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Abstract: As a close-boiling and difficult—to—separate system, the separation of propylene/propane via
conventional distillation faces challenges such as high energy consumption and significant equipment investment.
lonic liquids have garnered extensive research interest for separating close—boiling mixtures due to their negligible
volatility and strong interaction abilities. Therefore, this study employs multi—scale simulations to investigate the
microscopic mechanism and process performance of ionic liquids in enhancing propylene/propane separation. An
integrated strategy combining computer—aided ionic liquid design and process parallel optimization is proposed
based on the MATLAB platform. The ionic liquid design is achieved using a group contribution method combined
with a generate—and—test strategy, while a multi—particle parallel swarm optimization method is used to perform
parallel optimization for multiple ionic liquids and feedstocks. Results indicate that the mechanism of [MMIM][TFA]
in enhancing propylene/propane separation involves m—m, C-H-++m, and -++H- -0 interactions between the
[MMIM][TFA] and propylene. The interaction between the [MMIM][TFA] and propylene is stronger than that with
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propane, significantly improving the selectivity of propylene/propane. Compared with the processes of heat pump

distillation and ACN—water extractive distillation, the annual total cost of the energy—efficient [MMIM][TFA]-based
extractive distillation process is reduced by 38.26% to 45.45%, and 24.04% to 40.07%, respectively.
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Fig.1 ~Computer—aided ionic liquid design method
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Fig. 2 The process parallel optimization methods using PSO algorithm

P AR By TR AR R R A
Multiwfn 3.8 F2 ¢ $047 I RS , FE 3L T Hirshfeld
41 Bk N7 B BE LAY (independent gradient model,
IGMH)"Y, AT AR 28 7 WA 55 P /9 Bre AR ELAE T 26
B R AE 5o BE TR B 001 13 4 55 RH ELAE gk
v ar 48R BEa) SR ELAE FHBE 2> A S i v 0L, 52
o H R TR B T 0 A Ak i R e AR A
VR R SAH EAR TR DTk
1.5 ZFEWREIWHIE

SN TR EFE (total utility consumption, TUC)
T VAN o B2 BEFE , 5L RE 1 AR (total energy cost,
TEC) Fl TAC I T PP Al i R 22 5 PERE.  CO,.SO, Al
NO HARBH F E AL, A AL fr R,

TUC = 3>0n + 2,0 +3 > W 2)
=1 =1 i=1
TEC = zpsl()m + zPCWj()Cf + EPEM.—W(;A (3)
i=1 j=1 k=1
GEA A

TAC = + 8000 x TEC (4)
BT s
AR = A, M, + BLW, (5)
el
M, = (6)
! lerm(lrm[

Hdr 0,0 F W, 353 PRk 28 BEFE R Bt Ae
AEFE MR LA HLIDFE , 43 B XF N 2875 2 HI K R /Y
THFE ; Py Py FN P, 53 5 R 2875 R HIZK FTEL A 50 Al

k53 R AR i A B g BUEYE R 18 m(m
PR ar B0 28 R e USRI 18 n(n hy
PR EER B 5 R RAAHL, BUEE S 18] (R
FEAEPLEED o BEA BUA L T A5 AR RIS U AR
WA . A TR AR S35 AT AR 27 Guo
NP TAE . BB 34F . A FIB 43 SiE
R (BR v E ) F rl g A HE T R 80, H AR B A7 A
] (8000 /N B ) Qi 7 A1 HEJE () 3R (H
29307.6kJ/kg, M., JEbREE ) i

