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Degradation of Imidazolium Chloride Ionic Liquids in Water
by Thermally Activated Sodium Persulfate
WANG Xinrui', JIA Qingzhu', YAN Fangyou’, WANG Qiang’

(1. College of Marine and Environmental Sciences, Tianjin University of Science & Technology, Tianjin 300457, China;
2. College of Chemical Engineering and Materials Science, Tianjin University of Science & Technology,
Tianjin 300457, China)

Abstract: Ionic liquids (ILs) have high chemical stability and resistance to biodegradation, especially the widely used imi-
dazolium-based ILs, and their efficient removal from the water environment is imminent due to their potential ecotoxicity
and environmental risks. In this experiment, 1-ethyl-3-methylimidazolium chloride (EMICI) in water was degraded by ther-
mally activated sodium persulfate advanced oxidation processes, and the effects of different reaction systems, reaction tem-
perature, oxidant dosage, initial pH and coexisting inorganic anions on the degradation effect of ILs were investigated. The
results showed that thermally activated sodium persulfate could effectively degrade ionic liquids compared to thermal alone
and sodium persulfate alone. The removal rate of EMICI (10 mg/L) was up to 96.55% in 2 h when the reaction temperature
was 60 C, the sodium persulfate dosage was 1 mmol/L, and the initial pH was 7.0. Moreover, the degradation of EMICI was
followed the pseudo-first-order reaction kinetics, with an activation energy of 94.45 kJ/mol for the EMICI oxidation. SO
and -OH were the main active species for the degradation of EMICI. Density functional theory (DFT) calculations indicated
that the first major site attacked by EMICI were the C atoms on imidazolium ring, followed by the alkyl side chain.
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Fig. 1 Removal efficiency of EMICI in different systems
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Fig. 2 Effect of reaction temperature on removal effi-
ciency of EMICI

R T AT S T X S YR A i i R
PIsER , 178 12 UE b, S5 RNl 3 FIER 1 R
Mo SR BR , ARFRNREET 0 In(p/po) ST EHA R
WHILRPESE R, R SRT 0.9, ULHH B T 1 s
TEEWE— BN IR SR RN 30 C T &
70 ‘CH, S W # A FEC £ A 0.0005 min™ 14 i1 5]
0.037 1 min", 15 B 55—~ 1A 14 AR A 3ok 0 AR S . 3
EIEAE

In(p,/p,)

5[] /min

B3 ARREEEGERFHHNFUS
Fig. 3 Kinetic fitting analysis in different reaction tem-
perature systems

F1 AEKRERET EMICIHFEE 1%
Tab.1 Degradation Kkinetics of EMICI with different re-
action temperatures

SRR/ C LR k/min™! R?
30 y=-0.0005x+0.005 2 0.000 5 0.95
40 y=-0.0030x+0.0059 0.003 0 0.98
50 y=-0.0081x-0.004 4 0.008 1 0.98
60 y=-0.0279x-0.048 8 0.027 9 0.99
70 y=-0.0371x-0.4452 0.037 1 0.91
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TP e SRR (X (3) ) B0 s S
FOUH AR E (kops) IR FR . KL 4 FTLUE 1, Inkops
5 7 BAT BRI R (R = 0.964) . 45 R 80,
fE 30 ~ 70 CYEP, #iG b ik 2 EMICI
I REFRAT A BTfe e S e o tAS B LR E e, i
%3] EMICI LB 5 L BE N 94.45 kI/mol.
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fig, kJ/mol; R NEHARS AR %L, 8.314)/ (mol-K) ; T Ky
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-7 y=-11360.5x+30.2
R’=0.964 -

-8 L L L L L
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7K

4 kg5 T 'H*FR
Fig. 4 Relationship between In k,,, and T
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R 6 Figk 2 Pros.
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80 |
N
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—e— 1.2 mmol-L"
0 f . :
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Fig. 5 Effect of oxidant dosage on removal efficiency of
EMICI

