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� �

��� CO2� anti-solvent� ���	 
� �
�� �� ��� ����, 	� �� �� ��� ��  ��� !�

" #$% �&' ()* �+�,-. ��� ./ �0�' benzoic acid� 12�,�, �3� �456' �7�' meth-

anol* ���,-. ���
38 �9* :��' ;<% => 	� �� ?@A BCD � E'F G HI%J' (1) K

@L MN� �9% ���
3� ��' ;<, (2) ���
3% �9* ��' ;<, (3) �9O ���
3� co-current

�P HQRS� T��' ;<O UV 3��� ;<* ���,SW, ?@� ;<XYZ [\> -]L �� ��� �

�56^J �� T_* ���� A`� ()* abcd-. ��;<(1)O UA K@ MN� �9% anti-solvente ��

�
3� ��' fg% crystallizer hi, capillary jf " anti-solvent injection 5k* ��56^J ��* �l�,'

F ��� !�� capillary jfO anti-solvent injection 5k%' mn�,So crystallizer� hiA p�q% =>J' �

�� !�� rs�,-. ��;<(2)%J' crystallizer hi% => ��� !�� rs�,SW crystallizer tu8

capillary jf%' mnq* ve�,-. Anti-solvent8 solution* co-current�P T��' ��(3)%J' crystallizer tu,

capillary jf " retention wA� p�q% => ��� !�' p�L x^% crystallizer hi, capillary wA, �9�

yu " CO2 vent rate% =>J' xmn�,SW -z ;<% m�	 �{ |}u� ~ �* � � E�-. �L � �

�;<O ����% =z �f ��% .L KxRe f)* O��u8 O�� Qu� ���	 K��P ��A ��

�,-.

Abstract − The fine particles of organic compound have been prepared using supercritical carbon dioxide as an anti-solvent

and the effects of various experimental variables on the particle size and their morphology were also investigated. We selected

benzoic acid as a testing material and used methanol to dissolve benzoic acid. It can be said that there are several processes

depending on the method to inject supercritical fluid or solution. In this work three different kinds of methods, which are

(1) addition of supercritical fluid in the solution of constant volume, (2) method to inject solution into supercritical fluid and

(3) continuous co-current spraying of solution and supercritical fluid, have been utilized. And the fine particles have been pro-

duced varying processing methods as well as experimental variables and the effects of those on the particle characteristics have

been analyzed. In the case of injecting supercritical fluid into the constant-volume solution like method (1) we have performed

experiments changing crystallizer pressure, capillary diameter and injection time of anti-solvent. The experiments show that

particle sizes are proportional to the capillary diameter and the anti-solvent injection time, whereas particle sizes decrease with

increasing crystallizer pressure. In the experimental method (2) we can get the results such that the particle sizes decrease with

increasing crystallizer pressure but increase with increasing crystallizer temperature and capillary diameter. The experimental

method (3), which sprays anti-solvent and solution co-currently, is the most reliable method to produce fine particles and the

results show that particle sizes increase with increasing crystallizer temperature, capillary diameter and retention length con-

trary to the opposite behaviors of crystallizer pressure, capillary length, solution concentration and CO2 vent rate. From the data

for each experimental methods and conditions we have been able to explain the general behaviors of particle size change by

employing supersaturation ratio and supersaturation rate consistently. 
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1.� �

����� �� �� ��� ����  !"# $%&' RESS

(Rapid Expansion of Supercritical Fluid Solution)�(� �����

) anti-solvent' *�"# �(+, -#. /� 0"12 345

$%&' �6 78) 9+3 :;< 50=, >�8, ?@ A �0

B5 �3�CD5 ����  !"3 E"F GHI JKL MNO

> -P[1-5]. RESS�(5 QR� �����L ST UV WXOY

ZP[ �\�]) ^,_ O` nucleation, a�"_ �:2b' c

d 7Q�\) e# submicron78) f� � -� g9 Shi 3

45 solution crystallization� j�"F �k' lI 785 m? A

n�k) opqr � -P# st, -P. "u9 RESS� 5v particle

� f# �(d w(�";# Dx, ������ yzI 9{ �v

O:� IP# | !}, -&2, ~� >�Dx, ������ �

vO# �d S� g9 Shi �	�5 QR� �v] �, �� �

3 ��� RESS�(� P�I Dx� ��"3� � t, -# �

, *�,P. RESS�(5 � t� vw� � -# ILu $%&'

�����) anti-solvent' *�"# �( �5 "2l GAS(Gas Anti-

Solvent)�(, Gallagher B ��JK8[6]� 5v ��  �O�#

., GAS�(d ��Dx, �vO: -# �3�k� �����)

�vq�Y �kL WXO` solvent strengthL ��"_ op�&'�

�vO: -� �x, ��O# �y� 3�) �> -P. GAS�(d

>�) �vqr � -# �k) ��"> , �k� miscible(�pI

partially miscible)I gas) anti-solvent' *�"Y O3 ��� RESS

�(� �V �v]' lI ��y5  I� :� (] vw� � -

P.

