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Abstract − The possibility of manufacturing the terephthalic acid(TPA) by partial oxidation of p-xylene without a catalyst in

subcritical and supercritical water medium was investigated experimentally. The effects of reaction conditions such as reaction

temperature, pressure and hydrogen peroxide feed ratio on the conversion of p-xylene and the selectivity of TPA produced
were investigated in batch reactor and new oxidation reaction pathway of p-xylene was proposed. Conversion of p-xylene was

about 89.0% in subcritical condition and increased with the temperature increasing, over 99.0% in supercritical condition after

20 minutes from the start of reaction. The selectivity of TPA in subcritical conditions was higher than in supercritical condi-

tions and the maximum value was 29.0% at 300oC, 220 bar, 50% H2O2 feed ratio. The pressure effect on TPA selectivity was

higher at subcritical water condition than that at the supercritical condition.
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���� �� ��� ��� ��  ��. !"#$� %& �'� �

�( �'� )*� +,-� 	./0
 12 3��4� 567 �

�� ��� 89
 �:;� +,-� <=> ?@ 89AB C ��

��DEF
;� G�, D�, HI�C, 
JK(dielectric constant) L

� ��� ?@ 89��[1]. M> NO 	� 	�! P �(Tc=374oC,

Pc=221 bar)� 
JK� Q 80��7 ���	R
;� 10�S� ?@

TOU�. 12; �+,-� 3V� Q:�W; ��� �'� 0:�

� TO��7 XE+� 
��Y 'Z, IZ L� ��> [J\ 0:

S@ �O ;� ]!	� 
�^ C ��. _� "`a�
 b� "`

cd� e��� 0:�> ��� 8fAg ;� h@ +=^ C �$

i jk l� e��� mnS� "`� fo "` pqK� ��� r
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l

t �� "` a�� �0S� zD� ��. �� {( ���C� �

�� `0Sj 
�V�"`[4-7], |+:� }C~=[8-10], �k� +

:[11], ����� +:[12, 13], �2�� +:[14] L� �( I�9

��l �O��.

� ��� "`cd�'t p-xylene� I9�E� e�� TPA� poly

ester �
 � poly ethylene terephthalate(PET)� cd� �0�� �'

� J ��
; ��eI ��� �( 9��'� S���[15]. �n

�0�� TPA eI ��( �I a�S� Co, Mn, HBr �aS
;

p-xylene� �	 I9��� �Sj r5S  �$� ��� �a
 �

� ��Y E��  rl �  ��. �\, ��� �a� fo l¡�

¢  £K� ¤O��7 ¥� E��� l�  �O �� ¦�> E�

AB §¨� � , t�
 uv� �( ��$� ©ª� §¨S  �	

«¬­� �� P 
 �a� ®¯
 �� 2° �±� ¬e ^ C ��

[16, 17]. _� �m� TPA r5 �²( D° ³09 �O l� ´�� 

�ªYµ
 �� TPA r5��N� f¶� ·Zl X¸�i �z
;�

xf¹rl D° ¥9�� AD�4� cd� º· � ��� »¼9>

�� clº·� §� ½�Y xfy9# ��� ¾¬� ¿ÀS�.

� ��
;� p-xylene� E+ I9AB P Á��/���C> "`

a�� �a> �0S� Â� Ã�a "`��� ¾¬ lÄ�� ±¸


 ¸  Å¨� CÆSÇ$i, ��#$�� È+� "`�
; "`A

-
 1� ���+� 89� p-xylene J9K � TPA e� CK
 u

v� ��, ��, I9r� �0�� YI9CZ� ÉÊ�� ËÌ� Í

ÎSÇ�. _�, � Å¨3Y> ÎX� p-xylene� E+ I9A� Ï�

Ð "` f�� "` Ñ��� rASÇ�.

2. � �
 

2-1. ��

� Å¨
; "`�� �0� p-xylene(98.5%)( Junsei Chemical Co.

� rÒ�i, I9r� �0� YI9CZ� Yakuri Chemical Co.
;

�Ê� 35 wt%> �0SÇ�. _�, Å¨
; "` a�� �0� �(

¼Cr5zv(Milipore Co.)
; r5� �� �0SÇ , �
 bÁ�

� 0mIZ> r<S� §: 'Z> �0Sj Ó�SÇ�.

