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n(CH;COOH)=1 : 1.5, #EMFI[C;SO;HCPIHSO, & N EREE i & 5%, RS 80 C, MK (A 6 h, BRUZAliA
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Synthesis and Catalytic Esterification Performance of Caprolactam
Task-Specific lonic Liquids

Hu, Jingjing Zhao, Dishun™ Li, Jingjing Zhai, Jianhua Hu, Tiantian
(College of Chemical and Pharmaceutical Engineering, Hebei University of Science and Technology, Shijiazhuang 050018)

Abstract Four kinds of caprolactam task-specific ionic liquids (TSILs), 1-(3-sulfopropyl)caprolactam hydrogen sulfate,
1-(3-sulfopropyl)caprolactam p-toluene sulfonate, 1-(3-sulfopropyl)caprolactam phosphate sulfonate, 1-(3-sulfopropyl)ca-
prolactam tetrafluoroborate, were prepared and characterized with low price caprolactam as raw material. The catalytic activi-
ties of these acidic ionic liquids were investigated by the esterification of acetic acid with ethanol and were compared with 3
kinds of SO;H-functionalized ionic liquids with different nitrogen heterocycles and concentrated sulfuric acid. The results
showed that under the optimized conditions [#(C,HsOH) : n(CH;COOH)=1 : 1.5], catalyst amount of 5% (w) based on acetic
acid and ethanol., reaction temperature 80 ‘C and reaction time 6 h), the yield of ethyl acetate was up to 93.8%. The ionic
liquids dried in vacuum till remained high activity after reused for 10 times, and the corrosion rates of the 316L austenitic
stainless steel plates immersed in the systems with these ionic liquids were less than one sixth of that with sulfuric acid. Final-
ly, the yields of series of ethyl esters were also high with [C3;SO;HCP]HSO, as catalyst, and the ionic liquids can form
split-phases with ester product. Compared with the traditional sulfuric acid catalytic esterification, catalytic esterification of
such ionic liquid has the advantages of low production cost, clean process, low corrosion rate, long useage cycle, and has the
potential of replacing the traditional sulfuric acid in catalytic esterification reaction.

Keywords caprolactam; task-specific ionic liquids; esterification; catalytic activity
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TR B IR TR ) — AN EE S . BTl
A B BT THT B 17 03 P IR M S | bt i = 3 B W
EEATAE AL, BT JUSSH B w4 )
FHES - FIRH S . Hod Ba 40 P IR BH 5 3t & — b
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RiAv i TV 2 A SRR AR N . B, e
W25 Bronsted P& B 1WA AL BEAL [ BRI 9038
A HiE, Hif& CNBEZSE Bronsted &1 B 14
AT I 5 I JEORL ARG, TR &R, A — e M
RS ARSNGB/ NI O N BRI N JEoRHS
T 4 P N iR Bronsted R 5 TV A4 (Scheme
1), B 7 HAEMG RO LB, X0 L
SEAFHEAT T 0. 5% T [CSOsHCPIHSO, X £ 51
LERIIE R, RILHEGRI LIRS, ok T1ES ML
FUAFAE RIS, P8 T A=, BRI T AR, H
BERE LG, BA )R 0N
1 HERSH®
1.1 BFRESBRME ST

PRV B8 T AR AN B AT VA B (1) v 2% B RV P
P, A FEARRR AE . Batl [ NAE N BR 1A AT
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PIRZR, T BT VG PE A2 B B T VR SR A R
PR PUE R, BRYEGE, fEIETERRLF. R 1 AARK
JEE (J5 5 53 300 B B VAR 5 TR R R P 7K VA pHL L.