Gallagher B �� JK8+[6]d �05 ��l nitroguanidine� N-

methylpyrrolidone� N,N-dimethylformide� �vq�> CFC-22� CFC-

12) anti-solvent' *�I w�, �6I ����	  100 micron ¡

35 K¢78� ,£3¤u P�I ¢¥5 78+� f� � -�P.

¦ ,§� �����) anti-solvent' ,�I P�I JK+, MNO

�#. Dixon� Johnston[7, 8], expanded liquid model� regular solu-

tion theory) wC"F WX¨ ©y5 ª]� �I ,«�l v��

q]"¬� g9 Shi polystyrene�©� liquid CO2� sprayq­&

'� 100 nm5 K¢78�� fiber A P�® 78 B P�I ¢¥)

e# Dx+� f#. ®�"¬P. Tom� Debenedetti[9]# ©y5

protein�©� small nozzle� ¯"F >° unit&' T7"> ,� �

q� �±5 CO2) pumping"F �©, ²³´ WXµ&'� mi-

croparticle, ¶|O# ·V) ,�"F microsphere, flat sheet, needle

� ¸d ¢¥) e# particle� f�#. , particle size# 1-5µm,

�P. Bleich� ��JK8[10]# PLA�©� compressed CO2¹'

sprayqº microparticle�  !"¬> ,»I antisolvent3¼� ASES

(Aerosol Solvent Expansion System)i> ½½"¬&` ¾®¨ 78

# 10-30 micron5 ¡3) ^¬P. Schmitt� ��JK8[11]# Bleich

L *�I ASES3¼� ,�"F 785 ¡3L 5µm ,"l methyl-

prednidolone acetate5 ST ¿d microparticle�  !"¬P. ,+d

F» Lu �À Á� �� T7¨ �©� �����5 Â]Ã,�

�v ÄÅ^Æ#. ÃL< ������ Ç1< �©� T7I QR

�# fluffyI Dx� f�>, ¦ È�5 �À��# denseI Dx�

f�P. Winters� ��JK8[12]# protein�©� ��� CO25

cocurrent stream� ,�"F ¡3L 1-5 micron,"5 protein�6 ��

�  !"¬&`, , JK�� proteind �� ! §� biological

activity) ¦�' �u"# �� HÉ"¬P.

Ê�� Ë²I JKw� ,Ì�] �����) anti-solvent' *�

"F ����  !"# �(d P�I Dx� �v JKO> -&

` |6��&' Íd ÎÏ5 �y, O> -P. ,� ¸d �(+d

���  ! A processing� ZP[ LÐ®� Lu> -&` Íd

JKL MNO> -&2, SÑ F» JK8+5 �À$% A sÒ5

�Î®, 	Ó"F �Àw�� �I �È�l w«� ¹V3L ÔL

ÐI �(,P. ,�d �����) anti-solvent' *�I ���  

!�(�� 785 ¡3, ¢¥ A size distribution� �v ÕÖ� �

Ò# Á�L ST P�"3 ��,i> ¾×¨P.

Øi� Ù JK��# �����) �©� ÚL"# $%� 3Lu

' P��"> F» Lu Á�� �I �À� �N�&'� �Àw

�� �I �Î¨ v�� q]"¬P. uÛ¤u ÎÜ¨ JK) ^Y

× JK8� Øi� anti-solvent) L"# $%5 Ã,L -#. Ù

JK��# (1)�(I 	Ý5 �©� �����) ÚL"# $%, (2)

������ �©� spray"# $%, (3)�©� �����) co-cur-

rent"_ J³�&' �*"# $% B� ¸d 3Lu5 �À� �N

"F $%«� ØÞ �(5 ßà®� <|®� áL"> ¾®̈  product

� �Ò# ÕÖ� v�� �,P. âI �(5 $%«� ãÔ: �©

5 ª], �����5 °ä, �����5 T7$% A ³], capillary

å,, ¹Q, crystallizer °ä, Â]� ¸d P�I �À Á�+5 Õ

Ö� ÄÅæ&'� �����) anti-solvent' *�I çw(� �

(5 |È�l ,v) f>8 IP.

2.��� ��

�����) anti-solvent' *�"# w(� �(� ,v"3 Ev

�# �©5 �\�] A �\�� ]�"# ³]L 785 ¡3, 7

Q �\ A ¢¥� :è ÕÖ� �Ò#u 3Ù�l ué, êë"P.

�ç¤u w(�� �v�# ,vOu ì"> -# 	�, Í, -

u9, w(� �(�� 78L ¾®O# �(d �È�&' í(nuclei)

¢®, í ®s A pî, w( ®s B&' ,ï:ð -P> ñ;ð

-P. �3� í, ¾®O> ®s"F particle� ¢®"3 Ev�#

:� ¡3,y, O:� "#. ,�� critical nucleusi> 	ÞP.

Øi� w(� �(��# í ®s� pî, �:2Y� critical nucleus

^P ZP[ �8+5 òC�9, w(�) ¢®"_ O#. nucleation

³]# �È�&' P� é&' ó�¨P[13].

Rateô exp(−K1/log2S)  (1)

F3� S# �\�]) 2õ¹` K1d ��->�*,5 óYsä�

öRO# y�l. é (1)�� ^# ÷� ¸, nucleation ³]# �

\�]� ST øo�� ñ � -P. w(�# í(nuclei) ¢®, í

®s A pî, w(®s B5 �(� 1Ò3 ��� w(�� 5v

¾®¨ 785 ¡3# �\�] 8�g9 Shi �\�]L qù�

Øi :ú_ Á�O#u� Øi ¡_ öR¨P. Øi� anti-solvent)

*�"# w(� �(�� 785 ¡32 78�\# í ¾®³],

crystal5 ®s³] A �\�]5 ¾®³]� Øi Á�O#. ��

���) anti-solvent' *�"# process $%« ��� $%(1)�

,�I QR� anti-solvent) ÚL"# ³]� Øi w(�' lI

785 ¢y, Íd Ã,L 2_ ¨P. û) +: Gallagher� ��

JK8+[6], JKI ¹�� Fig. 1� 2õ¹�#. , ¦ü� �Ï

&' anti-solvent5 ÚL ³]L í ¾® A w(®s� �"F :è

ÕÖ� �Ò#u ùý´ ÄÅ^3' IP.

