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Application of Polymeric lonic Liquids in the Catalytic Conversion of
Fructose to Lactic Acid
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Abstract Preparation of lactic acid via chemical transformation of carbohydrates requires rigorous reaction conditions, such
as high concentrations of alkali, high temperature, etc. This paper reports the use of polymeric ionic liquids ([IMEP]CI) as
catalyst for the hydrothermal conversion of fructose to lactic acid; the main variables of the reaction, temperature, substrate
concentration, as well as the relative amount of [IMEP]CI and NaOH were optimized. Results showed that, at 100 °C, sub-
strate concentration of 25 mmol/L, reaction time of 30 min, the highest yield of lactic acid was 65% with [[IMEP]CI and NaOH
concentrations of 100 and 50 mmol/L respectively. This method reduces the reaction temperature and alkali concentration
compared to traditional hydrothermal method, additionally it was found that [IMEP]CI can be used during 5 catalytic cycles
without losing its catalytic effect with a lactic acid yield of 55% in the 5th reuse cycle. This demonstrates that the use of poly-
mer ionic liquids as catalysts has a better prospect for future developments. A possible reaction mechanism has been proposed,
but further investigation is required.

Keywords polymeric ionic liquids; fructose; lactic acid
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W40 2- RN, REHFAANHN=ZKANIRZ
—UOL Tl BT 2 S, FEA T
P it ML R i A, R TR S
CRILIR) T LA T A i, DA SRRk i n] A= ) %
SRR T R B L AR R s

FE G LR T 4% T i Rk, H AP i AP e
PR B2 A A AR AR Ry 77 i 23 5 TR
TR R, b7 v 4% FLER T K
TR T L A B VLSRN o | B
FUEE M FE R ARG BF, A= R S BT i il
Kigge. Aida USRI ST LR B/ A ALFIAAAE
INF, 2 REAE K AR T (400 °C, 80 MPa) R LA i 45 5
6.5%FLIR. LLAEW) T N JEORHIN N 3 B ()4 Ak 771 B |
A FLER T DL 35 PRARFLER (1 25 77 AR, 95 /e S Ak 2 (1)
TR, 21 AT DL bR 16 A 77 il £ FLER O SOk O
8. Onda ZE 1R IE T LA 20 15 (W0)5 5 bL) 2 4
1 NaOH JyftE fb i i A0 & R AL v FLIR, 144 &R
NaOH Al &It k. Yan ZPR I, 300 CHF, 7EKEMR A
AN 2. 5 mol/L NaOH %, 0. 32 mol/L Ca(OH), fi#:fk
A PG AFLR, LR M B s VR BN 27% A
20%, ZHF T E AR BRAR T B B, (X R A% 11
kigm, I HABRUCE A . Zhang PR B, {E NaOH
WA AN Zn, Ni, C LT, 300 CH, fifbeF4E
IR AR, HEEUCERN 42%. EFRLITEHLE L
AW & IR T — @ M. LL ZnSO,,
AICl5+6H,0, SnCl, 1 SnCl,»5H,0 254 J& b A L7, 76
300 C, 25 MPa TEAFNE R N A4S 40%~50%[ 7
PR32, 32 5 0 A 7 W e SR B, AL AN 2R 5 (]
WCRIH, P95y BRI HE. 76 190 °C, 5 MPa ] He JE /1 F,
PLih AT, C-SOsH, ZrOS, AIW, ZrW, %% FRakd ) 25 Am (i
TR, AL LT 4 R &R, BmlcR N 28%>2, Z%
1 B R LA AT Z), FLERISCRAE 30% A . i,
FHRATEE . R m RO FLER S VAT R T A%
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F R B 7 T Y, T H A S A B A ) 6 LR 7 T
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A BA[IMEP]CI 1 9 A I A B AL SRR il 25
FLER AN 2 AR HEAT TR, $R0T T RGBS TR A
FAY RO E . [IMEPICH A & L JRAIREE LIS
PRGBS 25 PR FLIRWCR B2, DAL T BB 251,
FFRSIZ A 2 A B A SR ) 25 LR 10 S B B A2 AT T
HI2 (.

