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Abstract: Chemical inhibition is one of the important measures for the prevention and control of coal spontaneous com-
bustion. This paper proposed a quasi-ionic liquid inhibition method based on deep eutectic solvents (DES). First, seven
kinds of room temperature deep eutectic solvents were prepared and screened using a heating method. The changes in the
functional groups and thermodynamic characteristics of different DES-treated coal samples were analyzed. On this basis,
the density functional theory was utilized to analyze the differences in the modification of coal's physicochemical proper-
ties by the hydrogen bond strength in the DES, and the inhibition mechanism of deep eutectic solvents and their optimal

hydrogen bond strength were deduced. The results showed that after the DES treatment, the hydrogen bond network in
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coal was disrupted and rearranged. The relative abundance of aliphatic and aromatic hydrocarbons increased by
10%—37%, the content of aliphatic side chains decreased by 9.38%—20.65%, the relative abundance of oxygen-containing
functional groups (C=0 and C—O0) decreased by 22.88%—56.94%, and free low-molecular compound and minerals were
leached out. After the DES treatment, the mass loss during the evaporation and desorption stage of coal and the oxygen up-
take during the oxygen absorption stage decreased. The heat release during the low temperature oxidation stage and the
thermal decomposition stage was reduced by 8.94%—77.51% and 5.40%—26.20%, respectively. The stronger the elec-
tronegativity of the hydrogen bond acceptor site in the HBA, the greater the hydrogen bond strength formed between HBA
and HBD. The hydrogen bond strength in the DES was positively correlated with the degree of destruction of the hydro-
gen bond network in coal, and was locally correlated with the oxygen uptake during the oxygen absorption stage, the heat
release during low temperature oxidation, and the mineral removal rate. The DES weakened the low-temperature oxida-
tion reactivity of coal by dissolving its active components, and increased the bond dissociation enthalpy of coal by promot-
ing the rearrangement of hydrogen bonds into more thermally stable [OH], and OH—N hydrogen bonds. However, the ex-
cessive strong hydrogen bond strength would inhibit the removal and dissolution of active side chains. Therefore, the hy-

drogen bond strength of deep eutectic solvents used to inhibit coal spontaneous combustion should be controlled between

69.45 kJ/mol and 160.00 kJ/mol.

Key words: deep eutectic solvent; coal spontaneous combustion; quantum chemical calculation; hydrogen bond

AN EZBIREIRBTRZ —, HAEHEFRE IR
TEREN TR B OCHE BRI . FREDR IS BIE
By M AR 1 E R, BERAEREIR RSP Y L
s 50%, X ZEFFIRAR IS T A
SR, AEME A SR H a8 B0 50 R, 4 AR TE A
— PR . B 1K SR R A TR
KT T AR A LA S R 7 45
RANRGTE, 38517 K LT MR A 3 U S
kA5 e Ak PR, A i B R G
RIS H- 2 PR AR EIRAR E L A 2R 3L

LR R RBE VARG BB — B 2 AT
SRTE, B XTI A APLET SRR A, B BRI IR A
R ) B 12 A AR R R SRR R 25
(o B S e AR TSR B B
B PR b RNT5, S A B A SRS HIRR IR
B iR R, AR TR AT R BB, (EOR BE AR A
B A RAB G o BEE R A R AR R T RO L
AR AR WTR AR S5 A e i AU, 4R
AT ES 5 WA A AL~ A A R 5 BT T B i
ARk HRTE PR AR 5L =Y ok,
AR LRI A TN B R
HIZEIEERAETT o SR, PR TERR AP ot HA 44
195 8 S, 5 5 s RO 9 R A B T R 1
PRIk, A (0 SR AT B i OB BTSRRI
SZBLEE Yy o S ke y R W R T R R | B2 e B 2
SRR |97 =R 1 v 7 2 W i R RN
JREREREL AR L R R S  BELIA M L B A i P 7
i, (52 2 B il 3 T2 S BB R AR e B . ITAROR,

BT WARAE R — 2 RS e AP A R Az B T Ok
FEU2NH A R AR R A AT S, AT DA
RIS f e v S VG PR RE A, $2 AR ARk
FEOTE AL RE, DA 54K, (0 B AR BRI T
TEJE IR 1 SRR FH o

RILIE ) (DES) &2 —JE i FiE fb2= it i Ly
LA (HBA) FIES#EZ (& (HBD) 38 i S5 45 A1
IR, H AR TR A W R BAR e 5 22, (Rt
IR E Ta ), B85 BFiiAH R RzES
JE . ERE MR SRR, BEAMA B BT, G
BT RGOS . T HAT AR B fh 2= i, It
SV R R R A E A B AR 2 A, L0 R Rl
WA T B TR T A NS 5P e SR e
(R RIFFE , YU 26080 L1 260Ul 4810 I ms F 4
AT B ARG S A s 700 i B K PAAh 3 S R 1 4 R 1)
UK, HAFSE B DES A] LI A5 oA B e
(R ETE, I HARTE TR0 RE . FATMA %00
DWIVEDI 255 F 5 AL BH A% AL DES #E47 10 12 e 1,
HAF57 B DES Ab B AT DAFEACE K A& A B T
P, 5 [ e, SR THRBE A B . B E LD T T
FALIEHE AN 2 —BEIE B AO DES 78 2% BURE A2 i i 2
G Wi R AR BN LEE, JIE S T S FH 7E AR U
Kt TR FIREHL, 5 22 PR TR
RS o AR 0 0 22 R R (A Vs R e 8 43 g I
B AR B RN . YTZEPIBRSE T 3 Rl
AU NBGRIE DES X i 2 Y KRR () T Ak R A S e X A5E
A ERACAE BT A 52, 25 526 B, DES AT AR A K
T E5#E, 20k DES Ab PR R AUE BE AT (RS2



55 4 3]

I S ARILIR R IR FL RO B 1919

C—O ). T WL Bk oy A& g s> . LA
FLRW T DES AR 1R 25 ABAL T 5, %
T 5T R B S E se FLERRTETT o R T,
G5 BT AR BA MR ~# 5, {5 DES $1A 7l
R Y BRESAE , RLIHAT 00 ZE DT ARE AR A £ BE PR T
DES AR BRA M A s LR

ST, 2B R B AR LT ST SRR 22
PO TS T AR DES AbBRIERE ) B BE H 8 25 6L
RS AEEE, JF45 6 % B2 BB TR T DES
U SR B SRR E R Z AL S AR, AR T
DES il 55 F AR HLER, S A0 0 T 1 K
Bt P B .

1 £ I§

1.1 E#% DES #Hl&

SRR P95 P R AR I 4G AR, IR
PR BB L B I %, AR T AT I A
B4 0.074 mm LR ERE . HE A8 g 00 AR S A
22 THRAE L 40 °C (TR ESE T 48 h G & H &%
Fo 21 RIERER T s Hr A B SR e 240

F 1 BEHENILSSREB R EE
Table 1 Proximate analysis and spontaneous combustion

characteristic of coal sample

®0000
K1 AR AR S S 2 AR i e 300 A
Fig.1 Electrostatic potential distribution of different hydrogen

bond donors and hydrogen bond acceptors

®2 SBEMEESEZHE
Table 2 Hydrogen bond acceptor and hydrogen bond donor

TERE IKIY% TROY% YERIYI% W% ARMERYE H5%%& KH/d
5 ARk 47

R 1136 2.99 29.14 56.51

WE 1R 2 s, 43 B E 4 Fp B G HBA
Al HBD K H ik il £ DES. lE 2(a) AR, A
[FfY HBA 1 HBD L) 1 : 2 ¥y iR S It E T
HERE PR E T LA 80 °C MR RN, HE
REWIE R B4 . §il45 1) DES Bl J5 954 7% 3%
B, IRAE 25 °C BYFEIR B SRR LR S d S5 Tk
FEZ T AT ARRY DES 414 .
1.2 DES & BEHFI&