&l 5 A& 6 AT, AR B R AN 1 B it A
0.4 mmol/L ¥ HNF] 1 mmol/L, EMICI HJ 2% M
64.56% THE 2] 96.55% , XY & M 0.008 1 min™' 2
FE] 0.0279 min~' . AFRAALFIENIR T In(o/po)

St A RIFREIERER, RRIIRKTF 09(£ 2), %
B EMICI FIFEARAT A E— s J1 A5 R 75— 21
WEEIE DY, Bl A S G R AR BN & 3G, AR £
(11805, e sE EMICI AYRESR . SR T, b i
FRENE NN ZE 1.2 mmol/L B, B8 F AR 2= 5
RIEGL T REZE 95.84% o X J& B Ryad w () B RN 25
g soy iR (@) F1(s) 1", S5 3L
T4 SINEE , RFI T BRI e R . L, RS
EMICI K B A AL AN 1 mmol/L.

SO; +S0; —8,0 4)

SO, +S,0 - SO¥ +S0; (5)
0w
-0.5F
1.0 F

-1.5F

-2.0

In (P;/Pu)

F—=— 0.4 mmol-L"

5|06 mmol-L™'
[ —a— 0.8 mmol-L"
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[} ] /min

6 ARENFEMEERFHHNEUE
Fig. 6 Kinetic fitting analysis in different oxidant dosage
systems

A

*

-3.5

£2 AEELFIFZMET EMICI RSS2
Tab.2 Degradation kinetics of EMICI with different oxi-
dant dosages

&/ (mmol-L™) A k/min™! R?
0.4 y=-0.0081x-0.0985 0.008 1 0.97
0.6 y=-0.0103x-0.0822 0.0103  0.99
0.8 y=-0.0220x+0.048 8 0.0220 098
1.0 y=-0.0279x-0.048 8 0.0279  0.99
1.2 y=-0.0285x-0.2170 0.0285 0.94

2.4 %A pH Xt EMICI P&fZ R 22500

TEWE AT B R AN R 5 e iR &= b, pH 22—~
T B EEFN R N TR pH fERGE kL
RRENIA R P Xt EMICI FEMRCRIGI , 78 EMICI
WA RN 10 mg/L , JOWIRE R 60 C | F AL
RN E R 1 mmol/L FISIET, X 4 MR
It pH(3.5.7 Hl 9 IR RIEATSLE, 455kl 7
Jis . B 7 Rl LI, BEE 918G pH MK 3 5%
7,7E 120 min B}, EMICI FRFEMERIN 49.17% 345
96.55% , SR1M pH 3 /NE] 9 B, EMICI HREA% 38T [
F| 67.13% o XU Hh VRS R T I Ak B R A
Afbd T EMICT B FEfE . XEARFIRI 4G pH 0
EMICI W Rt FEIER T 80 0127 00T, 2558 LI 8 Fnsk
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3. K&l 8 Ak 3 ML IREM, In(p/po) S EIEA R4
LI ZR, R RT 0.9, B IR B AR5 6 1
— R R R FERIIR pH T BRI k 435
4 0.0060.0.0174.,0.0279.0.009 2 min"' . 7EFR LR
Wb, R E 2 HS,0; MR EE (R
(6) ), BLi H' M BEEw, HS,0; RMEFE Lk SOy
(2R (7) ) U BRAI B TR A 1 ke L . Ak 4%
7, soy 45 oH e (X (8) ) im#hi ke, M
P T B PR AR . L, FErP AR T, #1
TG AT B R A 22 06T B IR AR R R AR A0 T

S,0; +H* — HS,0; (6)
HS,0; +¢~ —SO; +S0O; +H" (7)
SO, +OH™ — SO +-OH (8)
100
80
ﬁ_ 60 |
&
# 40F —=— pH=3
—e— pH=5
20 ¢ —— pH=7
—v— pH=9
0 0 2.0 4.0 6.0 8.0 1(.)0 léO

[} B /min

B 7 ARE¥E pHXT EMICI FE#ERT R A2
Fig. 7 Effect of different initial pH on removal efficiency
of EMIC1
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-2.51 —e— pH=5
_ | —— pH=7
300 T P