1T LLE H, 6 T [m—FiE i, H pH B FE & 5
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Scheme 1 Synthesis of ionic liquids
1 ANFEETRAAERBRIE
Table 1 The acidity of various ionic liquids in water
pH
1% 2% 3%" 4%’ 5%
[C3SO;Hmim]HSO,  1.32 1.23 1.06 0.82 0.65
[C5SO;HPy]HSO, 1.35 1.24 1.07 0.84 0.67
[C3SO;Hnhm]HSO,  1.34 1.24 1.05 0.85 0.66
[C;SO:HCPJHSO, 133 123 104 083  0.65
[CsSO;HCP]PTSA 1.49 1.34 1.25 1.07 0.73
[C;SO;HCPJH,PO, 1.57 141 130 112  0.88
[CsSO;HCP]BF, 1.65 1.54 1.42 1.26 0.93
H,S0, 1.32 1.25 1.03 0.81 0.64

Compd.

© 2015 Chinese Chemical Society & SIOC, CAS

“Test condition: T=15 °C. " w(IL)/%.

BB TR SRR BB A R B AR, SOsH-
DR ES TR R IR BR R A /K T pH (B ARIRARIL,
Ui B AR TR VE SR 55 5 W A A G5 I 2O )
AR PHES FARIRI A B ik, e pH {EFERT B 1)
PR 3SR 3G K, BLARTIREER L (0 5| N 38 T — /MR
PEAL, fERR IG5, (522 BIASRAR R, Ui B & 75t 5
TR IRV R R A P B K. T I o B TR A R 5
HAR, A5 S A T A 1 BE RO ST S48 T BB 1K
5.
1.2 BFRIERSEHS I

4 i L PN Bk fie T e A B 1T PR 4T A P 250
2, B2 A4, 3280~2940 cm ' 4 HEFILIKT A N—H (1)
EPRBNIE, 1600 cm ™' 4 BN N—H 2 #iiRzh
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[C,SO,HCPIH,PO,
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[C,SO,HCPIHSO,
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Figure 2 The IR spectra of ionic liquids
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HgEIRENIE, 1236 cm ™' 2 4 BN O—H 845 Hi 3R 3h
l; HSO, + SO;H. H,PO, Fl1BE, FIHFER i 5y 5
HIAE 1250, 1160~1040. 489, 1036 cm ' 4b. g 7]

a 24
100} g2
- 4 ~0.0
80+ )
. ! 1-02
° ,’ YA ' o
S 60f it \ g 1-04 3
= P : [ E
% , ’ ' l' 106 2
- \ . =
< 40 ) ,. f’ §
20+ // ‘I t/"l 108 T
/ % 1-1.0
0 : : : : -1.2
0 100 200 300 400 500
Temperature/°C
c -
100 | 0T
80| Ay =
X ’ - o
2 ; 2
= 60F 141 E
= i =
4t ! 12 8
' T
1
1 T -3
20+

1 L L 1 -4
0 100 200 300 400 500
Temperature/°C

K, 4 B QN BICR B T RAA R Z S ] T YD
k.
1.3 BT RIFHHRREN

TR FARRE W 23 ) 32 21k Sk S 1) 4 T
TR - S AR T B, DR A Y )
PR BT B B T A J B KR A
3a~3d P LLE H, H% 1 4 F SO;H-D) AL & T iA
PLERSE . BT RAAE T, PR R BB,
250 CUAUNJLF5AH #R T, UEM] 4 00 5 T i L
PAER, AR R A R B 2 U B,
Ut P R 5 FRS IAR R, B TR A IR ) AR A
250 CULL. BB g e, NIRE RN
P ANBORBRAFR L. 5 EE TR R
2), ESRIBKIE, MEERH B ) AR E VRS =, (ERT A AR
f10 4 Fofr C PN IR A VLA T B A S N A AT A2 % 1) AR
SEME, TERRAL SN b YA RERS E A7 AE.