"` e��N� �­ +ÔA ÕÖAd� �0� p-Tolualdehyde

(97%), p-Toluic acid(98%), 4-Carboxybenzaldehyde(97%), Terephthalic

acid(98%)� Acros Organics rÒ� , Toluene(99%), p-Toluic alcohol(96%),

4-Carboxybenzyl alcohol(99%), Benzoic acid(99%), Terephthalaldehyde

(90%), Benzaldehyde(98%), 1,4-Benzendemethanol(99%), Maleic anhyderide

(98%)� Aldrich Chemical Co.� rÒ� �0SÇ�.

2-2. ���� � �	

� Å¨
; �0� È+� "`�� E× 1,379 ml, n'( Hastelloy-C

� r/SÇ$i "`��
 ¦v� magnet drive� /Ø�� Ù"�>

¦vSÇ�. "`��� Ú�� §: K-type ÛJX> "`� �E�

Å¨ zv� Ü E+
 ¦vSÇ , "`��� "`� ÝE
 ¦v�

J� heater� lÛSW; ��5º�� !�S@ 
�AÞ$i, "`

�� ÛßÅ� à�S� §: "`�� heaterÝE
 alumina fiber> �

0Sj »ÛAÞ�. "`� �E��( deadweight tester(model 2,170-

5, Superb Instrument Ltd.)� á�� ��@��(model 01-0162-F,

Millipore)> �0Sj Ú�SÇ�. YI9CZ� �( MÛ�> �Sj

"`�� �ª�i �P "`� �E� ��l TO�� â� ã� §

: cS� "` ��á� Q 20oC �	 �( ��� 
�SÇ�. _�,

 �,  �� ���C 	R
;� "` Ad ä©A Ad� 2¾�  

� å�(HiP Equipment Co.)� tube(1/4" SUS 304)> �3� sample

loop> �: 1°#$� ·� � æÜ� , 2°#$� U�$� 
��

� Ad ä© zv> �: äç��. Fig. 1( � Å¨
; �0� È+

� I9"`zv� ¾À> �èé â��.

Å¨ àê( op �Y !�­� p-xylene� Å¨ 5ë� ��á� Q

- #( ì� "`��
 í  cS� "`��� lÛSÇ$i, cS

� "` ��
 �îSÇ� P high pressure mini pump(duplex mode

NSI-33R, Milton Roy)� �0Sj I9rt YI9CZ> MÛ�> <

ï "`�
 ðÊSÇ�. j�
; "`��� ðÊ�� �� ì( Å

¨ 5ë
; steam table
; ñ( G��E� �ISj ¦�SÇ�[18].

_�, "`��
; cd� òV� ó �ôO' C ��õ "`� UÆ

�� Øö Ù"�� !� Ñ�(rpm 150)� �Ñ lØSÇ�. Ad� "

`� UÆ�� !� A-÷� sampler> �Sj �	Y �	$� +=

ä©SÇ�.

2-3. 
��	

Sample
; ñ( �	Ad� ø� 3 m� packed column(OD 1/8"

porapak-Q)Y TCDl¦v� gas chromatography� +ÔSÇ , �	A

d� isocratic pump(model M930, Younglin)� symmetry 5 m C-18

(3.9×150 mm, Waters®) column, UV detector(model M720, Younglin)�

��� high performance liquid chromatographe(HPLC)> �0Sj +

ÔSÇ�. Ü e��� �­+Ô( ÝEÕÖê(external standard

Fig. 1. Batch experimental apparatus for SCWO.
1. Reactor 8. Vent line
2. Electric heater 9. Sample loop
3. Preheater 10. Sampler
4. Temperature controller 11. High pressure pump
5. Recorder PG: Pressure gauge
6. Main controller TI: Temperature indicator
7. Rupture PI: Pressure indicator

Table 1. (a) HPLC analysis conditions

Mobil phase: Acetic acid(2%vol)+2−Propyl alcohol(7%vol)+Water(91%vol)
Mobil phase: +Phospheric acid(300µl/L)
UV wavelength: 254 nm
Flow-rate: 1 ml/L
Injection volume: 20µl

(b) GC-TCD analysis conditions

Injector temperature:
Oven temperature:
Detector temperature: 
Carrier gas:
Gas flow-rate:

200oC
150oC
200oC

 He
30 ml/min
HWAHAK KONGHAK Vol. 41, No. 1, February, 2003



28 �������������������
method)
 �� á�ê$� �ôOù$i, Ü Ad� +Ô àê( Table

1(a, b)
 �è�ú�.

3. �� 	 
�

� ��
; �0� 0O � J9K, pq� � YI9CZ ÉÊ��

��� �ûY {�.

