D

E
LICH.

L

=

S

ive

5
MZEXE HEAIGHA OF

O N

o
(e

2|

M

creat
commons

s

=

t

[¢]

LICt:

O M
st

)

C
MNERLEAlL A

ZHE Metor

() -
R0 =) il
- ol 4 i©
g % o3 o0
) E[o} o
4D e @
<+ o R
ol 0 % %
00 |
) Bz KT
Rr S =
%_ e s
I o m..__ -
o o O
r R RO
) - | e
30 <o S
o o L
o ~ il i
R 1S ol =
b L w
o pf = >
] o 0 =
¢ T @
+ ]
P, U
80 ol JIJ b
o W = IS)
@

X ESLICH

I 2t

tOd

ot |

[¢]

i

=

[¢

o]
lection

=

=

Disclaimer
O

5

N=AYH OE ol AHele /2 WEo 2
0l N2 0| =3 & 172 (Legal Code)



http://creativecommons.org/licenses/by-nc-sa/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-sa/2.0/kr/

st A AL s 9 =

ol A HujE ol g
GF 2 UFH upo] ouj2o
A Y FEEEG R A5 U

20124 24



=
=

=

]

ol 5
oH %

70

o}

ol

o

Tor
Ho
el
plg
HJ

]

o

2

2012

7}

oF
<1

Ho
o

o

HH

o



N

24

24

2012



g_;‘(‘l_ .................................................................................................................. i
List Of T ablesg oorrrrerereerrerrererrnenutnentitieetenitieieteneiti ettt ettt se e ar e eeaes iv
List of Figures ............................................................................................... v
ADSETQCE trrrrerererrrrrrererreserrneretteeettttttnsnareest sttt e ettt st s e e e e e e e ix
1 )\-]% .......................................................................................................... 1
Q. O] ZA] HJZ wrrrrereereereettone et 3
2_1' H]—O]Q_UH_}:_ l;l_l H]—O]Q_E] _\—ﬂ.o]b];q ..................................................... 3
2-1-1. Hlo] S uj A= o] L3k nlo] Qg Ffo]L]a] 7] L et 3
2-1-2. 5-3)| 2 A W HFEFZ HBE 7]L5 reerrrerererininnee i 6
2-2. "Hto] A AZEE 3 O] &A MA] B -reerniieis 10
2-3 }dzsgg:rL}_,\]_ .................................................................................... 12
3 1‘3_]_-%/%1‘;;3] ..................................................................................................... 16
3-1. AF A G T A T ceerrerrerrrrrmeremin 16
3-2 é“ﬂ z{lg: ........................................................................................... 16
3-2-1 _ﬂxgjg]_ ALA] o]%}\é Ql]ljﬂ é—uﬂ ;q]}_ Hol’ﬂé .................................... 16
3-2-2. 54 BE T Tl 2k o] 2A AA FulaAlz W 20
3-3 /é‘(_g Holﬁ ........................................................................................... 21



22
22

p—

o)
o

o
arTT

3}

g
X

Al "2l %

A S 94

ol
ol

4-1-1. A4 o] =4

%)

A

ol
ol

%0

ol

Folz 4t of

%

;OU
2]

el

4

26
29
29
31

\.—_mﬂo
%0

all
K

By

B
olo
=

Ty
A

o
A
oj

W
Hl

i
W

34

34

o} 7]

37
39
41
- 41

=
=5

AL
;OO

44

46
46
48
- 48

=
=5

AL
;OO

ol

ol

601:

3

ki3

uf Aol o

=
=

o
vk

4-4-1.

o4

o6
© 98

AL
;OO

60



62

AL
;OO

jgasel

o

o
Nfo

62

AL
;OO

jgase]

ojy
]

=

N
o
oy
3R
4
il

%

63
63
68

Al & & vl

Uz

o}

A

F2F2o] tgh o

Al
=

4-4-8.

AL
;OO

0
o
!

i

%

37]_

b

Hel AALgA

=
=1
=5

4-4-10.