2 ETHARAG RHEE

Table 2 The thermal decomposition point of the ionic liquids

IL IL1T 12 I3 14 ILS ILé IL7

DTG,./C 316 291 262 258 365 329 262

“Test conditions: temperature range 20~500 C; scanning rate 10 °C/min.
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Figure 3 DSC-TG of ionic liquid
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1.5 BFRIFEMIEDR
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IR IR R E R CGR 4R, (EAR R KA T,
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1.6 BFRENELESE

T AN FE AR BE A0 S L AR AL TG 2, AR SC
Wit T —RYIELL. SRS LR O ARMAAR, &
NAAF: NIRE 80 C, n(LFE) @ n(L)=1: 1.5, {#
A7) FH B IR S SR 1 5%, [ SEINTA] 6 h ) s I A
N, BRARIRRNE A TR (L)X BRSO 52, S50
Rk 5 P,

HE#E 5 TTLUE H, SOH-DREL & T xS B b
NEA AT SIRER AR LR AL TE T, HSO, BTk
PIEATE PR R, XS5BT RIRR PRI AT & Ak,
JRNEEE R G BRI RE S5 E E sh 2, AU T 4
B AR, 1 EAA RS ) B AR ST AT, XL
FEWRBRER AR RPFTARRELL RN, BAR 4 FHSO, BT
WARBIERYE . Sk AN AL BRI A AN K, HE R
PR R fl D e AL B8 VAR 1RSSR M M B, AN 2 “ 2%
&7 AFERER, W E R T AR, B —EME
Braas, A Tk AErs. Rk, JATER S BN PR
155 R IS AR [C3SOsHCPTHS O 1 A ER A 52 I Fr i

K3 AEE TSR
Table 3 The solubility of different ionic liquids

Solubility of solvent

Tonic liquid

Water Methanol Ethanol Isopropanol Acetone
[CsSO;HCPIHSO, s s S s s
[C5SO;HCP]PTSA s s s s S
[C3SO;HCP]H,PO, s S S S S
[CsSO;HCP]BF, s S S S S
H,SO, S S S S S
o Solubility of solvent
fonic liquid Ether Ethyl acetate Cyclohexane Methylbenzene  Trichloromethane
[C3SO;HCPIHSO, i i i i i
[C;SO;HCPIPTSA i i i i i
[C;SO;HCPIH,PO, i i i i i
[C;SO;HCP]BF, i i i i i
H,SO4 s s S s s

“Test conditions: V(solvent)=5 mL, m(IL or H,SO4)=0.2 g, r.t.; s: solubility; i: insolubility.
R4 HTWBAERE M

Table 4 Corrosion of ILs for Austenitic stainless steel 316 after immersion

Entry IL m(IL)/g t/h 7/°C Mass loss/g Corrosion rate/(gem >sh ")
1 [C5SO;HCPIHSO, 1.36 6 80 0.0183 3.63
2 [C5SO;HCPIPTSA 1.36 6 80 0.0178 3.53
3 [C5SO;HCPIH,PO, 1.36 6 80 0.0160 3.17
4 [C5SO;HCP]BF, 136 6 80 0.0258 5.12
5 H,SO, 136 6 80 0.0942 18.69

“Test conditions: n(C,HsOH)=0.2 mol, n(CH;COOH)=0.3 mol, w(IL)=5%.
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Table 5 Effect of different catalysts on results of esterification

Entry IL Yield/% Entry IL Yield/%
1 [C3SO;Hmim]HSO, 80.2 5 [C;SO;HCPIPTSA 72.1
2 [C;SO;HPy]HSO, 70.4 6 [C3SO;HCPIH,PO, 60.7
3 [C3SO;Hnhm]HSO, 83.2 7 [C;SO;HCP]BF, 73.6
4 [C;SO;HCPIHSO, 79.9 8 H,S0, 80.1

“Reaction conditions: n(C,HsOH) : n(CH;COOH)=1 : 1.5, w(IL or H,SO4)=5%, T=80 C, t=6 h.

AT N — DA,
1.7 IE3ZSEIGEER[C;SO;HCPIHSO, MESHT R 22 ME

ASEES I = KFIU R R R4S SR, PUR 5 3A
SN FE . AT B BERE/RG. NI R, fEA
RIZIE#E 3 MK PPN IR A IR SR mnilfi e, ik
FHEALFA[C3SO;HCPIHSO,, FT i vl i IE A S 56 R 25—
KPR (R 6)LL S S IR 45 R (R 7).