1 HR5iHe

1.1 T FIE AR iE

43 13% FH [BMIM]CL, [OMIM]CL, [EMIM]CI & 7
A& J[IMEP]CI, [IMEP]BF,, [IMEP]CIO,, [IMEP]PhCOO,
[IMEPJAc 255 AR BIES T 1R & B AR AL
7). NaOH, KOH, Ca(OH), & Ba(OH), #&fithf 3R 8, 18
K A b ) 2 FLIR

B 1 ATAL, ANFERE IR RE B 1A [
AT LR PR AT TR S

F 1 BRI TR S LR (5

Table 1 Yield of lactic acid with different (polymer) ionic lig-
uid in various alkaline solutions

Bk EE  REE AR

FE O R (mmol-L ") ¥16%/% %E/%
| NaOH — 50 892 233
2 NaOH [BMIMICI 50 83.5 113
3 NaOH [OMIMICI 50 24 361
4 NaOH [EMIM]CI 50 85.2 117
5 NaOH [IMEPICI 50 98.8  65.0
6 NaOH [IMEP]BF, 50 98.0 612
7 NaOH [IMEPICIO, 50 98.6 554
8 NaOH [IMEP]phCOO 50 98.4 357
9 NaOH [IMEPJAc 50 9.5 458
10 KOH [IMEPICI 50 9.1 673
11 Ca(OH), [IMEPICI 25 97.3  37.1
12 Ba(OH), [IMEPICI 25 97.2  40.6

© 2015 Chinese Chemical Society & SIOC, CAS

“ Reaction conditions: a mixture of fructose (25 mmol/L), ploymer ionic liquid
(100 mmol/L), water (40 mL), N, (2 MPa), 100 C.

FE 2 B8 T B IR SR, (HERA & TR 2
HE TR RARRE RS TREY, Hemnr ik
EOEH-ABE TR, REEERBAIIRE. %
WRFER 1, 2~917), BEE FHRAARPIHEA SR A B
TE TR IR, HrTRe R 2 R A Tl A s
TEAKP TR RIT, ARG E PR E 2 ANETE+
O Trni " S5 AR 28 rp A A B 1) 2% LI AT (2 24

[IMEP]Cl HIMEARCRH BT E5FHEHE I
RAEBTHEREE 1, 5~917), EHMEIIER T AR
KN 65%, [IMEP]BF, HIMEAL R X T [IMEP]CI
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N 61.2%, [IMEP]CIO,, [IMEP]Ac X2, [IMEP]PhCOO
AL ROR I ZE N 35.7%. — AT HER R R & [IMEP]
FHES T H 1 2C-H 5 Cl fEAE R AL T 205, A
BV SRR ) 2C-H 5 Tidtk, MR8 7
2C-H MIBRYE. Ak R it 2 20 BB AME b 7K SR R 7K
B N AL FRES 4 LR, OH MM E A By T i [H
[IMEP]CI {4k SRHE i 4 LR, S([IMEP]CI FIfifb 3R
BB H—ANATRER IR A 5 R EA BT S [IMEP]
TEKF IR JIA R, NFSRBRIKKGE CI<BF, <
ClO, <Ac <PhCOO . fEZxMNAKRH, X Cl f74E
I, [IMEP] 7E/K H REF 70 JETF, AN 34544 3% o 1) 1F
T 8 FE T, dE T LR E L OH B8 1 A R A
FE T, SIMEPICL {16 25 SR Be 4. LA[IMEP]CL
NHEALT, 75 KOH ¥ ¥ M Ak 0 il 2% 7L BR B 5 A,
FLER IUSCRAE 30 min NIEF] 67.3%; NaOH HE At L3k
B RBARR P ARAIE R, WEREN 65%.
Ca(OH), 5 Ba(OH), 4 5 H FLHE& 1Y 3 B 1) Ji R 2
Ca(OH), 5 Ba(OH), ¥ fi# B AH X NaOH, KOH %%, ¥
WIRMERC S, BEAR KOH TEAMR R o FLER I 2E il
F, {H)2& KOH MM k&A% NaOH %, 7E4E7 7% NaOH
PEFHEE N 2, AT AH R &R, EH NaOH H
PLIRZR[IMEP]CI HIfEALAE /7.

