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Table 1 Hansen solubility parameters for DES, n-hexane and phenolic compounds
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Figure 1 Factors influencing extraction efficiency: (a) extraction
temperature; (b) extraction time; (c) oil to agent ratio (color online).
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Figure 2 Effect of initial phenol content on extraction efficiency: the
solid line represents the concentration curve; the dashed line represents
the extraction efficiency curve; (a) phenol; (b) o-cresol; (c) m-cresol
(color online).
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Figure 3 Comparison of extraction performances of different DESs
(color online).

MAEo/N T 52K 1), RITHBA. HBDX R4 &
fy—1F kIR S, EDA-FF4E AT %1, HBA. HBD%:
BB -1 Ch i T E ST AR AE e, FHRNAE g, T
AE,. 155 THBD 5 K By—1E bt < B R SIEH. M
B LG, HBA. HBD 5 HM—1FE ki) F 82
IKEES HL ) SR R > 510, DESKT Ty 3 LA 5
LG R, RIHE S ZERULE. DESS =fhz
T P9 AF LA FH B ER K BN BRI AR U 2R > (] H
Py>%t Y. G EDA-FF45 it — 5 04 HAE F 4.
B, R IAR R PR AT A7 (I —C H, 2 B 520 5 2 DES 546

F2 Akptk,

H Z IR AE 50K, AIMTHISS T T DESS B H Fy 2
[ P i LA ELAE I T P ) ) —CHL 2 D0 T FELAR
HAEREWEAD, HEVZEERRAFAE, HAE; MK
TR R LR SDES A Ht M AL o, 548
A B R I AR LG, B /MR R, R R
AE g, /. 8 25 & RERUE K SE PR A HUEE RR A,
DES5 = Ffily 2 8] 91 P R 2 AR s o 3, iR
NEE, A BEAE I T 1A AH AR gt H
AR, X 5HSP T 45 R S A S 06 45 R

3.3.2  S9MEAERRTALSBE

3 53K F B Hirshfeld 7 7% 5 X1 43 (IIGM 7
#:(IGM based on Hirshfeld partition of molecular
density, IGMH)”* )% DES 5 8y25—1F Clbs 2 118 FrAH B
YER 21 FF AT AL 78, DESS5 M-Ik ke 7 117
sign(Ay)p s (0 ) g ST AEe £ T P A Pl 4T .

DES 58 2/ 1E CJse 2 8] T B A 45 (8L THT 359 4
RYMFAEA N sa e )y, #—2 04, anl4ar
7, DESHUEJSER 15 IE Cobe b i U5 5T 1t i

NSRS EL T, LR I PR B A 0 P AT AR, B
DES51E b2 A LIS Mt oh . Kbz —

fig i U5 1 (036) 5 1E e 1 I AU - (HS4) T i1 B
KR A5 AL THT G55 2 00 et Pl R ) A g 0, Rl sign(4y)
p~—0.0080 a.u. Hog™"~0.0156 a.u., FHHTATZ K
BT — 5 I SIEF, BIC—H--- OB &, 1M &AL IEmH
SR (CI) 5 IE Sk A5+ (H58) [ T i

B A ARSI IE C -2 2y 7 1A A ELAE T RE

Table 2 Intermolecular interaction energies between HBD, HBA, DES and n-hexane—phenols

A B AR L AEg (k] morl) AEqc Epsse Exs(AB) EA(A) Eg(B)
AE., AE,, AEg, AE,  (KImol™) (aw)

M gk 1 -8.13 16.15 —-2735  —1933  —20.85  1.24E—03 —467.31 —23027 —237.03
L ESU) 1:1 -3524  31.76 —2995 3343  —40.61  1.56E—03 —537.72 —230.25 —307.46
S IECkE 1:1 -13.79 22.76 -37.96  -28.99 -30.67  127E-03 —1026.11 -789.07 —237.03
SRR B BN} 1:1 —61.94 45.75 -36.61 -52.8 —60.08  1.87E-03 —1096.57 -789.07 —307.47
AAER 2 EE 12 —113.9 10584  —86.86 —94.92  —111.85 3.62E-03 —1249.64 —789.09 —460.51
RIBER Bk 1:1 —-12.53 42.83 —61.47  =31.17 —3434  147E—03 —1486.69 —1249.64 —237.03
RILBER Kl 1:1 -85.13 65.12 -69.66  —89.67 —98.86  2.76E—03 —1557.16 —1249.65 —307.47
LR AH 1:1 —68.32 73.16 -73.19  —6835 —-87.98  232E-03 —1596.47 —1249.66 —346.78
TRILIEER (A H 1:1 -80.55 66.9 -73.49  -87.14 -91.97  2.19E-03 —1596.48 —1249.66 —346.77
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for the intermolecular sign(4,)p coloring of DES and n-hexane/phenol compounds: (a) n-hexane;

(b) phenol; (c) o-cresol; (d) m-cresol. Orange balls stand for the critical point of (3, —1) bonds and orange lines stand for the bond length (color online).