6 IEXSLWHEE-IKFR

Table 6 Levels and factors for orthogonal experiment

Level Temp./C Cal:lr;(;?/l(l:n?fn) Mole ratio RS;C;}OIH
1 70 3% 1:1.0 4
2 75 5% 1:15 5
3 80 8% 1:2.0 6

R 7 ATLUEH, 788 TR C;SO;HCPIHSO,
WA R CIR SRR SIS T, DU R 255 R LR
R, N R S SR I B KR 2R, RN
B B 50 1 o LU AN AL TR B, S LR TR) ) 72 S % 5
Ml fge /)y, Bbeh SRR, IR R N EERER,
BRI N AR BT s B2, BT DA FA 7 25 DR 3R 2 52T IR (1)
FERFEK. MAERT REms) ¥R R, REMEHE
ARIRR, BERRIBCE A SRR, K ks
TR A A E . RS RE Wl A, &

THAAR[C;SOHCPIHSO, AL & 1 LR Z BRI i A T2
SAE Ny WY HI R 1 1.5, AL BT
R 5%, [N 6h, RNMIEE AN C. L E
FUF, LR OEECERTIA 93.8%.
1.8 BFRAENESFERMRE

B TR A G A ) 2 3 O AR AT A B
JRNEEE G B TR S P e B B4 2, Ko B R
e RN R S e w ) =G QL ) 53 A -4
80 C, n(ZF%) : n(Z)=1: 1.5, f#1LF)([C;SOsHCP]-
HSO,) & AR & 2= 1 5%, N TE 6 h AR
PMAETR, BB AR E SR, &RmE 4

M 4 FRT DAE Bl B R B A
i, R BRI AR, EPEEAMEH 10 )G,
TEPEIUE AT R B, (EALTE PRI B AR AZ B T 7% B TR A
(IS AL 3R B R i A 10Kk S BU RS H TR, BLHES
THRARARGHESME AR MEEZMH 10 K1)
BT AT A 5 AT RAE, RILESZMH 10 &K1
B TR AAR B A A B R S R U S B W TR A
B LL A ] o B RR AR W B AR W &, IR BT B RR IR U
B, MHAEEMEH 10 UHE IR B g6 R F
ARYERFLE 250 C. AT, RS BRI TT DUREE R
U E A M RE.

R IELTREER

Table 7 Results of orthogonal experiment

A B

C D

Run Temperature/ C Amount of catalyst/(m/m) Molar ratio Reaction time/h PR
1 70 3% 1:1.0 4 53.6
2 70 5% 1:15 5 82.4
3 70 8% 1:2.0 6 75.1
4 75 3% 1:15 6 85.9
5 75 5% 1:2.0 4 88.6
6 75 8% 1:1.0 5 73.8
7 80 3% 1:2.0 5 80.7
8 80 5% 1:1.0 6 86.5
9 80 8% 1:15 4 90.3
K1 70.367 73.400 71.300 77.500 —
K2 82.767 85.833 86.200 78.967 —
K3 85.833 79.733 81.467 82.500 —
R 15.466 12.433 14.900 5.000 —

Optimal conditions Aj B, C, Dsj
Chin. J. Org. Chem. 2015, 35, 1773~1780 © 2015 Chinese Chemical Society & SIOC, CAS http://sioc-journal.cn/ 1777
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Figure 4 Reusability results of ionic liquids
1.9 BFEHMELERRTICE
AR T4 [C;SO;HCPIHS O N HEALT, X AL G
R OBEREAT THEFE, S5 Rk 8. H13R 8 T LAE H,
ZEFRAEAIE TR, FOR. AER. ¥R, T
IR DRIR S LEERIBRA N3 B B A BOR,
HRY| BRI 80% A L, AHZ Wi XS Bg A S B
A — 2 R B m BRI, AR LA
MR, RNEERGE, B TRRS 25 ClEEIR 23l )2,
Je AbF T B, AT AR A .
RS BTN EGRRY LT
Table 8 Esterification results for various acids with ethanol in
ionic liquid

Entry Acid n(acid) . n(ethanol)) 7/°C Yield/%
1 n-Butyric acid 1:2.0 80 894
2 n-Hexanoic acid 1:20 85 90.8
3 Lauric acid 1:20 85 88.7
4  Oxalic acid 1:25 90  85.6
5 Succinic acid 1:3.0 100 83.9
6 Maleic 1:3.0 100 91.2

“Reaction condition: n(acid)=0.1 mol; w(IL)=5%, t=6 h.