WE 2(c) Fom, B S5 DES #2281 : 2
(g : mL) W LLBINR G I 58 b b, BE S % 5 e TE R
FRFsah, BOE S FRIREE N 25 °C, 557 48 ho Wikt
DES X HEFE FTIR SE50 9 T4, [0 & 56 5 10 B0 4
FROIA R 267K - fift HH v 2SO LA 8 000 r/min 13
JE R EIATE LG U, HE L2 pH A 7.0,
B, 1 U8 T BBERETE 40 °C A B A MRS 148 48 h,
il75 DES AbHRERE . fi AR 217K 08 DES #4748 [R]
B S R A5 K AL B A AR, DA A X R
1.3 BEMTHRIILELE

ffi FH Nicolet 6700 & HL AR 42T /MY (FTIR,

FER Sy - mol ) HEACC B TR
HALNAH (Chel) 139.624 3050 AR hiEEM
Fl=E 8 (Be) 117.146 3050 AR [IEFEN
JiiZ Rz (Pr) 115.13 2300 AR FiEEGEH
HI%HE (Ge) 180.16 1500 AR FiEEEH
FLIR (La) 90.08 520 AR KFEFHERK
FFATR (Ca) 192.13 1550 AR KEFRHERK
=M (GD) 92.09 174 AR KHBHERK
% (Ur) 60.06 1327 AR T A0t

Thermofisher Scientific, 3 &) X AL TLLAMETE 53
Mo S HEBR A A B BB AR B i B se AR 52
M), {5 FH OMNIC Hr (1% 7 37 bR 5053 A [ g B 414k
HRESEAT VRN o AR AN [R5 DX Iy i T R,
FERIOES 9 2 400] 208 5 LA R E
REMI AN >4 Ry 22 0% Hovh, 557 6 Fn i e
ST R X (D) A, B

A0
IANA = A”ﬂ (1)
2 800~3 000
FFERE G EA = (2) i, B
Inoc = AAL:‘)" @)

s i S EEEs 20T i 3) 15, B



1920 # % F #® 2024 4E55 49 %
(a) DESTJiil % 5% (b) FEIRMAHDESH &
15 e
HBA N HBD \
fiil_lﬁizl_l/rﬁ
R A s e
S iy . o,
E |
‘ ‘ ﬁ%ﬁﬁfi
RAEHH: 1:2 NN i | | )
HOEFE. 80 © TR AH Gy JE RS 25 °C U NN "
?%?#gg §80$/min > rEl/mlHT“ﬂ 5d L — T J | ?:/mf&*EH’UDESéﬂﬁ
(¢) DESKEFEJE R % BB () WA
JfE”ffi

THRIRE: 40 °C
THRISIE]: 48 h

ELOIEE: 8000 r/min JRANTH: 48 h

1 HLI A AT A 1Y

WRAEH]: 1:2(g:mL)

[R5 3 WX

K2 s

Fig.2 Experimental process

IBOS — AZ 920~2 940 (3)

A2 950~2970

SECEREH (C=0 1 ¢—O) Xt E T H= @)
THE, J
Ajgs1 +Areos +Ar2s2

Inor = “4)
Aot Ay 600

7 x WL (BAAE R em ) EE

K, A jjéj\ﬂ"‘UAFﬁ
HEMEAYTRIA, cm ™',
1.4 BEHHRSHLE

i FH TA-Q600 [RIALH I M SO HERE A T3 7 -
10 mg BRI A E AR IR S, LL 10 °C/min 90
IR ERE DL 30 °C I EE 900 °C, [ I} i 220 5%
A 1) B 0 R AR B
1.5 EFUHFEIHE

gk — 5T A [A] DES [8) it AH EAE FH R R AL
PR PR Y 25 52, 56T 8% 8 17 sR LB TR
DES F 7% (0 &L s o B . (i FH A 5248 R 4K Molclus
1.1 1 H genmer #5513 A 11§ DES 1 5% (9 49) 4 ke 901
SR, I Xtb 6.61 A XT A A e 4 4h) ik 4 7 T?ﬁ‘ﬁ:
1k, DATH 1 4 BE i Fe AR A A 80 BT i ] Gaussian 09
7£ B3LYP-D3(BJ)/6-311+G(d, p) 7J<$LXT§E%E'@1EE$’J
RIEH AT T 85K 4k, LR 2 DES ffe &7
HEH AR DES 450 Y AR M ﬁ%ﬂ%
155 DES PR SV om B, R FH L4 3 & IR 25 A%
iE (BESS) 7F M06-2X-D3/ma-def2-TZVPP /K 3 [- it
BT DES FEMAEAEHRE. 5, [ Multifwn 3.8
2703 DES HI#% #3647 T IGMH(Independent gradi-

ent model based on Hirshfeld partition)””' 1 AIM(Atoms-
in-Molecules) 73#7

2 GRSt

PR

2.1 ZEB&7A DES fHik
H T, A HBA I HBD 22 6] i i) A4 k)

25 I i DES K5 a5 R I FRAR R S a5 i) AL
DES J& &5 T B A i B BT TR ok 1 Sk 0 265 58 B LA
Kk g S et i . 2 RS T Ak 2R
B A KR ZLIR . 2 2B IR AEIE =X, WS M Rt ig
Gl B T SR ) R T, R I RIS A BRI TRR X
B PRI DR =R T R FRAR Y DES 416

DATE AR 359 SO R, 6 7S S 36 7 ol 4 206
BN, LIRS A S A Y R E B E RS
DES, M2 i 5 flt St e 5 D B U LAY il % 1R R
A DES. M 45 Wl JC ik 5 HA L2 S AT il =
RS DES, 3 AT e/ K A i 49 15 43 ] (9 A B A
Jridig . WKl 2(b) s, 78 25 °C FEEKE R 5d )5,
5 PR H¢ e W AR I 204 4+ Chel+La, Chel+Ur, Chel+
Gl, Chcl+Ca, Pr+La, Pr+Ca, Be+Ca. #fiX4t DES 4b#f
J& B HERE S 38 4 Chel/La-te, Chel/Ur-te, Chel/Gl-te,
Chcl/Ca-tc, Pr/La-tc, Pr/Ca-tc, Be/Ca-tc, X} R 2H fBEFE
#i0 o Water-tc.
2.2 DES XEFEBEAMNZI
2.2.1 FTIR JGiE4HAE

3 B T A [m] ik FRREAT: (9 4] B AR B 2T A1



44

ST IR RO R A R AL 1921

TP o AR AT 9 X R 2T A G B AR S T
WL GERT Y 4 KN Hd 700~900 cm ™!
W B I & 057 B e S AL A, S P AR B e
M. 1000~1 800 cm™" I Bt & T & B RER], M
MR SA AL AR Y 2 ZE P S . 2 800~3 000 ecm ™!
W B IH & TR s i A0 A, SR AR Ak o
IR PSR . 3 000~3 700 em ' i BEH B T A
(E3%), JB TG PR AL A, R R R o e
() EZELEHE . DES AbBRERE A LT AT BB FUFRIE
W PRy 157 ' 3 A 5 %o BE A SR — 350, R TR RS R AE
SRS, kM DES HUEAE T B REHA & i
RSB R A 2,

] 4 Jg ANRIZE AN B 1 RRAE I 0L 5 2521 (L Wa-
ter-tc ). 7E 3 700~3 000 cm ' BN FEAE 6 FHE
Y AU, 43 T ES A 3K (—OH, 3 639 em ), #2
S5 IEIR T o P B S (OH—, 3 542 em ™), ¥
[ 454 R Sk (OH—OH, 3 432 cm' "), F2 3 55 ik
O JRFIE A s (OH—OR,, 3 315 cm ), B#54%5
A IFRIR L DU R AR ((OH],, 3 192 em ™), 35 N

0.25
3315(OH_OR,)
0.20 F 3 432(OH—OH) 3 192([0}_[]4)
3 542(OH—n)
<
5 0.15
=
<
=
£0.10
2
0.05
ol
3700 3600 3500 3400 3300 3200 3100 3000
WH/em™!
(a) 23
1.4
1 600(C=C)
12 ,
1 625(C—f
1O} 1681(C 1487(—CH,)
.é 1 444(—CH,)
ERT I 1 386(—CH,)
& 1 252(—CO)
=
3 0.6
Na}
Z
04+
02+
0 £ =
1 800 1 600 1400 1200 1000
W H/em™!

