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Abstract − Among materials-related applications of supercritical fluid it may be said that RESS(Rapid Expansion of Super-

critical Fluid Solutions) process is promising to produce particles which have small sizes and narrow size distributions without

residual solvent in the produced particles. In this work supercritical carbon dioxide and 2-naphthol have been selected and the

effects of various experimental variables in the RESS process are investigated. The experimental variables include capillary

diameter and length, extractor temperature and pressure, crystallizer pressure and preheater temperature. The results show that

the diameter of the particle becomes larger with increasing extractor pressure and temperature although the particle sizes are

relatively insensitive to the temperature of preheater. Larger particles can be obtained with increasing crystallizer pressure. In

terms of the effects of capillary dimension the particle size decreases with increasing capillary length, while it increases with

increasing capillary diameter. Moreover, when the particle diameter is related to the degree of supersaturation, we can get

excellent correlations between them.
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solvent+ ��-) GAS(Gas Anti-Solvent)U>&+ �� .� P (W.

�S U�^&+ ��F) @
 '� 89:
 ��� ��. ��

D �� ��-� 67, N�D @� ��  ��^/ ��. S�

>$ �Y �� ��g @g gh6�' (W. ��. �C^&+ �

�F' () g�Y 34:m �  �Y 89g. ��-� 67,

89� N�  e^�Y N�D @', J1 �]Y ��. �N ��

D  
 89� ?� ) Y�D () ¡g �VgW. g�Y �?{

$ l�-) 34� -.+ ������ ��Y RESSU>g ��

~ ?�  [Y �¢Y U>� -.+ "#$ £' ()0 RESSU

>
 �2� 34  ¤l  
 �N ��� ��~$ ¥$ P ($

HI JKL �] ��+ I:� 67, ��¦, '��, vT, ��

� 
� D� 89� size reduction  _�§ P () 34gL' ¨

P (W. ��89g �lF6 () ������ ©�� ª«��¬

�lb 89g �] �~� k­+ ®<bW) ¡
 g� @
 AB

�  �l ¯�F6 G&. g�Y �C$ ��~ ?�  °±^&+

�̂Y ¡
 Krukonis[6]  �l Q²&+ �mFoW' �³bW. Krukonis

) ��� CO2́  propylene$ g�-
 aluminum isopropoxide, β-estradiol,

ferrocene, vT, polypropylene� WXY 89:� �] �~$ ¥$

P (o)0, �µ 89¶W ·¸ �N��D  ' ��D 100¹ gC

ªºb ��� ?�-»W. � g¼  RESS  [Y AB) Larson�

King[7], Smith́  U½AB�[8-11], Mohamed́  U½AB�[12, 13] =


� AB�[14-18]  �l _`-� gh6i GW. Mohamed́  U½

AB�:
 RESSU>  �l ��b naphthalene� Lovastatin powder

� crystallinitý  particle size  �¾) 
� D� Vq¿P:� yÀ$

'Á-»W. ÂY �� ) Domingo � U½AB�:[17]g CO2+salicylic

acid+benzoic acid, CO2+phenanthrene+benzoic acid́ Ã
 ternary system 

! cosoluteD �lm = �tb particle� }t  6Ä yÀ$ �¾

)� ÅÆ¶ÇW.

g´ Ãg RESSU>
 �2� 34�) x5 �N = �N��D È
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2S-� Í) MN u�^/ U>g� ��  Î&+ �] ��� ?

�U>&+ ³Ï$ Ð$ ¡&+ ÑC¨ P (W. ��. �SÒ� @


ABD �EF6 G�I RESSU>  �l �tb ��� }t  yÀ

$ �¾) /�  [Y glD eÓY kÔgÕ, Î&+ RESSU>�

Ö`$ ×l!) WXY ,\ ¿P  [Y ABD gh6i� YW'

�³YW. Y D� Ñ+ ���m´ "ab ¡gW. RESSU>  �l

S�>b ��� }t
 ���m´ @
 "ag (²g Ø7i (&

. �ÙÒ� WÚ AB�:� AB) �� ¼� crystallizer� «Û$

[�«  DÒ, Ü
 «Û&+ -»� ��  ���m ��� B¨

P Ý$ HI JKL �� ��´ ���m �� "�� >Þ^&+ l

®-� ßDà-»W. �á0 � AB ) crystallizer� «Û$ �lm

D Vq^&+ n> DàY «Û&+ â>-' �lm = ���m�

B-
 ��¼  �tb ��� ��´ ���m �� C""�� â

ã-) ¡g däY AB�?+ �åF6 (W.