70

72



List

Table
Table

Table

Table

Table

Table

Table

Table

Table

Table

of Tables
2-1. Catalysts for dehydraton of hexoses e
2-2. Literature survey of production of 5-HMF

frOM TNONOSACCHATIAE ++wrerrerrrersmrrerreerresreniene et ettt
2-3. Literature survey of production of 5-HMF

from polysaccharide - weserersrresmsmmsmii e,
4-1. The property of acidic ionic liquid catalysts --ceeeeeeeeeeemereeeeneees
4-2. The property. of [MesNC-H/OHJCI-MCli catalysts ---eeeeeeeeeeees
4-3. Comparison of acid solid acid catalyst activity

s . R SRS, By o 7 T
4-4. Comparison of [MesNC-H,OH]-MCl; catalyst activity

oh ®ucthse BN - T Bl B deeeeeeenenns
4-5. Comparison of [MesNCoH,OH]-MClx catalyst activity

ONL 'GIUCOSE: +++erroelsgvrenserses Motsmastenstnenscnnesste snnnssfens e
4-6. Activity comparison of metal chloride catalysts

on cellilostme -l amn. PR B,
4-7. Activity comparison of acid catalysts

on Cellulose ................................................................................

_iv_



List of Figures

Figure 2-1. Biomass—derived platform chemicals. --rreorereeerremerereseremereeeeeeees 5
Figure 2-2. Reaction pathway of 5-Hydroxymethylfurfural. ---:-:--eeeeeeeeeeeees 8
Figure 3-1. The preparation of acidic ionic liquid catalyst. -:-:eeseeeeseeeeeeees 19

Figure 3-2. The synthesis of immobilized acidic ionic liquid

CALALYSE, +weevrersererserensmsinsminstt s 19
Figure 3-3. The preparation of Lewis-acidic_ionic liquid catalyst

containing-metal chloride, - srserseremsiriimnemsmeiene, 20
Figure 3-4. Carousel 12 Plus Reaction Station apparatus scheme. - 21
Figure 4-1. The 'H-NMR spectrum of (a) LASBII[TfO],

(b) [ASCBII[TIO], (c)[ASBIIHSO4], (b)[ASCBII[HSO4] - 23
Figure 4-2. ET-IR spectra of; (a) silica gel, (b) SiO,-MPS,

(¢) SiO.~[ASBIJITTO], (d) SiOz-[ASCBII[TfO],

(e) SiOz-[ASBII[HSO4], (f) SiO>-[ASCBIJ[HSOq]. <--weeeeeeeeee 24
Figure 4-3. FT-IR spectra of pyridine adserbed on

[MesNCoHLOHICI"MCly catalysts, weeeseesessesssesssesnssussinnnnnnes 27
Figure 4-4. Effect of reaction temperature on SiO>—[ASBII[HSO4]

Reaction cndition: fructose(0.200 g), catalyst(0.02 g),

[bmim][Cl] (3.980 g), 383 K, 2 h. wereerereererseresmsesmsinsnsinniinnnns 39
Figure 4-5. Effect of reaction time on SiO2~[ASBII[HSO4].

Reaction conditions: fructose(0.200 g), [bmiml][C1](3.980 g),

Si0o-[ASBII-[HSO,1(0.02 g), 383 K. weerereererseressurensusensuscnsunees 33
Figure 4-6. Effect of SiO»-[ASBII[HSO4] weight ratio to fructose.



Reaction condition: fructose(0.200 g), [bmim][C1](3.980 g),

383 K, 2 h. seeeesessssrentiit it s 35
Figure 4-7. Effect of ionic liquid molar ratio on fructose.

Reaction condition: fructose(0.200 g), SiO2-[ASBII[HSO,]

(0.02 @), 383 K, 2 h. sereeeereressesesesssnstnsitisetiieisiss 37
Figure 4-8. Effect of time and temperature on [MesNC.H4sOH]-2FeCl..

Reaction condition: fructose(0.045 g), catalyst(0.02 g),

DMSO(3 TIL). +oeererererererermresssesessssssesesesesssnssssssssssssssesesesesasans 40
Figure 4-9. Effect of [MesNC2H4sOH]-2FeCls molar ratio on fructose.

