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Abstract − A study on permeate flux variation in the filtration of BSA-adsorbed microspheres was performed, to investigate the

effects of the stirrer speed (300, 400 and 600 rpm) and the concentration of BSA solutions (0.1, 0.2 and 0.4 g/L). The permeate flux

was increased with time until the break point, but decreased after that point. This is in contrast to the observation from the conven-

tional filtration. It could be explained that the micospheres which were adsorbed by BSA agglutinated each other, and resulted in the

increase of effective particle diameter of BSA-adsorbed microsphere. It is well known that the large-sized substances make flux
increase. When BSA's were saturated on the surface of microspheres, they permeated through membrane and some of them absorbed

inside the pore of membrane, resulting in the flux decline as observed in the general filtration. The period of flux increase was short-

ened with an increase in the concentration of BSA solution and permeate flux was increased with a increase in the stirrer speed.
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us,
RS ij {3 <9d0|.  microsphere$ }3 st.� �~�

��1 � % S�]3 b58 [\2']��). �3 microsphere

�D PS/PMAA[polystyrene/poly(methacrylic acid)]$ st. 9D:

>� �50�)[4, 5]. ��? RS ij� h��� !UV ��/c

>, ��� c>D &'�� stirred cell� �������  ��^

� &'0� R�z +k 7c. ��0�). � R�z +k 7c�

�'0Z �� !UVl  WX ��N [\ �� � �j fluxD 

��� A�? h P)[5]. ��� ��? ij� �/ �j fluxL�

A�? ij�1, NlD �  �j flux RS� �¡ #�=�� R

S�� ¢0�).

^£+  ¤� &'? 7cD:� �. +-j ¤ ¥¦�� 4�
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K4�). �3 RS�©D  � ��? �. +-j ¤ ¥¦� ¤*

ª? RS$ ±`��). ¤� d ²k0� ³H�� �j.� }�

�� charged ¤� �'0Z ¤ ¥¦ c.� ´�� ³H r� �A

��)[6, 7]. �j flux� ¤ 7c  µ>8D ¶ ��� ·¸ 5 P

�1 ��? ��D: �.+-j ¤ ¥¦� ¹b?�� ´Zº ?). 

Q RS� microsphere� »¼± stirred cell� �'0Z R�z !

UV +k 7c� ��0* ª? *½ RS ij�). *¾  ¤ +

k 7c3 sieve ¿j� �'? ���L, Q !UV +k 7c3 W

XD  � !UV� +k0À� ��� +k ÁÂÃÄ� )Å). Q

RS� Æ 8+ �[ !UV 'q  +kD Ç:, ? 8+4 BSA�

ÈÉ !UV� 0Z �.n stirrer speed� Ê5� NlD �  �j

flux  Ê�D ^� A�� �A� ?).

2.����

2-1. Microsphere� ��� ��

Microsphere� styrene(S)� %!"#�, methacrylic acid(MAA)�

7!"#�0Z y+z Ë��> �� 7��� `0Z >F0�).

�N>�� KPS(potassium persulfate)� &'0��1 ��Ì. 70
oCD: `0�). Table 1D >FH� �~��).

>F( microsphere� I�Ì ÍÎ5�n Ï�Ì ÍÎ5�$ 1 : 1

Ð"6� ��( Dowex MR-3(Sigma Chemical Co., I-9005)� �'

0Z counter ion� >�? Ñ serum replacement method[8]� �'

0Z homopolymern )  ÒÓÔ� >�0�). 1Õ aÖ( latex�

400 mL stirred cell(Amicon, model 8400, USA)D �
? Ñ ×Ø

5� ÙÚq  d..$ u�Ì ×Ø5  d..n Û�V BÜ� a

Ö0�).

2-2.���	

ÈÉ !UV�: bovine serum albumin(BSA, Sigma Chemical Co.,

A-7906)� op 'qD �.Ý� '�NÞ: &'0��1, stirred

cell3 50 mL ß(Amicon, model 8050, USA)� &'0�). op'

q3 pH 4.5  acetic buffer� &'0��1 d#'q  �Ìà.�

0.01� �á 0�).

2-2-1. Batch WX âã

WX rÌsj BSA-adsorbed microsphere  �¿ 
� �*� i

c0* ª� batch WX âã� 25οCD: `0�). pH 4.54 acetic

bufferD BSA� �.Ý� '�Nä Ñ 6 <9= 0.19 m2/mL� A

c( latex(dispersion of microspheres)� åA 3Nl �æ ¯ÌFD

: Í¨Nä).

−WX rÌs:Nç� Kè +k? Ñ microsphere� oéw >�0

* ª� cellulose nitrate filter(Whatman, pore size 0.2µm)� �'0Z

ZjNä). ê3 !UV  �.� UV spectrophotometer(UV-160A,

Shimadzu, Japan)� ëc? Ñ ¤D WX( !UV  I� �c, �

ì0Z WX rÌs� 	�).

−�¿ 
� �* ic:Nç� acetic bufferD íîNä Ñ zeta

potential analyzer(Dynamic Lazer-Light Scattering Method, ZetaPl

Brookhaven Instruments Co., USA)� �'0Z �¿ 
� �*�

ic0�).