æL! � AB !) RESSU>$ g�-
 �����  ���

�8$ �l��' ���ç ��~$ ¥) Vq$ PE-', «Û,

èm, ��ém = ��  ��F) capillary tube� dimension HI

JKL ���mD ��~� ��´ }t  6Ä yÀ$ �¾)� �

�^&+ �®-'� YW. g� �-
 RESSU> ! 
� D� ¿

P� yÀ  [Y l®g Dàl9 ¡gÕ ê .JD!) RESSU>

� â� = së^/ ,\  ìWí mîg § ¡&+ �³bW.

2.���� 	 ��
�

� AB ! �����+ ï�Dð� ��-', ��~ ?� [C

89+) 2-naphthol$ �ñ-»W. Vq ! 2-naphthol$ ��Y g

�) ��� CO2c ! 2-naphthol� �lmD ¤ò^ �Õ, WÚ A

B�[19]  �-
 �lm dataD «Û� ém  æL n>F6i (

6 Vq data� l®  _�§ P (� ��gW.

������ g�Y RESSU>� Vqó¾) �C� �lm n>ó

¾  crystallizere�$ ;DY ¡gÕ ô-) Vq¿P� yÀ$ ÅÆ

¶� ×l!) Wº� P>g õä-W. � AB !) �� \� ¼�

ém = «Û$ ��¨ P ($ HI JKL crystallizer e�� Ce 

×¾Y capillary tube� ò�¨ P (6� -)0, g´ Ã
 {$ '

7-
 � AB ! â¾Y Vqó¾� ÖömD Fig. 1� ÃW.

Vqó¾) �� ������ ÷ó, ;<e�, �>� = �Þn>

e�� 3e�&+ .� P (W. Vq  ��§ '�� �l��'

®<��)0 ��§ CO2) ø÷ '« compressor(Maximator, DLE

15-75-01)� g�-
 ��÷ó�(R1, R2) c+ D«FÕ, ÷ó�) air

bath c  â¾F6 ()0 PID ém���(RKC Inst. Co, REX-C900)

� g�-
 ô-) ém+ �>-� ��bW. �Ë÷óe� '«�

�) pressure control valve(Tescom model 26-1021-24)� �-
 ô-

) «Û&+ ;<�(S1, S2)  U�F)0 ;<� ) Vq  ��§

soluteD %µ´ åù ú�F6 (W. ;<�c  ', %µ� solute

´ Ãg û6 ú�Y ¡
 ��D ú�üc ! channelling� ýþ

�Cg Ýg ÿ �� P (m� -� ×ågW.

;<�� .�) ��) '���8g �lF6 ��C­� ��-

' ()0 crystallizer+ :6D� \  ��� ém� ��-� ×-


preheater� â¾-»W. ;<�  ́ preheater� ém) PID controller(RKC

Inst. Co., REX-P100)� g�-
 ��-»W. ;<�´ preheater�

.�) ��� valvé  capillary tube� �-
 crystallizer ! ª«

-¬ �lF6 (� soluteD ®<F6 ��~$ ¥$ P ()0 g�

filter ! ��-
 �~� °N = �N��� �®YW. Crystallizer

� ém� ��¨ P (m� -»&Õ «Û
 back pressure regula-

tor(Tescom model 26-1721-24)� ��-
 ��-»W. ;<�� .

´ ª«b ��) rotameteŕ  flow totalizer� g�-
 �Þg n>

b ¼ [�+ 3<bW.

Vq
 ø÷ ;<�c  �T� ��' reservoir = ;<�� ém�

ô-) émD Fm� �>�� ��YW. �´ ½�  ;<� g¼�

system$ acetone&+ ]�-' �PY CO2+ 	��ç tube. crys-

tallizerc  solidD 2S-� Ím� YW. Vq$ �È-� \  crys-

tallizer = tube c  ô-) «Û� �PY CO2� 1�-' crystalli-

zer = preheater� émD Vqém  mx¨ �Ò� �W
W. %�

system� émD ô-) �  stabilizeb W²  pressure control valve

� �6 ;<� c  Vq«Û  mx-m� -Õ d� valve� �'

filter W²� back pressure regulator+ crystallizer� «Û$ ��-


��D �� P (m� YW. \� system� «Û, ém = flowD >

CC­  mxY W² 1�� >m �~$ collect-' Vq ¼  filter

Fig. 1. Schematic diagram of experimental apparatus.
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e�I$ �5-
 �tb �T� �
YW. Y �	 !� Vqg �

Tb ¼ ) ;<� g¼� e�$ ]�-' Î ! ¯�Y 34� ½

�Y 34&+ WÚ �	 !� Vq$ PE-»W. � Vq !) ��

  particle size analyzer(Malvern instruments, MASTERSIZER 2000)�

g�-
 �®$ �m-»&. �® d  ��D ��F) �Cg .

