https://doi.org/10.1016/j.seppur.2021.120149
https://doi.org/10.1016/j.fuproc.2015.02.022
https://doi.org/10.1016/j.fuproc.2015.02.022
https://doi.org/10.1016/j.fuproc.2015.02.022
https://doi.org/10.1016/j.fuproc.2015.09.024
https://doi.org/10.1016/j.fuproc.2017.06.016
https://doi.org/10.1016/j.fuel.2022.124189
https://doi.org/10.1016/j.fuel.2022.125212
https://doi.org/10.1016/j.fuel.2021.122791

	0 引　　言
	1 低阶煤结构
	2 热萃取的影响因素
	2.1 低阶煤种类
	2.2 萃取溶剂
	2.2.1 非极性溶剂
	2.2.2 极性溶剂
	2.2.3 离子液体

	2.3 萃取温度
	2.4 萃取方式
	2.5 热萃取反应机理

	3 分析手段的应用
	4 结语及展望
	参考文献

