
R E F E R E N C E S

Aida, T.M., Tajima, K., พ atanabe, M., Saito, Y., Kuroda, K., Nonaka, T., Hattori, H., 
Smith, R.L., Arai, K. Reactions o f d-fructose in water at temperatures up to 
400 c  and pressures up tolOO MPa J .o f  Supercritical F luids  42(2007): 110— 
119

Albrecht, T.Conversion o f Lignocellulosic Material and Model Compounds in Sub- 
and Supercritical Water. Shaker Verlag. Aachen (2007)

Ananda, S.A., LaToya, D.W., Chidinma, C.E. Mechanism o f the dehydration o f 
D-fructose to 5-hydroxymethylfurfural in dimethyl sulfoxide at 150 °C: an 
N M R  study. Carbohydrate Research  343 (2008):3021-3024

Ando, H., Sakaki T., Kokusho, T., Shibata, M ., Uemura ,Y., and Hatate, Y.
Decomposition Behavior o f Plant Biomass in Hot-Compressed Water. In d  E ng  
Chem  Res. 39 (2000):3688-3693

Antal, M. J., M ok, พ .  ร. L.; Richards, G. N. Kinetic studies o f reactions o f  ketoses 
and aldoses in  water at high temperature. 1. Mechanism o f formation o f 5- 
(hydroxymethyl)-2-furaldehyde from D-fructose and sucrose, Carbohydrate  
R esearch  199 (1990):91.

Asghari, F.S.,Yoshida, H. Acid-catalyzed production o f 5-hydroxymethylfurfural 
from D-fructose in subcritical water. Ind.Eng.Chem. Res. 45 (2006):2163- 
2173

Barrett C.J., Chheda J.N., Huber G.W., Dumesic J.A., Single-reactor process for 
sequential aldol-condensation and hydrogenation o f biomass-derived 
compounds in  water. Environm ental  6 6  (2006): 111-118.

Bicker, M., Kaiser, D., Ott, L., Vogel, H.,Dehydration o f d-fructose to
hydroxymethylfurfural in sub- and supercritical fluids, J. o f  Supercritical 
Fluids  36 (2005) :118-126

Chareonlimkul, A ., Champreda, V., Shotipruk, A., Laosiripojana, N. Reactions o f C5 

and c 6 -sugars, cellulose, and lignocellulose under hot compressed water 
(HCW ) in  the presence o f heterogeneous acid catalysts. F u el  xxx(2012a)xxx

Chareonlimkul, A., Champreda, พ ., Shotipruk, A., Laosiripojana, N. Catalytic 
conversion o f  sugarcane bagasse,rice husk and corncob in  the presence 
O f T iÛ 2 , Z rÛ 2 and mixed-oxide T i0 2 -ZrÛ2 under hot compressed water 
(HCW ) condition. Bioresource Technology  101 (2010b): 4179-4186

Chemik, ร., Bridgwater, A.v. Overview o f Applications o f biomass Fast Pyrolysis 
Oil, E nergy a n d  F uels  18(2004):590-598



53
Chheda, J.N., Dumesic, J.A. An overview o f  dehydration, aldol-condensation and

hydrogenation processes forproduction o f liquid alkanes from biomass-derived 
carbohydrates. Catalysis Today  123 (2007):59-70

Cottier, L.; Descotes, G.Trend. Heterocycl. 5-Hydroxymethylfurfural, syntheses 
and chemical transformations, Chem. 2 (1991): 233-248

Dry, M.E. High quality diesel via the FS process - a review, Journal o f  C hem ical 
Technology a n d  Biotechnology, 77(2001 ):43-50.

Huber, G.W., Chheda, J.N., Barrett, C.J., Dumesic, J.A. Production o f L iquid
Alkanes by Aqueous-Phase Processing o f Biomass-Derived Carbohydrates, 
Science  308 (2005): 1446-1449.

Lewkowski, J. Synthesis Chemistry and Applications o f 5-Hydroxymethyl-furfural 
And Its Derivatives, Department o f Organic Chemistry, U niversity o f  
P O L A N D A 7-54 .

Qi, X, Watanabe, M., Aida, T.M., Richard, L., Smith, Jr., Sulfated zirconia as a
solid acid catalyst for the dehydration o f fructose to 5-hydroxymethylfurfural 
Catalysis C om m unica tions  10 (2009): 1771-1775.

Kabyemela, B. M .; Adschiri, T.; Malaluan, R. M .; Arai, K. Glucose and fructose 
decomposition in subcritical and supercritical water: Detailed reaction 
pathway, mechanisms, and kinetics, Ind. Eng. Chem. Res.38 (1999):2888.

Kruse, A., Dinjus, E. Hotcompresses water as reaction medium and reactant:
properties and synthesis reaction, Journal o f  Supercritical F luids  62 (2006) 
•46-55.

Lichtenthaler, F.W., Ronninger, ร. a-o-Glucopyranosyl-D-f ructoses:
Distribution o f Furanoid and Pyranoid Tautomers in Water, D imethyl 
Sulphoxide, and Pyridine. Studies on Ketoses, O rganische Chemie,
Technische H ochschule Darmstadt, Petersenstrabe  22 (1999) H489-1497.