-3.5 . . ; . -
0 200 40 60 80 100 120
[ [&] /min
B8 ARE¥H pHERPHIFNFE
Fig. 8 Kinetic fitting analysis in different initial pH sys-
tems

*3 AE#% pHH EMICI HIFEEZh J12
Tab.3 Degradation kinetics of EMICI with different ini-

tial pH
¥k pH Bewipi k/min™! R’
3 y=-0.0060x-0.0458 0.006 0 0.95
5 y=-0.0174x+0.0859 0.017 4 0.99
7 y=-0.0279x-0.048 8 0.027 9 0.99
9 y=-0.0092x-0.0515 0.009 2 0.99

AEHEAREEE H398 F1

2.5 HEFELHBAETIT EMICIBEFERI R

IR AR B JEHLIA B 7 X 15 Y 7 1) R i ] R
Em, B, ZETIHHEF C L cor | SOT
FTHCO; X #aE A B EAAR R HBEf% EMICI A5%
i), SEEZERANE 9 FioR . SEHeH BT Ap) i o
WEH 10 mg/L, IR EESN 60 C, Akt iR A
BINEA 1 mmol/L, ¥llh pH & 7, B FHINEY

A 5 mmol/L.
100

m——E
—e— CO7
80 F—a— HCoO;
—v— SO;
60 F—e— CI

40 |

EBRF%

20 F

0

0 20 40 60 80 100 120
5[] /min

B9 HFLHBEFI EMICIFEESIRNFM
Fig. 9 Effect of coexisting inorganic anions on removal
efficiency of EMICI

ME 9 R LIE i, TG b BRI R AN A
JTCALB B 71, 120min BF EMICI # % B % h
96.55% o TENIIA CI” F1SOZ J& , 120 min i EMICI 9 2%
4R RIS TR B 2 95.33% F1 91.93% , XoF I 1 [ fi
HIFEBOY R R 0.025 8 min™' A1 0.021 2 min™
(K10 Fi 4) .

0

-0.5F
-1.0

-1.5F

In(p,/p,)

—— %
—e— COT
2.5 —— HCO,

20

—v— SO;

-3.0F ~
——ClI

-3.5 - . - - -
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I i) /min
10 #ELHEAEFIEFE D EMICI R hFE
Fig. 10 Kinetic fitting analysis of EMICI degradation in
coexisting inorganic anions systems
CI" f1SO¥ | SO; FI-OH S A& B ik M AR 1Y
Cl' . Cly FICIOH™ % [ th3PY, %I EMICI iRt
B ImEE R . 24 A cor i HCO; i, #Efbid
TREREAIR R XT EMICI H)RBRF3 5 TR 36.35% |
52.33% , B h J12E W B R E 0.003 6 min ' Al
0.0055min" (& 10 FI5E 4) . X FEEH N Co>
HCO; 23K 43 SO FI-OH, AT §% EMICI fY
AR T I I, COZ Al HCO; X #AE kit i g
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BAIR R AR EMICL A B ARV

®4 HELVNBEFT EMICIRIBERESNNZ
Tab.4 Degradation kinetics of EMIC] with coexisting
inorganic anions

ToHLI B+ e k/min™! R’
A y=-0.0279x-0.048 8 0.0279 0.99
CO? y=-0.0036x-0.0242 0.003 6 0.99
HCO; y=-0.0055x-0.0531 0.005 5 0.97
SOi’ y=-0.0212x-0.1051 0.0212 0.99

CI’ y=-0.0258x+0.3315 0.025 8 0.94

26 FEEHEMEMETE

FEAS TG AL SRR AN (1 F AL IR R, BRARAR A
EMEAMBEES SR FEEA R, LB
(EtOH) 5-OH J i i) —Biv Jsz g 3ok S8 5 K 20 5
SO, i) 50 f%. BUTEE(TBA) 5-OH J i) —
W 2 %7 3 28 B2 5 SOy R 1000 £,
T AT Ak I B R A IR R R AR IR AR Y
AL, 47T A SRR RS, 25 R 11 iR,
BT WKW LG BB Y 10 mg/L, 0 i
60 °C, FALFI LB R AN N 1 mmol/L, #Ilh
pH Jy 7,