Reaction condition: fructose(0.045 g), DMSO(3 ml),

Figure 4-10. Effect of FeCls molar ratio on [MesNC-H,OHJ-2FeCl,.
Reaction condition: fructose(0.045 g), Catalyst(0.02 g),
DMSO(S mL)’ 393 K ............................................................ 43

Figure 4-11. Effect of reaction time and reaction temperature on
[MesNCoH4OH]-2A1CL. Reaction condition: glucose(0.045 g),
catalyst(0.02°g), DMSQ(I ML), -oriesirerersmresmrensmiensrinsninnnens A7

Figure 4-12. Effect of [MesNC.H,OH]-2AICl; molar ratio on fructose.

Reaction condition: glucose(0.045 g), DMSO(3 ml),

Figure 4-13. Effect of AlCls molar ratio on [MesNC2H,OH]-2AICl..
Reaction condition: glucose(0.045 g), Catalyst(0.02 g),
DMSO(S mL), 393 K ............................................................ 50

Figure 4-14. Comparison of different catalytic system on cellulose.

_Vi_



Figure

Figure

Figure

Figure

Figure

Figure

Figure

4-15.

4-16.

4-17.

4-18.

4-19.

4-20.

4-21.

Reaction conditions: cellulose(0.200 g), [bmim][C1](4.309 g),
CrCl3-6H20(0.033 g), SiO2-[ASBII[HSO4](0.040 g),

MgSO,(0.040 @), 2 B wereerererserssemsemmenisemeniseieiieei e 53
Catalytic activity of solid acid catalysts on temperature.
Reaction conditon: cellulose(0.200 g), [bmim][C1](4.309 g),
CrCls-6H20(0.033 g), acid catalysts(0.040 g),

403 K, 2 B cereeerererseessemsersssie i 59
Effect of time and temperature on cellulose.

Reaction condition: cellulose(0.200 g),[bmim][C1](4.309 g),
CrCl;-6H20(0.033 g), SiO2-[ASBIIIHSO4(0.040 g). === 61
Effect of SiO.=[ASBIJ[HSO4] weight ratio on cellulose,
Reaction condition: cellulose(0.200 g), [bmim][C11(4.309 g),
CrCI‘%_GHZO(OOSS g), 403 K, 2 h ........................................... 64
Effect of CrCl3=6H>0 molar ratio on cellulose.

Reaction condition: cellulose(0.200 g), [bmim][C11(4.309 g),
Si0s-[ASBIITHSO:1(0.040 @), 403 K, 2 hy wrereererereesererersussrenens 65
Effect of [bmim][Cl] molar-ratio on cellulose.

Reaction condition: cellulose(0.200 g), CrCl3-6H>0(0.033 g),
Si0s-[ASBIIHSO41(0.040 g), 403 K, 2 h. weeeererereesererensususenens 66
Effect of H-O molar ratio on cellulose.

Reaction condition: cellulose(0.200 g), [bmiml][C11(4.309 g),
CrCl3-6H20(0.033 g), SiO2-[ASBII[HSO4](0.040 g),

403 K, 2 B eveereereeeemsensssee e 67
Reusability of SiOs—[ASBII[HSO4].

- Vi -



Reaction condition: cellulose(0.200 g), [bmim][C1]1(4.309 g),

CrCI3-6H20(0.033 g), 403 K, 2 h.

- viii -




A Study on the Conversion of 5-Hydroxymethylfurfural from

Mono- and Polysaccharides Using Ionic Liquid Catalsyts

Yong Beom Park

Department of Chemical Engineering, The Graduate School,

Pukyong National University

Abstract

The purpose of this study, which involves ionic liquid, was to
investigate not only solvents but also catalysts for the conversion of
cellulose to 5-Hydroxymethylfurfural (5-HMF). Two kinds of ionic liquid
catalysts were prepared; one an- immobilized acidic ionic liquid catalyst and
the other a Lewis “acid 1onic_liquid catalyst containing -metal chloride. The
structure and acidic properties- of the catalysts~were examined by using
Hydrogen nuclear magnetic resonance ('H-NMR) and Fourier transform
inrared spectroscopy (FT-IR) measurements.