�.! ����&+ �>� ��� �>-»W.

3.�
 	 ��

� AB !) ������ ��-) RESSU>$ g�-
 ��

��8$ ®<��&+� �] ��� �) 89$ ?�-' ,\¿

PD ��� }t  �¾) yÀ$ �®-'� YW. ����� c

 ! '�89� �lm) ��� «Û, ém  æL �� ¿�F)

0, '«� �����  solute� �l��' g� Ü
 «Û&+ �

���¬ J1 ìWí supersaturationg `�-
 �lF6 (� solute

D ��~+ ®<bW. æL! supersaturation >m = �tb ��~

� ��´ morphology) �l��) «Û, ém = ��F) «Û�

ém  æL �� ��FÕ ��  ��F) capillary tube� °N

= �g  æL ¿�§ ¡&+ ÑC¨ P (W. ÂY ��� ��)

preheater� ém  æL ¿�FÕ[12] ��� ¼  ��³F) ¡$

3�-� ×-
 preheater� ém� 'é&+ ��-»� ��  �

AB !) preheater� ém� Vq¿P+ �ñ-»W. g´ Ã
 g

�+ � AB ! ��Y Vq¿P) capillary °N = �g, extrac-

tor ém´ «Û, preheater temperature, crystallizer «Û �gÕ �

AB� Vq¿P = Vq�×� ä�Y ¡g Table 1� ÃW.

3-1. Extractor �� � ��� ��

RESSU> ! extractor «Ûg particle size  .�c) yÀ$ Å

Æ¶� ×-
 extractor� ém� 45oC+ �>-� ����', extrac-

tor� «Û$ 150, 200, 250, 300 bar+ ¿���¬! Vq$ PE-»

W. g� Table 1 ! ¶) �´ Ãg preheater� ém) 80oC, crys-

tallizer� ém = «Û
 45oC, 110 bar+ �>-� ��-»&Õ,

��b capillary� °N
 0.01 inchg' �g) 5 cmgoW. 
� |

� Vq$ R�Y �� extractor� «Ûg �$P� ��� ��D

ªºå$ Z/¨ P (o)0, g¡
 «Ûg �D-¬ ��� CO2

  [Y 2-naphthol� �lmD ìi! capillary� �-
 crystallizer+

����� � solute� ���mHI JKL ����m = ���

mD �D-� ��gL' �³bW. Extractor� «Û¿�  æÚ �

���� n>-
 >5Y graphD Fig. 2́  Ã
0 extractor� «Û

g �J9P� ��� ��) ÈJ�', ��� distributionm  J�

$ Ø P (W.

ÂY extractor� émD ��� }t  �¾) yÀ$ ØJ¶� ×

l! extractor� «Û
 200 bar+ �>-� ����' ém� 35,

45, 55oC+ ³³ ¿���¬! Vq$ PE-»W. g N� preheater�

ém, crystallizer� ém´ «Û, capillary� °N� �g) Î� extractor

«Û Vq� ½�Y �	$ ��-»W. Vq�� extractor� émD

�J9P� ��� ��D ªº-' �N��m  J )0, g¡


extractor «Û¿�� yÀ  æÚ ���� ��´ Ãg extractor�

«Û� émD �$P� ���mD ì�¬! ���� ê �]Y �

�� ¥$ P () ¡&+ âã¨ P (W. Extractor� ém  æÚ

�N� ¿�) Fig. 3  >5F6 (W.

3-2. Preheater ��� ��

Extractor ! .é ��) crystallizer+ :6D� \  preheater�

�.¬! Ñ�F)0, g preheater� ém� 60, 70, 80oC+ ¿��

Table 1. Experimental variables in RESS experiment

No.

Capillary Extractor Preheater Crystallizer

Dia.
(in.)