2 g RAitik

21 BFEREIZITER
BRI e 2 R o SRR R R
ARG . 3 AN [ B 2R SR A K
Jit MINLP [A) 8 53 fiff SR = A~ [0 R, 328 20 T 0 15
PREE R O FEF 1)1, DS BSO8R 2 v e B
TR B R (b B 2R 2 MR B UNIFAC-Lei 155 1 4
i), SR I AR B S B FE M 41 A (CHL B 1-34,
CH, %t 0-15 4>, BB IEE 1-16 1) , JE 1 1800
T B FVRAA . REASCHS 1 B8 TV AR it S 5 49 24 3R, 4
AR 25 A T 0 i 2 EARAL K DA —
)M AT 3) U IR B 7R A BE I N ;4) 2
AL — AR AT 5) FRR B R AN A 24, i



www.hgxb.com.cn c 5

LAFF) 640 > AT AT E5HE s @ 1E TR 2 it — 2P it

IR 2E B PEPE R (S>2) AL 32 FP B IR ST &

TR Q) FeJa e T 3 g | A RS R I 24

H(T,<323.15K;7<100cp) , fie 24 i 356 1 6 Fh 5 1K

o B TR BT 45 R SR B R R 1 s .

FTSHE T R0+ B8 o R 1 B8 180728 A X PR s N e 2

B RE I 5 LR, T B S 5 2R B X N R N e o S g

MK . [MMIM][TFA]. [EMIM][TFA]. [BMIM]
[TEATA LSS 8 B 1A

®1 BT REZTERREANZNMELE
Table 1 Design results of ionic liquids and their
thermodynamic properties

HE# RIS

1 1CH,, 1[MIM][TFA] 210.2 3.1 2717 16.6

2 1CH,, 1CH,, 1[MIM][TFA] 224.2 3.0 2679 19.1

3 1CH,, 3CH,, 1[MIM][TFA] 252.2 2.8 2642 219

4 1CH,, 1[MIM][SCN] 155.2 2.5 3048 14.8

5

6

MW(g/mol) S T (K) mlcp)

1CH,, 3CH,, 1[MIM][TfO] 288.3 24 3224 348
1CH3, 1CH2, 1[MIM][SCN] 169.2 2.1 301.0 17.0

VE MW 4 T i s S— R s T, — A sm— B L.

2.2 IGMHFEEENEA

X AR T H 846 3 5 —F YIS 2 5 TR A4 /TR e BT 3
AT M. 3BT T AN B 4% ([BMIM]  [EMIM]"
[MMIM[") F1 =Fh %5 5~ ([TFAT [ TfO] .[SCN]") £H i,
B AR AT 2 b 22 AL . dd i IGMH
Sy AT AR 50 A3 AT L T B B N s S S T
W AR 2 (8] () A EAE A o5 5 VR IS, IF X i fL A
5 e e S EAE R rh i sT sk i 1 T it Ak
W E 3(a). (). (e) T 7~ , N %t 5 [BMIM] "\ [EMIM] " .
[MMIM]" [y oK W A 22 [] A7 75 428 J58 11 & 0[5 O 46 (EL
T, (7] Fsf 7 o 5000 4 BFF 3 mT AL 9 2 € S L I,
SR F C—H -« « 7 AH B AE FH AVE B AL (vdW) AH L
ER . AR e R B, o irE O IR R
54% .60.4% F159.8% , #BAF LA i th . 3R
HHAE PH B I e i AH BLVE T v Ve D 2 5
EH

XFF[BMIM]" [EMIM] FI[MMIM]|— N &4 & , 40
&1 3(b) (d) (OB 7R, i —fifk XUEE T~ [T 5 DK I 21 [T 22
B A7 76 B B () a0 SR A T, % I r—ar HEFUVE ] (2
Fo WA, TR AR DU T S i
5 [BMIM]" A1 [EMIM]" (1) b FE I 55 2 [8] if 17 1F C-
He - AHEAEH  AEIMMIMI & & v, R & B ke 5
BE SN Z MAFEEAE R o - HEFRAEBH 25+

5N 5> WA AR ol = R AE . B o0
FEH]:[BMIM]" . [EMIM] I MMIM | P9 4 {4 2 (1) R
VEFI 911K 8.2% . 10.3% .12.3% , T (4,50 VE FH % 5 1
539K 54% .55.6% .54.5% KT HE S5
I 2 18] () 45 & AE (43571 =31.8 kJ/mol . -32.5 kJ/mol
A1 =31 kJ/mol) BH BAX T H 5 P BE 9 25 4 g (43901 R
-25.6 kJ/mol . =27.8 kJ/mol I =25 kJ/mol) , X £
VA BT BH 2 5 s Z R AA R s fE AR L i S5 T e
Z IR L ASAEE A