The first result was to prepare immobilized acidic ionic liquid catalysts
for conversion of fructose to 5-HMF. Generally, 5-HMF is formed through
the process of dehydration of fructose in an acid catalyst. Acidic ionic
liquids (ILs)-modified silica gels with - SOsH and-SO.Cl functional groups
(SiO2-[ASBII[HSO4], SiO2-[ASCBII[HSO4], SiO»-[ASBII[TfO], SiO2-[ASCBI]

_ix_



[TfO]), were used in fructose dehydration. The effects of the reaction time,
temperature, reactant concentration (molar ratio of [BMIMI]CI solvent to
fructose) were studied. The results showed that the performance of
SiOo-[ASBIJ[HSO4] (immobilized by the grafting of 3-allyl-1-(4-sulfobutyl)
imidazolium hydrogen sulfate on silica gel) was better than those of the
well known Amberlyst-15 and DOWEX50x8 catalysts at 383 K for 2 h,
after which a 5-HMF vyield of 73% was obtained.

In the second result, a Lewis acid ionic liquid catalyst containing metal
chloride was investigated for its catalytic activity-.in the dehydration of
glucose. Metal chloride salts, such as SnCls, ZnCly, AlCl3, FeCls and CuCl
were screened, and used to.obatin 5-HMF from glucose. ‘During 2 h of
reaction at 393 K, the glucose was selectively converted to: 5-HMF, and
the 5-HMF yield was 63% from [MesNC.H,OH]-2AICl, (choline chloride
ionic liquid containing AICls).

It is well known that direct production of 5-HMF from cellulose is
difficult to achieve because of its complicated ~teaction steps, such as
hydrolysis, isomerization and: dehydration. - In ~the third result, a
environmental benign method was investigated for enhancing the 5-HMF
yield from cellulose using metal chloride (CrCls-6H2O) and an immobilized
acidic ionic liquid catalyst (SiO.-[ASBIJ[HSO4]). The results showed that
40% of the 5-HMF vyield was obtained under reaction at 403 K for 2 h.
Futhermore, SiO,-[ASBIJI[HSO,] catalyst was also recycled three times.
These results suggest that the SiO,-[ASBIJ[HSOy4] catalyst contributes to
the reactions of hydrolysis and dehydration, and that the Cr cations of

CrCls-6H20 play a role enediol formation from glucose.
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Biomass primary Biomass-derived
products Platform chemicals

C2: ethanol. ethylene, acetic acid, glveolic acid, oxalic acid

. 0l = C3:lacticacid, acrvlic acid, propionic acid, acetone 1,2-
propanediol, 1,3-propanediol, 3-hvdroxypropionic acid,
* Protein glycerol
. i C4: succinic acid, fumaric acid, malic acid. asperic acid, 1-
Biomass ——— 9 - butanol, 1.4-butanediol, 2,3-butanediol, 1.2 4-butanetriol,
* Cellulose butvric acid. acetoin
« Hd®llulose CSE xylos_e, argbinosq fevalinic acid, furfural, glutamic acid,
itaconic acid

* Starch — C6: sucrose, sorbitol, 5-Hydroxymethylurfural, adipic acid,
citric acid, gluconic acid, lvsine

Figure 2-1. Biomass-derived platform chemicals.
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Figure 2-2 Reaction pathway of 5-Hydroxymethylfurfural

Levulinic acid
£
Formic acid

C
“OH

S-Hydroxymethyl
faroic acid
ovt




Table 2-1. Catalysts for dehydration of hexoses

organic acids

oxalic acid, levulinic acid, maleic acid,

p—toluenesulfonic acid

inorganic acids

phosphoric acid, .sulfuric acid; hydrochloric acid,

iodine or hydroiodic acid

salts

(NH.):S04/SOs,  pyridine/POs>, = pyridine/HC,
aluminum salts;»Th and Zr ions, zirconium
phosphate, Cr, Al, Ti, Ca, In ions, ZrOCls,
VO(SQy)s, TiOy, V, Zr, Cr, Ti porphyrins

Lewis acids

ZnCls, AlCls, BF3

others

l1on—exchange resins, zeolite
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Table 2-2. Literature survey of the production of 5-HMF from monosaccharide

Materials Solvent Catalyst Tem%e{r)ature ;I;rllrlrrls 5_Hl\2[02 )yleld Ref.
fructose [bmim][Cl] H>SOq4 393 120 86 [30]
fructose [bmim][Cl] CrCl, 3B 360 65 [31]
fructose [bmim][C1l/DMSO Amberlyst-15 298 360 78 [32]