Length
(cm)

Press.
(bar)

Temp.
(oC)

Temp.
(oC)

Press.
(bar)

Temp.
(oC)

Extractor pressure

1 0.01 5 150 45 80 110 45
2 0.01 5 200 45 80 110 45
3 0.01 5 250 45 80 110 45
4 0.01 5 300 45 80 110 45

Extractor temperature

5 0.01 5 200 35 80 110 45
2 0.01 5 200 45 80 110 45
6 0.01 5 200 55 80 110 45

Preheater temperature

7 0.01 5 200 45 60 110 45
8 0.01 5 200 45 70 110 45
2 0.01 5 200 45 80 110 45

Crystallizer pressure

09 0.01 5 200 45 80 070 45
10 0.01 5 200 45 80 090 45
02 0.01 5 200 45 80 110 45
11 0.01 5 200 45 80 130 45
12 0.01 5 200 45 80 150 45

Capillary diameter

02 0.01 5 200 45 80 110 45
13 0.02 5 200 45 80 110 45
14 0.04 5 200 45 80 110 45

Capillary length

15 0.01 1 200 45 80 110 45
2 0.01 5 200 45 80 110 45

16 0.01 100 200 45 80 110 45

Fig. 2. Effect of extractor pressure on the particle size and its distribu-
tion in RESS process(extractor temp.: 45oC, crystallizer press.:
110 bar, crystallizer temp.: 45oC).
���� �38� �2� 2000� 4�
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�¬! Vq$ PE-»W. g Vq ! extractor� «Û� ém) ³

³ 200 bar, 45oCgo&Õ .!� �	
 Table 1  .�. ("g Î

� Vq:� ½�-W. Vq�� preheater� émD 70oC, 80oC�

N� ) �tb ��� ��D #+ |gD Ýo&.(2-230µm),

60oCN� ) �
 ém  ¤-
 ZV-� $ ��(5-380µm)�

¥$ P (oW. Preheater� ém¿�) extractor� «Û, ém Â)

W²  ¯�¨ WÚ ¿P  ¤-
 yÀg È&. preheater� ém

D �D¨P� [�^&+ ��� ��D ÈJ�) ¡&+ �%bW.

3-3. Crystallizer ��� ��

Crystallizer émD 45oC+ �>Y C­ ! «Û$ 70, 90, 110, 130,

150 bar+ ³³ ¿���Õ Vq$ PE-»W. g� extractor� ém´

«Û$ 45oC, 200 bar, preheater ém) 80oC+ ��-»W. Vq��

D Fig. 4  >5F6 ()0 crystallizer� «Ûg ì9P� �� \¼

� �lm |gD ÈJi! ��� ��) ì�' �N��) &6 

W. �á0 �� ��� ¶¬ 90 bar ¶W 110 bar ! ©�� �D-'

()0 g¡
 90 bar gC� «Û ! 2-naphthol� �lmD �� �

D-
 extractor ! �lb solute� 'm´ crystallizer �	 !� �

� �lm �� |gD (6:6 ��^/ ���mD ªº-� ��

gL' �³bW. æL! crystallizer� «Ûg 70 baŕ  90 bar/ �	 

!) ����D ¤)-', 110 bar� � ����) ©�� ìi «Û

g �$P� ê $ ��� ¥$ P (oW. ���m¬ ! ¶¬

crystallizer� «Ûg �D¨P� ���mD ªº-
 �tb ��� �

�D ì�' �N��m &6�� *$ Ø P (W.

3-4. Capillary dimension� ��

RESSU> ! ��� ���
 capillary tube ! gh6�)0 cap-

illary� °Ng �tb ��  �¾) yÀ$ AB-� ×-
 cap-

illary� �g� 5 cm+ '>-' �Ng 1/16"/ capillary� cN$

0.01, 0.02, 0.04 inch+ ¿���¬! Vq$ �E-»W. Capillary�

°Ng ì�¬ Fig. 5 ! ¶) �´ Ãg ��� ��) ê ì�) ¡

g "ÁFo&Õ, ��:
 J1 �]Y ��ef 400µm c�� $

��Ò� J1 Ï�×Y ��� ¶
 ��� ��D +6 $ Dà

tg () ¡&+ ¶/W.

