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Abstract − The supercritical dyeing process has been gaining the increasing importance because of environment reason. For

further development of this process, it is needed to measure the solubility in supercritical fluids in the extensive ranges of tem-

perature and pressure. In this study, using the semi-flow type apparatus consisted of supercritical fluid equilibrium cell, the sol-

ubility of disperse dye(C.I. disperse red 60) in supercritical HFC-134a has been measured at the temperatures of 383.2 K and

413.2 K, and in the pressure range of 50 bar to 160 bar. The solubility data are, with good agreement, correlated by an expanded liq-

uid model which considers the supercritical fluid as compressed liquid.

Key words: Supercritical Fluid, Expanded Liquid Model, Solubility of Dye, HFC-134a, Supercritical Dyeing

1. � �

��� ���� �� �	
 ���� ��� ���� ��� �

����. �� ���� ���
 �  �����!� �"# $�

%&, '()�� *+ , -$�.� ��/�! ��� �0 1�. �

�� 2345�!� 678��, ��45�!� �.8�� 9:;�.

�# <� =>?��� �@AB C��� ���� ��$D� 9

�� EFG
� HI J�. =>?�� KL�AB MN�" O�P

�� ���Q R� S"�
 ��"T� U9HVW �X YZ5�$

6[\� ]^�_B ��H� YZ5�^����� ̀ a��. YZ5

�^� bc� /^# 3d�Qe fc# g$5�� "^# h0 �

iQ R�. fc� jI g$kc� li" mn� �o� �p, q�c,

�o� �Mc� h�. �$6[\� rs, rt, ���" mn� YZ

5�^Bu �E v� ��HI J�. v wxyz[1-8]� YZ5 �

$6[\ �� �.� �Mc{ |��}�. �$6[\{ YZ5�^

B ���P ~&���{ ��� m ���� �c� � 393 K�I

��� � 290 bar ��� I��! �E ����I �I HV J�[9-12].

t�� ��wx\
 DTNW� Schollmeyer �� wx�[11, 12] �

# < �����! ~&��� ��� ����� pilot plant{ ��

�P ���I J�. ��; ���� ��� �r ��! ��6� V

��� J" mn� �$6[\� Z5���� �� j ��� HFC-

134a(Z5��: 40.6 bar)� YZ5�^B ���P ��� �c� ���

�. �# < ����� "Y wxBu � wx�!� YZ5���

HFC-134a� ]; -$�.� �Mc{ |��I �Mc� �c# ��

� ]; ��, ������  ¡¢, £ q¤7�
 gE/^ ¡� ��

�P �Mc{ �¥�I ��¦) §$¦� 3��}�. ̈ ; YZ5 �

$6[\� ]; �.� �Mc# YZ5 HFC-134a� ]; �Mc{ 3

��P YZ5�_Bu HFC-134a� ��©� g
�Iy �}�.

2. � �

2-1. ��

�Mc |���� ��1 -$�.� -$ª	 �« ¬�ª� �

®©HV JQ R ¯�; C. I. disperse red 60��. �.� -yx�

� Fig. 2# <�. �.� �_B ��1 HFC-134a� DuPontª� ¯c

99.9%� a� ���}AX °±� ��1 mono-chlorobenzene
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2-2. �� ��

´ ��  YZ5�^ �� E�{ ���P YZ5 ��� HFC-134a

� ]; -$�.
 C. I. disperse red 60� �Mc{ 383.2 K, 413.2 K�

�c# 50, 70, 100, 130, 160 bar� ���! |��}�.

YZ5�^ ��E�� Fig. 1) <�. µ¶�� ·� 300 mm, ̧ >

17 mm� L�¶�I �.# �&¹� �]B º» �.� 3$� ¼½

AX ¾��-� �^·�� � 150 mm�I ¾�1 �.� ¿ � 5-

6 g��. ÀÁE� Â�B zVÃ HFC-134a{ ¾-Ä /6�Å I��

Æ^ÇÈ� �³;�. C��É"Bu Ê1 bar �ÂB ��� �É�I

�bc� Ê6 psia
 Bourdon¶ ��5{ ��M! ��� |��}�.

µ¶��� Ê0.5oC �ÂB �ÉH� �q"{ �Ë�}�. YZ5�

^� Ì��� Í�� m ÀÁ� ÎQ�" OM qÏAB Ð@�ÉÑ

Ò{ �q�}�. Ð@�ÉÑÒ{ �M! 	?� �.# HFC-134a�

°±� �)� m �.� °±�! ®ÓHI HFC-134a� �@5{ �

M � ��Ð��! �@� |�1 , ]" �AB Î�HÔ�.