Fig. 1�� ^Y zone Id �\�]L 1̂ P ¿&` particle, ¾þ

P v] Pq �vO3 ��� 78L ¾®Ou ÿ&`, zone II#

�\�]L ��Ò ^P# ¿u9 nucleation, ¾å � -&` Dx

|�� 5v 78L ®s� � -P. Zone III# �\�]L ST �

d 	�l. , QR�# ST ²¿�»< nucleation, �:2_ ¨
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e)
P. Øi� Fig. 15 anti-solvent) L"# 4Lu path� Øi �\�

L ¾3# ³] A �\�L opO# ³]L Ã,L 2_ O#. ,

' l"F �¿�»< nucleation� 5I ¿d 78��	  w(®s

, ,ï:�&'� ¾3# ZP[ 78�¤u P�I w(+� f�

� -P. w«�&' �����) anti-solvent' *�"# w(� �

(�� anti-solvent) ÚL"# ³]) �V"Y �\�]L P�"_

Á�� � -&` product' f_ O# 78+5 ¢¥, 78¡3 A

7Q �\+� �,"_ !�� � -P.

w(� �yd SÑ �|´ ,vOu ì"> -3 ��� |� û

yÒ ìI ·l&' lv� PÞ w�+, 2õ	 � -&` Ê��

Ë²I ¹��' 
y nucleation� w(®s, ���&' �:2#

�d Shu9 Fig. 1, �����) anti-solvent' *�"# w(�

�(5 3Ù�l scheme� �½v 
P> � � -P. ¦�. �\

�]5 Á�) anti-solvent5 T7³]) �Ï&' �½"¬&2 anti-

solvent5 T7³] ,Ì�] F» Lu �( Á�+, ÕÖ� �Ò

> -P. û) +: �\�]# crystallizer5 Â], °ä, �k A

anti-solvent5 ��� Øi �iu`, �\�]L Á�"# ¢¥] T

7³]g9 Shi �3 �k �� �vO: -# �x5 ª]� ö

R� �,b' �����) ,�I w(� �(�� ¾®¨ 785

¢¥ A 78�\) ,v"3 Ev�# P�I !}��5 �À, �

NO:� IP.

3.	
�� 
 	
��

Ù JK��# anti-solvent' ��� ��L�) *�">, w(�

�yDx'# benzoic acid(Aldrich, 99.5%)) ��"¬&` �x�

�vq�# �k' methanol(Aldrich, HPLC grade 99.9+%)� *�

"¬P. �À�� benzoic acid) *�I ,�# ��� CO2��5

�v]L PÞ JK8[14]� 5"F �(O: -&` Tavana� Ran-

dolph[15]� 5v RESS�(� ,�I benzoic acid5 w(� �À

w�L -: Ù JK5 w�� j�, v�� G�� � -3 ��,P.

âI �k# �x� � �vqº�"` anti-solvent' *�"# gas�

misciblev� "#., Ù JK�� *�¨ methanold benzoic acid5

�v]L �� g9 Shi CO2� �d �E� �� miscible"3

��� � L �P> ¾×¨P.

3-1. ����

�����) anti-solvent' *�I w(� �(5 �ÀsÒ�� >

;� td Ê�� Ë²I ÷� ¸, anti-solvent) L"# $%� P

�"_ ÁQ� � -:� "` capillary5 ¹Q� å,) Á�qr

� -:� IP. ����� anti-solvent) T7"# $%� 3Lu'

�V"Y� �À� "3 Ev�# ������ �©� crystallizer

¹' T7"# 	�� � >�v� O#. ,) E"F Ù JK��

*�I �ÀsÒ5 ��]L Fig. 2� ¸P.

�ÀsÒ5 Të 	�d �����) �s"# �k reservoir, w

(� 	� A anti-solvent5 �±� �("3 EI �±�( 	�5

6 	�&' 2� � -P. Anti-solvent' *�� CO2# >° compressor

(Maximator, DLE 15-75-01)) *�"F �� �s! ¹' L°¨P.

�s!(R1, R2)# ××5 ¹	�±, 563, 548 mll. air bath¹�

�Ò"¬&` PID Â] !�3(RKC Inst. Co., REX P-100)) ,�

"F ·"# Â]' �("_(0.1oC) �u"¬P. Anti-solvent' *

�O# CO25 °äd °ä!� valve(Tescom model 26-1021-24))

,�"F !�"¬P. Reservoir�� 2m# CO2# crystallizer' +

:L3 |� gas5 Â]) !�"3 E"F preheater) �Ò"¬&`

reservoir� ��Lu' Â]!�3) ,�"F �(I Â]5 CO2L

crystallizer� T7� � -]� "¬P. âI crystallizer� T7O# ©

� �©d >° metering pump(Milton Roy, Model 92014903)) ,�

"F ·"# � �d �À� Øi�# ·"# ³]' T7� � -]

� "¬P.

w(��(�� �ëI 	�, crystallizer� ¾®D� collect"#

ê  	�l. , 	�d heating tape) oS� L/"¬&` PID con-

troller(REX P-100)' �0.1oC �E�� Â] !�"¬P. âI crys-

tallizer5 y	# F» Lu �À� �N"3 Ev ß�"_ >�I 2

� capillary sÒ) *�"¬#. ,) Fig. 3� 2õ¹�P.  ´ anti-

solvent� �©� co-current' �*"# �À� �N"3 E"F capillary

# ,�Î&' O: -#. �! tube(ÌQ: 1/16 inch, ¹Q: 0.005-

Fig. 1. Change of supersaturation by varying anti-solvent addition rate
[6].