Capillary �g ¿� Vq !) °N
 0.01 inch+ '>-' �g

� 1, 5, 10 cm+ ¿���¬! Vq$ -»W. Capillary� �gD �

P� tube� ýþ �Cg #-
 Vq  67îg @ÇW. Capillary

� �g¿�  æÚ ����D Fig. 6  .�. ()0 capillary�

�gD �69P� �� ��D ÈJ�', �N ��m  J�$ Ø

P (o)0 g ô/$ l®-� ×l!) Î&+ WXY Vq� g

p^/ l®g õä-W' �³bW.

3-5.	
��� 
� ���� ��

Î ! 
� ¿P:  [Y ���� ¿�´ ��� ØJ� �´

Fig. 3. Effect of extractor temperature on the particle size and its distri-
bution in RESS process(extractor press.: 200 bar, crystallizer
press.: 110 bar, crystallizer temp.: 45oC).

Fig. 4. Effect of crystallizer pressure on the particle size and its distri-
bution in RESS process(extractor press.: 200 bar, extractor temp.:
45oC, crystallizer temp.: 45oC).

Fig. 5. Effect of capillary diameter on the particle size and its distribu-
tion in RESS process(extractor press.: 200 bar, extractor temp.:
45oC, crystallizer press.: 110 bar, crystallizer temp.: 45oC, capil-
lary length: 5 cm).
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Ãg RESSU>  �l S�>b ��� }t
 ���m´ @
 "

ag (²$ Ø P (W. �>Y capillary tube(cN 0.01 in., �g 5 cm)́

preheater ém(80oC) C­ ! ³ extractor� ém´ «Û, crystalli-

zer� «Û¿�  æL �tb ��� ��´ ���m �g� C"

"�� 'Á-'� YW. � AB� ìWí }, d� -.D ��¼

� crystallizer� «Û$ [�«  DÒ, Ü
 «Û&+ -� Í'

70-110 bar �g� �$ ��Y ¡/0 g¡
 WÚ AB�:� Vq

c�� 
� D� �� ! ìWí |gD () ¡gW. � AB´ Ã


 Vq�	$ ��å&+� crystallizer «Û �	 ! �lm �$

Ø� F' ��^/ ���m� B¨ P (� F6 �� ¼  �tb

��� ��´ ���m �� C""�  [Y l®g Dà-� bW.

«Û� ém  æÚ 2-naphthol� �lm) Dobbs[19]  �l n>

Fo)0 � AB !) Dobbs� �lm data� g�-
 extractor

´ crystallizer «Û, ém �	 ! �lm� B-' - (1)  >�b

���m(S)� ³ Vq�	 ! ��-»W.

S= (1)


�! Ci
E´ Ci

c) extractor �	 !� �lm´ crystallizer �	 !

� �lm� ³³ .�.W. ���m  æÚ ���� ¿�� extrac-

toŕ  crystallizer� «Û� ém  [-
 Fig. 7  .�coW. Vq

�	  æL �N��D ìWí |gD .� ��  Fig. 7 ! ��

��) ³ Vq�	 ! ¥$ P () �[�$ ��-»W.

g´Ãg �tb ��� ��D ���m  æL ¿�-) �C$

âã-� ×-
 �>�  "Y �%Y -$ m�-'� YW[20]. �

>� �> ! ��D �tF) �>
 �R^&+ / kt, / tó

= º0, �> tó �&+ gh6i (W' Ø7i (W. ��  /

g �tF' tó-
 particle$ kt-� ×l!) critical nucleus

�� gCg F6� -)0 �>� �> !) / tó� º0g �

6.¬! critical nucleus¶W ìWí ��:� ���Ig �>��

kt-� bW. Critical nucleus� �t �m-
 W²� Ãg 1�b

W[20].

Rate=Z exp[−∆Gmax/RT] (2)
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Fig. 6. Effect of capillary length on the particle size and its distribution
in RESS process(extractor press.: 200 bar, extractor temp.: 45oC,
crystallizer press.: 110 bar, crystallizer temp.: 45oC, capillary
diameter: 0.01 inch).

Fig. 7. Particle size variation of 2-naphthol with supersaturation ratio
in RESS process using supercritical carbon dioxide(����: extrac-
tor press., ����: extractor temp., ����: crystallizer press.).
���� �38� �2� 2000� 4�
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B : constant depending on the properties of system in Eq. (2)

C : concentration [mol/cm3]

Ci
E : concentration of solute in the extractor [mol/cm3]

Ci
c : concentration of solute in the crystallizer [mol/cm3]

G : Gibbs free energy

R : gas constant

S : supersaturation ratio defined by Eq. (1)

T : temperature [K]

Z : collision frequency
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