Moreau, c ., Finiels, A., Vanoye, L. Dehydration o f fructose and sucrose into 5-
hydroxymethylfurfural in the presence o f l-H-3-methyl im idazolium chloride 
acting both as solvent and catalyst, Journal o f  M olecular C atalysis A: 
C hem ical 253 (2006): 165-169.

Qi, X., Watanabe, M ., Aida, T.M., Smith, R.L. Selective Conversion o f D- 
Fructose to 5-Hydroxymethylfurfural by Ion-Exchange Resin in 
Acetone/Dimethyl sulfoxide Solvent Mixtures. Ind. Eng. Chem. Res. 47 
(2008):9234-9239.

Qi, X., Watanabe, M ., Taku, M. Aidan and Richard Lee Smith, Jr. Catalytic
dehydration o f fructose into 5-hydroxymethylfurfural by ion-exchange resin in 
mixed-aqueous system by microwave heating, Green Chem. 10 (2008):799- 
805.



54
Richard, M. Musau and Raphael M. Munavu., The Preparation o f 5-

Hydroxymethyi-2-Furaldehyde (HMF) from D-Fructose in the Presence o f 
DMSO. B io m a ss  13(1987):67-74

Roman-Leshkov,Y., Chheda, J.N. Dumesic, J.A. Phase modifers promote efficient 
production O fhydroxymethylfurfural from fructose. S cience  312(2006): 1933- 
1938.

Sievers, c., Mariefel, B. Olarte, V., Marzialetti, T., Musin, I,Agrawal, P.K., and
Jones, c.w . Ionic-Liquid-Phase Hydrolysis o f Pine Wood. Ind. Eng. Chem . 
Res. 48 (2009): 1277-1286.

Srinorakutara, T., Suesat, c., Pitiyont, B., Kitpreechavanit, พ .,  Cattithammanit, ร. 
U tilization o f Waste from Cassava Starch Plant for Ethanol Production. The 
Joint International Conference on “ Sustainable Energy and Environment 
(SEE)”  1-3 December 2004, Hua Hin, Thailand

Sriroth, K., Chollakup, R., Chotineeranat, ร., Piyachomkwan, K., Oates, CG.,
Processing o f  cassava waste for improved biomass utilization. B io reso u rce  
T ech n ology  71(2000): 63-69

รน, Y., Brown, H.M., Huang, X., Zhou, x .d , Amonette, J.E., Zhang, z .c . Single-
Step Conversion o f Cellulose to 5-Hydroxymethylfurfural (HMF), a Versatile 
Platform Chemical Pacific, N orth w est N a tio n a l L a b o ra to ry  In stitu te  f o r  
In terfac ia l C a ta ly s is , p. 0 . Box 999, Richland, W A 99352.

Vessia,Q. Biofuels from lignocellulosic material, NTNU, N orw eg ian  U n ivers ity  o f  
S cience a n d  T ech n o logy  F acu lty  o f  in form ation  technology, m a th em atics  a n d  
e lec tr ica l en g in eerin g  D epartm en t o f  e le c tr ic a l en g in eerin g  (2005)

Watanabe, M , Aizawa, Y., Iida, T., Aida, T.M., Levy, c., Sue, K., and Inomata, H.
Glucose reactions w ith  acid and base catalysts in hot compressed water at 473
K. C a rb o h yd ra te  R esea rch  340 (2005a): 1925-1930.

Watanabe, M ., Aizawa, Y., Iida, T., Levy, c., Taku, M . A ida and Inomata H.
Glucose reactions w ith in  the heating period and the effect o f heating rate on 
the reactions in hot compressed water. C a rb o h yd ra te  R esearch  340 (2005b): 
1931-1939

Watanabe, M., Aizawa, Y., Iida,T., Nishimura, R., Inomata, H. Catalytic glucose
and fructose conversions with T i02  and Z r02  in  water at 473 K : Relationship 
between reactivity and acid-base property determined by TPD measurement. 
A p p lie d  C a ta ly s is  A : G en era l 295 (2005): 150-156.

Yoshida, T., Yanachi, ร., Matsumaru, Y., Glucose Decomposition in  Water under 
Supercritical Pressure at 448-498 K. J.Jpn .In st E n erg y  86(2007): 700-707



A P P E N D I C E S



Ar
ea

 (m
AU

'm
in

) 
Ar

ea
 <m

AU
*m

ln>

A P P E N D I X  A

EXPERIMENTAL DATA FOR ANALYSIS
A -l Standard calibration curve for HPLC analysis of HMF and furfural

Figure A-1.1 Standard curve of HMF

Figure A 1.2 Standard curve of furfural
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A-2 Standard calibration curve for HPLC analysis of glucose fructose xylose 

and AHG

Table A-2.1 Standard calibration curve data for glucose

Peak area
(UV detector at 270 nm)

Concentration of glucose 
(mg/ml)

109 0.1

508 0.3
987 0.5
1570 0.7
2128 1.0

C oncentra tion  o f glucose (m g/m l)

F ig u r e  A  2 .1  S ta n d a rd  c u rv e  o f  g lu c o s e



T a b le  A -2 .2  S ta n d a rd  c a lib ra t io n  c u rv e  da ta  fo r  fru c to s e

Peak area Concentration of fructose
(UV detector at 270 nm) (mg/ml)