7K 3(g)-(1)H, 38 2ok 5506 1 20 A AT DA BN
] B B F SN b/ s Z B A BEAE R 25 5 [TFAT
55D 22 1] B A B S A € A (LT, X R e - -
H- - -OEMS vdw EH s W[TFAT 5 e L DL TEO]
FISCNT 5 R /TR e =22 (8], 147 32 B2 D 0 S (L T
F, BHHAEH L vdw HHEAEH I £ T . [TFA] |
[TfO] F[SCN] 5 W & 1) 45 & fig 43 5l -25.0.-24.1
F=21.9 kJ/mol, 5 P4 ¥ 1) 25 45 68 W) 43 3l k1 =29.2,
-26.3 f1-25.2 kJ/mol, 45 & g it — 2 K ilE T L iR 4
we AKRRERD  EF5REMEARRIKTS
WIBERI 25 A fiE , BB T s 55 B2 8] A9 A B A B
S URAN, FELVE O LT R TE R R IR R R
[TFAT A& AE o e R (19.3%) , 3 5 T [TfO]
(11.9%) FI[SCN] (7.7%) , 16 WA i v A FH o ik dse
WE . RECBENTERARRNL GRS
R AF AR A RS 80 TR ST T b
ZIAAVE 1 25 5 I BRI R . 340, BH S T 5 TN M
MEGRIINTIHE T 5N A6 (058
—29.2 kJ/mol ,—26.3 kJ/mol ,—25.2 kJ/mol) , ist. I BH 25
TN N BT BN EZE DT .
23 BFREENFBBIZHTRURTEELT

Ry A S WA A IBORG 1 T 20 P /T B
BIPERE A Bk , A SC L ACN KIS AR BURS 18 T2 &
ARG T AWE R B T R . X LR L iy
B T W R ([MMIM] [TFA], [EMIM] [TFA]. [BMIM]
[TFAD FEATAERORE 8 T 2270k . B TR AR FE I
K18 T2 (LAIMMIMITEA TR S ) an e 4 fir s, Hgg
6 2 WO 1R 38 (EDC) FNgs 7 M w5 5643 o P94 AL
EDC TSR 1 P34 -5 25 AR — 2 L EDC IR
PRHE o B IR RN Y TR A W N B 2% 2
IS 1(SRC 1), HEATEE — G IN 25, DGR 20 R A
A IR AE ) IS 2(SRC 2) v, 64T —900UE
INZ€., SRC 1TH#HS Y 1.8MPa N4 5 SRC 2 TH &RV ik
JE 46 J5 1 1.8MPa TR s , 458 LR TS M5, 79 45 40 2



<6 - b T

¥

0.050 0.08 0.050

008 \

008 - 0050 008
@ BMIMI™RkE 0040 (b) [BMIM]"-
0.07 ? 0.07 C
= o 0.030 = .
an6 | AE= -25.6kJ/mol ¢ p voq | AE= -3L8KI/mol
. o & 0.020

0.05 R 0.010 0.05

= -l _ o

2004 0000 3 0.04

¥ 0010 %5 \

-0.020
0.02

~0.030
“o040 001
~0.050  0.00

H - -n
3 %:ﬁskmg

© [EMIMT Rk "

0.040
0.030
0.020

0.040 g7

0030 e AE= -27.8kJ/mol

0020 .

0.010 - 0.0
3

0.000 £ 0.04
s

=
00107 g3

-0.020
02
0.01 l I

0.030
~0.050 0.00

0.010

0.000

~0.010
—0.020
—0.030
—0.040
—0.050

~0.040

~0,05

=
2
T

~0.03
—0.02
0.01
0.00

3
=

0.02
0.03
0.04
0.05

i
<
<

—0.04

T
sign(lyr (u.)