DMSO [ASBILIITT] 373 4 78°
fructose : - [33]
DMSO IM-SiOs-[ASBI][T{] TR 4 70
glucose [bmim][Cl] H-SO4 393 120 12 [30]
glucose [bmim][Cl] CrClz 373 360 66 [31]
[bmim][Cl] CeCl3 413 360 3
glucose [bmim][Cl] PrCl; 413 360 7 [34]
[bmim][Cl] NdCls 413 360 8
glucose [emim|[BF ] SnCl=5H-0 373 180 53 [35]
glucose DMSO Hiéet 363 120 21.2 [36]
DMA CrCly 373 240 60
glucose _ [37]
DMA/LiCl CrCly 373 300 60

a: microwave experiment
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Table 2-3. Literature survey of the production of 5-HMF from polysaccharide

Temperature Time 5-HMF yield

Materials Solvent Catalyst (K) (min) (%) Ref.
cellulose [bmim][Cl] CrCl3-6H-0 373 240 17 [38]
[bmim][Cl]l/
cellulose lemim][HSO:] HSO4 373 240 3 [39]
cellulose [emim][Cl] CuCly/CrCls 393 240 43 [40]
cellulose DMA/LiCl CrCly/HCl 413 120 22 [37]
cellulose DM.A/LICI/ CrCly/HCl 413 120 54 [37]
[emim][Cl]
cellulose [ASBII[HSO4] CoS0Oy 373 240 30 [41]
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2

N N/\/\/ SO;H.CF;S05” \/\N\/_\\/N/\/\/ SO;H.HSOy
\=/ —
(1) Broensted acid: [ASBI][TfO] (3) Bronsted acid: [ASBI|[HSO,]

S0CL ¢ S0OCl,
N NAAEAAUSOCLCESO; S AL A A SOCLHSO,
(2) Lewis acid: [ASCBI|[T{O] (4) Lewis acid: [ASCBI][HSO,]

Figure 3-1. The preparation of acidic ionic liquid catalyst.

Si0;

14— activation(6M HCI)

oM OMe
+ MeO-di\SH
OH MeO”

immobilization of
silane functional group

OMe H'\SO4 OMe .
i = 1 SO;H 9) Bronsted acid:
0 (6} Si0,-SO;H
SOCl,
¥
\/\NAI"\;/\/\/ SO, X.Y
_ OMe . s
= _ 0-di "~~~ SO,Cl  (10) Lewis acid:
¢g”‘““‘g 0 Si0,-S0,C1
(|)I\Ie a )
%}Si/\/\s /\/\N&;/\/\/ SO,X.CF;80;

= (5) X=OH, Y=CF.,50, : Bronsted acid: SiO,-[ASBI]|[TfO]

(6) X=Cl, Y=CF,50, : Lewis acid: SiO,-[ASCBI|[TfO]
(7) X=OH, Y=HSO, : Brensted acid: SiO,-[ASBI|[HSO,]
(8) X=Cl, Y=HS0, : Lewis acid: SiO,-[ASCBI|[HSO,]

Figure 3-2. The synthesis of immobilized acidic ionic liquid catalyst.
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3-2-2 25 AsES XFT Foli AF o] 24 HA ZwjAlx WR[43]

dutd o=z del 5FF Folzit 5 E98HE(SnCl, ZnCly, AlC,
FeCls, CuCl, CrCl3-6H:0)°ll =& % (cholinium)Al ©]24 AAE H7lste] F
ojz=A4k o2 A FwE AxEAT ol AAS AstE | (IMesNCHy
OHICI, choline chloride)® &% A3%FE<l SnCl, ZnCl,, AlCl;, FeCls, CuCl,
CrCl3-6H.05 9ol & v &2 250 mL &9 TovutgEZelaae 9 2
2 wE97IE fFAEY 393 Ko A oY &% YA HA7E E wrhA]
wHksle] & Az AT oldl AlCLS E3F F7|9f 8ol s w$ W
detuz da E97]A-tER 2 e Erjitels dste = &R d3}

FUE 9ol T9ste] e =d F s AAst e Alxzsksinh

{ Choline chloride ] L Metal chloride ]

