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Abstract This work studied the extraction of copper (II) ions from aqueous solution with thiourea-appended imidazolium
hydrophobic ionic liquids and the extraction mechanism by experiment and theory. The influence of parameters affecting the
extraction of copper ion, such as the metal ion concentrations, volume ratio between aqueous solution and ionic liquid, con-
tact time, sodium chloride and pH, as well as alkyl chain length was analyzed. In the case of room temperature, the volume
ratio between aqueous/IL phases was 50, the extraction efficiencies >95% could be obtained for copper ion with all the
ionic liquids [C,MPSM][PF,] (n=4, 6, 8). The results also suggest that =4 did the same work on the extraction efficiency
with n=6 but higher than n=38, while pH and the salt in the solution had little effect on the extraction efficiency for the ex-
traction with [HMPSM][PF,]. The grafted functional group significantly enhanced the extraction efficiency for Cu** from
20% to over 99% compared with traditional ILs. To the IL [HMPSM][PF], the content of imidazolium cation in the aqueous
solution before and after extraction with functional IL reduces from 1.24% to 0.85% which means the coordination effect
between functional group and the metal ion restrains the release of [HMPSM]" cation from functional IL to the aqueous solu-
tion, while it increases from 0.63% to 0.87% for traditional IL, which is consistent with the results caused by the cation ex-
change mechanism. In the theory part, the lanl2dz-ECP basis set was employed for transition metal Cu, whereas for the re-
maining atoms 6-31G (d,p) was applied, cation-anion interaction energies of the ILs and the binding energies between Cu (II)
ion and the ILs were calculated, also the surface properties most-negative-surface electrostatic potential (Vi) and the low-
est surface average local ionization energy (I i), were determined by the Multiwfn 2.4 program. All the calculation results
show that the sulfur atom from cation is easier to attract the metal ion electrostatically and covalently, thus leads to the high
efficiency of extraction.
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Figure 1 The effect of volume ratio between aq/IL ((HMPSM][PFs]) on
extraction efficiencies and distribution coefficients of copper ion: 0.1 mL
[HMPSM][PF] was added to 21.94 mg/L copper(Il) solution with differ-
ent volume, and the mixture were kept in the room temperature and
shaken with microwave for 30 min
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Figure 2 The extraction efficiencies of Cu’’ with [HMPSM][PF]
versus ultrasound time: 0.1 mL [HMPSM][PF¢] was added to 5 mL 21.94
mg/L copper(Il) solution the mixture were kept in the room temperature
and shaken with microwave for different time
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Figure 3 The extraction distribution of copper ion with different ILs:
Into 5 mL Cu(ll) aqueous various concentration was added 0.1 mL
[BMPSM][PF¢], [HMPSM][PF¢] and [OMPSM][PF], respectively, and
the mixture was shaken with microwave at room temperature for 30 min
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Figure 4 The extraction efficiency of copper ion with different ILs: Into
5 mL Cu(ll) aqueous various concentration was added 0.1 mL
[BMPSM][PF¢], [HMPSM][PF¢] and [OMPSM][PF], respectively, and
the mixture was shaken with microwave at room temperature for 30 min

BeAh, B3 R 4 38 SR T B AR BH B TR b
) o A P S R USR5 ). SEIG R IR, BE B ek
BRI, BRI A THES, X5
SCHR R I A A BT 2R — 3, — i, e sbeE
B, FEKYES, O RG, (AR
KHIRE B AR A 35 /K PRI Cu® 330 N 380 B8 B A AH 388
T RS, % & | [BMPSM][PF]F1 [HMPSM][PF] ) 2% 5
AR ZEAN K DA B AR g K PR S5 7 THI O IR 2., SEBR]
1% B [HMPSM][PF].

2.3 F#lEh NaCl 5i&if& pH EXZEE R A0

KA — M & oL ER R Ay, BT R K i
SREE, ACEE T LHLEE NaCl B9 st 2 B8R I
M, SEEB6 B 7 254 2 1 KV R NN — 2 &1 NaCl,
e B2 2R3 N 1%~5%(m/V, CA w i) IKIER, 2
K5 43 B TEATL R PRI I 4 25 7 2E MR s ), SR
R 5 Fios.