(4 0 S B T R 2, LT N S B Hsign(4,)pr
—0.0057 a.u. Hog™"~0.0102 a.u kb, FHEAIZ
R T Cl--- H-CHIA . El4biE/RDES 5 2K/ 4 1
l]sign(Z,)p% (g " A I . BT, Byt
AT (H55) 5 4 AR T(025) Z [T A 1 (555
R, T IS P A 1 e e, B sign(A,)pr—0.05073
a.u. FL.6g""~0.093 a.u., M EATZ 0] B R I
WenIfER, BPO-—H-- OB, M2 A5 1 (049)

5 2, ZREA R T (H42) Z [MTE i 1 32 3 i 4 (L S5 E
T, Hoxh 7 5 B sign(4,)p~—0.03242  a.u. H.og™ '~
0.05856 a.u fbflg, FEEA A A BAEH 55 171
&, BRI T BB EAE F O-H---Of &,
Hpyphsa e mm, Heap LA SR 752K
7y r SR T (H54) 2 RV T B R S 60 B THT B K, 0 7 1
HE Hsign(Z,)pr—0.00796 a.u. H.5g™~0.01325 a.u.kb
Hlg, Bhak, R T C-H - -nf LB E A

1545



BIEYLE: FALHEER- 2 BRIV R A BUR A T Iy RAL S LR T

BAEH. E4acHiE4do mlE R T DESSAEH f . [A] FH
T3 (S5 E T 1. [RIDES- 2% ) 4 {8 1f 61— £}, DES5
Ay TR H 2 (A1 5 T A T B B A A LA
R EESEm, HiRmmpBpEEET5 A
JRFIRO-H---OBI A B, X HETDESEALH
My TR) B Iy 2 1A R e B K (L S BT v, DES5 1]
) T8 B 1) C—H - - - 28 55 S Bk i P55 2 vy T DES 5[] H
W R I C—H--- ORI & B, B 7E € i 77358 49 A0 HLAE A
W ARSI R ) R S A >4 > 2R
FIALEE, X 53 T EDA-FFAE SRR 45 51— 50 1Ak,
S B AT, sign(,)p<0— 0 FR) 6 7o e s JiE B 5
KT sign(A,)p>0—M, L = Fofr iy 2 fey e vy A1 06 55 32 K
TIECKEN, IXFRFDES S =Ry A0 B 51 76 F
TR EHRAEH, $6IE T DESHE AR 2 & 1E Ok
BN E R

3.3.3  HFEEMIMAT

BT RS B T RIFEM AL, SR Multiwn
&7t 545 2 DES 5 My 2K/ 1E Ut /EBCP A FiL T %5
FESR AN HT(QTAIM) et 511 T %63, Horh, Ak
ZHUr RN BT B R BT R (Y oppep)s BNEE
BT REE T E (Gep)s BAEH T RERZ L (Vaep) AT
RER S (Hpop) 2 MH T _EWLS Bisign(d,)p BT E
Hessian [ 55 /N AEAEA A1 e K AAEAE A FEAE (8cp)
SR (Ey). AN, HQTAIMIR N HT B 4 7.

DES5R5 40 B4 4> 2 (AT BR T 5 7% I A e 9 4%,
HV0per>0+ npep<l Hlsign(i,)p>0, 354 5% EAH B
SIEH], HIETRozasZ " J 5 R i) S i
&R e AR AE, DESHIE OVt (Al B B 8 3 A
B, 5 R A A I R AT R S R R (A
B ESVERME, DESJE-FHEIAH E AR 5 Rk,
S S HOZFE T 5 W IE SR R R 6 A AR
FH BB 930S, AR SR P IR R Se 4 ok R, IF H3E 4
PRGSO T I 7 LewisBR « BMEI5RES. BARKE,
X TFDESSIE b, 3 =4 AR,
{HBREE RS, HppopMEFIEUD, JUHES/NT2.5
keal mol™', f+2r MR Lt R F I ss A, H
SRR UC-H O A H AR N, XL
1E O E AR T NBronsteds . EGH R 4A R T
NBronsted B I 55 S . ILAh, IEAFAERE FrfC—
H---H-C &5, HomE K. X TDESS =filk,

