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$ ��%& '( � )
�� �* '(+ ,
 -.�/0. 123 45� cellulose 6789 :%;!" <=> � ?@

-AB 678 CD9 EB�$ F& 330-400oC, AG 25-40 MPa, HI4J 0.016-3.5 sec� K�+L :%M NO" �P

QR0. Cellulose �
��%&@ ��� � +L@ AG� �ST� F& UV+ WX ��%&Y�(k)V Z[;!" U

V\� ] � ?!^, ��� � +L@ AG� 40 MPa� _` %&Y�V a� Z[;!" UV\� b�@ �c, 25 MPa

� _` d&� =ef gh(gas-like phase; ρi0.17)" �
 ��� � + j
 =ek �
%&V UV\� b/0. V�

�
*3 l F&+L AG� UV\+ WX UV\� b/!^, HI4J� UV\+ WXL@ V��
*3 gh�-, m

�
*3 UV�@ _S� ̂ noR0. #H;� 12pq"@ F&+ WX ��� � � 330oC+L V��
* � glucose

�*3 90.20 wt%r 39.68 wt%, 360oC+L@ 92.39 wt%r 35.19 wt%, ��� � � 400oC+L@ 82.61 wt%r 21.20 wt%

� ll s-O9 b/0. pq;!", 25 MPa+L@ ��� � + j
 ��� � +L cellulose �
%&� =ef U

V+ ��$ ��%& Y�V UV�tu, V��
*q glucose �*3 ��� � + j
 ��� � +L vw x3 y

� z�> � ?R0.

Abstract − To identify the hydrolysis characteristics of cellulose, the main component of biomass, the decomposition rate

and yield for conversion from cellulose into products were compared by varying reaction temperature, pressure and time in the

range of the subcritical and supercritical water. A series of experiments were conducted to feed cellulose slurry continuously in

the ranges of temperature 330-400oC, pressure 25-40 MPa and residence time 0.016-3.5 sec with a high pressure slurry pump.

The decomposition rate of cellulose increased linearly with increasing temperature without a pressure effect in the subcritical

region. Meanwhile, in the case of 40 MPa at the supercritical region, the rate constant increased almost linearly like in the sub-

critical region but the decomposition rate at the pressure of 25 MPa increased drastically more than that of the subcritical water

due to the extreme decrease in density(gas-like phase; ρi0.17). It was shown that yields of hydrolysis products increased with

increasing pressure at each temperature. However, as the residence time increases, yields of hydrolysis products decreased and
those of pyrolysis products increased. The maximum yields of hydrolysis products and glucose were 90.20 wt% and 39.68 wt%

at 330oC in the subcritical region, 92.39 wt% and 35.19 wt% at 360oC in the near-critical region and 82.61 wt% the

21.20 wt% at 400oC in the supercritical region. Consequently, although the decomposition rate of cellulose jumped up at

25 MPa in the supercritical region, yields of hydrolysis products and glucose were much higher in the subcritical region than

those in the supercritical region, considering the selectivity.
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1. � �

����� ��� 	
 ��� 
�� �� ����� ��� ��

�� ����� ��� � � !" #$ %� &'. ����� ��

(�) �* ��+ �,-���. / 0 cellulose 12� 50 wt%�

3 4567 &7 8 9:� �0 �;� <� =>6� &'. ?@�

����� ��� �  9AB �CD E2� 9A[1]� �� �,-

FG�H (IJ KL�D, �+ MB 
N�) 2! O�PQ� /R�

G &7 �� STU? V0 W�X 9A�� /? Y?�� #12�

β(1Z4) glycosic [\�� �]7= cellulose[2]� �G2�U^ oligomers

D glucose+ MB / 0 /? _1�� FGU`D, �� aQ bB

Rcde �f, �� g / 0 �*�� h� ��� i U) 9A�

�K6� &'.