(c) A e
Bl 4 RIFLTANX BRI A 25 5 (L) Water-tc Af3il)

Fig.4 Peak fitting results for different infrared regions (using Water-tc as an example)

Tch CCpCH—

Water-tc
Chcl/La-tc

Chcl/Ur-te

Chel/Ca-te M
Pr/La-tc

Kubelka-Munk

Pr/Ca-tc

4000 3 6IOO 3 2IOO 2 8I00 2 4IOO 2 OIOO 1 6I00 1 2IOO S(I)O 400
PeXom™
B3 RFEAN SRR LM
Fig.3 FTIR spectra of different treated coal samples
JE T I W19 S (OH—N, 3 050 cm '), 7£ 3 000~
2800 cm ™ B NLA T 5 AR W ERE G, 43 5k
—CH,; RO 4R sh (2 960 em™), —CH, F2 %t Frf
Hi¥RE (2 926 em™'), —CH % 4% 3 (2 890 cm ™) L)
KXt FR—CH; 454550 (2 870 em™) AR FR—CH, i
APR3h (2 850 cm ™), 7E 1.800~1 000 cm ™' P BEP 4

0.5

2 926(—CH,)
0.4
» 2 960(—CH,)
503 2 890(—CH
= ( )
% 2 870(—CH,)
<02
o
0.1
0
3000 2950 2900 2 850 2 800
WEUem™
(b) REWT b A A
0.08
820(—CH)
0.07 |
0.06 760(—CH)

870(—CH)

Kubelka-Munk
=)
(=}
e

0.03
0.02
0.01
0
900 850 800 750 700
W H/em™
(d) 7 &G EANE D



1922 # %

F #®

2024 4F55 49 4

G T 8 A AE e FIRR W W ARAE I, 43 5] A B B AH
FAPEPRSN (1 722, 1681, 1 625 cm™ "), C=C #fii 45
PE5h (1 600 cm™), —CH, 25 FA4E5N (1487, 1386 cm™ ),
—CH, & M ¥k 3h (1 444 cm ™) Fl C—O KA 45 Iz )
(1252 cm ), 1E900~700 cm ' BEBENIUE T 3 AN F
AU, 3558 55 % —CH i35 ih 3 3l (870,
820, 760 cm ).
222 M SRR AR
SR = 2 RS S S B A S A
YEHL, 37 IR LT O FlI N R R EE R
B, AR EE DRI MR IL N T, B S H
AN TR v A5 I Sl T R oy D B R TR
Lo AEXT HRZH A i U8 5 o o iR =i 92 OH—OR,
(34.27%), IR J&: OH—OH(27.17%) FIFRIR U5 Y 5
4 (17.89%), i bt/ 1) J2: Ui 25 U5 (2.98%). AN [F]
TR 218 1) S ST 2 AR R 08 TR 01 Gl v e R Py T B
HEAEM, XL SR HE Y O OH—n A4 <
OH—OH &f# < OH—OR, &f# < [OH], &t < OH—N
1

55

50 Il Water-tc
" I Chcl/La-tc - S
45 | ] Chel/Ur-te Q) \;fv @
[ ]Chch/Gl-tc e
40 -ChCI/Ca—tC @r“\@ @,3 ----- llé©

Bl Pr/La-tc (" hon
S 351 -Pr/Ca-tc HO
30k I Be/Ca-tc

—OH  OH—n OH—OH OH—OR, [OH],
SN

K5 TR REARE rp U B A TR L

Fig.5 Relative area ratio of hydrogen bonding in

OH—N

different coal samples

2631 R[F] DES AbHRJG , B P B T PR AU U
RN OH—N S B0 - THoh, HAFh IS S T %
T, HULE I DES BEIR T v i) SURE R 45 254, T
OH—n, OH—OH #l OH—OR, & f 4 T [ 36 B &
568 AR 1) S B 5 ) IR o O e U D 4% 1)
K T BRI KA T L5 M AAR, 72 0 1 R B A IR
PR/, FLBRARIE AN i B S A s F[OH], LA
e OH—N U5 114 14 T 2 B O vl S 0O 2% i AR s, —
AT BRI B i 2 PR 3L DES Wi, 75—
£ DES JBFR 5 MCE TR G i T #ks e M B i [OH],

I OH—N Sk, 4 rp SURE 19 T AR L 2 B, DES 51
R TR AL A EHE, I T KT 4 /Y
SR
23 MMEHSEIETIFE

30 T AR ORES S8 XTI
FEIGEATE Inoc, DES ARBRIERERY Inoe FEES JFIEAH
2701, F W] DES AYALFEXHE A A5 B A5 A K
X RRAL P IR 5 05 B R FEEFREL Iywa M 0.151,
21t DES AL BRI I, Y915 238 I, 3 I8 7E 10% ~
37%, W] DES A RFEAR TP AR & & o [AIA,
Xf BEH iR T R4 LU B 1.961, £33 DES AbBS
(R IERE R Tgos T8 XA, FEIRAL T 9.38% ~ 20.65%,
U DES Ab# 5 15 rf B 5 e M 1 B AR, 05 A 254
AR R L5 Laa 1 Igos TEELAIAS L FA B,
I DES REf% U)W B AR 19 B i A L 5 05 & i
AHTEE 0% B 107 T A0, Y A 38 4 B o0 A ) R SIS 45, SR
Je A U ) A e g DD DRI 1148 0 T B O A
RGBT F45H

R3 FEBEREROBUERSH
Table 3 Microstructural parameters of different

coal samples

e Inoc Iana Igos Inor
Water-tc 0.097 0.151 1.961 1.066
Chcl/La-tc 0.086 0.240 1.667 0.459
Chcl/Ur-tc 0.104 0.214 1.712 0.526
Chch/Gl-tc 0.080 0.172 1.556 0.822
Chcl/Ca-tc 0.094 0.197 1.766 0.630
Pr/La-tc 0.089 0.216 1.594 0.495
Pr/Ca-tc 0.100 0.196 1.747 0.771
Be/Ca-tc 0.089 0.184 1.777 0.610

ARG WA AR b 7 e — B B B R
GRS EA S WL T A, XRS5
FACA i 1 0 v SR A 45 B s i A I R o T
W25 o X RRAL & AR BE BIARXT £ Lyor 765X
h 1.066, Z23d DES AbH 1 (1) 25 EUE e Y
TR, FIEIREEAE 22.88%~56.94%, X /b2 T
DES B3R T X I8 T A1 50 2 (R i 20, I
W7 X b &Y. — 7, DES i3 VI KnE S
o> FAL & W 2 [ B S X 2R T &9 o
A —J5 T, LA PR A IERE A9 HBA W] LU i 25
A AT - flad A 24 M 057 75 PR R & AU RE A =2 R 1Y) i
FEEE, DTS 25 S8 B A D5 75 30 bR . AR S
TS, X SO B A T At A 1 ok S T A
£ DES #1428 iy 23 b ), 3Bl DES 1925 bR 5



55 4 3]

I S ARILIR R IR FL RO B 1923

SEATES

g Lk, ¥k WSO I R R AR
S BT A 1 . DES AUALFRFAAR T 1P 3 | i
i e A e LA e A 40 R AT, 3 L 0 55 T AR
AT
2.4 DES XE#Rzh 1200
24.1 AL

SO 245 ) RGBT %) 2 A el 2 I ) 2 TR
AALSHAEE T . B 6 MR ZE A DES 43 5
RERY TG 5 DTG i1k, DES 45 FBEFE 5 X iR
ZH SR T ARRL B S A O S, (A R] i B B
B SR AR R FE AR TR], 21 DES AbFESZ I 1 A AL
e AR E 6(a) AT, 7E 30~350 °C, Jirfi DES At
PRAERE 0 BT B R R B /N TR R, Hh IR B2
it DES &b B 5 1 RRAE A 12 1 B B o8 1) e A R A B
T, 3E T E 6(b) v, X IR AE 625~ 700 °C
WARAE— BT G B, 13X B B P 9 o 4 2
AR R A Y RS . [RIAEHE, Chel/Ur-te
F1 Chel/Gl-te 7EiZ B BN th 30 T R B 5 B, 1
iy DES AbBEIERER I, T AT DES AbBEAE iy e ¢