1546

AR ) I A X D, (R AFAEO-H - ORI
OIS (V ppep>0, Hyep<0, H.—2.5 kcal mol '>E>
—14 kcal mol™"), WIDESS %MK 1025...H55-049
TS B AI036-H42...049 R 558, 75l 2 i R B
AR F NBronstedii . EGH 15254 5L F N Bronsted
TAIEG 2 5 505 7 A Bronsted g . [y #23% H 45
N Bronsted Bl J¥ Bl 1) H 55 08 B 5. DES 520
Ty [A] FF oyt 70 B 07 R [ R 00 H s o 25 58 8 ) S
fHf3DESS =My 2 [AITE R T Bsm s e 7). IeAh,
DES 5252 At fFfEEC—H--- O &4t . C—H---H-
CABELA R Z O 32 R IIC-H - -n, IXEE JE 7
T BB e SR B T 53 ) E B ) 1) 3 R U

4 Lk

AW 78 HHChCIMEG LA BE /R B 12 B DES A
IE ORI 5tk &, B a3 THSPEE IR T
DESIUHSPZ4, Tl I 5 Hr 7 DESZ Iy By 25— 1E
CE R R IR, @A BRI T 7. JF
sEA BT E R T DESEE RS B W 2K - 1E e
R RIMEAEH AR, EESR T 458
(1) E:THSPH L% 7 DESHSPZ: 4. Hrh, DESH
5MHK26.22 MPa'?, =ArER6,=17.74 MPa'’,
0,=9.18 MPa'?, 6,=16.98 MPa'”. jHifXIDES 54
S HSPSEL sy BT /b, R ILHSPZ HURIE
455 IR B R Z B 250 P A BRI R A —
B, =R ISR, B /N B R R PR (R,=4.17)<[A]
(R, =4.50)<48 H B3 (R,=8.15), FLHSPZ Ak i bk ik
B I T Y DESE LB 23 25 FH DG A4 AR I AE B2 28 R K
21 4 [|) A AH ELAE FH 22,

Q) ETEEZ RN E T H L, Uy
T A AR AT . IGMH 2 M AIQTAIM 73 %
BHRFL T DESH B/ IE Ol MO A/E AL, DESE )
FUAEYFERDERER NE, SIECk 382
DA B 5] Ji v, HorPDES 5y AR BLAE ] Ag
RKTHEIECKHMMHEIER-RE, RFREWE KA S,
H A ) Wy 2 18] AH EL A FH 6g 52 2 Wy > [A] H1 1> 45 H iy
DES5/y/1E Ot (M AR S5 e, b S5 qE
MR R FEER AR OMZROERNE, HSIECk
VEF A R ) DL e Oy RSB 3. T TR B SR 1
R R T



REFR: b 2023 0 53 % B8 M

% 3 DES5MJ/IE CAefEBCPALIQTAIM ) Hr
Table 3 QTAIM analysis of DES with phenols/hexane at BCP