83.36 0.1

457.332 0.3
945.716 0.5
1457.735 0.7
2212.2 1.0

Figure A 2.2 Standard curve of fructose
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T a b le  A -2 .3  S ta n d a rd  c a lib ra t io n  c u rv e  da ta  fo r  x y lo s e

Peak area
(UV detector at 270 nm)

Concentration of xylose 
(mg/ml)

89.177 0.1

231.71 0.3
411.40 0.5
668.51 0.7
1001.57 1.0

F ig u r e  A  2 .2  S tan da rd  c u rv e  o f  x y lo s e



T a b le  A - 2 .3  S ta n d a rd  c a lib ra t io n  c u rv e  d a ta  fo r  1,6 a n h y d ro g lu c o s e  ( A H G )

Peak area Concentration of AHG 
(mg/ml)

89.177 0.1

231.71 0.3
411.40 0.5
668.51 0.7
1001.57 1.0

F ig u r e  A  2 .2  S ta n d a rd  c u rv e  o f  x y lo s e



APPENDIX B
EXPERIMENTAL DATA

B - l  C a l c u l a t i o n  o f  % c o n v e r s i o n  a n d  c o n c e n t r a t i o n  o f  1 , 3 - P D O  a n d  2 - M D

P r o d u c t  y i e l d  ( % )  =  g r a m  o f  H M F  o r  f u r f u r a l  i n  p r o d u c t  X 1 0 0

g r a m  o f  f e e d s t o c k

C o n v e r s i o n  o f  s u g a r  ( % )  =  ( i n i t i a l  s u g a r  m a s s  -  l a s t  s u g a r  m a s s )  X 1 0 0

i n i t i a l  s u g a r  m a s s
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B - 2  E x p e r i m e n t a l  d a t a  o f  H M F  a n d  f u r f u r a l  f r o m  b i o m a s s .

T a b l e  B - l  E f f e c t  o f  t h e  c o m p o s i t i o n  o f  m e d i u m  ( A c e t o n e / D M S O  (70/30 % พ/พ) t o  

w a t e r )  o n  H M F  a n d  f u r f u r a l  y i e l d  a t  250°c

C o m p o s i t i o n  o f  m e d i u m  
( A c e t o n e :  D M  S O )  /  w a t e r

Y ie lc ( % )
H M F F u r f u r a l

1 0 0 /0 0 .0 7 0

9 0 /1 0 0 .1 3 0

8 0 /2 0 0 .0 8 0

7 0 /3 0 0 .0 6 0

6 0 /4 0 0 .0 6 0

5 0 /5 0 0 .1 0

4 0 /6 0 0 .1 0

3 0 /7 0 0.6 0 .1

2 0 /8 0 1 .4 0 .2

1 0 /9 0 2 .8 0 .3
0 /1 0 0 4 .6 0 .3 2

T a b l e  B - 2  E f f e c t  o f  t h e  c o m p o s i t i o n  o f  m e d i u m  ( A c e t o n e / D M S O  ( 7 0 / 3 0  % พ / พ )  to  

w a t e r )  o n  H M F  a n d  f u r f u r a l  y i e l d  a t  2 5 0 ° c  w i th  c a r b o n  b a s e d  c a t a l y s t

C o m p o s i t i o n  o f  m e d i u m  
( A c e t o n e  : D M S O )  /  w a t e r

Y ie lc ( % )
H M F F u r f u r a l

E x p  1 E x p  2 S d E x p  1 E x p  2 S d
1 0 0 /0 9  5 9 .6 0 .0 5 6 5 1 .8 1 .6 0

9 0 /1 0 10 .8 1 0 .3 0 .0 7 0 7 2 . 1 1 .9 0 .0 7 0 7
8 0 /2 0 1 0 .3 10 0 . 2 1 2 1 1 .9 1 .8 0 .0 7 0 7
7 0 /3 0 1 0 .2 1 0 .7 0 .0 7 0 7 2 1 .9 0 .1 4 1 4
6 0 /4 0 9 .6 8 8.6 0 .6 3 6 3 1 .6 1 .6 0 .1 4 1 4
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T a b l e  B - 3  E f f e c t  o f  t e m p e r a t u r e  o n  H M F  a n d  f u r f u r a l  y i e l d  a t  1 0 /9 0  

( A c e t o n e / D M S O  ( 7 0 /3 0  % พ / พ )  to  w a t e r )  w i t h  c a r b o n  b a s e d  c a t a l y s t

T e m p e r a t u r e  (°C )
Y i e ld  ( % )

H M F F u r f u r a l
E x p  1 E x p  2 S d E x p  1 E x p  2 S d

2 2 0 3 .2 1 3 .5 5 0 .2 4 0 4 0 .5 0 7 0 .1 4 1 4
2 3 0 6 .4 4 6 .3 2 0 .0 8 4 8 1 0 .9 8 0 .0 1 4 1
2 4 0 9 9 .1 0 .0 7 0 7 1 .4 1 .4 0

2 5 0 1 0 .8 1 0 .7 0 .2 6 4 5 2 . 1 1 .9 0 .1 5 2 7
2 6 0 10 9 .8 0 .1 4 1 4 2 . 1 1 .8 0 . 2 1 2 1