Mixing

1

Heating to 120 ‘C.with stirring in nitrogen atmosphere

until a clear colorless liquid was obtained

|

Lewis acid ionic liquid catalyst
containing metal chloride

Figure 3-3. The preparation of Lewis acidic ionic liquid catalyst

contaning metal chloride.
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9dF 9 R vel a2 R E 5-HMFRe] g vhgd4-5 98 vt

S A2+ Figure 3-49F %] RadleysAtel Al A1 %3+ Carousel 12 Plus

Reaction Satation®] 45 mL & 3¢] glass tube reactorol A 33} T} tube

reactor toll ¥sle WEEH FuiE ¥ &, WAL 9SS o uwhebA

sty gubE wytete] Ads Adysdvh. v Fol = tube reactorE A
<

Fezold ALK WA F, BAuolel @it o]E BAe7] 9laid

o

Shimadzu LC-20A Model®] HPLCE  ©]&3% 2™, Bio-Rad Aminex
HPX-87H Column®l column=%=% 80T, oA &wz 5mM H>SO,
0.5ml/min®] Zz sk, @372 fructose, glucose= RI detector®, 5-HMF+=

UV detector® A& 2 HA BAS 59

Cap PO e S | o e
\\ls_eflux Sectron -
45 mL

Tube
Temperature

Heating Section (Mantle) Water bath

Hot Plate
& Stirrer O

L

Figure 3-4. Carousel 12 Plus Reaction Station apparatus scheme.
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Figure 4-2. FT-IR spectra of; (a) silica gel, (b) SiO2-MPS, (c)
SiO2-[ASBII[TfOl, (d) SiOz-[ASCBIIIT{O]l, (e) SiO2-[ASBII[HSO4],
(f) SiO>,-[ASCBII[HSO4]
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Table 4-1. The property of acidic ionic liquid catalyst

Name [ASBI|[HSO4] [ASCBI][HSO]

ol

@ S
Formula MN\:;N /\/\AHSOE, HS04 =y \=/ /\"\fsozc' e
)

Weight (g) a 142
Yield (%) 93 90
Conv. (%)
(by TLC) & .
y
Water R B00 1) Halide . 2,000ppm
' m
(ppm) P 2) Water : 7,600ppm
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Holol A ATR(attenuated total reflection) WO = Al7e] FHLEE A5t
7 AT, 1435 en G £ dde] 8 A% dar) Sl w1443
cn ol A 1450 em 'e] JFow olEH RORRE FI Fo]lxito] A
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Cl-2ZnCl;9] ZvwjEo] 1450 cm o] 9] 73k Folaiks AWSS HAF
A
[MesNC,H,OHICI-2SnCl;, [MesNCHOHICI-2ZnCl; [MesNCoH,OHICI-2A1 CLel 3
ol dE Ax & B T SrEs BEs 235 Table 4-20 LR

At

o

nt

=@, Y AZE FEIREA Fol 2 ol dA Ev F

_26_



1450 1435
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Y
’5: rv_ f Pyridine~IL-25nC1
=
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£ ﬁ\f‘f_\/’
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Figure 4-3. FT-IR spectra of pyridine adsorbed on [MesNC:HsOHICI
- MClx catalysts.
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Table 4-2. The property of [MesNC.HsOHICI-MClx catalysts

N [Me3NC2H4OH] Cl- [Me3NC2H4OH]Cl- [Me3NC2H4OH]Cl-
ame 27ZnCl, 25nCl, 2AICI;
HO .~ Lo B
Formula ))\J\ ZnCls HO%N\ %HCIE._ HO%N‘\ ECH
&
Weight (g) 160 156 125
Yield (%) 72 88 80
Conv. (%)
95 99 90
(by TLC)
Water
3,200 6,200 5,100
(ppm)
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Table 4-3. Comparison of acid solid acid catalyst activity on fructose

Fructose 5-HMF  Levulinic acid Others

No. Catalyst Conversion® Yield® Yield® Yield®

(%) (%) (%) (%)
1 SiOo-[ASBI]{HSO,] 97.5 75.3 23.6 2.6
2 SiO2-[ASCBIJ[HSO,] 98.3 69.7 26.5 2.1
3 SiO.-[ASBI][TfO] 94.8 65.1 23.8 5.9
4 SiO.-[ASCBI][TfO] 92.6 61.0 26.2 5.4
5 Amberlyst=15 9198 63.9 34.1 1.9
6 DOWEX50x8 98.9 62.9 32.8 3.2