2 g

MR S AT A S 5 IO E]L, SR PIE G T
4 FOASFHEACTERE T ES TR, JFXT 4R L B8 £ itk
177 NBETE. S SUIREIRELERLAT L, i AEfe ik
AL T (DRSS TR YE 5 AR s A
K, BRVEBeE, HARCTE M, >R R AR T
LA B BRCR . Q)R B TR ML T2 BAT oA
1, SFHE, MHAY F. CL Br [ &=R T, WA
WAL IS 5y Q) Yl 58 TR LA 3173,
Ze A BT 2 B R, W LAEIAME, T AR A
B AR YE, BoR 7B AR BRGSO AL
P A E RIS ()10 2 S AR AT 3R AR Y
316L AMENHIR BRI 45 KB, PFrifh 7o R = 1
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WA T Tk EEIRTRIRAR, AR T A S N 2 AR A
P 7 d, S 1 RN AT Y, DLW 1A R
A B AL QIR BRR ML T LAV e A0 S S i AEANMA. &5
EFTIR, AR B AT DA E VAR ST ARG, A ok
TEGIRELTI T A R % . Sk TRk
A B KRG, 2B AL SRR AN TRl
REERE, NEIE LI gl 22 Tl AR SR At 1 AT S ) 2
il LA HEBR A B AT

3 s
31 X5

RE-2000B 7Y i % 7% K 4% (L ¥ W o A (A28 ),
DF-101S B4 G E IR N i k8 (KA TR
R 28 &]); FTS-135 B {37 A8 e 21 4k i A (35 H
BIO-RAD /A #)); Bruker Avance 500MHz BY 4% i LRI
(}tit: BRUKER A #]); STD-2960 #4# /3 #r A (18 F
Netzsch A7]); PHS-25 A pH i+ (_ EiEFEHRIAAAEA
PR 7).

CL N Bt i (o3 BT 4t R T O SRS 4l 46 Tt FL BT
13- e B M Bs (e A al, B AL ) =R A R A
A)); WRBRER (3 AT 4, KA 2 CORE) #1776 R 2 |));
X R ER (A b, Kt id A TR A PR A F); B
FR(orMral, RET R THT); WBROrral, A x5 %
WAFE);, LB, KRR ZEHI (R H IR 2
Al); SRR HTAE, RET AR ).

3.2 CABBRINEELES FiRIERISIE
321 1-G-#AA)T ARt 64 &

ERCA MU RER 250 mL = BN 133 g
(0.1 mo)CEERLFT 10 mL /K, FFF4- A, FinA
12.2 g (0.1 mol) 1,3-NKEREEE I BE, &I T M. 24 h LA
b, BB TRAREA 1-G-BERE) QN B, PR
KT 98%, ZHECHR[21].

322 T ABM L SOH-I 8840 & F i k69 %) &

¥ 1-G-TENE) O BERZ 3 0 0l SRR . XS FF R
B2 WEIR . R B RIR G, I — | 4,
FIALR A 6 h ULk, SRIEXS =gt AT e aiab 28, #3358
TR IL1~1L4.

ARG O P TR A 288 5 T A A i il PR 8 (25 S
BR[22]) U0

[C;SOHCPJHSO,: 'H NMR (500 MHz, D,0) o:
1.596~1.617 (m, 6H), 1.740~1.752 (m, 2H), 2.475 (t,
J=11.5 Hz, 2H), 2.933~3.015 (m, 2H), 3.244 (t, J=10.5
Hz, 2H), 3.665~3.691 (m, 2H).