2-3. �� ��

Cold trapk� mono-chlorobenzene� YZ5�^� ®6HV Õ�J

Ö �.� �M1�. �M1 �.� ×c{ |��" O�P UV-

spectrometer{ ���}�. �3���! �.
 C. I. disperse red 60

� ��@� mono-chlorobenzene� Õ�I ØÙc{ |��P Ð& Ú

@ÛÏ� ÜÝ�}�. �Ð ÜÝ1 Ú@ÛÏ� ���Þ Fig. 1� °±

� ���Ã pß �M1 �.@� à � J�. HFC-134a� � ��

Ð�{ �M! ` ¿� |�HI YZ5��� HFC-134a �� �M1

C. I. disperse red 60 �.� ×c{ 5$� � J�. ��; ÎáAB

383.2 K, 413.2 K� �c# 50, 70, 100, 130, 160 bar� ���! �.

� ×c{ |��}�.

HFC-134a� �@ 150 ml(STP)/min. ��B �Q�}�. Fig. 1� E

��!� YZ5�^{ 300 ml(STP)/min. ��� �@� �Q�Þ Y

Z5�^� �.� ®6â� Bae# Hur[7]� �Ð �I�}�.

C. I. disperse red 60 �.� ãf) �ãq �äå�q@-æ"{

���P |��}AX gE/^ ¡� �¥� ��1�.

3. �� 	 
�

Fig. 1� ��E��! YZ5��� HFC-134a{ �_B �P -$

�. C. I. disperse red 60� �Mc{ 50-160 bar� ��çO# 383.2 K

# 413.2 K� �c�! |��P ` N){ Table 1� 	èÂÔ�. Fig. 4

�� �Mc� |�¦) §$¦� éê�P 3��}�. Fig. 5�!�

Fig. 1. Schematic diagram of experimental apparatus.
A. Gas cylinder(HFC-134a) F. Expansion valve
B. Liquid pump G. Cold trap
C. Cooling unit H. Wet gas meter
D. Pressure regulator TC. Temperature controller
E. Equilibrium cell TI. Temperature indicator

Fig. 2. Molecular structure of C. I. disperse red 60.

Fig. 3. ββββ12 vs. density of HFC-134a for HFC-134a+C. I. disperse red 60
system.

 Table 1. Solubility of C. I. disperse red 60 in supercritical HFC-134a

Pressure[bar] Solubility[y2×106] Pressure[bar] Solubility[y2×106]

T=383.2 K T=413.2 K
150.0
170.0
100.6
130.3
160.6

1.775
3.986
4.924
5.828
6.259

150.0
170.1
100.3
130.1
160.0

7.371
23.35
37.45
47.89
60.07

Fig. 4. Solubility of C. I. disperse red 60 in supercritical HFC-134a.
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�$6[\{ YZ5�^B ���� >ë� �.�Mc# HFC-134a

� ]; �.�Mc{ 3��}�. Fig. 5�! à � Jì� HFC-134a

{ YZ5�^B ���� >ë� �Mc� �$6[\ �� � 10C

h�. ¨;, �c# ��� í���î �Mc� í��� >�� 	è

ÂI J�. `�	 ��� ��ï� ðñ í�ò ó\�}�.

4. ������ �� ���� ��

YZ5�^� ]; �o� �Mc{ §$�� �ô� ÎáAB� Y

Z5��� J� �_{ "^�� gE1 ��(expanded gas) ̈� /

^�� gE1 ��(expanded liquid)B ��; q¤7�  ¡� Ïõ�

� J�. �y� >ë�� �.� Z5²Ý¦, ö÷5�, ø6� ù)

< �Ý¦� �G�	 �.# <� -y@� _ë ú �o
 >ë�

� nû¦� *� �I HV JQ RAX ��AB ` ¦� |��"�

*� ü�ý��. ,y� >ë� �.� �ãf) �ãq� ����

GxHX |��"� ����. ðñ! � wx�!� YZ5�^{ /

^� gE1 ��B �� gE1 /^ ¡� ���P �.� �Mc

{ §$�}�[8, 13, 14]. �.# YZ5�^ Ì��� µ¶¥5�  (1)

) <�[15].

(1)

P"! �¬y 2� �.{ 	èÂX y2� YZ5��!� �.� þ-

ò, � �.� ÿpc, #  ÁÁ ¯��.� �U��# )

ÀÁ1 /^��� �.� �U����. �U��� 3� / �

Kramer and Thodos[13]) Prausnitz ù[15]� ªß; ���  AB �

�1�.

(2)

 (2) ë�� q�@�6@(∆Cp)) �M� �V� m :"� þ^�

�6ò(∆v2)B ��H� �Q¼ ' 	z 
�	� 3M! r�� �

J� �cB �å Ü ¦� �Q�B � 	z� r��Þ �|� �

J� ãMq( )# ãf(Tm)e� �Ý¦AB�� ����� 3{ x

� � J�. ;ö 5� )y���Q� Flory-Huggins ) ���/

 ¡� �; )y���Q� ��ñI �I �a� ª2Ý-� þ�

B öÐ-�Þ r;�æ�!� ÿpc5�{ �� � J�. ��0 �

 r;�æ ÿpc5��  (3)) <�.