2 7 0 8 .2 6 8 .1 1 0 .1 0 6 0 1 3 1 .2 0 .0 7 0 7

T a b l e  B - 4  E f f e c t  o f  t i m e  o n  H M F  a n d  f u r f u r a l  y i e ld  a t  1 0 /9 0  ( A c e t o n e / D M S O  ( 7 0 /3 0  

% w / w )  t o  w a t e r ) ,  r e a c t i o n  t e m p e r a t u r e  250°c w i t h  c a r b o n  b a s e d  c a t a l y s t

T i m e  ( m i n )
Y ie lc ( % )

H M F F u r f u r a l
E x p  1 E x p  2 S d E x p  1 E x p  2 S d

0 10 .8 1 0 .7 0 .0 7 0 7 2 . 1 1 .9 0 .1 4 1 4
1 1 1 . 2 1 1 0 .1 4 1 4 2 .2 2 0 .1 4 1 4
2 1 0 .2 1 0 .3 0 .0 7 0 7 ' 2 .2 2 . 1 0 .0 7 0 7
5 8 .4 8 8 0 .3 3 9 4 2 .2 2 0 .1 4 1 4
7 5 .9 1 5 .8 7 0 .0 2 8 2 2 .3 2 0 .1 4 1 4

1 0 3 .5 6 4 0 .3 1 1 1 1 .8 1 .9 0 .0 7 0 7

T a b l e  B - 5  E f f e c t  o f  d o s e  o f  c a t a l y s t  o n  H M F  a n d  f u r f u r a l  y i e l d  a t  2 5 0 ° c ,  1 m i n  a n d  

1 0 /9 0  ( A c e t o n e / D M S O  ( 7 0 /3 0  % พ / พ )  to  w a t e r  a s  m e d i u m .

D o s e  o f  c a r b o n  b a s e d  
c a t a l y s t  ( g )

Y ie lc ( % )
H M F F u r f u r a l

E x p  1 E x p  2 S d E x p  1 E x p  2 S d
0 .0 5 12.1 1 1 .4 0 .4 9 4 9 2 1 6 0 .2 8 2 8
0 .1 11 1 1 .2 0 .1 1 5 4 2 2 .2 0 .1 4 1 4

0 .1 5 9 .8 11 0 .4 2 4 2 2.1 2 .2 0 .0 7 0 7
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T a b l e  B - 6  P r o d u c t i o n  y i e l d  f r o m  f r u c t o s e  a t  2 3 0 ° c ,  1 0 /9 0  ( A c e t o n e / D M S O  ( 7 0 /3 0  

% พ / พ )  t o  w a t e r  a s  m e d i u m ,  w i t h  a n d  w i t h o u t  c a r b o n  b a s e d  c a t a l y s t ,  r a n g e  o f  t i m e  a t  
0  t o  1 2  m i n u te .

T im e
( m in ) %  c o n v e r s i o n  o f  f r u c t o s e

%  Y i e ld
W i t h o u t  c a t a l y s t W i t h  c a t a y s t

W ith o u t cat W ith  cat G lucose H M F furfural G lucose H M F furfural
0 1 0 7 8 0 4 .8 0 .1 0 2 2 .5 0.6
2 3 0 8 7 0 7 .2 0 .3 0 2 3 0 .6

5 5 0 9 3 0 14 0 .4 0 .1 2 6 .6 0.8

7 6 3 9 4 0 1 6 .7 0 .5 1 .2 5 2 7 .5 0 .9
10 7 2 9 4 .7 0 2 0 .2 0 .7 0 .9 2 8 .5 0 .9
1 2 8 2 9 5 0 2 6 .2 1 0 2 8 .5 1

T a b l e  B - 7  P r o d u c t i o n  y i e l d  f r o m  g lu c o s e  a t  2 3 0 ° c ,  1 0 /9 0  ( A c e t o n e / D M S O  ( 7 0 /3 0  

% พ / พ )  to  w a t e r  a s  m e d i u m ,  w i t h  a n d  w i t h o u t  c a t a ly s t ,  r a n g e  o f  t i m e  a t  0 t o  1 2  

m i n u te .

T im e
(m in )

%  c o n v e r s io n  o f  
g lu c o s e

%  Y ie ld
W ith o u t  c a ta ly s t W ith  c a ta ly s t

W ithou t
cat W ith  cat F ructose A H G H M F furfural F ructose A H G H M F furfural

0 5 15 1 2 .3 1 .3 0 0 0 0 .8 0
2 10 15  ' 2 4 2.1 0 0 0 1 .8 0.1
5 12 16 4 0 3 .3 0.1 0 0 2 .5 0.1
7 2 2 19 5 0 4 0.1 0 0 3 .3 0.1
10 2 9 2 7 6 0 5.1 0.1 0 0 3 .6 0.1
12 33 3 0 4 0 5 .8 0 .2 0 0 4 0 .2

T a b l e  B - 8  P r o d u c t i o n  y i e l d  f r o m  x y l o s e  a t  2 3 0 ° c ,  1 0 /9 0  ( A c e t o n e / D M S O  ( 7 0 /3 0  

% พ / พ )  t o  w a t e r  a s  m e d i u m ,  w i t h  a n d  w i t h o u t  c a t a l y s t ,  r a n g e  o f  t i m e  a t  0 t o  1 2

m i n u te .