J9K, X(%)=(1− )×100

TPApq�(%)= ×100

YI9CZ ÉÊ�(%)= ×100

3-1. p-xylene� 

 �� � 

 ��

Á�� � ���C 5ëS
; p-xylene� YI9CZ� E+ I9

AB P ñ( �	Ad> +Ô� Chromatogram� � M> Fig. 2
 �

è�ú�. +: e���� p-tolualdehyde(p-TAH), p-toluic acid(p-TA),

p-toluic alcohol, 4-carboxybenzaldehyde(4-CBA), 4-carboxybenzyl alcohol,

terephthalaldehyde, TPA, toluene, benzaldehyde(BDH), benzoic acid(BA),

1,4-benzendemethanol L� +Ô�ú�. _� �	 Ad> GC> �:

+Ô� 3Y u­� CO� CO2l Í¯�ú�7 6 ì( �	 e��


X: ü\ /( ì�ú�. Fig. 3� (a)� (b)� 300oC, 220 bar, YI9

CZ ÉÊ� 50%! P ÉÀ +:e��N� fÌ� �èé â$� A

-� fYý
 12 p-TAH, p-TA, BDH, 4-CBA, TPA L( «lS�

l ·ZSÇ  BA� �Ñ#$� «lSÇ�. �� {� �	( %& Å

¨
; þÿ�ú$i � 3Y> ÎX� p-xylene� E+I9 f�> Fig. 4

� {� ´�SÇ�. p-xylene� E+ I9f�� p-xylene +,� ��

� S�l TO��l toluene� e�S� f�� p-xylene� ���l

I9�O ��\�(-CHO)> ��Sj p-TAH> e�S� f� L ?

@ ¸ l�� �ôO�� � C �ú�. �N f� � p-TAH�� "`

( toluene$�� "`Y f¶ "`$� 	'�
 
O�� ���� C

Zl YI9CZ�E� +: � OH 2��
 �: TO� p-methylbenzyl

2��� e�� , �â( HO2 2��Y "`Sj p-TAH> e���

[19-21]. !"#$� 	'�� C-C 3V� :=

�(130 kcal/mol)�

C-H 3V� :=

�(104 kcal/mole) á� 	X#$� ?i � ö�

9 �O �� P 
 ���l TO� toluene� e��� "`á� p-

TAH> e�S� "`� � h@ UÆ� C �� â��[22].

YI9CZ> �ªS� Â  ���C
; p-xylene7� �ªSj l

C +: "` Å¨� CÆ� 3Y e�� � toluene( u­�ú$i X

E+ p-TAH� �è��. �â( ���C 7� �0�� P �� :=


 �� OH 2��� ì� 	X#$� ���C
 �l� YI9CZ

� +:
; e��� ìá� �� #� P $� �»��[23]. _�

p-xylene$�E� toluene� e�� P +=� ���� "` e���

S�t BA� "`Sj methyl benzoate> ��ý� � C �ú�.

3-2. �� ��� ��

� Å¨
; p-xylene� J9KY e��� TPA� pq�
 uv�

 
mole of p-xylene residue

mole of p-xylene fed

 
mole of TPA produced

mole of total products

 
amount of H2O2 fed

amount of H2O2 stoichiometric requirement
for completed oxidation of p-xylene

Fig. 2. Typical HPLC chromatogram of p-xylene partial oxidation products in sub- and supercritical water.
���� �41� �1� 2003� 2�
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"` ��� ËÌ� á� §Sj ��³§ 240oC-400oC
; 220 bar�

YI9CZ ÉÊ�> 50%� !�S@  �S  Å¨� CÆSÇ�. Á

�� � ���C 5ë� Ü ��
;� J9K� �èé Fig. 5
;�

{� p-xylene� J9K( 240oC-350oC� Á�� Ë�
;� "` A

- 20+ ��
; 89.0% �	�ú$i, 374oC-400oC� ��� Ë�


;� 99.0% �	$� �è��. � Å¨ ³§ �
; p-xylene� I

9�O Z%�� "` Ñ��( "` f�
 þ�w� !�S  p-

xylene
 X: 1° "`�2� l� S
 �û � (1)Y {� ÕASÇ�.

(1)

j�;, k� Ñ�	C, Cp-xylene� p-xylene� ��> �èé â��.