®Reaction condition: . fructose(0.200 g), catalyst(0.02" g), [bmim]l[Cl]
(3.980 g), 383 K, 2 h.
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Figure 4-4. Effect of reaction temperature on SiO2-[ASBII[HSO.].
g), [bmiml[C1]1(3.980

Reaction conditions: fructose(0.200

SiO2-[ASBII-[HS04](0.02 g), 2 h.
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Figure 4-5. Effect of reaction time on SiO:-[ASBII[HSO4]. Reaction
conditions: fructose(0.200 g), [bmim][C11(3.980 g),
SiO2-[ASBI]-[HS04](0.02 g), 383 K.
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Figure 4-6. Effect of SiO2-[ASBI]-[HSO4] weight ratio to fructose.
Reaction condition: fructose(0.200 g), [bmim][C1](3.980 g), 383 K, 2 h.
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Figure 4-7. Effect of ionic liquid molar ratio on fructose. Reaction

condition: fructose(0.200 g), SiO2-[ASBII[HSO04]1(0.02 g), 383 K, 2 h.
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Table 4-4. Comparison of [MesNC:HsOH]-MCIlx catalyst activity on

fructose

Fructose 5-HMF = Tevulinic acid  Others
No. Catalyst Conversion® Yield® Yield® Yield®

(%) (%) (%) (%)

1 [MesNCyHOH]-2FeCly 96.6 B .9 12 1.5

2 [Me3sNC:H,OH]-2CrCly 92.1 . | 1234 0.6

3 [Me3NC:H;OH]-2CuCls 90.4 78.4 7.8 4.2

4 [Me3sNC3H,OH]-2AICl, Cil .5 o, W 13.3

5  [Me3sNC:HyOH]-2ZnCl, T =l 18.4 21.6

6  [Me3sNC:H,OH]-2SnClg 99.4 2.0 28.3 69.1

*Reaction condition: fructose(0.045 g), catalyst(0.02 g), DMSO(3 mL),
393 K, 4 h.
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Figure 4-8. Effect of time and temperature on [MesNC:H4sOH]-2FeCls.
Reaction condition: fructose(0.045 g), catalyst(0.02 g), DMSO(3 mL).
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Figure 4-9. Effect of [MesNC:H4OH]-2FeCls molar ratio on fructose.
Reaction condition: fructose(0.045 g), DMSO(3 ml), 393 K.
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Figure 4-10. Effect of FeCls molar ratio on [MesNC.H4OH]-2FeCly..
Reaction condition: fructose(0.045 g), Catalyst(0.02 g), DMSO(3 mL),
393 K.
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Table 4-5. Comparison of [MesNC:HsOH]-MCIx catalyst activity on

glucose

Glucose 5-HMF = “Levulinic acid  Others
No. Catalyst Conversion® Yield® Yield® Yield®

(%) (%) (%) (%)

1 [MesNCgHsOH]-2AIClL 95.7 64.4 26.0 5.3

2 [MesNCoH,OH]-2CrCly 82.3 Sz 21K 8.2

3 [MesNCoHOH]-2SnCl3 97.3 2451 37.2 35.9

4 [MesNCyH,OH]-2FeCly 65.6 6.6 Pl 31.4

5  [MesNCoHOH]-2ZnCl3 o0 5.6 18.7 31.3

6 [MesNC2H,OH ]-2CuCl; 90.6 1.8 33.4 56.4

*Reaction condition: glucose(0.045 g), catalyst(0.02 g), DMSO(3 mL),

393 K, 4 h.
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Figure 4-11. Effect of reaction time and reaction temperature on
[MesNC,H,OH]AICl,. Reaction condition: glucose(0.045 g),
catalyst(0.02 g), DMSO(3 mL).
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Figure 4-12. Effect of [MesNC:H/OH]AICls molar ratio on fructose.
Reaction condition: glucose(0.045 g), DMSO(3 ml), 393 K.
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Figure 4-13. Effect of AICls molar ratio on [MesNC.H/OH]AICl,.
Reaction condition: glucose(0.045 g), Catalyst(0.02 g), DMSO(3 mL),
393 K.
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Figure 4-14. Comparison of different catalytic system on cellulose.
Reaction conditions: cellulose(0.200 g), [bmiml[CI1(4.309 g),
CrCl3-6H20(0.033 g), SiO2-[ASBII[HSO4](0.040 g), MgS04(0.040 g), 2 h.
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Table 4-6. Activity comparison of metal chloride catalysts on