Cellulose �G2�� jk i 6) 9A��) lm� �G2�A

[3]� cC2�A[4]J n G &)o, lm� pqB 50-80 wt%rV�

�G2� _1� GsJ tJ G &�D, pquv� ,w xk�, �y

�z {|� 
N l� �0 }~� �� g YG �k PQI� &�,

cC pq �d pquv� �N xk�, }d� X�d cC� 81�

�U6) h� �I� &'. ��0 Qp PQIJ STU? V0 W�

X dv� wm� U�z ��� 3�� �J � 0 cellulose 2�p

q�;� =>6� &'[5].

��� ���z) yvD ��� Q7, {�J �� �k-�*� 1

�� ��U) �1J � U^ ���G(Tc=647 K; Pc=22.1 MPa)�

pq��� � 
N ����� ��J �� 2�d� G &) ?��

k� � 5��., pq�� �� 2�pq� �� _1�� �v Q

7 g �Gs� _1� FG� ��U'[6, 7]. Cellulose 2�OaB glucose

+ oligomers� 2�6) �G2�pq� 1! _1� glucose+ oligomers

� 2! 2�6) E2� pq� K�- pq 
�� �]7='.

� �;�z) ���z cellulose ��k� a ��� O�� G &

) ��� ¡¢� i 0 �u� OaJ � U^ cellulose 2�pq�

1J £¤U�� ¥��, ��I¦� g ��� ���z yv, ��,

�§d� ��� ¨� cellulose �	s, pquv �� g �G2�/E

2� pq _1�� �v ��� ©� �ªU«'.

2. � �

2-1. ��

pq��) ����� ��� #12� cellulose� 2��1J �ª

U? V� cellulose powder(Aldrich Co.; 20µm)� model compound�

i U«�, 2�_1��) Aldrich Co.��¬ ;­0 D-cellobiose(99%),

α-D-glucose(99%+), D-fructose(99%), DL-glyceraldehyde(95%), pyruv

dehyde(40%), glycolaldehyde dimer, 1,6-anhydro-β-glucose(99%), 1,3-dihy-

droxyacetone dimer(97%), D-erythrose(60%), 5-hydroxymethyl furfur

(99%)J ®��� aQ¯� 2� d�� i U«'.

2-2. ���� � �	

���G� pq ��� U) �u� cellulose �G2� }~� Fig.

1� vdU«��, °±}~)  �� ���G g pq�� O��, ²

E�, pq�, ³´�, 2k }~�� 5�2�� ;167 &'.

���G) µG Q{ }~(Milipore Co.)�z Q{0 D.I.(deionized)

water� i U«�, D.I. water¶�  @ lC� Q`U? V� degasser

(Jour Research, X-ActTM)� i U«'. °±}~ ´ �2� yv·aJ

V� K-type E��� i U«��, d�¸¶ ��B Heise gauge(CM-

12")� ·aU«'. ¹k�, O���� �§� 9-U? VU^ check

valve(SS-CHS4-1, Swagelok)� º~U«��, »0 Oa¶� over-pressure

� ̈ � :a1J �¼U^ relief valve(SS4R3A, Swagelok)� º~U«'.

Fig. 1. Apparatus for cellulose decomposition.
1. Distilled water storage 16. High pressure gauge 11. Cooling water bath
2. High pressure pump 17. High temp. furnace 12. Line filters
3. High pressure slurry pump 18. High temp. heat tape 13. Back pressure regulator
4. Check valve 19. Reactor 14. Sample collector
5. Relief valve 10. Heat exchanger
���� �39� �2� 2001� 4�
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en-

col-
D. I. water) �� pump(GL Science Co., PUS-11)� i U^ 14 g/

min� /u�� ²E�� O�U«�, ½G 1 pq�� cellulose

(10 wt%) ��B ��  ��k ¡¢(¾�¿ ��-45 MPa)� i U

^ 6.5 g/min� /u�� pq�� O��'.

²E�) �?�(SamSon Hi-Tech. Co. LTD.)¶� 6 m stainless steel

tube(1/4"OD)� QÀ� 1! ²E�+ pq?� /­6? �� ÁÂ0

yvQ7� V0 electric heating tape(SST051-060, Omega Co.)� 2!