100

—=— TV
g0 | —*— EtOH
—— TBA
<
< 60
é
4 40F
20 F

0

0 20 40 60 80 100 120
IS} 7] /min

E 11 BHEZEXFIX EMICI FEFH 2200
Fig. 11 Effect of radical scavengers on degradation of
EMICI

M 1L AT, AEASER N A H 208 B 500 9 1 15
T, 120 min B EMICI L BR 20T LLiKF] 96.55% - 7E
A3 SR I AU T B, 120 min B ES T4 Y 25
B PRSI 16.63% F1 31.61% , X} EMICI
fif A W BRI VR o X sbgb SR, SO, FI-OH &
POE L R ER A R 1 REE T, 72 EMICIL (1)
Rffl R R E A

L, I % 3 4% (electron paramagnetic resonance,
EPR) A LA — 2B UE W] A 1 B AFAE . DL 5, 5-— 1
1 nE B k- N-4E fk 91 (DMPO) 1E Ry A Fh 24l 3
I, WFHRIE AT B RN A 2 P AR U SO; FI-OH #F1 7
Yo, SR E 12 Fon. B 12 FTRGE Y, R
AT GEFRRRENF DMPO) |, 3643 H BLEH B Ay

I, 7E 5 min 1 20 min B}, DMPO-OH & YIERL T
4 AMES, HIGTRE 122 1 G240 %L
ay=an=14.8G) Y, WA -OH B4, 7E 20 min
B}, -OH FIE SIEE RS . 76 S min A1 20 min B,
DMPO-SO, 5 6 M5, HEsREE R 1 1:1:1:
1 1GEBREA DI an=132G,ay=9.6G, ay =
148G, ay = 0.78 )P, KW 4 so; 4= i . 76
20 min B, SOy {5 S IERK R 58 . 451K, SO,
M-OH ¥ 5 T & IR M fE

o oo ¢

*

— JI#/PS-20 min ¢ DMPO-OH

— JI#/PS-5 min + DMPO-SO,

Pt A

3440 3460 3480 3500 3520 3540 3560
50 LG

B 12 #HAENETRERINE R R EPREE
Fig. 12 EPR spectra in thermally activated persulfate
system

2.7 ET DFTH®) EMICI & fEH1IE

DFT 15 2R 2 A5 s o L3R Tl 52 iy
SRR DT RO MR E AR A S oM (NPA) H fif, i
] Gaussian 16 i 7 EMIC] JETHEF4550( 1 .
L) a5 LR 5 K 13,

* 5 EMICIHIEFIEE
Tab.5 Fukuiindex of EMICI

%' ST S~ /o f’
1 N 0.002 76 0.078 80 0.040 78
2 C 0.209 49 0.408 75 0.309 12
3 N -0.000 89 0.080 81 0.039 96
4 C 0.282 92 0.078 28 0.180 60
5 C 0.273 99 0.065 40 0.169 70
6 H 0.040 29 0.051 83 0.046 06
7 H 0.039 25 0.030 49 0.034 87
8 H 0.039 49 0.03033 0.034 91
9 C -0.005 13 -0.002 74 -0.003 94
10 C 0.000 94 0.000 93 0.000 94
11 H 0.019 10 0.026 71 0.022 91
12 H 0.018 04 0.028 20 0.023 12
13 H 0.011 94 0.018 11 0.01503
14 H 0.007 43 0.009 28 0.008 36
15 H 0.007 05 0.010 79 0.008 92
16 C -0.005 91 -0.002 05 -0.003 98
17 H 0.021 28 0.032 85 0.027 07
18 H 0.021 68 0.035 36 0.028 52
19 H 0.016 31 0.017 87 0.017 09
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13 EMICIH &5+
Fig. 13 Structure diagram of EMICI
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i, HUOR RSN EE . )5, SO, F1-OH i id &
TR R ROV S EMICL FEf# A L ]
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