R, A SCik FH[IMEP]CL 4L, #£ NaOH ¥
1 2 R AL I A SR i 45 LR
1.2 FRIREXFERWEE M

BB 1 AT, B OSBRI R 1Y
BT SRR, 78 100 CHARIE 55
W 65%. RS EEEAR, AHT 505 aE g Tl
PR (A B T SROBE IR B I v, R RONIR %, BAEAS FLIR
W2 BRI

—8—280°C
—e—100 °C
60

15 20 25 30 35 40 45
Reaction time/min

B 1 ORI TR KR A
Figure 1 Yield of lactic acid with different temperatures

Reaction conditions: a mixture of fructose (25 mmol/L), [IMEP]CI (100
mmol/L), NaOH (50 mmol/L), water (40 mL), N, (2 MPa)
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1.3 [IMEP]CI, NaOH 7k 3} FLER UL = B0 52 M

7£100 ‘CF, %% 7 [IMEP]CI Al NaOH ¥4 & o 1R
R, HE 2 AT, fEiZik RS, BE% NaOH 1)
s, FLER ARSI S, 24 NaOH IR 50
mmol/L i}, FLEZM &tz iA ] 65%. HIFKE OH™
WL IHARET, R R B S, AR iZ 4 R AR
AR, TR OH X EEHSE T [IMEP]ICl XAk & [
TEALAE .

70

—&— 0 mmol/L

—— 25 mmol/L
60 " —&— 50 mmol/L
—w—100 mmol/L
50 L —4— 200 mmol/L

40+

30t / —
/ A
20
0 L L L L L L L L
5 10 15 20 25 30 35 40 45
Reaction time/min

Yield/%

B2 NaOH R B0 FLIR 3 1 5 m

Figure 2 Yield of lactic acid with different concentration of
NaOH
Reaction conditions: a mixture of fructose (25 mmol/L), [IMEP]CI (100
mmol/L), water (40 mL), N, (2 MPa), 100 'C

B 3 W%, BEA[IMEP]CI VR EE 38R, SR
e B T, LR RO 200 H STt v AR
. HM[IMEP]ICI [ EA 100 mmol/L i, FLERIMIUL
s, ATREJR A Z S[IMEP]CL AR B AR, JLfELL
WEPEBAR, AR T ALK AR, M[IMEP]CL WK &
I, AR R KRR RSB, AR ORI B4 (R JE

XY Fructose concentrtration
[ 2 Lactic acid yield

100

80 +

60 -

?

40+

Yield and conversion/%

20+

AN\

o L
0

[IMEP]CI concentration/(mmol -L'l)

(93]
o
=
o
o
[
%
o
N
o
o

B3 [IMEPICI RS FLERANEFEALR . FLIRICR 1052
Figure 3 Concentration of fructose and yield of lactic acid with
different concentration of [IMEP]CI

Reaction conditions: a mixture of fructose (25 mmol/L), NaOH (50
mmol/L), water (40 mL), N, (2 MPa), 100 C
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Wi, WIS ECALER R AR,

?%%U\L%%ﬂﬂl, By NNaoH - Hpvepici—1 -
2 (NaOH 50 mmol/L, [IMEP]CI 100 mmol/L)i}, A F
TARIPIAERK, HEmEEN 65%
1.4 TREIRYDKE 2L BRI ZE A F200

HHIE 4 Rl BEERYDIREE 3G, ALERIIEIZ
K. TR S BARET, K68 5[IMEP]CL 78/ 42
firkr, MNTAIAE A SR 58 4% 24 IR 22 R Ak B2 T
A 2 HP R AL TR RN RS PRI AFDOT IR FBE AR, AT A 43 7 B 67
PR YA () A A V5 PR FRAIG, AN 78 2 M A S L4,
AR F LR SR I PR

—&— 15 mmol/L
70 [ —e—25 mmol/L
—A— 50 mmol/L
60 |- —v— 100 mmol/L
—&— 200 mmol/L

50 -

40}

Yield/%

30+
20+

e *

10+

15 20 25 30 35 40 45

Reaction time/min

B4 AFEEYIKEE T AR KR B [ A2 1
Figure 4 Yield of lactic acid with different concentrations of
fructose

Reaction conditions: a mixture of [IMEP]CI (100 mmol/L), NaOH (50
mmol/L), water (40 mL), N, (2 MPa), 100 'C

1.5 FERINSAHFE T ABRBEN

TE SR Z P2 B8 2 MPa IS, Ny, O,, %8
TEAN AR SRS LR P WS B I AT A8 4k, IR 5
AL, ASTR] RS SR R %o LR 1 A R K IR . N,
AETFERTFARER, =KL, O FEFAF. K
NIRRT, [N 2 A i — 35 43 o 18] 7= 9 b 41
th, MR N %, AR TR AE S — 39 =)
2l SR AR R AR 5, M 5 7L R P AR AR
WA SCIEPRAE N, 50 T 10 S0 1] £ 7L IR,
1.6 FREEFHNAIRIONIE