JEF%F PBcp Gpep Ve Hgcp VzpBCP (au) sign(d)p (a.u.) Mcp Ey (keal morl)
DES-IEC§t
Cl1...H60-C48 0.0037 0.0023 —0.0017 0.0006 0.0118 —-0.0037 0.0683 —-0.0726
026...H61-C48 0.0043 0.0026 —0.0020 0.0006 0.0129 —0.0043 0.1569 -0.2136
Cl1..H58-C47 0.0057 0.0032 —0.0027 0.0005 0.0149 —0.0057 0.1512 —-0.5392
036..H58-C47 0.0080 0.0055 —0.0045 0.0010 0.0263 —0.0080 0.1685 -1.0323
025... H58-C47 0.0061 0.0046 —0.0035 0.0011 0.0228 —0.0061 0.1487 -0.6215
C48-H61...H27-C23 0.0065 0.0042 —0.0034 0.0008 0.0198 —0.0065 0.1781 —-0.7120
025...H57-C46 0.0079 0.0058 —0.0046 0.0012 0.0280 —0.0079 0.1582 —1.0208
C23-H27...H57-C46 0.0066 0.0047 —0.0039 0.0008 0.0223 —0.0066 0.1792 —0.7409
C7-H18...H54-C45 0.0055 0.0037 —0.0030 0.0008 0.0181 —0.0055 0.1629 —-0.4922
02..H54-C45 0.0049 0.0034 —0.0026 0.0008 0.0166 —0.0049 0.1488 —0.3426
036...H54-C45 0.0079 0.0067 —0.0051 0.0016 0.0330 —-0.0079 0.1272 —-1.0153
036...H53-C44 0.0060 0.0046 —0.0034 0.0011 0.0227 —0.0060 0.1452 —-0.5920
02...H50-C43 0.0046 0.0037 —0.0026 0.0010 0.0189 —0.0046 0.1314 —-0.2872
036...H50-C43 0.0042 0.0032 —0.0023 0.0009 0.0161 —0.0042 0.1340 —-0.2021
DES—2KT)
025...H55-049 0.0507 0.0431 0.0114 —0.0545 -0.0114 —-0.0507 0.3025 —10.5746
036-42H...490 0.0324 0.0294 0.0008 —0.0302 —0.0008 —-0.0324 0.2418 —6.4901
C34-13H...490 0.0036 0.0025 —0.0006 —0.0018 0.0006 —0.0036 0.1284 —0.0508
CL..H54-C48 0.0080 0.0046 —0.0009 —0.0038 0.0009 —0.0080 0.1649 —1.0333
C34-14H..n 0.0072 0.0046 —0.0008 —0.0038 0.0008 —0.0072 0.1450 —-0.8714
n...H19-C7 0.0078 0.0056 —0.0011 —0.0046 0.0011 —0.0078 0.0673 —0.9886
DES—41 H1
025...H55-049 0.0460 0.0394 —0.0478 —0.0085 0.1235 —0.0460 0.2887 -9.5103
026...H54-C48 0.0111 0.0082 —0.0062 0.0020 0.0409 —0.0111 0.1789 —-1.7269
C7-H20...049 0.0092 0.0073 —0.0059 0.0015 0.0352 —0.0092 0.1483 -1.3171
036-H42...049 0.0371 0.0339 —0.0366 —0.0027 0.1246 —-0.0371 0.2533 —=7.5360
C7-H18...C43 0.0067 0.0050 —0.0041 0.0010 0.0240 —0.0067 0.1250 —-0.7535
02...H58-C50 0.0063 0.0045 —0.0034 0.0011 0.0226 —0.0063 0.1584 —0.6704
DES-[H] )
C48-H54...026 0.0087 0.0074 —0.0057 0.0016 0.0360 —0.0087 0.1479 —-1.2073
026...H55-049 0.0467 0.0391 —0.0482 —0.0091 0.1198 —0.0467 0.2981 —-9.6802
n...H18-C7 0.0117 0.0082 —0.0070 0.0012 0.0375 —-0.0117 0.1903 —1.8592
049...H42-036 0.0336 0.0299 —0.0315 —0.0016 0.1131 —-0.0336 0.2496 —6.7434
C44-H51...036 0.0087 0.0077 —0.0058 0.0018 0.0380 —0.0087 0.1336 —-1.2020
C44-H51...02 0.0042 0.0027 —0.0020 0.0007 0.0139 —0.0042 0.0926 —-0.1900
C50-H56...02 0.0058 0.0041 —0.0031 0.0010 0.0208 —0.0058 0.1686 —-0.5601
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Exploration of the mechanism for the extraction of phenolic
compounds in model coal tar by choline chloride:ethylene glycol deep
eutectic solvents
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Engineering, Xinjiang University, Urumqi 830017, China
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Abstract: For the design and development of new phenolic extractants, it is important to study the in-depth mechanism
of deep eutectic solvents (DESs) as extractants for the extraction of phenolic compounds in medium- and low-
temperature coal tar. In this study, DES was synthesized using choline chloride and ethylene glycol. The extraction and
separation process of the DES—phenol-hexane system was investigated using a combined approach of predicting
thermodynamic properties, verifying the extraction efficacy through experiments, and delving into the underlying action
mechanism. Our findings indicate that Hansen’s solubility parameter theory can adequately determine the solubility
parameters of DES and accurately predict the relationship between extraction efficiency and phenol interaction. The
predicted extraction efficiency based on HSP theory was confirmed by our extraction experiments, revealing the
following order: phenol>m-cresol>o-cresol. To infer the separation mechanism of the system from an atomic fragment
perspective, quantum chemical analysis was utilized. The study confirms that phenol extraction is primarily governed by
hydrogen bonding, and the interaction system between DES and phenol is mainly dominated by single and multiple
hydrogen bonding. Moreover, the intensity of the atom-pair interaction formed is considerable.

Keywords: deep eutectic solvents, extraction and separation efficiency, Hansen solubility parameter, molecular
mechanism of action
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