� (1)� J9KY þ�� �$� #+SW � (2)� Õ�� , ���

�0Sj Å¨ 3Y� regressionSj +: Ñ�	C k> �SÇ$i

6 3Y> Table 2
 �è�ú�.

ln(1−X) = −kt (2)

j�;, X� p-xylene� J9K, t[min]� "` A-� �èé�. _�, �

�9

�> �S� §Sj Arrhenius plot� 3Y> Fig. 6
 �è�

ú$i, Á��� ���� �-
; ��9

�� ÜÜ 15.16 kJ/

molY 23.42 kJ/mol�ú�.

Fig. 7( TPAl �Xl �� A-
 Ü ��
;� TPA> �ý� �

� e��N� pq�� �èé â$� TPA� pq�( Á�� 5ët

300oC
; 29.0%� lz ��$i, ��l �Á�� ���Ë�
;

� TPA� pq�( ��\ ·ZSÇ�. ��� Ë�
; p-xylene� I

9 A Á�� Ë�
 �: p-xylene� J9K( ��7 �� I9 Ñ�

� t: e�� TPAl �Ñ I9l �ôO� BA> á� �� e�S

� â� � C �ú$i, �\ BA� � O tolueneY BDH� �� e

dCp xylene–

dt
------------------------ kCp xylene––=

Fig. 3. Distribution of products in 300oC, 220 bar, 50% H2O2 feed ratio.

Fig. 4. Reaction pathway of p-xylene partial oxidation in sub- and super-
critical water.

Fig. 5. P-xylene conversion vs. reaction time in 220 bar, 50% H2O2 feed
ratio.

Table 2. Experimental measurements of kinetic constants for p-xylene
decomposition

Temperature(oC) Reaction time(min) k(min−1) Correlation coeff.(r)

240 20 0.108±0.015 0.997
270 20 0.131±0.021 0.996
300 20 0.139±0.043 0.984
350 20 0.238±0.051 0.993
374 15 0.319±0.059 0.994
400 14 0.330±0.080 0.990
HWAHAK KONGHAK Vol. 41, No. 1, February, 2003
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��
 �: �( pq�� Ht�ú$i, �â( ��� Ë�
;�

"`f� � p-TAH�� f�á� toluene� f�l � o�S�� â

$� �d��. _�, á� �( YI9CZ ÉÊA BA� �! I9�

O maleic anhydrydeY {( �+,­� 9V�Y �I9"Z L� �

�ý� � C �ú�.

3-3. �� ��� ��

YI9CZ� ÉÊ�> !�S@S  Ü �� 5ë
; ��� 89

AÞ� P TPA� 5�� �Xl �� A-
 ñ( TPA� pq�� Fig. 8


 �è�ú$i, Á�� Ë�t 300oC
;� TPA� pq�( �� 	

#
 12 ·Z ´�l $�� � C �ú , ��� Ë�t 374oC�

400oC
;� TPA� pq�� /�  �� 1� ËÌ� Á�� 5ë


;á� � %û� � C �ú�. Å¨ 3Y�E� !� ��
; ��

� «lSW TPA� pq�( %Áù$i, ��� Ë�á� Á�� Ë

�
; � & ËÌ� 'û� � C �ú�.

Á�� 5ët 300oC
; � "`� �� ðÊ�� �� ì( ��

� 5ët 374oC� 400oC
 �: Q 3-5(� Ü ��
; :) ��

$� 	#A*� §Sj ðÊ�� �� ì� �� G�
 12 ?@ 8

9�i, �\ ��D(374oC, 220 bar)� ��W; ª¡\ G�l ·Z

��. 
J	C� ª¡\ ·ZSi "9CZ*
 X� 0:� _� «

lSj ���C 5ë �
; [J 0:�O I9 "`Ñ� _� Á�

�C 5ëá� ao �+� P 
 TPA� pq�� £Y#$� control

S�
� #ºS� Â( â$� � C ��[24, 25]. _�, Á�� 5ë


; ��� 5ëá� pq�� �@ �è| â( �	 5ë
 � l,

Ð <Ø(liquid-like phase)� Y­� �� "` 0a�;� -j��l

�	
 � l,Ð <Ø(gas-like phase)� ��� 5ë
;á� YI9

CZ
 �� +: Ñ�> ·ZAB C �ú�  eÜ��. _�

Kabyemela L[6]� ��
;� {� ���C 5ë
; ��� «l�

ý. 
�� +, É§
 �E#t G�(local density)l «l�O 
�

�� +:> /rS� cage £Y� ËÌ$� TPA� pq�
 X� �

�� ËÌ� #ú� â$� �d��. 