T2 SN R A SR B B A 1 5% L R P 28 SR A S
T H NaOH R &, AR Ab b S e AR 1) J5 IR fl T
7E/KH[IMEP]CI [BEREDS 78 70 JETT, JFRELL Imi 86N
rhC e R A 0 IR S ) O, A L L i
OH IKJE I B m TR R b OH K, MM {d15 Spife—
A OH R BE AR 5 s 1) R S A58 R 36t A LR (B 5).
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Yield/%

10+

5 10 15 20 25 30 35 40 45

Reaction time/min
B 5 AESAGE T LR R (A 324k ih 25
Figure 5 Yield of lactic acid under different gases atmosphere

Reaction conditions: a mixture of fructose (25 mmol/L), [IMEP]CI (100
mmol/L), NaOH (50 mmol/L), water (40 mL), N, (2 MPa), 100 ‘C

7£ 100 ‘CF, A HPLC X s i Fe v i e g
HEATIEI, ATLASEIE 6 MISE R, Nk FE o BE s R b
W, B/ RE AR, HAE 2 e
InJa v/ ke, bR, R IR R,
SR M A D i T B

50
—®— Lactic acid
— —®— Fructose
- 40+
©
£ \
£ 30[
S~ \
c
S \
B 20|
£ \
[}
e
S 104
O
0 1 \ L3 - o o o o o
0 10 20 30 40

Reaction time/min

Bl 6 s Sif 28 SROBE | A 4 W A FL R VA 2 i IS [ AR A
Figure 6 The change of fructose, glucose and lactic acid con-
centration with the time

Reaction conditions: a mixture of fructose (25 mmol/L), [IMEP]CI (100
mmol/L), NaOH (50 mmol/L), water (40 mL), N, (2 MPa), 100 ‘C

AR R R S LR REE D T IR
AR FERE VR B BE e ] DU B Ak, AR RCALIR 13
T2 o LB 1 e K R A B H TS RN R L AR, AR R
S5 TR R0 B 2 ek O K 0 T e A A R TR B T, B
JE TR RS 22 KR 1,2- 55 # 2 AR (Scheme 2).

A Z r 5 ) SRR 1) % LR 11 WA I S 0 IR
TR DR A R R S A AR HEMI[IMEP]CL % A
s 2 B A AR F 32 AR ILAE R 38 55 T ) 81 7 %
IEFE. AT AE (A TR IR A2 R R R b [ S AE 1244 & A
HF LA L-BRL, RERIR S LA FEIM OH -, {13 =%
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Ao OH OH OH on OH HO OH
H3C/k”/
(6]
B 1 [IMEP|CI kiR =K
Scheme 1 The schematic diagram of [IMEP]CI
OH OH OH O HO
H OH AIAmH
HO HO™
H H D-dihydroxyacetone
OHHO 0 OH OH “oH
D-glucose D-fructose Lewis acid] OH o‘g
OH o¢ (IOH %
(0]
OoH _0 N Vs
= Ho._J_on o 4 inz P
D-glyceraldehyde D-dihydroxyacetone H ﬁ/fpo ! pyruvaldehyde
H
0 ﬂ HO HO) OH H*O/)
+ H,O - - : -
H OH ; OH ; OH
H3C HsC I-+ + ; + i+
5 3 Imi Imi Imi Imi
(6]
pyruvaldehyde DL-lactic acid n

B2 R LR 1 S B A

Scheme 2 Conversion of D-glucose into lactic acid
ST 3 IR O P 86K RO S 2 R
i

RWELERRIE KIS 2 AL e A i 2 PLIR, &
AREZWE LR, H GC-MS X =47 kil
BV 2 (A IR 2-F23E TR 3-F NI,
-FRE2-TIRIR . H, 23- W, 24- /& T
B\ 34-Z R TIR, 4-FR 5 TR JRRERRAE.
1.7 [IMEP]CI BY1&E¥F) B

[IMEP]C1 7 4k 7> fift SR80 1] £ FLIR 1) it A% A R 30
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D-glyceraldehyde

B3R 3 [IMEP]CI gL LI
Scheme 3 The catalytic mechanism of [IMEP]CI

HT RIS T, AT R SO R D 1,
A 0 L 5 52 R FH P R X T R 1 Tl B HLA R
B IHE SR fEZsLIerh, X s RN =4 F SRR )
IET PRI L, WTFEERE, MA—EREHR
Wi\ NaOH 4k&HT e B, 7EAHFZAF IR 5 X,
BRI A IRICEAAE 55% UL (B 7). DL g5 B3R
[IMEP]C1 BA 1R U FI9E A F FH Mg
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Yield/%
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20+