Fig. 2. Schematic diagram of experimental apparatus.
(R1, R2: reservoir, S1, S2: saturator, MP: metering pump, V: valv

Fig. 3. Schematic diagram of capillary assembly for the co-current in-
jection system.
���� �38� �2� 2000� 4�
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0)
0.04 inch)) ¯"F benzoic acidL �v¨ �©, T7¨P. 2�

capillary 	�5 ÷" tube# ÌQ, 1/4 inch,> ¹Q, 0.083 inchl

. ÷" tube� �! tube5 annulus *,' anti-solventL #£_ ¨

P. Filter# pore5 ¡3L 0.5µml metal filter) *�"¬> PID Â

] !�3(REX C-900)) *�"F Â]) !�"¬P. o°¨ ��

# solvent trap� 1ÒY� �k)  1I § rotameter� dry gas meter

(GILMONT Instrument, GE 606)) ,�"F �±� �("> �3'

$�¨P. ¾®¨ 785 ���# optical microscope(Carton)) *�"

¬P.

3-2. ����

Ù JK��# (1)�(I 	Ý5 �©� �����) L"# $%,

(2)������ �©� sprayq�# $%� (3)�©� �����)

co-current"_ J³�&' �*"# $% B� ¸d 6Lu �À$%

� *�"¬#. ××� �I �À$%� ÄÅ^Y P�� ¸P.

�(I 	Ý5 �©� �����) L"# $%(1)5 QR�# �

À� q¿"3 |� $� crystallizer¹	 Â]) �(I Â]' �u

"> filter5 Â]L 90-100oCL O]� !�IP. Â]L �(OY

>° metering pump) ,�"F benzoic acid) �vq% methanol

�©(30 wt%) 10 ml) crystallizer¹� T7IP. ,� capillaryL

crystallizer� �&M solution� 'å � -]� "3 E"F å,)

32 cm' (�´ þ �� *�"¬P. Crystallizer¹5 �©, ·"#

Â]� ]�� � -]� (�´ 3P) §� y	 line� ¯v anti-

solvent(CO2)) crystallizer5 �À°ä ]�� �¤u �(± T7I

P. ¦�. ,� crystallizer °äÁ�L anti-solvent) T7"# qù

� Øi Ñ��&' Á�O]� valve) !�"¬&` Ì	5 magnet

&' crystallizer¹� -# stirring bar) *|qº +C, � �:2

]� "¬P. Anti-solvent) T7"> 1qù (] u, §� filter P�

5 valve) /: ��´ ventq�#., ,� y	'	  ��I CO2

) �²"F cell¹5 °ä, �("]� �u"Y� ventqº� IP.

��I CO2) �²"F �(I °ä"�� ventq�# �d CO2�

�vO: -# benzoic acidL precipitateO# �� -3 E�,P.

�Àq ¢®¨ w(+d filter� �»u#. ��I CO2' (�´ 6

."F /� �kL �]� I P� o°"F q@) �0IP. I

!}��5 �À, 1, 2 acetone� CO2) 3;TY� 6.">

}!q% § P� �À� �N"¬P.

������ �©� sprayq�# $%(2)# ��� ·"# ¹Q�

å,) e# capillary' �4I § �ÀsÒ5 y¥L á¢� ,ï�

#u 5lIP. Crystallizer5 ¹	 Â]) �("_ "> filter5 Â

]L 90-100oCL O]� !�"F system5 Â]L �(¨ § crys-

tallizer) �����' ·"# °ä¤u �<P. �&M CO25 Â]

L �ÀÂ]� ]�"]� (�´ 3P) §� metering pump'

30 wt% benzoic acid �©� 2 ml/min5 �(I ³]' 5�ù T7

"¬&` mixing� Ev stirring bar' � �:T�P. Ê5 �À$

%(1)� ��Lu' �©� T7"> 1qù (] u, §� filter P

�5 valve) /: ��´ ventq�` y	'	  ��I CO2) �

²"F cell¹5 °ä, �("]� �u"Y� ventq%P. Filter�

�»M 78+d ��I CO2' (�´ 6."> o°I P� �0I

P. I !}��5 �À, 12Y acetone� CO2' 6."> }!q

% § P� �À� MNq6P.

�u-&' �©� �����) co-current"_ J³�&' �*"

# $%(3)d ·"# ¹Q� å,5 capillary) �ÀsÒ� 	7q%

§ crystallizer ¹	 Â]) �("_ �u"> filter5 Â]L 90-

100oCL O]� IP. System5 Â]L �(�OY CO2) 3;TY

� vent valve) !�"F �À°ä "�� ·"# vent rateL O]

� CO25 �±� �ÀÒ� 89P. Anti-solventl CO25 �±� !