3-4. ����� � !� ��

Table 3( Á��/��� 5ë
; p-xylene� ÉÊ­�  �S  Y

I9CZ� ì� 89 AÞ� P Ü e��� pq�� �èé â��.

YI9CZ> ðÊS� Â( 	R
; p-xylene( 6.07-14.2%� JxK

� �è�ú$i, Á�� 5ëá� ��� 5ë
; JxK( � ���.

���C� 0a a��;� �'0 Á�2 6 ,�l I9"`
 -

jS� â$� á �  �$i[26], � Å¨
;� ���C�  
�

��
 �� ËÌ� p-xylene� JxK� «lAÞ� â$� �d��.

_� ��l �Á�� ���C 5ë� Á�� 5ë
; á� �( ì

� �I9"Zl Í¯�ú , � "`
; rö� +:f� � BA� e

�­� ?@ «l� â$� ���C� YI9CZl ðÊ1Y ØA


"`�� +: £K
 & ËÌ� uv� â� � C ��. Fig. 9
;�

"` �� 300oC� 400oC, 220 bar
; TPA� pq�
 uv� ËÌ

� �è�ú$i, 300oC
;� TPA pq�( I9rt YI9CZ�

ÉÊ�l «lý
 12 ~û
� �Á� YI9CZ� ÉÊ�l 50%

!P TPA� pq�( 29.0%� �Xl �ú�l YI9CZ ÉÊ�>

�Ñ «lA*W �A ·Zý� � C �ú�. 400oC� ��� 5ë


;� 300oC
 �: "`�� 
��� I9Ñ�l �� �+� P 


 � Å¨ ³§
;� YI9CZ ÉÊ�� 89
 1� �X2� �

Fig. 6. Arrhenius plot for overall p-xylene decomposition rate constant.

Fig. 7. Effect of temperature on each product selectivity(%) with TPA
in 220 bar, 50% H2O2 feed ratio.

Fig. 8. Effect of pressure on TPA selectivity(%) in each temperature,
50% H2O2 feed ratio.
���� �41� �1� 2003� 2�



��� � ����� p-xylene� 	
� �
���� 31

A,

,”

nd

th-
��� â� HtS� 3SÇ�7 YI9CZ ÉÊ�l 0-30% ��


; TPA� pq�� �Xl �� �D� mn^ â$� �»��.

4. � �

Ù"�l î4 È+�  �  � "`�> �0Sj �� 240-400oC,

�� 220-300 bar, YI9CZ ÉÊ� 0-100%� Á��� ���C 5

ëS
; p-xylene� Ã�a E+I9 "` Å¨� CÆSÇ$i, 6 3

Y> �: �ûY {( 35� ñú�.

(1) p-xylene� +: e���� p-TAH, p-TA, p-toluic alcohol, 4-CBA,

4-carboxybenzyl alcohol, terephthalaldehyde, TPA, toluene, BDH, B

1,4-benzendemethanol L� Ht�ú$i, É� I9 "` f�� p-TAH�

f�� toluene� f�� ?@ ¸ l�� ´�^ C �ú�.

(2) p-xylene� J9K( Á��C 5ë
; 89.0%� ��� 5ë


; 99.0% �	�ú$i, "` ��l �Á'Cõ J9K� «lSÇ�.

(3) TPA� pq�
 uv� ��� ËÌ( ���C 5ë
;á� Á

��C 5ë
; � ?@ �è��.

(4) TPA� pq�( Á��C 5ët 300oC, 220 bar, 50%� YI9

ÉÊ�
; 29.0%� �X2� �è�ú�.

� 


� ��� Y��²E �l����Å �c��(NRL)� n� �c$

� ��> CÆSÇ$i �
 ·��6��.

�
��

1. Lee, Y. W., “Supercritical Fluid: Applications and Technologies(I)

NICE, 19(3), 325-333(2001).

2. Marrone, P. A., Gschwend, P. M., Swallow, K. C., Peters, W. A. a

Tester, J. W., “Product Distribution and Reaction Pathways for M

Table 3. Experimental results of p-xylene oxidation with sub- and supercritical water 

Temp.
(oC)

Press.
(bar)

p-xylene
Conv.(%)

H2O2

(%)

Products selectivity(%)
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1.432
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4.365
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*n.d: not detected

Fig. 9. Effect of hydrogen peroxide feed ratio on TPA selectivity(%) in
220 bar.
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