T im e
( m in )

%  c o n v e r s i o n  o f  g lu c o s e %  y i e l d  f u r f u r a l

W i t h o u t  c a t a l y s t W i t h  c a t a l y s t W i t h o u t  c a t a l y s t W i t h  c a t a l y s t
0 5 .7 13 2 .4 2 .4
2 7 .2 18 3.1 3 .9
5 1 0 .2 2 5 7
7 2 8 35 5 .7 7 .6

1 0 3 0 4 5 7.1 9 .4
1 2 3 5 4 5 7 .7 1 1 .7
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T a b l e  B - 9  P r o d u c t i o n  y i e l d  f r o m  c e l l u lo s e  a t  2 3 0 ° c ,  1 0 /9 0  ( A c e t o n e / D M S O  ( 7 0 / 3 0  

% พ / พ )  to  w a t e r  a s  m e d i u m ,  w i t h  a n d  w i t h o u t  c a t a l y s t ,  r a n g e  o f  t i m e  a t  0 t o  1 2  

m i n u t e .

T i m e
( m i n )

%  Y i e ld
W i t h o u t  c a t a l y s t W i t h  c a t a l y s t

g lucose xy lose A H G H M F furfural g lucose xy lo se A H G H M F furfu ral
0 3 .7 5 0 0 0 .3 0.1 17 0 .4 5 0 1.2 0 .3
2 6 .5 0 .5 0 0 .7 0 .2 2 3 0 .4 0 2 0 .3
5 7 0 .4 0 1.1 0.2 2 5 0.1 10 3 .9 0 .5
7 7 .2 0 0 1.2 0.2 4 3 0 .0 8 15 5 .9 0 .8

1 0 10 0 4 2 0 .3 4 0 0 14 7 1
1 2 15 0 3 2 .7 0 .8 4 0 0 13 7 .6 1 .4

T a b l e  B - 1 0  P r o d u c t i o n  y i e l d  f r o m  x y la n  a t  230°c, 10/90 ( A c e t o n e / D M S O  (70/30 

% พ / พ )  to  w a t e r  a s  m e d i u m ,  w i t h  a n d  w i t h o u t  c a t a l y s t ,  r a n g e  o f  t i m e  a t  0  t o  1 2  

m i n u t e .

T i m e
( m i n )

%  Y i e ld
W i t h o u t  c a t a l y s t W i t 1  c a t a l y s t

g lucose x y lose A H G H M F furfural g lucose xy lo se A H G H M F fu rfu ra l
0 1 .7 5 2 .2 5 0 0 0 .9 0 3 .5 7 .5 0 .1 7 .4
2 1 .7 5 3 .5 18 0  ' 1 .5 0 7 .5 2 .5 0 .1 8

5 0 2 15 0 3 0 2 14 0 .1 1 0 .3
7 0 0 .0 5 7 .5 0 3 0 0 .5 1 4 .1 0 .1 9 .1

1 0 0 0 0 0 3 .3 0 0 0 0 .1 9
1 2 0 0 0 0 .1 4 0 0 0 0 .1 7 .9
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A b s t r a c t
I n  t h i s  s tu d y ,  t h e  p r o d u c t i o n  o f  5 - h y d r o x y m e t h y l f u r f u r a l  ( H M F )  f r o m  c a s s a v a  

w a s t e  w a s  i n v e s t i g a t e d  i n  a  b a t c h  ty p e  h o t  c o m p r e s s e d  w a t e r  s y s t e m .  F i r s t ,  
e x p e r i m e n t s  w e r e  c o n d u c t e d  t o  e x a m i n e  th e  o p t i m u m  c o n d i t i o n  ( t e m p e r a t u r e  b e t w e e n  
4 7 3  K  a n d  5 2 3  K  a n d  r e a c t i o n  t i m e  b e t w e e n  0  t o  1 2  m i n )  w i t h o u t  a d d e d  c a t a l y s t .  T h e  
o p t i m u m  c o n d i t i o n  w a s  f o u n d  t o  b e  a t  4 9 8  K  f o r  1 0  m i n ,  a n d  t h e  p r o d u c t i o n  y i e l d  w a s  
f o u n d  t o  b e  6 .3  w t  % .  A t  t h i s  t e m p e r a t u r e ,  c a t a l y s t s  ( T i Z r 0 4 , f l 2S 0 4> a n d  a  n e w  c a r b o n  
b a s e d  c a t a l y s t )  w e r e  t h e n  u s e d  a n d  t h e i r  e f f e c t s  o n  t h e  p r o d u c t i o n  y i e l d  w e r e  
i n v e s t i g a t e d .  T h e  r e s u l t s  s h o w e d  t h a t  t h e  n o v e l  c a r b o n  b a s e d  c a t a l y s t  c o u l d  p r o m o t e  
t h e  p r o d u c t i o n  o f  H M F  g i v i n g  t h e  m a x i m u m  p r o d u c t i o n  H M F  y i e l d  o f  8 .4 6  w t %  a t  
4 9 8  K  a n d  r e d u c e d  r e a c t i o n  t i m e  o f  5 m in .  T h i s  r e s u l t  w a s  s i m i l a r  t o  t h o s e  o b t a i n e d  
u s i n g  c o n v e n t i o n a l  c a t a l y s t s  ( T i Z r 0 4 a n d  H 2S 0 4) . H o w e v e r ,  t h e  l o w e r  c o s t  o f  c a r b o n  
b a s e d  c a t a l y s t  m a k e s  i t  a t t r a c t i v e .