RIA R BIR T X R4, di W] DES AbBRAES 15—
TERRJE b B BRAERE s AN AT RS I 4y i
it — 253 #t DES Ab FBEAEA [ B B ) S AL R
P, AR A B 0 G R IR R 3 1 6 AN RRAR IR A
W 7 feos o Ty R BT LR iR i T
R BEILRE R, SRIRER K I3 78 A RN R A A
il R ROR B IME BRI . T, D9 R
B BE AT, SRS 5 (AR T 1 22 A R i A it
JEo Ty BB JREE S, J& TG thek | T, IR SUKFD)
245 IR R A AR R I B9l B (7)) PRI ZAH 22
JI Xk 1O Bt B, ARSRIETT IR R RE o Ts AR A,

—— Water-tc —— Chcl/La-tc —— Chcl/Ur-tc

Chcl/Gl-te

—— Chcl/Ca-tc — Pr/La-tc — Pr/Ca-tc — Be/Ca-tc

100 — 0.025
N
PP A 10
RN W =
98 1 ///r‘*‘ N {0025
" E
. i \  {-0.050 7
S 96t Y \ <
& O\ 1-0.075 &
<\§H N 0.100 1;
il Yo " . =
B 94 1[‘\ \ £S)
N ~0.125 &y
| 1 ot
i
d 1 4 —
7 0.150
N ~0.175
90 L~ - s - : - —0.200
50 100 150 200 250 300 350
L/ C
(a) 30~350 °C
10 0.025
ot 0
81 1-0.025 2
T {-0.050 ~
S 6l N
S 1-0.075 &
R 5r ¥
1 {-0.100 ®
i 4r R,
3L —0.125 2y
1 il
I 0.150 yx
) 0.175
0 d 1 1 1 1 1 70200
500 550 600 650 700 750 800

L/ ,C
(b) 500~800 °C

K6 AREERER TG-DTG fhLk

Fig.6 TG and DTG of different coal samples

TEJEAE S8 BRI S T IR A B RS AN AR B AR
28
T, T, T, 4100
4r {90
— A2k
_ 20— RELRU L 180
w | —— TGHhZ T, 170
g 16} °
: 160 =
B ES
T 12t 150 u?;‘
“ﬂij 8l 140 =
o, 130
} 120
0 ——" 10

_430 l(I)O 2(I)O 3(I)0 4(I)O S(I)O 6(I)0 7(I)0 S(I)O 908
i/ PC
e Ty WA B 4l R o7 Ay il 32
K7 TG A I EAS [ B A RAE TR RE A
Fig.7 Characteristic temperature points of TG and heat
flux in different phase

ARYE AR AE UL RE 1, RS S AR R e T i dal Ay
KRB BE (BB 1, Ty~ Ty). WE S 5 B (BBt
2, T\~ 1) A B BE (BBt 3, T~ ). WAKERi B
(BBt 4, Ty~ T5) LLEARRBrBe (BB 5, T5~900 °C).
AR R AR B B A 4] 8 Ffr/i

AT 6. [l 8 TT I, DES b B S Ak be
BRI 32 2B B BE 1 FIBTE: 2 N, £24d DES
A B AR B B B 155 B B 2 O 07 A4 i R S T i
FWWRAL T o BERETERTBE 1 W KA B SRR A R
LR e A I B I B AR N2 R K o, S
) A i T R R AR RE AR B TS RSS2
WA RO TR AR AL, S8R 7 A A o 45
Ko MIRALEBTBL 1 WA TR 7.96%, 1iii DES 4b
FRAGEAE b B0 2k /DAY & Pr/Ca-te, IR K
5.12%, J5U 451 2K Fx KA & Pr/Ca-te, Jit i 461 Kk
7.11%, DES Ak BUBERE (4 5 451 25 /N T3S R [
i, Xt He DES ARHMSREAEXTIRAE 7' )% A5 (139.89 °C)



1924 # %

2024 4F5 49 45

Be/Ca-tc

Pr/Ca-tc

Chcl/Ca-tc

Chcl/Gl-tc

Chcel/Ur-tc

Chcl/La-tc

30I °C lOE) °C 20(I) °C 30(I) °C 40(I) °C 50(I) °C 60(I) °C 70(I) °C SO(I) °C 90(I) °C
K8 AFMERE R AR BE R BL A1
Fig.8 Oxidation combustion stages of different coal samples
Aib A ARRT R, o BRI KT DES ARFE SRR [RGB B B X L

JHRE, SRR R DES b FR 5 A5 b S N5 S0 RE A1
b, FEUELZ I BN S 5 S AR N AR, TR
BB XT IR . BB 2 WA e R L, it
B Bt PR 55 B80S A T W T 8 g O A 3 T 4R
TR A=, SR B BT ZER B 2 P
Xof BRZH 1) S B R 1.79%, DES Ab BRI b i K
IR Chel/Gl-te, T8 1.31%, fi/Nii a1
i J& Chel/La-te, JFiit 3 14 0.07%, DES b B (1)
BRI N TR IR . DES Zb38US iAo 145 4
A%, FLIRAS BN, (W A /)N, X T e
K24 DES &b 35 R h 2 5 W 48U I fig A s/ b
T, BT SR A A I

DES 4b BRBRE 5%t B2 78 B B 3 RNl BE 4 (03
FEMRTE A 2E A K, I DES Ab BRI R e B R
PR, BB S MR 2 R AR b Y
P H o 3 e T b fe 2R 4% T H T 1, DESS b BEAREA:
B 0 I S FA AR T X R, 3 PR DES bR T4
YR 3T I 28 5 4 ) F S5, (0 TE 2 A0 W BT g g 5
DES #: I 4k %5f, H i tE HBA JE % DES X4
0 5 4 R R S R B
2.4.2 AR

JRE AU T ) R AR R Al A AR AR P e L
WA SR04, T8 3 %o BT R A AR R B 3R
AT B O B AT A B B N R
SRR AT AR G . IR 7 R, AR R
PR I T 85 AP XT 7 i K AR A AR Ao o 1 A
BB sl ook 5 AN B B, L e SRR LT B TET AR Xl
W, LR UL T AR X SO i (€] 9 4 DES 4b#f

2000
1800k = WS S B AR B R B
1600 -

1400 |

01200

600 -
400 |
200 |
\z}/\o \){b{@ \@V\o 6\'\0 Ob;@ \};\9 O‘b-'\g Q‘Zr'\o
& O ¢ o@o@ &
ek

B9 R B B

Fig.9 Heat release of coal samples at different stages

RAE IR B B R 2 b & A UMb R B B i it I
SHARE R LM AR EEREA . HEEA
8 T B BERN A i B B P A AR W DL T S ke
JHEAE I TR R B B 1) SR AR R T R Ay i R . fh
9 ] 1, X R 2 A W AR R TR B BE D Y A R R
112.78 J/g, DES b BRI A 55 IR () )2 Chel/La-te,
AR Ry 25.36 /g, TR B i 1 J2 Chel/Gl-te, Ji#A
oM 102.69 J/g, DES &b FRIGRE (1) S 07 A /N T
X} HREH, Wl /NI K 8.94% ~77.51% . Wi 483 7 B B
TR B /INFT A R TS DES B9 A0 BRAA T 0 b
M 1) 2, DT TR S AR 3 . X R 2 A A
I3 B TRCER A 1 067.88 J/g, DES AbBHARERE i
B IR S Be/Ca-te, HUHAEEh 788.05 /g, U e B



55 4 3]