�I § crystallizer5 °ä, �(�OY 30 wt%5 �©� 5 ml/min

5 ³]' �*"Y� 0 30� (] �À� MNq6P. �©5 T7

� (u"> CO29 �³�&' 3VY� ¾®¨ 78+� 6."¬

&` 78+� /� �kL �]� (�I qù�� 6.I §� o°

"F q@) �0"¬P. I :5 �À, 1, 2 acetone� CO2) *

�"F 6."> }!q% § P� �À� �N"¬P. Ù �À��#

�3� particle size analyzer(Malvern instruments, MASTERSIZER 200

) ,�"F ��� q]"¬&2 �� �� 78L ;<O# �y,

2õ2� *M=>&' w(5 ¡3) w("¬P.

4.�� 
 ��

Ù JK# �����) anti-solvent' *�"# w(� �(��

¾®¨ 785 ¡3� ¢¥� �Ò# ÕÖ� ñS^3 E"F anti-

solvent� �©5 T7 $%� j?I F» Lu Á�) Á�q�Y

� �À� �N"¬#., ��� CO2) anti-solvent' *�"F �À

I w�L P�� ¸P.

4-1. ��	 
�� 
�� ������ ��� ��

�����) �(I 	Ý5 �©� L"# �À��# benzoic acid

5 ª]L 30 wt%l methanol �© 10 cm3) cell ¹� T7"> crys-

tallizer °ä(90-200 bar), capillary ¹Q(0.01-0.04 inch) A CO2 T7qù

(2-10 min)� Á�q�Y� × �ÀÁ�5 ÕÖ� >@"¬P.

Crystallizer °ä5 ÕÖ� ÄÅ^Y crystallizer °ä, AL� Q

R� �\�]� �\� ³]L AL"3 ��� 785 ¡3# ¿

Su` 7Q�\] cSu# QÖ� 2õ¹�P. Crystallizer5 °ä

, �SuY benzoic acid) �v"> -# methanol �©� ã Í

d CO2L �vO> w��&' �©5 solvent strengthL op"3

��� �\�]L AL"_ O# �,P. âI Ù �À��# crys-

tallizerL �3°&'	  �À°ä !}� ]�"# qù� 5 min&'

�("_ "¬3 ��� crystallizer5 °ä, �_ OY �\�L O

# ³]L AL"_ ¨P. Crystallizer °ä, 785 ¡3 A 7Q�

\� �Ò# ÕÖ� Fig. 4a� ]q"¬#. °ä� Øi 785 ¡

3 A �\L op"> 150, 200 bar !}��# j�� cd �\5

¿d 78L ¾®µ� � 2õ¹> -P.

Capillary ¹Q5 ÕÖd Fig. 4b� 2õ2 -#. capillary ¹Q,

Zx�� 785 ¡3# ÔBC"> AL"# QÖ� ^¬P. ¦ ·

ld capillary5 ¹Q, ZuY capillary) ¯�"# �����5

�³]L op"F CO25 �v³]L ¿Su3 ��,i> ¾×¨

P. w��&' �\�O# ³]L D:+: 785 ¡3L AL"

_ ¨P.

�����5 T7qù5 ÕÖ� ÄÅ^Y T7qù� 2, 5, 10 min

&' Á�q6� � 785 ¡3L Z�� ñ � -P. �����5

T7qùd crystallizer5 °äl 150 bar� ]�"# qù� 5�"

b' T7qù, åP# �d CO2) EE´ T7"F �\�L O

# ³]L ¿P# �� 5�IP. Øi� T7qù, å:uY �\

�O# ³]L op"F 785 ¡3L AL"_ O# �,` T7

qù5 ÕÖ� (V"F ]qI �, Fig. 4c� 2õ2 -P.

�(I 	Ý5 �©� �����) L"# $%� *�I �Àw

�# Gallagher B[6], �½I ÷� ¸, Fig. 15 �\� Á� ¢

¥' �½, LÐ"¬#. FÙ�&' $%(1)d capillary5 plugging

� , �À § G_ O# >ª] �© �  A �(5 �J® 	Ó

B&' l"F 3Lu $% � Ls HI, J:u# $%,i> =

ý¨P.
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4-2. ������ 
�� spray��� ��

������ �©� spray"# $%d $%(1)� j"F �À, �,

"¬&  ̀ capillary5 -K, �: ·GI �À� MN� � -�P. Ù

�Àd �(I °ä&' �uO> -# crystallizer ¹� benzoic acid5

ª]L 30 wt%l methanol �©� 2 cm3/min5 ³]' T7"> crystal-

lizer °ä(90-200 bar), crystallizer Â](45-65oC) A capillary ¹Q(0.005-

0.04 inch)� Á�q�Y� × �ÀÁ�5 ÕÖ� >@"# �,P.