MBS FTLLEH, R NaCl X 48 5 1 AL
BRI AR BRI, SIS IR R I, FEEUAT JE K
Na' & ERFEAAE, BI[HMPSM][PF]%t Na & 2 HUE
F, #A)EYE, Na' Xt Co® FIZEECE A THER. Hib—
SETHREME B AT Na " th R BLH AE% 58 (AR BLRE /112,
FHE T B AR F AR R AR R A, ¥ A B )6
TP ANE B TR AR S SR80« B ) 2520,
WER DR AN TS T AE e — e A EH, HE5H
PRS0 38 40k 22 PR H AR 3 T RO RE R PO, ek, il
b BT AT A AR 2 T BUKAH B TR AR P IR
F0y 188 130 P22 AR A ORI . A ke R 160 7 K 1 3
BT, BT TSR, S T B KA.

http://sioc-journal.cn 119



Al Hiocis
100.0 20 100 12
—-—F 1 L
—D - 15 99
99.5 -] /\\// | L 0.9
1 10 98 4 I
‘© X <
® | e Lo6 ©
& 90 S g =
L5 97 -
I o 0.3
98.5 ] o % D - 0.
98.0 e B I B S S S -5 9% ) J ) J ) J ) 0.0
0 1 2 3 4 5 0 2 4 6 8
w pH

Bl 5 [HMPSMIPFs 200 Cu® I IAEHL 2 1 43 L R ABE VR NaCl
g R 10 5 mL IR 21.94 mg/L (AR N
ANFFRE M) NaCl LA 0.1 mL fI[HMPSM]PF,, FiH41F FiasE R &
30 min

Figure 5 The effect of NaCl on the extraction efficiencies and distribu-
tion coefficients of copper ion by [HMPSM][PF¢]: A certain amount of
NaCl and 0.1 mL [HMPSM]PF¢ were added to 5 mL aqueous solution
with copper concentration 21.94 mg/L and salt content respectively 1%~
5% (m/V, w), the mixture was shaken with microwave at room tempera-
ture for 30 min
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Figure 6 The extraction efficiency and distribution coefficient versus
the pH of the aqueous: 0.1 mL [HMPSM]PF, was added to 5 mL Cu(Il)
aqueous with copper concentration 21.94 mg/L and the solution pH regu-
lated to 1~7 by adding different amount of HCI, then the mixture was
shaken with microwave at room temperature for 30 min
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Figure 7 The IR image of the functional IL phase before and after ex-
traction
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Figure 8 The IR image of the traditional IL phase before and after
extraction
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Table 2 The imidazolium cations content in the water with and without
copper chloride and the corresponding extraction efficiency