[C;SO;HCPJPTSA: 'HNMR (500 MHz, D,0) o
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1621~1.648 (m, 6H), 1.766~1.777 (m, 2H), 2.411 (s,
2H), 2.487 (t, J=11.5 Hz, 3H), 2.965~2.996 (m, 2H),
3.260 (t, J=10.5 Hz, 2H), 3.696~3.722 (m, 2H), 7.386 (d,
J=8 Hz, 2H), 7.705 (d, J=8.5 Hz, 2H).

[C;SOsHCPJH,PO,: '"HNMR (500 MHz, D,0) 6
1.597~1.647 (m, 6H), 1.753~1.764 (m, 2H), 2.477 (t,
J=16.5, 2H), 2.950~2.981 (m, 2H), 3.250 (t, J=10.5 Hz,
2H), 3.619~3.707 (m, 2H).

[C3SO;HCP]BF,: 'HNMR (500 MHz, D,0) 6: 1.601
(m, 6H), 1.745~1.756 (m, 2H), 2.478 (t, J=11.5 Hz, 2H),
2.938~2.969 (m, 2H), 3.247 (t, J=10 Hz, 2H), 3.607~
3.695 (m, 2H).

1- F 3 -3-(3- ik PR 2 ) K P 3 1R & 35 ([ C5SO5Hmim]-
HSO4) 1-(3-fifli PR 3 ) Ak i i i S 21 ([C3 SO Hpy JHS O4)
4-(3-Tisk P 2 ) el el it P2 & 5 ([ C5SO5HnhmHS Oy) 43 3l
SR CHR[23, 2410077 1 .

3.3 BFRMAHRMEFMEEENE

(DB E . 7E KA T, NI E S 5N
1.0%, 2.0%, 3.0%, 4.0%, 5.0%f{] 4 F C N BEIZ IhAE Ak 25
TIAARFIR AR ER KV pH (B E4T T M.

(Q)SEMIFAE. K FTS-135 RUAH 7 AR H 41 A
ACNT BS - WA 45 7 1 B e ETEAT I 5 ; SR Bruker
Avance 500MHz #Z R FLHRIEAL, R DO A
SR TN R

G)FaE AR, F STD-2960 2 #h—#k 8 Bk FH #4073
HT IR 2 TR R ) IR e 1, INEE 0BT 261 A2
Ny, FHEIEZ: 10 C/min.

(A EMREN . BUD & A R BT IR o B
T 5 mL WIARERIY, 780 0dE e W iR L.
BRI A K FEE. ZBE. SRRE. NEH. 2.
LBk & LR T ek

(S5 52, SLIG R A BLIRAR Y 316 L ANEFANIR
(B EMNER], 20 mmX20 mmX0.5 mm)fE RNiREHN
Ff, HEEILAE 4 Fl O P9 Bk o e AL 28 T30 M 9 fE A7) 1)
Ak A4 2 B TR AR B T, I 59 HaSOy [ REAL 14
ZHHATRTEE. SZIG AT IR 4RGN B AT BE, ARG 5
F B TR IR ZEMRKTE BE. SR50 264 4: £ 250 mL
)= EBIE 43 NN 0.3 mol ZER. 0.15 mol Z A
— B TSGR IRER, 80 C2&MF NHEAIHEEE 6 h,
R A AR S R E B GB/T4334.6-2000 (A%
B S%BRIR iR EE i) AT, 13 BRI AR S B AT
JamREZE, PR RS R, &EiHEASE
316L ANEEAMAR 1) 63 hoek 22
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34 BEURIN

YERfIFR = 0.1 mol (4.6 g) ZE. 0.15 mol (9.0 g) L&
F10.68 g (FREZEJHREIT 5%) C N ERZThRefb 55 T A
B NAFAT IR A B DY VB, fERTIRE 80 C
THRESAE 6 h )5, AEEFIR, KNG RTRAERY
2, LERCRCBEIRA R, 2N M8y, T
JE NS TR, 2 AT H P ek T 7% e AR ST A A

HBh A4 &l (Supporting Information) N Bt % ThRE 1L
B R) TH NMR. X 884481 0] DL A 3% MAS 1] ) 3l
(http://sioc-journal.cn/) I N %K.
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