2 =
g =

~0.05
~0.03
—0.02
0.01
0.02
0.03
0.04
0.05

2 ]
= = 2

sign(lr (uu.)

- 0010 5 g
20,04 0.000 2004
o
= 0.03 \ 001" 0.03
002w o | ~

~0.030
0.01 |

—0.040

0.050
0.040
0.030
0.020
0.010

0.000
—0.010
-0.020
—0.030
0.040

3

0.000 5:0.04
E

—0010 g3

-0.020 g
0.02
0.030
—o0a0 0 L ‘
~0.050 0.00

~0.050

-0.050 0-00

P P
= = = = = 2 =
3 3 S

-0.05
-0.04
-0.03

0.02
.0
00

- - P
s € 8 2 38
E- - -

—0.05

+ = om = = o = oz o
Sz 2 2 2 2 2 =2 2 = 2
§ ¢ § § & S & 5 s S

: 0050 008 =
’
Wﬁ 0.040 ) [MMIM]*- a.é
* 0.07
3 - om0 S 1
e 0020 AE=-31kJ/mol  stacking
e’ 0.05 | Bl
: o010 2™ R
e .

d

0.08 0.050 +
@ EMIMI 7B ds_ cHr © IMMIM] %
0.07 p e 0.040 007 |
stacking( S
ooe | A= -32.5kmol ““EI e |00 ool Ae= askamol
- ' 0.020 -
005 e - 005 [—§ i

g 3 8 =
g 3 3 s 3 2 S s 2
stgn(ly)r(nu.) sign(hdr (au) sign(l)r(a.0.)
0.08 - 0050 008 0050 008 — 0.050
oor | @ [TFAT-FE o [Wosn 1 () [TFAT-PISE 0080 g | DITFOT-TELE ? 0.040
. & 0.030 - \ 000 vaw P ’ 0.030
0901 AE= -25kd/mol e oo " e oo | AE=-24.1kJ/mol = 0.020
5 . R law ¥ A ’ 005 | |
= 0.03 sl o oo 005 0.010 A . 0.010
= 004 0000 004 0000 2004 b 0.000
™ oo = | -0.010% o5 | 0,010
-0.020 0,020 0.020
002 002 | 002
~0.030 ~0.030 -0.030
001 o0 OOLF opan 001 F 0040
0.00 0050 0.00 0050 0.00 -0.050
& 2 5 8 3 8 3 8 g8 3 8 £ 2 2 2 s 8 53 8 g 2 g g g
s 3 3 333 2 3 3 35 3 s 2§32 323 33 8 3 = E
sign(lyr (i) sign(L,)r(au) sign(ly)r (au)
0.08 0050 00 0us0 008 — SN 0.050
oo | ) [TFOT-Fi% vy b | () ISCNI-PIRE viw @‘“Ow, ooy | OISCNT- I B 00m
’ LE ~a 0.030 . R\ "R¥ 2| [ oo
0.06 = “drd . = - # 5 AN
AE Ze'ﬁ‘lgﬂﬁ -’ 0.020 "| AE=-21.9kJ/mol 0020 AE= -25.2kJ/mol s 0020
005 i oolg 008 [ RG] o010 5 005 - vdw 0010
= R = [ s et L] - E A .
Ho4 0000 2 004 | M 0000 5004 B AR 0.000
E
003 0010 oo | 0010 03 0010
\ -0.020 ~0.020 -0.020
002 002 | 0.02
~0.030 0.030 ~0.030
0.01 -o0s0 OO * l ~o0a0 00! ‘ ' 0.040
0.00 0050 0.00 | -0.050  0.00 -0.050
£ 2 3 8 3 &8 5 8§ 8 & 18 L 2 5 g 3 s 8 8 2 8 L 32 2 &8 3 8 3 8 38 2 8
? ? ? ? ? < = < = < = ? =3 ? ? ? < = =] =1 =1 ? ? ? ? ? =1 =1 =1 =3 =] =3
sign(l)r (2.0} sign(l,)r(a.u.) sign(ly)r(a.u.)