I S ARILIR R IR FL RO B 1925

Y& Chel/Ur-te, JGEE A 1 010.2 J/g. DES AbHAE
P BT AR Y /N T X6 BB AL, /NI R 5.40% ~
26.20%. AT B B i BEER A3 ffkCHR L 1 98N R g
J& DES A4S b S0 i, (R AT o vt e PR AR
F14) o o IR T R Y AU ([OH], A OH—),
SEWTEE I IR RN . ZERRBERY BE DES b FAR
FERRRGE IS R FX AL A B4R, 3X AT RS DES %
IRT BB KT S5 i TR s, B0
[Fi) o A R AR A0 T B, SX 156 RH DES oAb 3
FE—E R P R REE T

25 LTI, TR 7 28 E IS DES A R 55
TR A SN, B IR B R VE R

3 DES XHEIBEL MR A BUENLIIE

3.1 DES S¥MZEEITE
300 SRS A

W AR FAERF G AT, A S R S
DES FJ2i7E T BRA T, {HAN[A] HBA A1 HBD 4
B IE B DES X BESOUL 45 14 R AR A TR ) 5 T 22
AR, T AU M2 2 HBA I HBD ffi 2 JE )il DES
) 2 B2 PR, VBRI 45 11 5 5 D s T DESS AP IR,
It DES H i SR et i S . it — 4R R AR TR
DES X 5 S Ak B A0 1 25 57 i sE i AILEE, £ ) IGMH
J7¥5%F HBA 5 HBD [a] (A B AF 2Rk 7 1 AT 4
fbo A4 ATM HEIS b A HE IG5 0 (BCP) 4%, BERS
B A 3 A AE — S5 I A 0f 2 A4 e
RO M RS AR, R RT B BCP AR L T T
. ZUHE BCP AR Rl AT 0.002 ~ 0.035 I,
LR RS R E S AT 0.024 ~ 0.139 P
F b, X T rpo U, HARE AT i 2l (5) T, |

AE ~ —223.08ppcp +0.742 (5)

Horr, ppep WHEEIG A AL 3 B . 1] 10 AT
DES 7F HL % £ 24 0.01 (19 4 {8 T Ak ) IGMH 7 &,
B rh e a2 45 AR
3.1.2  DES S M08

DES [H] (4 &Y i 2R F R /E A5 R, RIA
SR T e B P A R P D 5 R N A A 4
A A —E IE R, TS S A7 G i i i AR
MM T WG . MRAEE 1 HBA A1 HBD A9
HL A n] 41, HBA A1 HBD Y77 7E 5 5% i 7 14 R 1
AR EJR T, RIAE DES 454 FHIE i T HBA-HBD
43 IB) SR HBA-HBA 43F 0] &8 . A 11 7]
1, FELL Chel fE & A2 4R 1% DES 1, Chel 5 La 2

H,0 (~69.45 kJ/mol)

S e
Chel+Gl (~212.0 kJ/mol)

107

!)‘PﬁCa (—216;3 kJEn_c:"
e 92, 115 WOE R
& 10 AN[F] DES M4 s 1

Fig.10 Hydrogen bond distribution of different DES

[EJE RE T 7 4% A5, 05 BV EEBE i —160.00 kJ/mol.
Chel 5 Ur Z [MJE W T 9 4 Sk, &5k B RE N
—126.48 kJ/mol, Chcl 5 Gl Z LT 7 458, |
R RE S —212.00 kJ/mol, Chcl 5 Ca Z[RIE R T
10 4< &0 8, A5 M Bk BE y —246.94 kJ/mol., H1 T7E
Chel H &R T i M doie, JB T 20 S 32 R 1R
FHAL 85, BIIE Chel JE B8 1 DES Ho 8 B i K 1Y) &
¥ SRS S, X T HBA Z[HJE ALY
ZHE, 38 2 X Chel/Ur H 45 5 92(=16.23 kJ/mol),
Chel/Gl #1455 115(—33.80 kJ/mol) Fil Chcl/Ca F1 45
78(—38.32 kJ/mol) FI A1, BRI B O—H---O S5
SRR, By O—H---0 Iz, AL N—H--
O /o FELL PrAE N & 32 1A% DES ', Pr 5 La
ZIJERL T 7 A0, S A BN —127.94 kJ/mol.,
Pr 5 Ca Z[MJER T 5 S &5, S8 S RE N -216.23
kJ/mol. Pr " (1) B A7 1R =B S R R Z5H Y
O JR T MIIALEH L N T OJRTFism5 Lafl
Ca T HRBR A5 ) H R IE W O—H---O &
B RE 73 91 A —22.55 kI/mol(4i 5 60) F1—-48.24 kJ/mol

Be+Ca (—290.03 kJ/mol)




%X

1926

= % 2024 4% 49 %

(%5 133), N JEFN 55 La Ml Ca FERLAY O—H--N
SRR S 1) —40.0 kI/mol(4i 5 68) FI—64.64 kJ/mol
(G5 112), L F I, HBA AR B L, B
B A ] SRS A BB R . Be 55 Ca ZIMIJE AL T
9 Ak, S M AE —-290.03 kI/mol. Be Hr it & i

ZARAL S R e A AT AR, 5 Ca S BURY
O—H--- O & H 4 B I —64.76 kI/mol(%i 5 101), i
HBA [H] U5 32 202 HOR R A ) — RAIRTE Wiy, S
AETE—43.38 kJ/mol(%i 5 81) F1—64.72 kJ/mol(%i 5 96)
ZIal,

o Water-tc m Chcl/La m Chcl/Ur-tc m Chel/Gl-tcm Chcl/Ca-tc a Pr/La-tc a Pr/Ca-tc v Be/Ca-tc

1.0 °
> N
0.8F S
> N
= s "
& 061 N
#o4af R
e S
A N
02F S
l\ ~ N
O 1 1 1 1 1 N =
42 84 126 168 210 252 294
DESZ## 38 %/(kJ + mol™)
(a) ERBIASHL
120
\O
\
~100 - N A "
‘OD N | |
. \
= 80 \
i N
£ \
60 N
§ \
i \
IE 40 i
W \
- AN %% DES
20
42 84 126 168 210 252 294
DESZ B 38 %/(kJ + mol™)
(o) fRIR AL A

K 11
Fig.11

PR tt, HBD &2 AR S AR L | f fabk
i, DES 15 HBA JE LAY S ARG . 78 HBA H,
R P IIE S RE R TR A S
3.2 DES S#58RE SHEEXMERK X

e EFSY DES 9 SR B X BB A 1 I 1 5
M, A3 eI T BRI 288, H TG it e bl S o
B Bt 1 W 4tk S DSC 28 v i S0 34 2 B B 1) A o
TG g rh B2 AR T i R RAEE A [ AL
[, DES H &R X6 AN [ B A 2 S 19 5 o 2
E 11 Fis.

FRAEE] S U A ) B AR L FLAE W] N, DES 4b
P 5 B OH—n. OH—OH V& OH—OR, 3% 3 K4
SRR T 3RY] DES SR T b R o a5 H R 4 rh
MY, A, ST SRR IR S U s R R AR

2.0
\O
\
\
15F N
\
\
NS \
=~ \
0 . N
W N -
= \ v
\
\
0.5 AN
" #%iE DES
A
0 1 \.. 1 1 1
42 84 126 168 210 252 294
DESZ B 38 %/(kJ + mol™)
(b) WA &
5 o
°\\c 4 - T~
i = J
i R HBA -
1 3
&
R\ 2 v
i3
1F A =
A
0 . . . . .
42 84 126 168 210 252 294

DES%\%;&E/(I(J . mol")
(d) BT AR B

DES i) Ui B -5 A BEA M T 280 ) A AR G

Correlation relationship between the hydrogen bond strength of DES and various physicochemical properties parameters of coal

DES A3 A S B S5 14 BB R

Azsp + Az +Aszzis

ACST =
A3700~3 000
Acst —min (Acst)

(6)

~ max (Acst) —min (Acst)

A, Acst 4 OH—n, OH—OH L) 2 OH—OR, &
REAIE U P T R 5 0B S TR AR Y LU AE s Test M Acst 1Y
IH— A RS ML, Test B/ G h SR e IR 78
JE R