²E�� ;2U«'. ²EG� aÃ0 yvQ7� VU^ PID Q79

�� yv{�?(R-201 Series, Reaction Engineering Co.)� � U«

��, ^?z ²EG� yv) pqyv, ²EG(Fp) g pq�(Fs) /

 � steam table[8]� enthalpy balance� �� ºaU«'.

pq�) ²E�  �� ���G+ cellulose ��k ��� z� G

Ä�� Å\6Æz 2� pqJ dÀ0'. pq yv/-� V� ²E

�+ M� pq? Ç�� electric heating tape� i U«�, aÃ0 y

vQ7� V� PID yvQ7}~(DX-9, Samson Co.)� i U^, p

q� ¶� yv �!� ±1 oC� /-U«'. °±� i � pq?)

stainless steel tube(1/16")� i U«�, pq? �È) ²EG+ pq

�� Å\6) Å\-I�z ³´G� #­6? �É-��, ÊË� Ì

�� ÍkU^ pq? �È� 0.033-1.869 cm3 ��5��. �§ d�

J {�U«'. �§d�(τ)B /­ / (F), pq?� �È(V) g yv,

�� {Î� ¨� Ïv(ρ)� �� ¥Ð � (1)� M� [a�'.

(1)

³´�) pq? ¶�z /Ñ� 2�pq _1�� 2! 2�pqJ

9-U? V� pq Ñ;Ò� 20 g/min� ³´G(Fc)� � 0 1! ³

´� 2( ©Ó� EÔ	?� 2! ³´J Õ>U^, pq Ö yv� 40oC

�U� �³U«'. ³´�� ��0 pq_1� ( Ápq ��Á×�

g char� Q`U? VU^ 2k }~� ¶� in-line filter(SS-8TF2-05,

Swagelok)� º~U«�, � Oa� �0 ��J Q7U? V� back

pressure regulator(26-1722-24, Tescom)� º~U^, � Oa� ���

!� ±0.1 MPa�¶� /-U«'.

2-3. 
��	

2k }~��z FG� �� Ø§�J Î{?(vacuum oven, 80oC)�

z 24d� Î{ Ö, Ø  ̂ cellulose w�(W)� ·aU«'. �Ù cellulose

�	s(X)B cellulose w� ���Ú� � (2)+ M� DÛÜ G &'[9].

(2)

^?z, W0) pq� cellulose� w��'.

Cellulose 2�pq� �0 �G2�/E2� _1�� a 2�B

isocratic pump(2690XE), Autosampler(SM5), Sugar-pak 1(Waters Co.)

column� Ý 2�� �\0 ÞÑ?� RI detector(M2410)� ;1�

HPLC 2690 Alliance system(Waters Co.)�� G>6L'.  �� D.I.

water� / B 0.55 ml/min��, column+ RI ÞÑ?� yv) ´´

80 oC� 45oC� X�6L�, d�) 100µl� #­U^ 2�U«'. a

  2�B ́  _1�� peak height� � 0 Ç�ßà�(External standard:

ESTD)A� �U^ ·aU«'[9].

3. �� 	 
�

3-1. Cellulose 
� 
� � 
���

Cellulose 2�°±J �� 2��1( 2� 
� g 2�uv� ©�

áâãä'. Fig. 2� DÛå cellulose 2� 
�� ãÆ, cellulose� ;

{) æ� non reducing end+ reducing end� Dç7-)o, non reducing

end�z) H+�y� �0 �G2�pq� -è��� é7D�, reducing

end�z) �k Eê� �0 E2�pq� #� é7ë'. Cellulose 2

�pqB �G2�pq� E2�pq� ìd� é7ë'� í G &)

o, cellulose 2� �?�) H+�y� �� cellulose chain� î7-Æ

z 10 � �3� (�_1�� _´6) Fïð� ñ��� _1�'