10 H

0

1 2 3 . 4 5
Recycling times

& 7 [IMEP]CI HI1EFFH)
Figure 7 Recycling of the ploymer ionic liquid

2 g

7£ NaOH Bi& W 1, [IMEP]CI A& % I & A otk
IR RFER IR, F 100 CEAF, b 25 mmol/L,
[IMEP]CI 100 mmol/L, NaOH 50 mmol/L, %7K 40
mL, W 30 min J5 FLERIA B & IR 65%. @S
PGB BRI 9T R I, TG A A R AR R FL IR ) 2R R
[IMEPICI £t 5 REWFIA, 1588 n1 LA B U 13k
BT B A BCFLIR 1) RSN LERFEAT T WD BHED. 1%
W T N4 Ja 3 — 2 ER FUR K AL B 1 3 i 1) 46 LR A %
U A S = 3L
3 XIS
31 X5

BB % /A | ProStar 1 ROBAR X ; 1 [H
Bruck 7 & TENSONR207 f# B IH- 48 4 21 #h e i 4% ;
Bruck AV600 il iAAZ L ARWEAY; H A B EEA
GC/MS Mg BTG IR AL, RS & R 2 A3 A R
AFE ZD-2 B4 Bl HAT I EAX.

KM (AR), REAAFE(AR), BFE(AR), KA
(AR), H A (AR), A E 5 (AR), HEILI(AR),
MHRRINAR), —/KEHRE(AR), LEHI(AR), % H
TR B (AR), FLER(AR), %M (AR), R — S HN(AR),
ZJE(AR), BT K.

32 WK

K B0 (% (HPLC), X FLER. SRS BT
Rl FLERI ST I 251 AR 2%, C g i
FE, BN BEIR 2 (pH=2) : ZME=95 : 5, &
tb], i 1 mL/min, A 210 nm; SE0% 0 ks
WA PR ZRM S, NH, ik, a8
K=77 123, FEFILL), WE 1 mL/min. FEEHEAIE—%
THEALRCE . TR,
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[IMEP]CI Fill 2% 2 WOCHR[28]. #ERAFRIL 1 mol 1)
BRIET 1L A= R, 1 mol IR E A b T1E R TR
St IMAE R SRR, E 30 CHMERZM T
e H G NP E A e T = e, fArn se e
JEUREE RN 2 h, ¥R AR 45 CHRBIRBL 12
h, SJEHERETZE 85 CRM 72 h, RIAE W JEH ) B
FEMIAEL, HhIE, FFRTEK R ED 5 K, BHET
12 h, %M.

ANFI R B B R A B T A ) 4% HERFR = 0.25
mol [IMEP]CI, 0.25 mol Wl SEREN (= A EREE . BERREA .
KRN T 1 L =08, A 300 mL K2,
B =ReE T 85 CHIRMMA FHiFE RN 24 h, M
SR ER ), Tk, FFHICK SRR ZE 5 IR,
HATHE 120, &M

[IMEP]CI FZRAE: JEI 24k AZREX [IMEP]CL 3347
T RAEP "H NMR (D50, 600 MHz) d: 4.3 (2H), 4.4, 4.6
(2H), 7.8 (2H); C NMR (D,0, 150 MHz) J: 54, 69, 125,
148; IR (KBr) v: 3485, 3167, 3126, 2969, 2877, 1579,
1470 cm ™.

PRI AT % FLR: FRE 0.18 ¢ HHE, 0.08 g &
A4, 0. 64 g [IMEP]CI, 40 mL 25 25 7K T i i 2 i
1, 78 100 C, 2 MPa &RAURE . N 4E A
N L= R TN BRYE I IE, i RO i 23 S
MFLER . RBED) &=
R T

YELBRYCR)=n( A AR i I 5 I o ) )/
n(S SRR SR T 5 1R ) X 100%

FELR

XCRE I A ) = [ S BT R R0 o FR) 8 ) — (SR L
Ja AW I 0 1K) )V (5 L I AR 14 0 T ) X
100%

B4 #}(Supporting Information)  FT & AR &5
TWARRLLAME K, SR CC-MS HE . X Lokt
BEa] PL A 2 AT B35 (http://sioc-journal.cn/)_ T %K.
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