�©� �����¹� spray"# QR� crystallizer °ä5 ÕÖd

°ä, AL��� ¾®¨ 785 ¡3 A 7Q�\L op"¬P. ,

�À��# �(I �±5 �©� ��� CO2 ¹' spray"#. �d

Fig. 4. Variation of particle size for the method to inject anti-solvent
into solution.
(a) Effect of crystallizer pressure(Crystallizer temp.: 45oC, capillary
dia.: 0.02 inch, inside capillary length: 15 cm, solution conc.: 30 wt%,
CO2 injection time : 5 min), (b) Effect of capillary diameter(Crystal-
lizer press.: 150 bar, crystallizer temp.: 45oC, inside capillary length:
15 cm, solution conc.: 30 wt%, CO2 injection time: 5 min), (c) Effect of
CO2 injection time(Crystallizer press.: 150 bar, crystallizer temp.:
45oC, inside capillary length: 15 cm, solution conc.: 30 wt%, capil-
lary dia.: 0.02 inch)

Fig. 5. Variation of particle size for the method to spray solution into
supercritical CO2.
(a) Effect of crystallizer pressure(Crystallizer temp.: 45oC, capillary
dia.: 0.02 inch, inside capillary length: 15 cm, solution conc.: 30 wt
solution injection rate: 2 ml/min), (b) Effect of crystallizer temper
ture(Crystallizer press.: 150 bar, capillary dia.: 0.02 inch, inside c
illary length: 15 cm, solution conc.: 30 wt%, solution injection rat
2 ml/min), (c) Effect of capillary diameter(Crystallizer press.: 150 b
crystallizer temp.: 45oC, inside capillary length: 15 cm, solution conc
30 wt%, solution injection rate: 2 ml/min)
���� �38� �2� 2000� 4�
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m,

ch,
c.:
°ä��# CO25 L]L ¡3 ��� �d °ä� j"F �\�]

L �83 AL"F 78¡3L ¿SMP> ¾×¨P. Crystallizer °

ä� Øi 785 ¡3 A 7Q�\L :ú_ Á"#u Fig. 5(a)�

]q"¬#. °ä, AL"Y 785 ¡3 A �\L op"# �

� ^FT> -P.

Crystallizer5 Â]) 45, 55, 65oC' Á�q�Y� �À� �N"¬#

. crystallizer5 Â]5 ÕÖd ¡u ÿu9 Â]L AL��� 785

¡3L AL"# QÖ� ^,> -P. �(I °ä"�� Â]L AL

"Y ��5 L], solvent strengthL op"3 ��� (vM �5 �

©� T7"¬� � �d Â]��# �d Â]� j"F �\�] ¾

®³]L ¿_ O> 785 ¡3] AL"_ ¨P. �Àw�# Fig. 5(b)

� 2õ2 -P.

Capillary ¹Q� 0.005-0.04 inch' Á�q6#. capillary ¹Q, o

p��� capillary) ¯�"# solution5 �³]L AL"` crystallizer

¹�� �\�O# ³]L AL"3 ��� Fig. 5(c)�� ^# ÷� ¸

, 785 ¡3# ¿SMP. |È�&' ������ �©� spray"

# $%d �À$%(1)� j"F mixing H�L M> Nd qù� 78

¾®, (�´ LÐI st, -�u9 J³�(, Sh3 ��� ¾

®D5 *� A �(5 ßà]# P�5 co-current �*$%� j"F

J:MP> � � -P.

 

4-3. ������ 
�� co-current�� �� !" #$�� ��

������ �©� co-current"_ �*"# QR�# >³5 stream

� 5v mixing, �:23 ��� magnetic bar) ,�I mixing� *

�"u ÿS] ¨P. Co-current"_ �*"# $%��# 2�&' O

: -# capillary) *�"¬#. �! capillary'# benzoic acid)

�vq% �©, �! capillary� ÷"! tube5 *,l annulus 	�

&' ��� CO2) J³�&' �*"_ ¨P. Ù JK��# crys-

tallizer °ä(90-200 bar), crystallizer Â](45-65oC), capillary ¹Q(0.005-

0.04 inch), capillary å,(15-25 cm), retention å,(2, 7, 12 cm), �© ª

](25-33 wt%) A CO2 vent ³](2-15 l/min) B� ¸d 7Lu Á�

5 ÕÖ� >@"¬P.

������ �©� co-current"_ �*� � crystallizer °ä� A

Lq�Y �À$%(1), (2)5 °ä ÕÖ� j�"¬� � �À$%(3),

785 ¡3L a�"> ¿S�� 5l� � -P. Crystallizer5 °ä

� ALq%P# �d wOd T7O# CO25 °ä, L]) ALq­

� 5�"#., �(I �5 �©� L]L �d anti-solvent(CO2)L +

C"_ OY �\�]L ²P´ Zu_ O: Fig. 6(a)� ¸, crystallizer

5 °ä, AL�� Øi ÑQ, ¿d 78) ¢®"_ ¨P.

Ê5 �À$%(2)� ��Lu' crystallizer5 °ä� 150 bar' �("

_ �u"Y� crystallizer5 Â]) 45, 55, 65' Á�q6#. �À

$%(2)� j"F 7Q�\L ¿Æ&  ̀ crystallizer5 Â]L AL���

785 ¡3] AL"# QÖ� ^,> -P. �(I °ä"�� Â

]L AL"Y ��5 L]L op"3 ��� �(I �5 �©�

co-current"_ T7"F +C"¬� � �d Â]��# �d Â]�

j"F �\�] ¾®³]L ¿_ O: Fig. 6(b)�� ^# ÷� ¸,

785 ¡3L AL"_ ¨P.