1 .  I n t r o d u c t i o n
I n  t h e  v i e w  o f  d e c l i n i n g  p e t r o l e u m  

r e s o u r c e s  a n d  r i s i n g  o i l  p r i c e s ,  i t  is  
n e c e s s a r y  to  d e v e l o p  a l t e r n a t i v e  w a y s  
t o  f u l f i l l  t h e  e n e r g y  n e e d s  o f  o u r  
i n d u s t r i a l i z e d  s o c i e ty .  T o  m e e t  t h e  
g r o w i n g  d e m a n d  f o r  e n e r g y ,  5 -  
H y d r o x y m e t h y l f u r f u r a l  ( H M F )  is  
a l t e r n a t i v e  w a y s  b e c a u s e  i t  i s  a  
p a r t i c u l a r l y  s u i t a b l e  s t a r t i n g  m a te r i a l  
f o r  t h e  p r e p a r a t i o n  h y d r o c a r b o n s  (C ç -  
C 15)  w h i c h  h a v e  t h e  s a m e  p r o p e r t y  a s  
p e t r o l e u m  f u e l s  a n d  c a n  b e  d e r i v e d  
f r o m  b i o m a s s .  O n e  o f  t h e  m o s t  
p r o m i s i n g  a p p r o a c h e s  f o r  c o n v e r t i n g  
b i o m a s s  t o  H M F  i s  b y  h y d r o t h e r m a l  
m e a n s ,  w h i c h  e m p l o y s  h o t  c o m p r e s s e d  
w a t e r  ( H C W )  a s  a  r e a c t i o n  m e d i u m .  
H C W  o f f e r s  t h e  p o t e n t i a l  o f  h i g h  
d e g r e e  o f  c o n v e r s i o n  w i t h i n  s h o r t  
r e s i d e n c e  t im e ,  m i n i m i z e s  f o r m a t i o n  o f  
t o x i c  p r o d u c t s  d u r i n g  p r e t r e a t m e n t  a n d  
n e i t h e r  a c i d  n o r  b a s e  i s  u s e d .  I n  
g e n e r a l ,  b i o m a s s  i s  c o n v e r t e d  to  H M F  
i n  H C W ,  t h r o u g h  h o m o g e n e o u s  a c id -  
c a t a l y z e d  r e a c t i o n  [ 1 ] ,  T h e  
h o m o g e n e o u s  c a t a l y s t  c a n n o t  b e  
s e p a r a t e d  e a s i ly  f r o m  t h e  s y s t e m  o f  
r e a c t i o n ,  a n d  t h e r e f o r e ,  s e v e r a l  
a t t e m p t s  h a v e  b e e n  m a d e  t o  d e v e l o p  
n e w  c a t a l y t i c  p r o c e s s e s ,  m a i n l y  b a s e d  
o n  h e t e r o g e n e o u s  c a t a l y s i s ,  f o r  t h e  
t r a n s f o r m a t i o n  o f  b i o m a s s  to  H M F .  
R e c e n t l y ,  G a o  e t  a l .  ( 2 0 0 7 )  r e p o r t e d  a  
u s e  o f  a  n e w  t y p e  o f  s u l f o n a t e d  c a t a l y s t  
f o r  a c i d  c a t a l y z e d  a c e t a l i z a t i o n

r e a c t i o n .  T h e  a d v a n t a g e s  o f  t h i s  
c a t a l y s t  i n c l u d e  l o w  c o s t ,  s i m p l e  
p r e p a r a t i o n ,  h i g h  a c i d  d e n s i t y  a n d  
s t a b i l i t y .  T h e r e f o r e  i n  t h i s  w o r k ,  t h i s  
n e w  t y p e  o f  c a t a l y s t  w a s  t e s t e d  f o r  t h e  
p r o d u c t i o n  o f  H M F  f r o m  C a s s a v a  
w a s t e  f e e d s t o c k  in  H C W .

2 .  M a t e r i a l s  a n d  M e t h o d s
2 .1  C h e m i c a l s
S u l f i l r i c  a c i d  a n d  n a p h t h a l e n e  w e r e  

p u r c h a s e d  f r o m  F l u k a  a n d  M e r c k ,  
S i n g a p o r e .