Kl 11(a) S SUEER B 5 SO S0 ) ) SRk
. DES (& i 5 b S a5 IR S 5 B A
RAFIZPEE R, B DES By SV B #OK, # DES 4k
PR R A5 v 0B I 28 B e SR A R R e . X R PR
AHEEAAYE, DES 5B R SrF 4 ) S i
TF1) 2% A B R S b i SUREVE T 50 A SRR

ICST



55 4 3]

I S ARILIR R IR FL RO B 1927

L, DES 9 S B A f Bk, Wbk B A 20 S5 A 1 A
SEHLARFNZ AR TE kA &, TSR J5A i) 0B
T 00 R SR i A 5 W JE AT R A TS B A R 2
[i) ) R, O S R 25 R B R R B RS . oy — T
1], S B K Y DES W% 5 F a5t 2., Hias
B3 BH Al K F HoAth DES. 24 DES 43 W Bt 7 2 1
it 2 Uk /N 43 5 4 T B ST AR s [RD, B s ) 47 BHL,
7 Pk 2 S0 Lb ) R 7R S T % ) 2 ) [R) Az BEL A 52
Wi 43 . PRI Ca 22 DES i e & il 08 A o i
(R REMA K o

S T A 44 o 9 B ) R A R AR B R e T
IR AL AE 1. & 11(b) Ry U B 5 W 4R 22 ()
(RSB, I AR i 5 R A 3 2 (R A ey 0 1 L
EARFIN, 7E 69.45~160.0 kJ/mol S5 5 25 Y5 [ 1,
W 4 ik 5 S R R S AR O, SRR R, TR
HOHCD TR SV R T 246.94 kI/mol 1 # 54
o e MR AR RPIR A, W ARt 1) R TR S R SR B A 4
Wi A 1y B B AR RUR AR A R B, A it R
G WA I U/ 3 B v I A D, X
DES Xif 6t e 3 PN B i SR R A 1 45 R . SRR I
A, B R 1 PO B A 1 g i, (H i o A
5 JBE 23 A DES X 37 P00 55 (% i o X = R
DES ()5 B 55 SV 00 5 52 1 A S, AR5 R
DES (%5 Bk &7, it sl bk 22, ot LA E A B8 5
()55 B PR N, 53X DES JoikAa RCRE s M OneE . A
2, 5y F45 R 40/ N ) DES #8785 ik A5 N, 12
b Vs i ) T PR It R 2

& 11(c) S SRR B 5 R A Al A B 2 TR Y O
P o AT U AR i 5 U 8 2 ] 17 AR T A
I S — B, T PO )98 S BRI R A AR
HORCHAGER R . Xt R, AR DES i R
SUERIR /N TR, B T FLBR R, H S
S (1980 I A T IR LR B sk . AR A Ak
RE 155 SR 5 R 1) J) A S IBE M 2 W 4 R SR
JE 1) DES 41 5324 il 4 0 AR A AL i G 8E . DES 119
SRR TR 69.45~160.0 kJ/mol PN B A R4 SR 435 252 18
T, T AE SR B KT 246.94 kI/mol 5 RN BHAL R
iR, 2 F Z MAEAE— i S8 1 BHALRIOR 15 31 fe
fEo [R5 AT K AR T 38 i A 2B
PEBAR B, & B0 DES %S08 38 B % 45 i 7e
69.45~160.0 kJ/mol.,

MR TG 4 rh 5 243908 43 Jot 12 W] LA B DES X
SRR P T EBR BE T . 18] 11(d) 24 DES A 5%
B SRR ) TR A B R B X R SR R o W R R 4y

o U 5 2 [ BT R G, H S A
EALRE IR 2, BT A A PR (FLRR . A7 ETR)
1E>4 HBA (1) DES YRS ) XERAY) T i bR e T,
X AT BB PR R R PRV TR BB R4 T b i Si—O0—Si
SRR SS R, fE T SR MR ) I
fiit. Ak, HBD 5 HBA 8 RIS Y i & R % DES
A& RmBIERGE S . X TAERR2S DES, Hiprg
I i 0 i P 8 5 T 0 o
3.3 DES #IHIE B Y=

44 DES b3 5 R (R AOUL B Rl 1A 228 1k K 22 08
Jo AR S AR A, DL S S R 265 14 25 S PR T, DA
HE B RRE VR D7 B 458 A 4R T DES # )
HARRIHLERANE 12 FTR o

DES ¥R AL BRI A Rt T 430 3 AR,
RO REEIR | T P o s i A = . 4] 12(a)
75T DES WA U R 2% OB IR 2 . DES SH
2 1T 422 i 67 5 20l RS v S R A A2 AR 4 )
TE KT “DES—HE” SUBH A B A v Jir 2E S5 3X
At AR DES # o8 “EU BT 717 LY EE RS
-G RE) AR B SR, (R A 53— 5 4 i 5 1 /)
HITS AR EEH o IR R AT N4545$THF )5, DES 43 F-iF
B 55 75 PN IR AL BT TR 5 A B N B ) s AR
SFACE I TS . & 12(b) B8 T DES X
TG PEZEF TS it B8 o X T 05 B b 4 b i 3% M 0 e
(—OH, kst W7 H 54, DES B Jcid i & 2 i i
EERE TR IR RO A, SRS HBA Sl i 45 i M7
SEIRLTE AR & b R AR e RE A R Y
T2 ) o — g SR o TE5H . X
DLESE e X e 5 B a5 ik s 1 &9,
DES [FI#EAH ] “&UEE 5 )7 i R BRI EIR o e 59
(AN T A W E RN B A . X P 25 1
Ui B I PESE A, 0 ORI oAb & i ik A
FJE B 48 /E 9% DES 4 + ¥ i, i /7 76 HBA I
HBD 7+ T 78 i rh o feda, TEK W B O E H
T DES—HMEE il IR, S rh s p s . 1A 12(c)
R TR RS EHED RE . DES B R, BT
FEBE S B S M TE SRR SR P i T AR
FE PRI A R S B (JOH],,OH—N), B K431
KB

25 ik, i DES oAb, A5 v i P 4% 25 4
P, I TR IR A R . AR - HE
T A PP AR AV R T SRR 48 Ay e VRS R T U, 4
TR TR RE , Yol T ) (I TR A i



1928 # %

% 2024 4E5F 49 %

o/

@ F-1o |
T N . ’ D |
o~ JEEb k~ HO
N | @ﬁ
-
L

. |

i A
B Ko THEm @ VYR
@ HBD w HBA =~ — = Jiepa

—————— DES 5 J5E 1l ) 06

Te QO
Ho
N—0

OH C
(Lo

(c) Brh bR o

5l 12 DES il #E B BRAIHLEE

Fig.12 Mechanisms of DES inhibiting coal spontaneous combustion

5 2% ik (References):

4 #F it

-l

(1) FEkE i & DES PR 8k . ik g 7
Fhz= 7 DES &858 20 126.48~290.03 kJ/mol, 4t
FE (AR IR AL RE 1 AR A e A5 21 T4

(2) DES REFE N S5 BY J) IR 455 K 0 7 25
PRI B AU, IR R o FINs . HE ARG+
2% PN EB ) DES 38 2% th KoM N AR - e G
P RIS P O 5 I AT R AP 4 o R v 1 R 4
FEH SR AR . I SR IR — e A
o A 25 1) 55 B 254 22 TAD G B ARG 1 o v 1 PR
SHE DU R AR OH—N S5 DAUHR THIRE A T SRR, M1
TS R AR R B

(3) DES 3 i 5 5 i S S LA R 32 A4 0) 1o 4 1
1) DES—E S S il DRRE v SR PR 2 06 v L ) 26%
FIBSRRE S DES W& 5 2 IEASE e R, Bl K
) S B 3K 5 3 B AN R T DES ZEME B i
Bl PRI, TR 1R A AR H A s 750 1 S i
KN FEHITE 69.45~160.00 kJ/mol.,

(1]

(2]

[3]

(4]

[3]

ZHANG F, LU J, CHEN L. When green recovery fails to consider
coal pushback: exploring global coal rebounds, production, and
policy retrenchment post covid-19[J]. Energy Research & Social Sci-
ence, 2023, 101: 103142.