Capillary dimension5 ÕÖ� ÄÅ^3 E"F inside capillary ¹

Q, capillary å, A retention å,) Á�q�Y� �À� �N"

¬P. Capillary ¹Qd 0.005-0.04 inch �E5 �� *�"¬#., inside

capillary å,# 15 cm' "> outside capillary å,# 17 cm' �("

_ �u"¬P. Ù JK��# inside capillary å,� outside tube å,

5 Ã,) retention å,i> (5"¬#. crystallizer' +:L3

|� , 	��� +C, $� ,ï:u` retention å,) Á�q�

# �À ,Ì5 ~� QR� retention å,) 2 cm' �("_ �u

"¬P. Inside capillary5 ¹Q� ALq�Y 785 ¡3L ZQ#

. ,�d inside capillary�� 2m# �©5 �³]L op"F �

����� �©5 +C³] A �\� ³]L D:+3 ��,i>

¾×¨P. Capillary ¹Q Á�� ØÞ 78 ¡35 Á�L Fig. 7(a)�

(VO: -P. ������ �©� co-current"_ �*I �Àw�#

�À$%(1), (2)�� capillary ¹Q� Á�q6� �^P 785 ¡3

L ãR ¿SQ&` capillary ¹Q, 0.005 inchl QR� 78L kR

¿> a�I 78) f� � -�#. 78+5 optical microscope *

M� Fig. 85 (a)-(c)� 2õ¹�P.

Capillary å,) Á�q�# QR�# inside capillary5 å,) 15,

20, 25 cm' ÷SY� �À� �N"¬#., Ê5 �À� ��Lu'

retention å,) 2 cm' �("]� �u"¬3 ��� outside tube

5 å,] �q� 17, 22, 27 cm' ALq6P. Capillary length) A

Lqr � Fig. 7(b)�� ^# ÷� ¸, ZP[ Á�# Shu9 78

5 ¡3L ¿Su# QÖ� ^,#. ¦�d crystallizer wall�5 1

VL L¤&ð mixing, � �:2� �\� ³]L Zu# �&'

�½� � -P> ¾×¨P.

Fig. 6. Variation of particle size for the method to spray supercritical
CO2 and solution co-currently.
(a) Effect of crystallizer pressure(Crystallizer temp.: 45oC, capillary
dia.: 0.02 inch, inside capillary length: 15 cm, retention length: 2 c
solution conc.: 30 wt%, CO2 vent rate: 3l/min), (b) Effect of crystal-
lizer temperature(Crystallizer press.: 150 bar, capillary dia.: 0.02 in
inside capillary length: 15 cm, retention length: 2 cm, solution con
30 wt%, CO2 vent rate: 3l/min)
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Retention å,# Ù JK�� inside capillary å,� outside tube

å,5 Ã,' (5"¬#. outside tube5 å,) 27 cm' >(">

inside capillary å,) Á�qº retention å,) 2, 7, 12 cm' ÷T

LY� �À� �N"¬P. �Àw�L Fig. 7(c)� 2õ2 -#.

retention å,) ALqr�� 785 ¡3L Zu# QÖ� ^,>

-P. ,�d retention å,L :� (] ,y AL"Y �©� ��

���L UF� crystallizer� +:L3 |� 78L ®s� qù,

Zu3 ��,i> =ýO2 ,� �v�# �ç 5�I �½� "

3� 8@L 	Ó"` Ê&' Vã Íd �À� ,«�l WXL ,

ï:ð� IP> ¾×¨P.

�© � benzoic acid ª]5 ÕÖ� ÄÅ^3 E"F �©5 ª])

25-33 wt% *,�� Á�q6#. w�L Fig. 9(a)� (VO: -P. �

©5 ª]L AL��� 785 ¡3# opO# QÖ� ^¬#. ,

�d �©5 ª]L ZuY �\�] A �\� ³]L AL"# �

� ·l, -P> ¾×¨P.

�u-&' �3°&' $�O# CO25 vent rate) 2-15l/min&'

Á�q6#. Fig. 9(b)�� ^# ÷� ¸, vent rate) ALqr��

Fig. 7. Variation of particle size for the method to spray supercritical
CO2 and solution co-currently.
(a) Effect of capillary diameter(Crystallizer press.: 150 bar, crystal-
lizer temp.: 45oC, inside capillary length: 15 cm, retention length:
2 cm, solution conc.: 30 wt%, CO2 vent rate: 3l/min), (b) Effect of
capillary length(Crystallizer press.: 150 bar, crystallizer temp.: 45oC,
capillary dia.: 0.02 inch, retention length: 2 cm, solution conc.: 30 wt%,
CO2 vent rate: 3l/min), (c) Effect of retention length(Crystallizer press.:
150 bar, crystallizer temp.: 45oC, capillary dia.: 0.02 inch, outside tube
length: 27 cm, solution conc.: 30 wt%, CO2 vent rate: 3l/min)

Fig. 8. Optical microscopic images of particles produced by co-current
injection of supercritical CO2 and solution varying capillary diameter.
(Crystallizer press.: 150 bar, crystallizer temp.: 45oC, inside capil-
lary length: 15 cm, retention length: 2 cm, solution conc.: 30 wt%
CO2 vent rate: 3l/min), (a) Capillary dia.: 0.04 inch, (b) Capillary dia.
0.01 inch, (c) Capillary dia.: 0.005 inch
���� �38� �2� 2000� 4�
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�����5 �*³]L AL� g9 Shi �\� ³]L AL"

3 ��� 785 ¡3L op"¬&`, �d vent rate5 QR�# k

R ¿d 78) f� � -�P. 785 ¡3) ÄÅ^Y vent rateL

2 l/min� �# ·Y q@5 ¡3� jZ� (]' [ 78) f�&`

�³� 3 l/min&' \� �	  78# j�� a�"> ¿d 78)

f� � -�P. âI vent rateL 15l/min� �# 6-30µm ¡35 S

T ¿d 78L ¾®O�P.