IL w (blank)/% wi% E/%
[HMPSM][PFq] 1.24 0.85 99.95
[Hbim][PF] 0.63 0.87 16.68
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W, AT S B AR K R RV AR BE K TAR S8 1A, 28
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M, fERE T HRAERENE RS TG, HAEKER T
TR, MRS A IR AR R, XA EDUE T T
RGBS TR SR & 72 BB 72 e, Bl
TEZKHE AR B & BRI, T D) Be B -3 B T A R
AU NE 7 A QI R e Al WV A5 N N E 7/ DT
ALK A i, X AER] T2 B FE A
BH 5 7 22 80 17 A AN AR 5 T e 22 A A0 4 28 1 2 1) ) T
FEH.
2.5 ZEEWIERIRILHERE
2.5.1 EREAMEHTFIRAKERHTHEZOR R
TS PR ZERNLEE, ARt s+
AR [HMPSM][PF](1) R4 55 ¥ 85 7 A4 [Hbim][PFs](2)
NWFFERT R, RN R IR T B O R
X BIEIES. T R S A 0 AR R B
EAEZ A, FRATT B 75 P = 4 LA % e S w1 3t
17 7R, @R TR R, MR E 2
BT 9aH, B, SRR I D) Be AL B - IR IR
N2 R M cis-1 R trans-1 R, M PI1ES:
TR cis-2 1 trans-2 FZ7~. HIE 9a ] Hl, TLigse
DIRetb B TR I AL G e Ak, H A B T [PFs] 3
RLFBRMEIR FJ7, 12 H1T[PFe] RER 5 BKPEIA 1 &L
PLEANEE ST S L. B 9a FHGH T
TR IE U (R AR AR R AR kN, A EAEH
AE 1) 4 X BOR B E B X R IE U T 45 A R
FHog. BB I 4G G R A T HE T R sk ) -
cis-1(85.51 kcal/mol) > trans-1(82.29 kcal/mol) >
cis-2(74.51 kcal/mol) > trans-2(74.18 kcal/mol). A, fi
IR B BB 51\ 22 S B 1R E U F RN 45 A Re
WO MR B TR R B U 4R WL A 5T 2 Y,
TERHE FACH LI, S IR P IR £ B T 45 A Reiti
AR T2 T, X ERAE S R AR B Re A DR
B IR AN B 58 4K 5 BH B 1A e S B 6 8 B 1
A HY.
252 FREAXN S TIRAKEERG A
EBEFHAEEN SRS, SemE/E-
ToEERE| TR REEMER. ERER b, RIEFH
I IMEL(V s i) PT ARS8 DL S T 43— ) & HL A EL A
FIRR B 55, 44 Bader (3816 5209, Akl
B, o RIEE SCHHETEEN 0.001 au FIEE{ETH.
Vemin TS HIR T — Mot 1EES 7% 5880, A
Vimin BVAEXTE R R R B 9 )W 5] IE B+ /R R,
RETHI, RN EFRH, A8 1(LL Pl RR)E X
NS X IR EE X 5k, DLE 9a HriE (ulE. (LB 2(LL P2
Fo)E SCH R+ X, WK 9a FRELLfpE, XL
X IBAR L) Vemin (25T 9b H1. A 9b 10T %0, TEik
VIR E Pl IS R RN B Tk, H RS R
(EPALE P2y BARGRM S, Al 2, M1k
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°C ,féx‘.,-"s“{..\ Ty m K e
Tl R IR O B Rt S IRELATN - VIR S )
op AMTUPY ZRaRL Thetpd P15 py
°*N ¢is1 trans-1 cis-2 trans-2
> S 8551 -82.29 -74.51 -74.18
(b) -2.50 4
-2.06 -2.14
-2.004 -1.90 -1.84
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cis-1 trans-1 cis-2 trans-2
(c) ;
12,001 1 5 1155 0 5011.02 10.8310.95
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:
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0.00-
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B9 (a) B3LYP/6-31G(d,p)/KFARALAR 218 7% AR E J LA R Y, (b)
TS R BRI S IX ) B B R TR L WV min(e V), () S 7% 1 R F 4L
DX AR (19 12 J5) 3 25 L BE Lomin(eV)

Figure 9 (a) Optimized geometries of ILs at the B3LYP/6-31G (d,p)
level. The data under the names of the ILs are the BSSE-corrected inter-
action energies between the cations and anions (kcal/mol), (b) The value
of Vs min for selected locations of IL pair is shown in the column graph, in
eV, (c¢) The value of [_s,mm for selected locations of IL pair is shown in the
column graph, in eV

ETWAE cis-2 5 trans-2, WEEFEFEPDI Vi (535
M 0.00 eV BAK—0.05 eV, XUk F(P1)) LT
WA G IE AT RE /7. SR, fEDh ek B ik,
FHRA B BRI B Re BT S 8 BEAEAE LRI Ve pin 1H.
cis-1 5 trans-1 BRIE S E (P Vi min 167059 —1.90
eV LLR—1.84 eV, 357 T AH M 5510t o 470 A [l )
Vomin [H(—1.67 V). Xy, BrEHIMGI G T —
ANBRT BT ANE T RIS Cut R R A, XA
DR B TR e m A RO N R 2 —.