[9]. 0ò, �§ d�� 
�� �� E2� uv� 
�U  ̂G 1 _1

�� óð, '�ð�� ��U)o, �) E2� ��( hydroxymethyl

furfural� �ô� �0 õ�� ®a�'. Cellulose 2� _1�B �G

2�_1�� E2�_1�� Dç7-)o, cellulose 2�_1��

HPLC chromatogram [�� Fig. 3� DÛ¶L'. �G2�_1��)

oligomers[cellobiose(Cel-2), cellotriose(Cel-3), cellutetraose(Cel-4), cellop

taose(Cel-5), cellohexaose(Cel-6), glucosyl-erythrose(GE), glucosyl-gly

aldehyde(GG)], glucose, fructose� &��, glucose+ fructose� 2��

�� _1� E2����) pyruvaldehye(PA), glyceraldehyde(GA),

glycolaldehyde(GOA), dihydroxyacetone(DHA), 1,6-anhydro-β-glucose(AHG),

erythrose, hydroxymethyl furfural(HMF)� &'.

Cellulose 2�� ©� �Âö áâãÆ, ÷B �§d��z pq Ö

� FG� cellulose� ­
B �?� ½� À¥ø�, ��� cellulose

[aB 2�d�� 
�ù� ¨ú �� ßÆ���¬ 2�pq� =>

6� pqÖ Ápq cellulose ;{) ã@ /-�'� _´� G &'.

¨úz, cellulose 2�pq� 
N ­�� �û ßÆ�z pq� é7

τ Vρ
F

-------=

X
W0 W–

W0

------------------=

Fig. 2. Cellulose decomposition pathway.
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 2-6)
D� pq� =>6Æz üC0'� ã¥ cellulose 2�pq modelJ

'ý� � (3)� M� ßþ� G &'.

(3)

^?z, V[m3]) cellulose� �È, t[sec]) cellulose� 2�d�, ks[m/s]

) ßÆ2�pq uv3G, S[m2]) cellulose� ßÆ��'.

Cellulose ­�� ;Ó�ú �aU^, � (3)J �2UÆ 'ý� � (4)

� ßþ6� � �J i U^ °±[�� regressionU^ 2�uv3G

[k]� ��U«�[10], Fig. 4� DÛ¶L'.

(4)

^?z, X[−]) cellulose� �	s, k=ks/R[sec−1]) 2�uv3G, R

[m]B ´ cellulose� �? p
�'.

yv ��� ̈ � 2�uv3G� Arrhenius plot0 Fig. 5� ãÆ 330,

360oC�z) 25, 40 MPa ÿK �Ó��� 
�U) pÆ� 400oC�


N 40 MPa�z) �Ó��� 
�UD, 25 MPa�z) ��ö 
�

5J � G &)o, 25 MPa�z ��0 
�) 40 MPa� ½� Ïv�

��0 üC(gas-like phase)� ?�� õ�� ®a�'.

3-2. Cellulose ��� � 
����

´ yv, ���z �§d� ��� ¨� cellulose �	s g �G2

�/E2� _1�� 
ô� �� �ªU«'.