2 .2  P r e p a r a t i o n  o f  c a t a l y s t
N a p h t h a l e n e  ( 2 0  g )  w a s  h e a t e d  i n  

c o n c e n t r a t e d  s u l f u r i c  a c i d  ( > 9 6 % ,  2 0 0  
m l )  a t  5 2 3  K  u n d e r  a  f l o w  o f  N 2 . A f t e r  
h e a t i n g  f o r  1 5  h ,  e x c e s s  s u l f u r i c  a c i d  
w a s  r e m o v e d  f r o m  t h e  d a r k  b r o w n  t a r  
b y  v a c u u m  d i s t i l l a t i o n  a t  5 2 3  K  f o r  5  h ,  
w h i c h  r e s u l t e d  i n  a  b l a c k  s o l i d .  T h e  
s o l i d  w a s  t h e n  g r o u n d  t o  a  p o w d e r  a n d  
w a s  w a s h e d  r e p e a t e d l y  i n  b o i l i n g  w a t e r  
u n t i l  i m p u r i t i e s  s u c h  a s  s u l f a t e  i o n s  
w e r e  n o  l o n g e r  d e t e c t e d  i n  t h e  w a s h i n g  
w a t e r  [2 ] ,

2 .3  C a t a l y s t  c h a r a c t e r i z a t i o n
T h e  t o t a l  s u r f a c e  a r e a ,  p o r e  v o l u m e  

a n d  p o r e  s i z e  o f  c a t a l y s t s  w e r e  
d e t e r m i n e d  u s i n g  a  M i c r o m e r i t r i c s  
m o d e l  A S A P  2 0 2 0 .  T h e  s u l f u r  c o n t e n t  
o f  s u l f o n a t e d  c a r b o n  b a s e d  c a t a l y s t s  
w a s  d e t e r m i n e d  b y  I n d u c t i v e l y  
C o u p l e d  P l a s m a - M a s s  S p e c t r o m e t r y  
( I C P - M S )  u s i n g  7 5 0 0 a  I C P - M S  ( f r o m  
A g i l e n t ,  J a p a n ) .
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2 .4  C o n v e r s i o n  o f  C a s s a v a  w a s t e  
i n  H C W

2 .4 .1  W i t h o u t  c a t a l y s t
T h e  r e a c t i o n  w a s  e a r n e d  o u t  i n  a  ss 

3 1 6  s t a i n l e s s  s t e e l  8 .5  m l  r e a c to r .  F o r  
t h e  p r e l i m i n a r y  c o n d i t i o n s ,  0 .1  g  o f  t h e  
d r y  p o w d e r  o f  c a s s a v a  w a s t e  a n d  1 m l  
o f  w a t e r  W e re  c h a r g e d e d  i n t o  t h e  
r e a c to r .  T h e  r e a c t i o n  s y s t e m  w a s  
h e a t e d  t o  t h e  s e t  t e m p e r a t u r e  ( 4 7 3 ,  5 2 3 ,  
5 7 3 ,  6 2 3 ,  a n d  6 7 3  K ) .  A f t e r  a  s p e c i f i e d  
r e a c t i o n  t i m e  ( 0 - 1 2  m i n )  w a s  r e a c h e d ,  
t h e  r e a c t i o n  w a s  q u e n c h e d  i n  a  w a t e r  
b a t h  a n d  t h e  r e a c t i o n  p r o d u c t  w a s  t h e n  
r e m o v e d  f o r  a n a l y s i s .

2 .4 .2  W i t h  c a t a l y s t
0 .1  g  o f  c a s s a v a  w a s t e  p o w d e r ,  1 m l  o f  
w a t e r ,  a n d  0 .0 1  g  o f  t h e  n o v e l  c a r b o n  
b a s e d  c a t a l y s t  w e r e  c h a r g e d  i n t o  t h e  
r e a c to r .  T h e  r e a c t i o n  w a s  t h e n  c a r r i e d  
o u t  a t  t h e  o p t i m a l  t e m p e r a t u r e  
d e t e r m i n e d  w i t h o u t  c a t a l y s t  a s  
d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t io n .  T h e  
r e s u l t  w a s  c o m p a r e d  w i t h  t h e  r e a c t i o n  
c a t a l y z e d  b y  c o n v e n t i o n a l  c a t a l y s t s  
( T i Z r 04 a n d  H 2S O 4) ,  w h o s e  t h e  
r e a c t i o n s  w e r e  c a r r i e d  o u t  u s i n g  0 .1  g  
o f  T i Z r o 4 a n d  0 .1 4  m l  o f  0 .1  M  H 2S O 4 

r e s p e c t i v e l y  f o r  t h e  s a m e  0 .1  g  o f  
c a s s a v a  w a s t e  p o w d e r .

2 .5  H P L C  A n a l y s i s  o f  H M F
T h e  q u a n t i f i c a t i o n  a n d  i d e n t i f i c a t i o n  

o f  H M F  w a s  c o n d u c t e d  b y  H i g h  
P e r f o r m a n c e  L i q u i d  C h r o m a t o g r a p h y  
e q u i p p e d  w i t h  a  S h o d e x  R S p a k  K C -  
8 1 1  ( 8 . 0 m m I D x 3 0 0 m m )  c o l u m n .

3 .  R e s u l t s  a n d  D i s c u s s i o n
3 .1  C a t a l y s t  c h a r a c t e r i z e
T h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  n o v e l  

c a r b o n  b a s e d  c a t a l y s t  a r e  s h o w n  i n  
T a b l e  3 .1 .  T h e  B E T  m e a s u r e m e n t  
i n d i c a t e s  t h a t  t h e  c a t a l y s t  s h o w s  l o w  
s p e c i f i c  s u r f a c e  a r e a  w i t h  i n s i g n i f i c a n t  
p o r e  v o l u m e ,  w h i l e  t h e  a c i d  s i t e  
d e n s i t i e s  c a l c u l a t e d  i n  t h e  f o r m  o f  
s u l f o n i c  a c i d  s i t e  ( e s t i m a t e d  b y

e l e m e n t a l  a n a l y s i s )  w a s  f o u n d  to  b e  
1 .4 6  m m o l / g .