TR BB Ty RE SRR (7], B A, 2018, 43(1):
137-142.

WANG Deming. Thermodynamic disaster in coal mine and its char-
acteristics[J]. Journal of China Coal Society, 2018, 43(1): 137—142.
JER . FUT S B RIS (1): BURHLEL. B4R, 2012,
37(5): 843—849.

ZHOU Fubao. Study on the coexistence of gas and coal spontaneous
combustion ( I ) : Disaster mechanism[J]. Journal of China Coal So-
ciety, 2012, 37(5): 843—849.

BREL, FEBEL, SAEHE, 5F. " AARBRAIE X B AT RE S R A X
FEIRIR A ST [J]. JEH AR, 2014, 39(11): 2244-2249.

SHAO Hao, JIANG Shuguang, WU Zhengyan, et al. Comparative re-
search on the influence of dioxide carbon and nitrogen on perform-
ance of coal spontaneous combustion[J]. Journal of China Coal Soci-
ety, 2014, 39(11): 2244-2249.

YANG Y, LI Z, SI L, et al. Consolidation grouting technology for



55 4 3]

R X

e RIHT

IR FL R R FLEE

1929

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

fire prevention in mined-out areas of working face with large in-
clined angle and its application[J]. Fire and Materials, 2017, 41(6):
700-715.
SUN L, LV X, LIU N, et al. Spontaneous coal combustion preven-
tion mechanisms of thermosensitive composite hydrogel: An experi-
mental study[J]. Fuel, 2023, 331: 125796.
FAN X, MA L, SHENG Y, et al. Experimental investigation on the
characteristics of XG/GG/HPAM gel foam and prevention of coal
spontaneous combustion[J]. Energy, 2023, 284: 128710.
LU Y, LIU Y, SHI S, et al. Micro-particles stabilized aqueous foam
for coal spontaneous combustion control and its flow
characteristics[J]. Process Safety and Environmental Protection, 2020,
139:262-272.
YANG F, LU Y, YAN Z, et al. Colloidal particle-stabilized foam to
control the coal spontaneous combustion: Stability mechanism ana-
lysis and extinguishing properties[J]. Energy and Fuels, 2020, 34(11):
14822-14831.
QI X, CHEN L, XIN H, et al. Reaction mechanism and thermody-
namic properties of aliphatic hydrocarbon groups during coal self-
heating[J]. Energy and Fuels, 2018, 32(10): 10469—-10477.
CHEN L, QI X, ZHANG Y, et al. Reaction activity and mechanism
of R-3-CH structure oxidation in coal self-heating[J]. Fuel, 2021,
290: 119797.
CHEN L, QI X, TANG J, et al. Reaction pathways and cyclic chain
model of free radicals during coal spontaneous combustion[J]. Fuel,
2021, 293: 120436.
LI H, SHEN X, LU J, et al. Experimental and quantum chemical in-
vestigation on the inhibitory effects of resveratrol on coal spontan-
eous combustion[J]. Fuel, 2023, 354: 129297.
HUANG Z, LIU X, GAO Y, et al. Experimental study on the com-
pound system of proanthocyanidin and polyethylene glycol to pre-
vent coal spontaneous combustion[J]. Fuel, 2019, 254: 115610.
ZHANG X, YU C, GAOF, et al. Study on the mechanism of antiox-
idants affecting the spontaneous combustion oxidation of coal[J].
ACS Omega, 2023, 8(3): 3396—3403.
GUO S, YAN Z, YUAN S, et al. Inhibitory effect and mechanism of
L-ascorbic acid combined with tea polyphenols on coal spontaneous
combustion[J]. Energy, 2021, 229: 120651.
HUANG Z, YU R, DING H, et al. Preparation and properties of tea
polyphenol nanofoamed gel for preventing coal spontaneous com-
bustion[J]. Energy, 2023, 284: 128533.
XUE D, HU X, CHENG W, et al. Carbon dioxide sealing-based in-
hibition of coal spontaneous combustion: A temperature-sensitive
micro-encapsulated fire-retardant foamed gel[J]. Fuel, 2020, 266:
117036.
BAI Z, DENG J, WANG C, et al. Effect of anions in ionic liquids
on microstructure and oxidation characteristics of lignite[J]. Fuel,
2023, 339: 127446.
DENG J, BAI Z J, XIAO Y, et al. Thermogravimetric analysis of
the effects of four ionic liquids on the combustion characteristics
and kinetics of weak caking coal[J]. Journal of Molecular Liquids,
2019, 277: 876—885.
CUI F S, BIN Laiwang, SHU C M, et al. Inhibiting effect of im-

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

idazolium-based ionic liquids on the spontaneous combustion char-
acteristics of lignite[J]. Fuel, 2018, 217: 508—514.

SMITH E L, ABBOTT A P, RYDER K S. Deep eutectic solvents
(DESs) and their applications[J]. Chemical Reviews, 2014, 114(21):
11060-11082.

ABBOTT A P, CAPPER G, DAVIES D L, et al. Novel solvent
properties of choline chloride/urea mixtures[J]. Chemical Commu-
nications, 2003(1): 70-71.

ABBOTT A P, BOOTHBY D, CAPPER G, et al. Deep eutectic
solvents formed between choline chloride and carboxylic acids: Ver-
satile alternatives to ionic liquids[J]. Journal of the American Chem-
ical Society, 2004, 126(29): 9142-9147.

SHEN Y, ABEDIN R, HUNG F R. On the performance of confined
deep eutectic solvents and ionic liquids for separations of carbon di-
oxide from methane: Molecular dynamics simulations[J]. Langmuir,
2019, 35(10): 3658-3671.

CANDIA-Lomeli M, COVARRUBIAS-Garcia I, AIZPURU A, et
al. Preparation and physicochemical characterization of deep eutect-
ic solvents and ionic liquids for the potential absorption and biode-
gradation of styrene vapors[J]. Journal of Hazardous Materials, 2023,
441: 129835.

QUINTANA A A, SZTAPKA A M, SANTOS Ebinuma V D C, et
al. Enabling sustainable chemistry with ionic liquids and deep eu-
tectic solvents: a fad or the future?[J]. Angewandte Chemie Interna-
tional Edition, 2022, 61(37): €202205609.

YU Y, LI J, HUANG R, et al. Hydrogen bond network reconstruc-
tion of lignite for efficient moisture removal via deep-eutectic-
solvent-assisted hydrothermal treatment[J]. Fuel, 2023, 334: 126653.
LIJ, YU Y, HUANG R, et al. Combustion performance of lignite
after efficient upgrading via deep eutectic solvent-assisted hydro-
thermal dewatering[J]. Asia-Pacific Journal of Chemical Engineer-
ing, 2023, 18(3): 2885.

FATMA T, BANERJEE T. Wet beneficiation characteristics of indi-
an bituminous coal with low cost choline chloride based deep eu-
tectic solvents[J]. International Journal of Coal Preparation and Util-
ization, 2022, 42(3): 863—877.

DWIVEDI A, DWIVEDI A, KUMAR A. Investigations of coal be-
neficiation by using choline chloride and urea-based deep eutectic
solvent, International Journal of Coal Preparation and Utilization[J].
International Journal of Coal Preparation and Utilization, 2023,
43(3): 423-435.

L, iR, KINRE, 55 SALIER- 2 R v 0 A U £
il B 2 A S AL ERAR 5L (). h E AR K2, 2023, 53(8):
1539-1549.

HU Dingkai, WANG Qiang, ZHANG Yinshuang, et al. Exploration
of the mechanism for the extraction of phenolic compounds in mod-
el coal tar by choline chloride: Ethylene glycol deep eutectic
solvents[J]. Scientia Sinica Chimica, 2023, 53(8): 1539-1549.

by 2%, ZENCHE T B TR A AR T R A A S B T Y
R AL THERE, 2020, 39(6): 2066-2078.