&3
Fig.3

KF)99.6%. [FIIF, B\ SRC 2 H A B 85 1 W AR 1
HEEDC,

XF AL 4 B A B ([MMIM] [TFA] [EMIM]
[TFA].[BMIM][TFA], ACN 7K ¥ W ) F1 4 F 9 Jeis 12 et
(70.0wt% . 76.9w1% . 85.0wt% .95.0wi% ) it) 16 Fh £ B
KM T 20647 TRtk . 167 T2 S5tk
1 2 SNSRI 5 F 7R o AR SO T [MMIM]
[TFAA UK 18 T2 (70wt% 5 4 JERE) B3 4744k A
JAT Ak i 22 5 . G5 R SR I TR AL Tl i
KA m R ROR  H RIS RT 0.89 /NI, i 53
TP PEAC TG 3.2 /N, L5 Ak 45 2 — 2
I, R 2R 15 B0 T2 ¥R A T it ik, 12
B TR FE UG IR T2 M S B b 45 5 an e 2 fir
No 4R ACN KIS W ZEBAE M LS8k 3

12 PR 2 A IGMH A] WAk B VR 1 o5 He 2 ar

IGMH visualization and analysis of the proportion of interactions for 12 complexes

Fi7R o

M2 AL 120 B PR T 2RI i s 7
TR AR 2l B IR SR SCHk 4 EE 19 99.9%, HAE A [A] T
I RS TR) BS AR Z 0], Fe A 2l B A A 2 25 7
R T 2 AT TR AR Al R Ko AT AR R R TR
P 124 B TR T AR AL Y 25 20 i v 0 2 AR
4l 5 TAC 2 L HUS E (B 6) o H el A, 57
TR AAR 1 40 3 I o B A, TSR X AN ] T 4 AF
TE— N ARL B, T2 TAC i, X EZ R
Y T 2l S R TR A A O IR 5 A R gy A
Z [ A4 .

N T R [MMIMI[TF A RS WORS 18 1T 25 1Y RE 1 )
PR, SR I AR X B i A6 BORS 188 T 2 kA7
REBCTT, W&l 4(b)FT R o K EDC TR Z& <0047 4



www.hgxb.com.cn c 7

(@ 1.8 MPa, 324.5 K, -3483.06 kW -1627.21 kW

[MMIM][TFA] /J: { ;)

394.04 kmolh 16860.1 kg/h
0.99618 FH#H

-30.87 kW

BIZS.I\;SPI: _____ 76776 kg/h PiL8MPa 0.00382 ik
A -3 0.9504 pakE Trace [MMIM][TFA]
0.0496 T
EDC —|SRC 1
asaT T | 8 159.7 kW
24537.7 kg -
0.7 HiB RR=48 337.55 K
0.3 Fks 1156.66 kKW
18MPa 331.52 K
. 54 3909.37 KW 83887.9 kg/h
F——- 0.9507[MMIM][TFA]! P2=0.619MPa
93971.4 kg/h gggg; ;2
01938 Tk : 77111.2 kg/h
0.0007 Pk § 2 0.9816 [MMIM][TFA]
0.8055 [MMIM][TFA] 0.01837 ﬁﬁ
37.01 ppm HiF
() 76776 kgh D
0.9504 Pkt " -1627.21 kW
0.0496 K h
—==1 14403kwW 32896601-2 ;-?;/%
-=- ’ P1=1.8MP;
0.00382 %% a 159.7 kW
EDC Trace [MMIM][TFA] 337.55 K
14 1156.66 kW
W
24537.7 kg/h -384.43 kW @_> el
0.7 Hik 53
03WsE |---
1.8MPa
% P2=0.619Mpa
4>6 >_> 83887.9 kg/h
0.9507[MMIM][TFA]
77111.2 kg/h 674.08 kW 0.0491 T
0.9816 [MMIM][TFA] 0.0002 Hkt