T a b l e  3 .1  P h y s i c a l  p r o p e r t i e s  o f  
c a t a l y s t _______________________________________
B E T  s u r f a c e P o r e S u l f u r

a r e a v o l u m e c o n te n t

๙  g 1) ( c m 3 g - ‘) ( m m o l /g )

1 . 1 0 .0 7 1 .4 6

3 .2  E f f e c t  o f  t e m p e r a t u r e  a n d  
r e a c t i o n  t i m e  o n  t h e  f o r m a t i o n  o f  
H M F  a n d  f u r f u r a l  f r o m  c a s s a v a  
w a s t e

-  - +  -  473 K — *—  498 K —A— 523 K

F i g u r e  1 E f f e c t  o f  t e m p e r a t u r e  a n d  
r e a c t i o n  t i m e  o n  t h e  y i e l d  o f  H M F

F i g u r e  1 s h o w s  t h a t  t h e  r e l a t i o n s h i p  
b e t w e e n  H M F  y i e l d  a n d  r e a c t i o n  t i m e  
i s  d i f f e r e n t  f o r  d i f f e r e n t  r e a c t i o n  
t e m p e r a t u r e s .  T h e  y i e l d s  w e r e  
i n c r e a s e d  f r o m  4 7 3  K  t o  4 9 8  K  a t  
w h i c h  p o i n t ,  t h e  h i g h e s t  y i e l d s  o f  H M F  
w e r e  o b t a i n e d  b e f o r e  i t  d e c r e a s e d  a t  
h i g h e r  t e m p e r a t u r e s .  C o n s i d e r i n g  t h e  
e f f e c t  o f  r e a c t i o n  t i m e ,  t h e  H M F  y i e l d  
f i r s t  r o s e  w i t h  i n c r e a s i n g  r e a c t i o n  t i m e  
t o  a  c e r t a i n  p o i n t  w h e r e  i t  s t a r t e d  to  
d e c r e a s e .  T h i s  w a s  p e r h a p s  d u e  to  t h e  
d e c o m p o s i t i o n  o f  H M F  a t  h i g h  
t e m p e r a t u r e  a n d  l o n g  r e a c t i o n  t i m e .  
T h e  r e s u l t  s h o w s  t h a t  m a x i m u m  H M F  
y i e l d  ( 6 .3  พ t % )  w a s  o b t a i n e d  a t  4 9 5  K  
a n d  10  m in .
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3 .3  E f f e c t  o f  n o v e l  c a r b o n  b a s e d  
c a t a l y s t  o n  H M F  p r o d u c t i o n  f r o m  
c a s s a v a  w a s t e

— • ™  without ca ta lyst — ■ —  novel c a rb o n  b a s e  catalyst

9 i

0 2  5  7  10 12

R e a c tio n  tim e  (m in)

F i g u r e  2  E f f e c t  o f  t h e  n o v e l  c a r b o n  
b a s e  c a t a l y s t  o n  t h e  y i e l d  o f  H M F  a t  
4 9 5 K

A t  4 9 5  K ,  t h e  s y n t h e s i s  o f  H M F  in  
t h e  p r e s e n c e  o f  n o v e l  c a r b o n  b a s e  w a s  
c o m p a r e d  w i t h  t h a t  w i t h o u t  t h e  
c a t a l y s t .  T h e  r e s u l t  i n  F i g u r e  2  s h o w s  
t h a t  w i t h  t h e  c a t a l y s t ,  t h e  m a x i m u m  
p r o d u c t i o n  y i e l d  o f  H M F  w a s  f o u n d  to  
b e  8 .4 6  w t %  a t  4 9 8  K  f o r  5 m i n ,  
i n d i c a t i n g  t h a t  t h e  n o v e l  c a r b o n  b a s e d  
c a t a l y s t  r e d u c e d  t h e  r e a c t i o n  t i m e  a n d  
p r o m o t e d  t h e  H M F  p r o d u c t i o n .

catalyst

Figure 3 Effect of catalysts on HMF yield (at 495K and 5

A s  s h o w n  in  F i g u r e  3 ,  t h e  H M F  
y i e l d  f o r  t h e  r e a c t i o n  c a t a l y z e d  b y  t h e  
n o v e l  c a r b o n  w a s  c o m p a r a b l e  w i t h  
t h o s e  c a t a l y z e d  w i t h  T i Z r 0 4 a n d  
H 2S O 4 c a t a l y s t .  4

4 .  C o n c l u s i o n s
T h e  m a x i m u m  y i e l d  o f  H M F  ( 6 .3  

w t % )  f r o m  c a s s a v a  w a s t e  w a s  
o b t a i n e d  a t  5 2 3  K  f o r  1 0  m i n  in  t h e

a b s e n c e  o f  c a t a l y s t  a n d  t h e  n o v e l  
c a r b o n  b a s e d  c a t a l y s t  r e d u c e d  th e  
r e a c t i o n  t im e  a n d  p r o m o t e d  th e  
p r o d u c t i o n  H M F .
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