YI Lan, LI Wenying, FENG lJie, et al. Application of ionic liquids
and deep eutectic solvents in the separation of coal-based liquids[J].
2020, 39(6):

Chemical Industry and Engineering Progress,


https://doi.org/10.1002/fam.2412
https://doi.org/10.1016/j.fuel.2022.125796
https://doi.org/10.1016/j.energy.2023.128710
https://doi.org/10.1016/j.psep.2020.04.017
https://doi.org/10.1021/acs.energyfuels.0c02694
https://doi.org/10.1021/acs.energyfuels.8b02165
https://doi.org/10.1016/j.fuel.2020.119797
https://doi.org/10.1016/j.fuel.2021.120436
https://doi.org/10.1016/j.fuel.2023.129297
https://doi.org/10.1016/j.fuel.2019.06.018
https://doi.org/10.1021/acsomega.2c07273
https://doi.org/10.1016/j.energy.2021.120651
https://doi.org/10.1016/j.energy.2023.128533
https://doi.org/10.1016/j.fuel.2020.117036
https://doi.org/10.1016/j.fuel.2023.127446
https://doi.org/10.1016/j.molliq.2019.01.004
https://doi.org/10.1016/j.fuel.2017.12.092
https://doi.org/10.1021/cr300162p
https://doi.org/10.1039/b210714g
https://doi.org/10.1039/b210714g
https://doi.org/10.1039/b210714g
https://doi.org/10.1021/ja048266j
https://doi.org/10.1021/ja048266j
https://doi.org/10.1021/ja048266j
https://doi.org/10.1021/acs.langmuir.8b03990
https://doi.org/10.1016/j.jhazmat.2022.129835
https://doi.org/10.1002/anie.202205609
https://doi.org/10.1002/anie.202205609
https://doi.org/10.1002/anie.202205609
https://doi.org/10.1016/j.fuel.2022.126653
https://doi.org/10.1002/apj.2885
https://doi.org/10.1002/apj.2885
https://doi.org/10.1002/apj.2885
https://doi.org/10.1002/apj.2885
https://doi.org/10.1002/apj.2885
https://doi.org/10.1080/19392699.2019.1672668
https://doi.org/10.1080/19392699.2019.1672668
https://doi.org/10.1080/19392699.2019.1672668
https://doi.org/10.1360/SSC-2023-0077
https://doi.org/10.1360/SSC-2023-0077
https://doi.org/10.1360/SSC-2023-0077
https://doi.org/10.1360/SSC-2023-0077

1930 # %

% 2024 4E5F 49 %

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

2066-2078.
YIL, LIU H, CHEN J, et al. Effects of deep eutectic solvents pre-
treatment on coal physicochemical characteristics[J]. Energy

Sources, Part A: Recovery, Utilization, and Environmental Effects,
2023, 45(3): 7019-7030.

LI Shang, NI Guanhua, NIE Baisheng, et al. Microstructure charac-
teristics of lignite under the synergistic effect of oxidizing acid and
ionic liquid [bmim][CI][J]. Fuel, 2021, 289: 119940.

LU Tian. Molclus program, Version 1.1[Z]. (2023—10—01) http://
www.keinsci.com/research/molclus.html.

BANNWARTH C, EHLERT S, GRIMME S. GFN2-xTB—an ac-
curate and broadly parametrized self-consistent tight-binding
quantum chemical method with multipole electrostatics and density-
dependent dispersion contributions[J]. Journal of Chemical Theory
and Computation, 2019, 15(3): 1652—-1671.

LU Tian, CHEN Feiwu. Multiwfn: A multifunctional wavefunction
analyzer[J].
580—-592.
LU T, CHEN Q. Independent gradient model based on hirshfeld par-

Journal of Computational Chemistry, 2012, 33(5):

tition: A new method for visual study of interactions in chemical
systems[J]. Journal of Computational Chemistry, 2022, 43(8):
539-555.

MWy, wHZE, B LR, 45, ZDAMGIEE A R BT £k
L], LA S56IE T, 2020, 40(3): 787-792.

HAO Panyun, MENG Yanjun, ZENG Fangui, et al. Quantitative
study of chemical structures of different raank coals based on in-
frared spectroscopy[J]. Spectroscopy and Spectral Analysis, 2020,
40(3): 787-792.

GIVEN P H, MARZEC A, BARTON W A, et al. The concept of a
mobile or molecular phase within the macromolecular network of

coals: A debate[J]. Fuel, 1986, 65(2): 155—163.

[43]

[44]

[45]

[46]

[47]

(48]

XU P, SHANG Z, ZHANG W, et al. Efficient capture of benzene
and its homologues volatile organic compounds with pi electron
donor-based deep eutectic solvent: Experimental and computational
thermodynamics[J]. Journal of Molecular Liquids, 2023, 377:
121498.

SRR, A, fEARE, 45, BT TG/DSC/MS BARMMARE &4
TR BT IS, BRI, 2022, 47(10): 3704-3714.

JIA Hailin, CUI Bo, JIAO Zhenying, et al. Study on the whole pro-
cess and gas products of coal-oxygen complex reaction based on
TG/DSC/MS technology[J]. Journal of China Coal Society, 2022,
47(10): 3704—-3714.

KOCH U, POPELIER P L A. Characterization of C-H-O hydrogen
bonds on the basis of the charge density[J]. Journal of Physical
Chemistry, 1995, 99(24): 9747-9754.

WIBERG K B, BADER R F W, LAU C D H. Theoretical analysis
of hydrocarbon properties. 1. Bonds, structures, charge concentra-
tions, and charge relaxations[J]. Journal of the American Chemical
Society, 1987, 109(4): 985-1001.

EMAMIAN S, LU T, KRUSE H, et al. Exploring nature and pre-
dicting strength of hydrogen bonds: A correlation analysis between
atoms-in-molecules descriptors, binding energies, and energy com-
ponents of symmetry-adapted perturbation theory[J]. Journal of
Computational Chemistry, 2019, 40(32): 2868—2881.

TONG Z, WANG W, ZENG S, et al. Hydrogen bond reconstruction
strategy for eutectic solvents that realizes room-temperature dissolu-
tion of cellulose[J]. Green Chemistry, 2022, 24(22): 8760—8769.
ZHANG Y, REN H, LI B, et al. Mechanistic insights into the lignin
dissolution behavior in amino acid based deep eutectic solvents[J].
International Journal of Biological Macromolecules, 2023, 242:

124829.


https://doi.org/10.1016/j.fuel.2020.119940
http://www.keinsci.com/research/molclus.html
http://www.keinsci.com/research/molclus.html
https://doi.org/10.1021/acs.jctc.8b01176
https://doi.org/10.1021/acs.jctc.8b01176
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1002/jcc.26812
https://doi.org/10.1016/0016-2361(86)90001-3
https://doi.org/10.1016/j.molliq.2023.121498
https://doi.org/10.1021/j100024a016
https://doi.org/10.1021/j100024a016
https://doi.org/10.1021/ja00238a004
https://doi.org/10.1021/ja00238a004
https://doi.org/10.1002/jcc.26068
https://doi.org/10.1002/jcc.26068
https://doi.org/10.1039/D2GC03372K
https://doi.org/10.1016/j.ijbiomac.2023.124829

	1 实　　验
	1.1 煤样及DES制备
	1.2 DES处理煤样制备
	1.3 傅里叶变换红外光谱实验
	1.4 同步热分析实验
	1.5 量子化学计算

	2 结果与讨论
	2.1 室温液态DES筛选
	2.2 DES对煤中官能团的影响
	2.2.1 FTIR光谱特征
	2.2.2 煤中氢键演变特征

	2.3 微观结构参数演变特征
	2.4 DES对煤热动力学的影响
	2.4.1 质量损失规律
	2.4.2 放热量变化规律


	3 DES对煤理化性质的改性机理
	3.1 DES氢键网络强度计算
	3.1.1 氢键键能计算方法
	3.1.2 DES氢键网络分析

	3.2 DES氢键强度与煤理化性质的关联性
	3.3 DES抑制煤自燃机理

	4 结　　论
	参考文献