SR A BAE A S I E R g4y 2L, R
XA R ZE A ME— R 2. S b, B T EF AR
EH, R FARZEE 8 ) FE b, L0 B 14 5t i AH
HAER @ B AL ) R A, IF B
WA B R, 56 A # A 54 A A
oL, FESRAZ T, T I S 2 SR R B A RE (T in) R H
RBF 4T 2R BT IR AERE ST, [ i A X
ML TR TR N AMERR RS, R L B,
T B2 FRINEE S, %55 TS BRI
8. Bl 9a HEANLEN) L BRI T B 9¢ . £EPYA
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BT, [PFe] 1 L in FE K ZIFE 11.0 eV A4, R
[PFe] RAESRAL T, X EHT F R TFAS AR
FI - TREJ). 1 cis-2 5 trans-2 1, WREEA BN L
43314 10.50 eV LA K 10.83 eV, S IR 55 K45 H 1
BBy, ETHERIE, TEDhREIL B THAE, S 1 I min 1E
AR/ NTF[PFe] B Iomin 18, B0, cis-1 H S 1 Lmin BN
5.87 €V, MM[PFe] M [ min fE N 11.55 eV, XK IhAELES
TR E ARG RBENABE TS, E6TS
Cu® " ] e 7 B M T 384 5 EL ) 4 i (R B R 7).
TR T4 T RE ST TR AR TR,
ZiEd AR EARQ),

+ J +

= g’](v”) = oy (= py () (D)
_ d _

£ (0= gf\;% — P (F) =Py 1 () @

SRR 38 N s> — AN CBR /N R AT fE, 4 SR T
WL AT, For pye () FoR 2> T3 r AL LT
WEE, R AR N R AL — MBS N
B il T AR XX K, 5 f %),
e R 2 B 12 X IR 25 5 1 9 T BE AR (B X3, S F
B, ASCAER) Multiwtn TF 545 2 DYAS B 555 (1948 H:
R LR, WK 10, AR S AT
0.01 au, MM E FHRASEA XL FERK T T 0.01
au B, AHR R F o ISR G ) X3, 2 0 [X 30l 156
B fEBOR, ZIXIEE ERRMS TR, Wi 10 Fr
IR, 1E cis-1 5 trans-1 W, E 75X BRS¢ X AE R B
WHUR B TREM S R+ L. XE/RT SHETHE
BRI f BRI K T3 ) HoAth A B ) ek BUE, R T
DIRefb B R o R B2 R AETE S T b ThifEfE
455 AR (cis-2 5 trans-2) G I /b 8 4 X 3847
ETFETS CET L, MHEARE FEhEs=5H
FRESI UL AL e ). Il R I TR R A, B RERI
LHTRIV U E PR S SR B, X —4
W5 T R B A Be ) AT — 2L

Ce

s ® X i‘@g&
Ne

Se ¢

P@® cis-1 trans-1
B
X
cis-2 trans-2

B10 BB TEEE

Figure 10 Electron density differences of the selected ion pair
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253 EREAMSETFRAE CuPTELSRN TR

G B TR EE Cu AR T Z KA,
&JE Cu AL S E AT N GRS 7K
% 5 Wi R BEAH EAE R, Bl4n[Dea] S[THEN], Al
BT A S A B, SR T T R, &R T
PLZAMNAN G855 857X o 47 8 TR RO ELAE F, RIRR R
RS ESFHhMERERILSSE. Wik, I EFHS
Cu> My IR 2 1E B3LYP/6-31G(d,p)F 8 7K F K #E 47
RACTHEE, Cu* IIRIUE L B 5738 P15 P2(1E 9a). AL
JEIEEHF T B 11, K SHLL L 7S Cu ZH
R4S e FRES T8 11 . Cu® F 5 Cu®"---S i K
T4 BIAE 2,227 A 52110 A K4, 39/ THER R F-38
AR R TR cis-1(POIRRY, 238 BSSE f&ZIEM
455 R8N —294.54 kecal/mol, ZAEEIHE KT cis-1(P2)
ioCut e F OO 2 B RE (— 312312 = — 156.155
kecal/mol), M4 )@ 575 15 T LA E RE A B
SEAEH. T4 838 Tk 550 IE S T I BE R 5%
BN, Wik, B 11 f3HFRHI cis-2P1) 5
trans-2(P1). ME T FHHETE Cu* 45, Uk
B PR R R A — L5, B, rans-1(P2)H H
H NG A RELLTE trans-2(P2) K 48.72 keal/mol. £5 Lt
B, THREWES PR TR T 75 Co® fAE R R E
F, BB LI SIEREE 5 Cu™ TR 5 i BRBBUA
TEH, X2 TR BE & TR SBUE 50 8 T 4 s 28
T REHR 1) A,