��, ¥�� ��� 330oC, 25-40 MPa�z �§d� ��� ¨�

2�_1�� 
ôJ Fig. 6� DÛ¶L'. Fig. 6� (a)�z cellulose 2

�pq� �0 �	sJ ãÆ, �§d�� 2.87 sec�z �� 2�� 6

L'. Oligomers) d�� 1.44 sec�z 54.68 wt%� ¾�~� ã«�,

cellobiose, cellotriose, cellotetraose, cellopentaose, cellohexaose(Cel

� üC� �� glucose Gs� 
�� ã«'. �§d�� 2.87 sec�

z glucose Gs� 35.11 wt%� ¾�~� DÛ¶L��, �§d�� 


�� �� E2��� 
�� í G &L'. �§d�� 1.44 sec�z

2.02 sec� 
�UÆz Cel 2-6� Gs� 49.58 wt%�z 31.62 wt%�

üC5� ̈ ú glucose) 8.26 wt%�z 29.39 wt%� 
�U«�, oligomers

( E2� pq
�� �) # ��� glucosyl-erythrose, glucosyl-gly-

colaldehyde� Gs� 5.10 wt%�z 9.26 wt%� 
�5�� �� E2

�� Gs »0 4.77 wt%�z 13.75 wt%� 
�5J í G &L'. �

§d� 2.87 sec�z fermentation� þ�0 �ôJ #) hydroxymethyl

furfural) 2.71 wt%� GsJ DÛ¶L'. Fig. 6� (b)�z) 3.05 sec

�z cellulose� ��ö 2�6�, oligomers) �§d�� 1.53 sec�

dV
dt
------- ks– S=

1 X 1 kt–( )3=–

Fig. 3. A typical chromatogram of products from cellulose decomposi-
tion.
(400oC, 25 MPa, τ=0.041 sec)

Fig. 4. Cellulose decomposition with residence time.

Fig. 5. Arrhenius plot of the decomposition rate constant of cellulose in
the subcritical and supercritical water.
���� �39� �2� 2001� 4�
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z 62.16 wt%� ¾�~� ã��, �§d�� 3.05 sec�z glucose G

sB 39.68 wt%� ã«)o, �) 25 MPa� ½Ôd ��� 
�� �

� �G2�s� 
�5J � G &L'. �§ d�� 1.53 sec�z

2.15 sec� 
�UÆz glucose) 9.07 wt%�z 28.31 wt%� ��ö 


�U«�, �§d� 3.05 sec�z HMF) 3.87 wt%� DÛ¶L'.

��I ¦�� 360oC�z� 2�_1� 
ôJ DÛå Fig. 7� (a)

�z) cellulose2�) 1.10 sec�z �� 2�6L�, oligomers� ¾

� GsB �§d�� 0.77 sec�z 67.45 wt%«'. �§d�� 1.62 sec

�z glucose) 29.14 wt%� ¾� GsJ ã«�, �§d�� 0.77 sec

�z 1.62 sec� 
�UÆz GE+ GG� Gs� 11.23 wt%�z 6.15 wt%

� üC� �� pyruvaldehye, glyceraldehyde, glycolaldehyde Gs�

6.36 wt%�z 14.77 wt%� 
�U«�, �§d� 2.27 sec�z HMF�

4.41 wt%, � GsB � 69.00 wt%� ã�)o, D�-) 1 wt%� char+

� 30 wt%� /?l� õ�� ®a�'. Fig. 7� (b)�z ãÆ, cellulose

) 1.22 sec�z ��ö 2�6L�, oligomers) �§d�� 0.84 sec�

z 71.50 wt%, �§d�� 1.79 sec�z glucose) 35.19 wt%� ¾�~

� DÛå'. �§d�� 0.84 sec�z 1.22 sec� 
�UÆz Cel 2-6�

Gs� 60.83 wt%�z 26.23 wt%� ��ö üCUÆz glucose)

16.68 wt%�z 35.19 wt%� �
5J í G &L�, �§d� 2.50 sec�

z HMF� Gs� 7.60 wt%� DÛ¶L'.

	-
�� ��� ��� 400oC�z �§d�� ¨� 2�_1�

� Gs ��� DÛå Fig. 8� (a)� ãÆ cellulose) 0.03 sec�z �

�ö 2�6L'. ¥�� ��� ½� Ïv� ��0 üC(gas-like phase)

� �� 2�d�� þ�U� �� õJ í G &'. Oligomers) �§

d�� 0.03 sec�z 50.49 wt%, �§d�� 0.08 sec�z glucose)

13.84 wt%� ¾� GsJ DÛå'. �§d� ��� ̈ � oligomers G

s� ��0 ��) ¥�� ��� ½� �L��, glucose GsB ¥

�� g ��I ¦� ��� ½� �ä'. GE/GG� Gs� ¥�� �

Fig. 6. Cellulose decomposition with residence time in subcritical region. Fig. 7. Cellulose decomposition with residence time in near-critical region.
HWAHAK KONGHAK Vol. 39, No. 2, April, 2001
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).