(3)

P"!, � �Ý) �\N�� ]; "P{ 	èÂX ( )0.5�

�. v1) v2� ÁÁ HFC-134a# )ÀÁ1 �.� /^���!� þ-

ò��. v1 Peng-Robinson��Î� [15]AB 5$�}I v2) δd2�

Fedors[16]� ªß; group contribution ÎáAB x�}�. ¨; δd1

HFC-134a� �Mc �ñÐ�{ 	èÂX Giddings ù[17]� ªß;

 (4)B x� � J�.

(4)

P"! δd1 cal/cm3� 4OB ��HX Pc� Z5��[bar], ρR �

^� =$bc��. ρR1 /^� �23f�! =$bc{ 	èÂX

HFC-134a� ]M!� 2.763��. �.� �Mc �ñÐ�
 δd2�

 (5)B 5$�}�.

(5)

P"! ∆U2# v2� ÁÁ �.� Â���Q �6# þ����. ∆U2

# v2� ÁÁ

(6)

(7)

AB 5$�}�. P"! T*, ∆U*, v2
*�  ÁÁ "2�c
 298K, �

�c�! �.� Â���Q# þ��, T2 � ���c, α� qÍ�5���.

gE1 /^ ¡� �G; C. I. disperse red 60 �.� �Ý¦� Table 2

� �&�}�.

 (3)� ®©1 2Ý-5 ��Ü�5�
 β12� �����B�� �

� � JAX �c�� *� ��� �Q RA	 YZ5�^� bc�

h0 ��� �I J�� ��N)B�� à � J�. Fig. 3�� ` N

){ 	èÂÔ�. Peng-Robinson� ��Î� AB 5$; HFC-134a

� bc� ]�P β12{ ���Þ

(8)

P"! x; parameter, a0, a1# a2 ¦� AAD%# ©� Table 3� �

î�}�.  (1)-(8)z� ���Þ �.� �Mc{ §$� � J�.

Table 3� ��¦) 5$¦� ä�{ AAD%B 	èÂI Fig. 4� c�
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Fig. 5. Solubility of C. I. disperse red 60 in supercritical HFC-134a and
carbon dioxide.

Table 2. Physical properties of C.I. disperse red 60

Dyestuff
Molecular 
weight[−]

Tm

[K]
∆hf

[cal/mol]
v2

*

[cm3/mol]
∆U2

*

[cal/mol]

C.I.disperse 
Red 60

331 459.2 5392 388.9 35270

v2
* , ∆U2

* : obtained by group contribution method proposed by Fedors[16]

Table. 3 Parameters in Eq. 8 and AAD%

Dyestuff
Temp.

[K]
Parameter

AAD%
a0 a1 a2

C.I.disperse 383.2 47.147 −7949.6 180000.1 1.78
 Red 60 413.2 49.302 −8137.2 180011.5 3.66

AAD% y2
/exp y2

cald– y2
/exp 100 /No. of data×⁄∑=
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�}�. �.� �Mc� 10−6-10−5 þ-òBu _ë Ü ¦Z�c ü

x�I 5$1 N)# ��¦� � ���I J�� à � J�.

4. � �

´ ��¶ YZ5�^ �� E�{ ���P 383.2 K, 413.2 K� �

c# 50, 70, 100, 130, 160 bar� ���! YZ5��� HFC-134a�

]; -$�. C. I. disperse red 60� �Mc{ |��I gE/^ 

¡� �; ���  ¡¢� �c�P ��) < N){ �Ô�.

(1) ��Î� � ���P �Mc{ §$��Þ �.� Z5²Ý¦

) ø6�� ���� �G�	 �.# <� I3f�I -y@� ú

�o� ²Ý¦� x�"� �Ä V��. � wx�! ªß; gE1 /

^ ¡� ���Þ �.# <� I3f�I ��Ý I^ñc |�� 3

�� �� �.� �ãf) �ãqe� ���0 âAB YZ5�^ �

� �Mc{ 3�� �g�0 §$� � J�.

(2) �.� �Mc� ��; ���! 10−6-10−5 þ-ò� _ë Ü

¦�Qe �$6[\{ YZ5�^B ���� >ë# 3��Þ � 10

C h�. �a ~&��� ��� YZ5�^ ����� � 290 bar

� �����! ��HI JA�B HFC-134a{ ���Þ �����

��Ä j�o � J�� ��;�.

(3) ��) �c� í��Þ �.� �Mcc fä í��	 ���

��ï� ðñ �Mc� í�ò ó\�}�.

� �

� �n 2001�c � ]7� 7Twx�Ý3 QL� ��P ��

1 a�X �� ó�!"�.
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