o9’ 9° 9
3. 3 b ;2 225 3 ; g2
2 o ¥ 3 )
A9 . B T8y 2 o
He%e? Fe%e?
29, 29, ’
cis-1(P1) trans-1(P1)
-294.54 -296.13
ik 2.121‘{,*\3»146 » 20?3,»;?2.097 2103}.\3»”6 21048 004
A Py 33, Py Py o 9
A, , € T3, B o b s 075 3 2.0 ’
A.‘o!”‘f‘ ,".‘.3“' ’; TP B0 “f.‘.},q‘
,“: ’ 4“. ’ ’ > ! pe, ?
cis-1(P2) cis-2(P2) trans-1(P2) trans-2(P2)
-312.31 -265.16 -316.08 -267.36

Bl 11 B3LYP/6-31G(d,p)/K-FHRAMMFRNE FX 5 Cu® LR 4
L H A HAE e

Figure 11 Optimized geometries and the interaction between ion pairs
and Cu(IT) under study
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ELikF) 50 i, HAEBCRHEEIT 95%; fEitlh pH & =i
%M, [HMPSM][PFo]%F Cu® FIAHLAE 1 min B iAF)F
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A FB. SERE PRI, BrERIr 5l N
BRI 20%32E 51 99%, I HERB S54EE T E
A AN T DR BH B 28 4 1 1R N KR B4 K 1 BH B

H.

BT ERIL, et E TR T B TS
Cu' I fEERBAER, AR LIy SiERE 5 Cu®' B
JER 2 BTRRTAR ELAE . DRI, Dhae e A & Jm
T RATHE R AR,

4 SCIRERSY
4.1 RF

1-(3-F FL T ) BEME(=97%) M Aldrich 442 5 i
B, SREMTEE97%), 1- T HEBEME(97%) I H #hix Ak,
LR (R A RAF,; 198 T 58(99%), 1-1R 2 5E(99%),
1-1R2E HE(99%) ¥k B Bl Btk TRHE AR AR, —
KA FH(AR), W H B 258 B2z 5); B HPLC
grade)sk F B R b2, HAbA 2 R 5& 0 bral, BA
Tk — b A P B .

42 BFREERK

TR A R A i R AT .
Se R 1-(3-F SEHT IR F2E 74 225 ) K B (MPSM) 1) 45 K.
4 27.0 g 1-(3-FFEENIE)KME (0.22 mol)iAFMTE 20 mL
CIEH, FFFRZIE A INEE 169 g (0.23 mol)
FEREIR PEE I ZHEVEW, 35 CHtdERpIE R, g
F A AIRB A, 60 CELA T4 24 h, 153401
{5 1 5] ) [MPSM. #% ik = 4F 45 S 40 K . [MPSM]: 'H
NMR (400 MHz, DMSO) ¢: 1.903~1.970 (m, 2H), 2.806
(s, 3H), 3.371 (s, 2H), 3.979 (t, J=7.2 Hz, 2H), 6.895 (s,
1H), 7.184 (s, 1H), 7.418 (s, 1H), 7.501 (s, 1H), 7.640 (s,
1H).

HGE D Re i & 1A R & . PA[HMPSM][PFq]
AR, FREX 8.0 g (0.040 mol) B4 K ) MPSM X 7.0
g (0.042 mol)[I¥R kT 100 mL = A, AN 20
mL Z BT, £E 70 T 700 W K50 R s U8 1
h, BEZERR L CIE1S BR T AR, 25 B T KV i Rs A
WG 90 mL Jo/K LRSS IR, KHIEZEBRKMZ
fik, 753 AHL S [HMPSM]Br FRGAMRAE 50 mL 2555
Tk, FEIIAN 7.3 g (0.04 mol) KPFg 40 ‘C itk [ 5 24
h, WA RE 2. bR LR, K%
TH, EEKFIIN AgNO; TUTHE B, I it FE
HAE R KBr T gt & KPFe CLBR T3, BEZERR 25
/K15 2 7= ¥I[HMPSM][PF).