s ,”
�� ½� �B õ�� ã¥ �G2�uv� ½� E2�uv� 
�

� � G &�, �§d�� 0.13 sec�z PA/GA/GOA) 21.17 wt%, 0.15sec

�z HMF) 1.10 wt%� DÛ¶L'. Fig. 8� (b)�z) cellulose)

0.18 sec�z �� 2�6�, �) 25 MPa� ½� ��� 
�� ��

���G� �1� liquid-like phase� õ�� ®a�'. Oligomers)

�§d�� 0.18 sec�z 65.60 wt%, �§d�� 0.21 sec�z glucose

) 21.20 wt%� ¾�~� ã�'. �§ d�� 0.18 sec�z 0.21 sec�


�UÆz Cel 2-6� Gs� 51.90 wt%�z 34.27 wt%� üC� ��

glucose yield� 12.21 wt%�z 21.10 wt%� 
�U«�, �§d�

0.25 sec�z HMF� Gs� 0.77 wt%� DÛ¶L'.

4. � �

�u� 2�}~� � U^ ¥��, ��I ¦� g ��� ���

z yv, ��, �§d� ��� ¨� �	s, 2�_1�� �v ��

g pquv 3G ��� ©� �ªU«'.

(1) Cellulose 2�uv) ¥�� ���z yv� 
�� ¨ú �Ó

��� 
�5J � G &L�, �ö 25 MPa� ���z) ��� �

��z Ïv� ��0 üC(gas-like phase)� �� ¥�� ��� ½�

��ö 2�uv� 
�U-H, 40 MPa�z) 2�uv� yv� 
�

� ¨ú �Ó��� 
�5J � G &L'.

(2) ´ yv�z ��� 
�5� ¨ú �G2�s� 
�5J ã«

�, �§d�� 
�5� ¨ú �G2�sB üCU�, E2�sB 


�5J ã«'. 330oC�z glucose GsB 39.68 wt%, 360oC�z �

G2�sB 92.39 wt%� ´  ́¾�~� ã«�, 400oC�z) 82.61 wt%

+ 21.20 wt%� DÛ¶) õ�� ã¥ ¥�� g ��I ¦� ���

z �G2�s g glucose Gs� �B õJ Ã�U«'.

(3) ¥�� g ��I ¦� ���z) oligomers� ��ö üC5�

¨ú glucose Gs� �
J í G &�D, pÆ� ��� ���z)

oligomers� üC� �� glucose� 
�ã') E2� pq� #��

� glucosyl-erythrose, glucosyl-glycolaldehyde Gs� 
�+ 5
 E

2�� ( pyruvaldehye, glyceraldehyde, glycolaldehyde Gs� 
��

í G &L�, »0 ¥�� g ��I ¦� ��� ½� ��� ���

z fermentation� ~¤�� HMF� �ô� �ýJ °± [��z í

G &L'.

(4) [����, ��� ���z Ïv� ��0 üC� �� cellulose

2�uv) ��ö 
�5J � G &L�D, �G 2�s� glucose G

sB ��� ��� ½� ¥�� g ��I ¦� ���z �B õJ

Ã�U«'.

� 


� �;) l|���� -�U) ���,- ?��Ri|� é	

�� G>6L��'.


���

F : inlet flow rate [g/min]

Fp : flow rate of preheating water [g/min]

Fc : flow rate of cooling water [g/min]

Fs : flow rate of reactant [g/min]

V : volume of the reactor [cm3]

ρ : density of water [g/cm3]

τ : residence time [s]

X : conversion of cellulose [-]

W : weight of residual cellulose [g]

W0 : weight of cellulose before reaction [g]

ks : rate constant of surface decomposition reaction [m/s]

S : surface area of cellulose [m2]

k : decomposition rate constant(=ks/R) [sec−1]

R : initial radius of each cellulose [m]
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