0.01837 A
37.01 ppm A

4 [MMIMITFATA O T2 (a) M5 BE T2 (b)Ji AR 4]
Fig.4 Flowsheet of the [MMIM][TFA] extractive distillation process (a) and energy—saving process (b)

[ .

| e = S S 2o 24 BERE-BF-WESH
B R AR AL URS 18 ACN 7K V3 T 2 BBORS 1 5 44
S.l {10 FAFE 1.7 (HPD) ™) TUC . TEC . TAC FI AR HEK
5 g AR, 2B A 7(a) (b)) FI(d) 7 . TAC 5
2.0 % M B T B PR , 1280 T I A 4y
= — ° Bk 14.6 0 161 17.7 0 16.6 1  15.4 1 17 I |
3l 18.4 1 [ 17.5 0 28 M . 26.4 Wi . 25.6 Wi F125.4 0 , AR
E : [ it BRJE AL TR [l A7 BR A W 0 2 7 AR
2 et , [MMIM][TFA].[EMIM][TFA].[BMIM][TFA]EL A 43 5]
’ &fé’&ﬁ . Jg:21 J7$/M L 18.2 J7 $/MUA 14 77§/, 528 TAC
s AN ARG [MMIM][TFA ] [EMIM][TFA] [BMIM] 3.14~4.87x10° $/4F , H B W AR WA 5 TAC 1Y
[TEATA ACN KA HURT (3 T A0 3h S MOy v 24.3%~35.6%. [MMIM][TFA]T 2.7E TUC TEC \TAC
Fig.5 Dynamic convergence characteristics of the [MMIM] T AR DU RER T 3 525 ( TLEMIM][TFA]

[TFA], [EMIM][TFA], [BMIM][TFA] and ACN—water—based

extractive distillation process at different propylene feedstock

FIBMIMI[TFA] T2, HAARFEAR R X e an < A%
F[EMIM][TFA] T 25, b3 PUAS 38 A5 43 501 B A T
9.44%~13.31%. 9.6%~13.49% . 7.65%~8.86% #I
11.13%~15.37% ; #1587 [BMIM][TFA] T. 25, U418
T 0] 3 S FAARS T 33.199%~35.13% . 33.27%~36.17%
23.62%~28.23% H134.43%~38.23%.

I S IEERYI TR AT | 5 S AT T R R [l
WAy RE R . S5IRIGAEBORIR T4, RE B Y
AEFE VA B 4 B N BT 38.2~54.4% ., 12.2~



-8 i T

o
¥

il

R2 BTFRAEFEBRRBBIZSHMRULER

Table 2 Optimization results of ionic liquids extractive distillation process parameters

T A 1 2 3 4 5 6 7 8 9 10 11 12
N, - 54 65 56 56 52 58 60 57 61 60 48 52
N, - 3 4 3 3 3 3 4 3 3 4 3 4
N, - 13 19 18 22 17 17 19 23 17 18 16 21

S kmolh 394.04 43212 47693 47873 42793 43436  446.12 45357  386.01 37658  457.18  410.56
D kg/h  7677.6 588573 378839 1194.12 7678.27 5884.01 3786.01 119431 7677.95 5886.28 3787.47 1193.81
RR - 4.8 6.27 9.59 27.99 4.86 4.66 11 33.28 5.05 6.37 10.27 29.74
T C 644 6432 6646  69.78 74.6 7832 7433 74.5 102.15  103.33 10145  103.18
MPa 0619  0.661 0539 0476 0532 0466 0526 0535 0495 0.337 0394 0297
- 09816 09799 09860 09894 09748 09815 09748 09745 09718 09818 09782  0.9841
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Table 3 Optimization results of ACN-water—based

extractive distillation process parameters
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RR - 7.07 9.45 13.09 30.44
N, - 23 22 22 22

o - 8 9 9 9
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RR - 0.79 0.64 0.59 0.56
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