i [HMPSM][PF ¢ & T & 11 & BT 1%, 1 & it
R RS A 1R TR 1R E B AR A
B WA [BMPSM][PF4] X% [OMPSMI][PF]. Flr & A& 1
ARG RERAER N, HEERWR:

[BMPSM]"[PFe] : 'H NMR (400 MHz, DMSO) §:
0.916 (t, J=8 Hz, 3H), 1.247~1.303 (m, 2H), 1.559~
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1.625 (m, 2H), 1.750~1.824 (m, 2H), 2.121 (d, J=6 Hz,
3H), 3.173 (s, 1H), 3.377 (t, J=7.2 Hz, 2H), 4.056 (s, 1H),
4.158~4.248 (m, 4H), 7.792 (d, J=4.4 Hz, 1H), 7.820 (s,
1H), 9.170 (s, 1H); IRGRJZ) v: 2962, 2937, 1618, 1564,
1527, 1462, 1360, 1294, 1165, 1053, 1034, 841 cm™'; 4l
FE (Wil 2 5)96.3%.

[HMPSM][PF¢] : 'H NMR (400 MHz, DMSO) §:
0.866 (t, J=6.8 Hz, 3H), 1.271~1.289 (m, 6H), 1.581~
1.612 (m, 2H), 1.776~1.810 (m, 2H), 2.038 (d, /=7 Hz,
3H), 2.798 (s, 1H), 2.939 (t, J=5.6 Hz, 2H), 3.360 (t, J=
6.0 Hz, 2H), 4.054 (s, 1H), 4.135~4.196 (m, 4H), 7.787
(d, J=12 Hz, 1H), 7.813 (d, J=1.6 Hz, 1H), 9.190 (s,
1H); IRGEE) v: 2960, 2940, 1620, 1560, 1530, 1460,
1360, 1290, 1160, 1050, 1030, 843 cm ', 4l (#HiE
£)96.0%.

[OMPSM][PF¢] : 'H NMR (400 MHz, DMSO) §:
0.862 (t, J=6.8 Hz, 3H), 1.259~1.366 (m, 10H), 1.781~
1.814 (m, 2H), 2.117 (d, J=6.4 Hz, 3H), 2.773 (s, 1H),
3.354~3.404 (m, 2H), 4.056 (s, 1H), 4.126~4.186 (m,
4H), 7.796 (d, J=1.2 Hz, 1H), 7.824 (d, J=1.6 Hz, 1H),
9.175 (s, 1H); IR(GEJE) v: 2956, 2929, 1642, 1564, 1506,
1464, 1359, 1293, 1163, 1060, 1034, 841 cm '; 4 (K%
Tl 5 5)94.2%.

AE T EE I T e S A 5 4% G B TR 1 2R Y
ROR, ASCEE R T MRS ik, DL 1-028-3-T
LK S SRS £5 [HBim | [PFo 104 B9, FREL 7.4 g
(0.06 mol) 1- T FEBKME A 11.9 g (0.072 mol) I Ll T
100 mL = B, 70 CRIM 7 h, SR TEK
CBEBRGE =k, BRI BB Ok, RZAR BIAE T
[HBim]|Br. FRHX 11.0 g (0.06 mol) KPF6 T [HBim]Br {]
KEEIH, 35 CRME 1 d, S S RE A mT A0 42 217 v
R . B DEWWHE, FKEEETH, HEK
WA AgNOs JoUiiE HE, kA R 2 A A R
1] KBr & KPFs CLFRT19. BEZERR 2K, Bk
NO1-IRERE R A R 1-3 B -3-TT R KR N g R SR
[OBim][PFq] & T WM. e HES0 R A R BT 225 I I
BIGR g e, BARG R T:

[HBim][PF4]: "H NMR (400 MHz, CDCl;) 6: 0.841 (t,
J=6.4 Hz, 3H), 0.920 (t, J=7.2 Hz, 3H), 1.280~1.357
(m, 8H), 1.802~1.857 (m, 4H), 4.129~4.176 (m, 4H),
7.349 (d, J=1.6 Hz, 2H), 8.552 (s, 1H); IRG&JZ) v: 2962,
2933, 1566, 1466, 1255, 839 cm '; 4l & (% Wi €
)98.0%.