������ �©� co-current"_ �*"# $%� ,�I �À

w�) X�' 785 ¡3) �p�� � -# !}� !C"Y �d

crystallizer °ä(200 bar), �d crystallizer Â](45oC), ¿d capillary ¹

Q(0.005 inch), þ capillary å,(25 cm), �d �©ª](33 wt%) A

�d vent rate(15l/min)l., , !}�� �À� �NI w� 3-10µm

5 ¡3) e# Ñ*×¢5 kR a�I 78) f� � -�P. ,

�Àd Ù JK5 �À!} ¹�� ��I �+� *�"¬&2 P

Þ !}� *�IPY ^P �6I 78) �,"_ 9+ � -P>

]:MP. ,y� �C"Y ������ �©� co-current"_ �*

"# $%d |È�&' �À$%(1), (2)� j"F 785 ¢¥L �

("> a�I 78) f� � -&` P�I �ÀÁ�) �,"_

Á�qr � -� g9 Shi J³�&' ���� f� � -# �

^I �(,i> =ý¨P.

5.� �

Ù JK��# �����) anti-solvent' *�"# w(� �(�

� ������ �©� T7"# $%«� 6Lu' P��"> F

» Lu �ÀÁ�� �I �À� �N"¬#., Ù JK) ¯"F f

d w«+� (V"Y P�� ¸P.

(1) �(I 	Ý5 �©� �����) L"# $%: Crystallizer5

°ä� ALq�Y anti-solvent T7 ³]L Zu_ Ob' �\�

¡3 A ³]L AL"F 785 ¡3# ¿SMP. Capillary ¹Q,

ZuY capillary) ¯�"# ��5 �³]L D:+: �\�³]L

op"b' 785 ¡3# ALIP. ¦V> CO25 T7 qù� A

Lqr ��# �\�³]L op"F 785 ¡3L AL"_ ¨P. 

(2) ������ �©� sprayq�# $%: Crystallizer5 °ä, �

d QR�# crystallizer ¹5 CO2 L]L ¡b' F3� �(I �

±5 solution, ÚL"Y �d °ä� j"F �\� ³]L Zð�

785 ¡3L op"_ ¨P. Crystallizer5 Â]) ALq6� �#

antisolvent5 L]L op"b' �\�]L op"F 785 ¡3L

AL"¬P. Capillary ¹Q5 ÕÖ� ÄÅ^Y ¹Q, op��� �

©5 �³] A �\�³]L AL"_ O: w��l 785 ¡3

L op"¬P.

(3) ������ �©� co-current"_ J³�&' �*"# $%

: Crystallizer5 °ä, AL"Y crystallizer ¹5 CO2 L]L AL

"> �\�]L AL"F 785 ¡3# ¿SQ&`, ,�# È�'

crystallizer5 Â]) ALq�Y CO25 L]L op"3 ��� 78

5 ¡3# Zu_ ¨P. Capillary dimension5 QR�# inside capillary

¹Q, AL��� �©5 �³]L op"F ������ �©5

+C³] A �\� ³]L D:+: 785 ¡3L ALIP. âI

capillary å,) ALq�Y crystallizer wall�5 1VL L¤&ð

mixing A �\� ³]L Zu3 ��� 78L ¿SMP> ¾×¨

P. Inside capillary� outside tube5 Ã,l retention å,L AL

"Y 785 ¡3L AL"¬#., , ·l� B½"3 Ev�# Ê

&' Vã Íd �À� ,«�l WXL ,ï:ð� � �,P. �©

5 ª]) ALq�Y �\� ³]L AL"F 785 ¡3# ¿S

Q&`, ,� ��Lu' �3°&' $�O# CO25 vent rate) A

L� �# anti-solvent �*³] A �\� ³]L AL"b' 78

5 ¡3# op"¬P. ������ �©� co-current"_ �*"#

$%� ,�I �Àw�) X�' 785 ¡3) �p� � � -#

!}� !C"F �À� �NI w� 3-10µm5 ¡3) e# Ñ*×

¢5 kR a�I 78) f� � -�P.

,y� ¸, Ù JK�� �NI �Àw�) �\�]5 ¡3� �

\� ³]) ]7"F �ÎO_ �½, LÐ"¬P. |È�&' $%

(1)d �Ày5 �  A �(5 �J®, 	Ó"F 3Lu $% � L

s HI, J:u# $%,i> ¾×¨P. w(� $%(2)# $%(1)

� j"F mixing H�L M> Nd qù� 78 ¾®, (�´ L

ÐI st, -�u9 ¾®D5 *� A �(5 ßà]# co-current

�*$%� j"F J:MP> � � -P. ������ �©� co-

current"_ �*"# $%d |È�&' $%(1), (2)� j"F a�

I 78) f� � -&` P�I �ÀÁ�) �,"_ Á�qr �

-� (]' �(5 <|® A ßà®, R�"¬P.

Fig. 9. Variation of particle size for the method to spray supercritical
CO2 and solution co-currently. 
(a) Effect of solution concentration(Crystallizer press.: 150 bar, crys-
tallizer temp.: 45oC, capillary dia.: 0.02 inch, inside capillary length:
15 cm, retention length: 2 cm, CO2 vent rate: 3l/min), (b) Effect of
CO2 vent rate(Crystallizer press.: 150 bar, crystallizer temp.: 45oC,
capillary dia.: 0.02 inch, inside capillary length: 15 cm, retention length:
2 cm, solution conc.: 30 wt%)
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