cellulose
No. | Metlal f:hloride e 5-HMF Yield®
ionic liquid catalyst (%)
1 = SiO2- [ASBITHSO, | 4.0
2 SnCly Si02=-[ASBI][HSO,] 1.1
3 ZnCly SiO2=[ASBIHHSO, ] 0.7
4 CuCls SiO2=[ASBI][HSO4] 6.9
5 InCls SiO2-[ASBI ] [HSO4] 12.5
6 AlCl3 SiO2-[ASBI][HSO4] 12.7
7 CrCly SiO2-[ASBIT[HSO, ] 15.2
8 CrCls-6H20 SiO2-[ASBI1[HSO4] 37.0

*Reaction conditions:- cellulose(0:200 g), [bmiml[CI1(4.309 g), metal
chlorides(0.033 g), SiO2.-[ASBII[HSO41(0.040 g), 403 K, 2 h.
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Table 4-7. Activity comparison of acid catalysts on cellulose

No. Acid catalysts | Met.al f:hloride 5-HMF Yield®
ionic liquid catalyst (%)
1 - CrCl3-6H20 14.2
2 H2SO4 CrCls-6H20 14.5
3 HCl CrCl3-6H20 15.8
4 Amberlyst=15 CrCls-6H-0 24.6
5 DOWEX50x8 CrClz-6H20 31.7
6 SiO2= [ASCBI ] [HSO4] CrCl3-6H20 35.6
7 SiO2+ [ASBI] [HSO4 CrCl3-6H20 37.0
8 SiO2-[ASCBII[TfO] CrCl3-6H-0 35.7
9 SiO2-[ASBII[T{O] CrCl3-6H20 35.3

*Reaction conditon: cellulose(0.200-"g), [bmimI[C11(4.309 g),
CrCl3-6H20(0.033 g), acid catalysts(0.040 g), 403 K, 2 h.
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Figure 4-15. Catalytic activity of solid acid catalysts on
temperature. Reaction conditon: cellulose(0.200 g),
[bmim][C1]1(4.309 g), CrCl3-6H20(0.033 g), acid catalysts(0.040 g),
403 K, 2 h.
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Figure 4-16. Effect of time and temperature

on cellulose.

Reaction condition: cellulose(0.200 g), [bmim][C1]1(4.309

CrCl3-6H20(0.033 g), SiO2-[ASBIIIHSO04](0.040 g).
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Figure 4-17. Effect of SiO2-[ASBII[HSO4] weight ratio on cellulose.
Reaction condition: cellulose(0.200 g), [bmiml[C11(4.309 g),
CrCl3-6H20(0.033 g), 403 K, 2 h.
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Figure 4-18. Effect of CrCls-6H20 molar ratio on cellulose. Reaction
condition: cellulose(0.200 g), [bmim][C11(4.309 g),
SiO2-[ASBII[HSO41(0.040 g), 403 K, 2 h.
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Figure 4-19. Effect of [bmim][Cl] molar ratio on cellulose. Reaction
condition: cellulose(0.200 g), CrCl3-6H-0(0.033 g),
SiO2-[ASBII[HS04](0.040 g), 403 K, 2 h.
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Figure 4-20. Effect of HzO molar ratio on cellulose. Reaction
condition: cellulose(0.200 g), [bmiml[C11(4.309 g), CrCls-6H20(0.033
g), SiO2-[ASBII[HS04](0.040 g), 403 K, 2 h.
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Figure 4-21. Reusability of SiO:-[ASBII[HSO4]. Reaction condition:
cellulose(0.200 g), [bmiml[C11(4.309 g), CrCls-6H20(0.033 g), 403 K, 2 h.
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