[OBim][PF4]: "H NMR (400 MHz, CDCl;) 6: 0.871 (t,
J=6.4 Hz, 3H), 0.955 (t, J=7.6 Hz, 3H), 1.258~1.388
(m, 12H), 1.829~1.903 (m, 4H), 4.152~4.203 (m, 4H),
7.343 (d, J=4.8 Hz, 2H), 8.628 (s, 1H); IRGEZ) v: 2961,
2929, 1565, 1466, 1254, 839 cm '; 4l & (% Wi €
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1)95.7%.
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F o SOy~ [BMPSMI'TPFG]
N™ N H H
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PFg g
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. PFs
VNN
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B 12 DiREE ik SRS E TR iR Bl

Figure 12 The structures of ionic liquids utilized in this study

4.3 CUu*'RYZEBILLE

FREL—E &1 CuClLe2H,0, FHZ: 8 T /KIAME 2,
e B R — &R A Cu? IR EE N 4~101 mg/L (AT, BL—
SERF—E IR Cu* VRS 0.1 mL BT 75 TR
G, BL, BEEMMETEESE. HEE TR RLE
{X(ICP-AES, Varian700-ES F& %1, T H 3 E FLHE %A 7)
D o T S el V== i o O R R R S
BETFERELEEKRES FERRP SRS FEE
(1 ZE (15 2.

FPOLFE PR BT R E(%) T HAR, Ha
ﬁﬁD—F[zl’zz]I

E(%)=100(Cipi— Cin)/Cini 3)

T 463 J8 1285 1 1 7K A IS - YA A R 1 23 T 55 000
T HAEF AP S R ES R, 2RO
AR R,

D= Vaq(cini —Crn)/ CiinViL “4)
Hrh C(mg/L)2 48 B T WA E, Can(mg/L)Z A
WERERMATEREE TS E, Ve/mL, Vio/mL 14535
AR B TR A AR, Riixtat, @) IR
2 FEVA T AR AR
4.4 IBIIHEGE

ATAEFITE EFXE/YET Gaussian 09 F27
3 HAE B3LYP ik FARALIO, %444k )5 i3 s
T AR R I B A B RO M 3 A
ZdiESE Cu® RH lanl2dz K4, HAE %A
6-31G(d,p)F= 4. fEDALEFE Y, A AR B0 PR LA
M ZERIPE R LR, DA S (S5 R VA AR LA R 1
RAET RS i /IME. B0 I GRS T (8] A LA
FRELL S T3 o' 2 M4 &R i ARG) S
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AN T ) 4 2s 12 [45] [23] Chen, S.; Sun, H.; Zhong, Y. S. J. Beijing Univ. Technol. 2013, 39,
A (O)EETHH5IF HLIAT BSSE R2IE™. 98. (BR¥b, #ME, S, AL Ta K ¥ 34K, 2013, 39, 98.)
Etion-anion —=E1. — Ecation — Eanion ®)] [24] Hirayama, N.; Deguchic, M.; Kawasumia, H.; Honjo, T. Talanta
2005, 65, 255.
Encor=En+cper —En — Ecpe (6)

AHG)P Ecation-anions EiLs Ecations Eanion 7 ZE7R IE
TSGR BT XMReRE. EETFRRER &R
BrmaeE. AR6)F Erc’’s Eniced B Ec 7 Hl#R
INETRE COPTEARE. BT S Cut TR AR DL
T B ) RE

N30 T R GBS TR S DR TR R
MR 2SR, WAEENE PSS, RFEmas
5 IME (Ve min) 5 F 320 53 350 L 25 58 B /IME (T i) F T 7E L
T2 T B R A 8 A 1 X 5 P74 B R Vi
LA I, in BT 1 Multiwtn 2.4 F2 P BTt 545
¥4 UL K % R 8045 B B3LY P/6-31G(d,p) LAk 5 A= k.
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