2-2-2.Q âã jc

Acetic buffern latex� 0.2µm c|Zj ¤(Orange Scientific Co.,

Belgium)� ïX? stirred cellD å
 d# £�� 30 mL, 6 <9

=3 0.19 m2/mL� Lð). Stirred cellD ïX( ¤3 pore size$

0.2µm� 500 nm4 microsphere� �j0� ¢0A, �*$ 14 nm4

BSA� �j $J0). Stirred cell� Í¨* ªD ñA, ò 1 mª 

}�D: Û3 op'q� óÀ%
 �j flux$ c[[ôD �� B

Ü� ��?). c[[ôD:  �j flux� Jo� <N?).

odw �j flux$ c[[ô� ( ÑD >F( !UV 'q� step

input?). NlD ��: �j flux  Ê�� õö�* ª� stirred

cell� �0Z �¥� 'q� 3+�) ÷øùD RS 232 C� Ri�


 P� ®ú(precision plus, Ohaus Co., USA)� Ëá� ëc0Z

�j flux� ic?). ?û, üj ýs� 	* ª�:� stirred cell�

�0Z �¥� 'q� autosampler� þ� UV spectrophotometer(UV-

160A, Shimadzu, Japan)� Wÿ.� ëc?). ªn Û3 âã�

stirrer speed(300, 400, 600 rpm)n BSA  �.(0.1, 0.2, 0.4 g/L)� Ê

�NÞ ¨�?). âãï�� Fig. 1D �~��).

3. ��	
 � �


3-1. PS/PMAA microsphere� 
��


Q RSD &'( PS/PMAA  SEM &±� Fig. 2D �~��).

PS/PMAA microsphere� uniformity ratio(U)$ 1.004� monodisperse

01, ÂÅ�N(carboxyl)*� ��). Nc(number density of surface

Table 1. Recipe of the PS/PMAA microsphere

Styrene(g) MAA(g) KPS(g) DDI(g)

60 0.6 0.24 600 Fig. 1. Experimental apparatus.
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carboxyl groups)� 0.45 nm−2�1, 5�/ ¡µ(Dn)3 500 nm�).

Nc$ 1 �) 2� µ�D� !UV  microsphere WX3 a $�

[\2'](b58 [\2'], cd*= [\2'], 5b 2']) �

D b58 [\2']� $ï à0á 2'?)[1-3].

3-2.�� ��

LatexL å3 [ô  �j flux$ c[[ôD �Å9 BSA 'q�

�
?). �
( BSA 'q3 bulk[  microsphereD WX().

Microsphere$ BSAD  � ,� WX�9, BSA� � �[ WX0

� ¢0A ¤� �j0Z �� �¥á (). Fig. 3D: ��� !U

V 'q  �.$ 0.1 g/L  µ�� �j 'q  £�$ 100 mLD:

üj$ ��
�1, 0.2 g/L� 50 mL, 0.4 g/L� 25 mLD: 		 ü

j$ ��
±). !UV �.  ×$D 6
0Z ,�WX� �k

��
�� 
 5 P�). � ij�: 0.19 m2/mL  6 <9=�

$± 30 mL  latex� 0.01 g  !UV� WXx 5 P)� �� 


5 P). 	 âã3 ÈÆ 400 rpmD: âã? ij�).

3-3. Latex� �� ��� stirred cell� rpm� �� flux  ��

Fig. 4� stirred cellD latexL åA, op'qL� ók� !� 

NlD �  �j flux� �Z%A P�1, NlD ��: §b0)

$ c[[ôD �Å�). 		 stirrer speed 300, 400, 600 rpmD:

`0��1 � jc3 !UV� å* d  �j flux� c[[ô�

L©
%* ª��). Stirrer speed$ �V5� c[[ô �j flux�

×$0��1, 300 rpmD:� 3.76�10−6 m/s, 400 rpmD:� 4.45�

10−6 m/s, 600 rpmD:� 8.05�10−6 m/s  c[[ô �j flux��

��).

½*D� bulk[D P� microsphere 
�$ ¤ <9 ª� _��


 �.+- «  Æ�$ ×$0* BCD Nl� ��9: �j

flux� {��á (). ò 40+� ��9 c[[ôD .�0á �1

stirrer speed$ ×$x5� c[[ô �j flux� ×$?). �� *

�= Í¨�� 4� shear stress$ ×$0Z �. +-( «  Æ�

$ ���* BC�).

3-4. BSA-adsorbed microsphere� �� ��  !� "# $%�

Batch WX âãij�: BSA-adsorbed microsphere  �¿ 
�

�*n WX rÌs� �.D ^� icx 5 P). âãij�

Fig. 5D �~���1 Langmuir-Freundlich rÌsj 6�? µ��

�4). Non-linear regressionH� �'0Z Langmuir-Freundlich r

Ìs  [5©� 	� 5 P). 

(1)

Z*:, Cs=!ª9=Ð WX( BSA  I, mg/m2

Z*:, Cm=�¬[ô  WX", mg/m2

Cs Cm
KCb

1 n⁄

1 KCb
1 n⁄+

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

Fig. 2. SEM photograph of PS/PMAA microspheres.

Fig. 3. Breakthrough curve at different BSA concentration.

Fig. 4. Permeate flux with time before protein solution input.

Fig. 5. Adsorption isotherm and effective particle size with the con-
centration of BSA solution.
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Z*:, Cb= bulk BSA �., g/L

Z*:, K = L-F WX [5

Z*:, n = L-F �5 [5

L-F WX [5(K)�3 11.77�1, L-F �5 [5(n)  �3 0.4�

). L-F WX [5� WX �.n Y�$ P�1, �� �9 �  W

X�  �?)[1]. L-F �5 [5�� 0.5� µ�D Æ �  active

site� 0�L� WXD YZ?)� Ôk=  �� $±)[9].

?û, WXD  � ×$? �¿ 
� �*� z (1)j Û3 z�

�'0Z [5�� 	
� 5 P).

(2)

Z*:, ∆Ds= BSA  WXD  � ×$? �¿ 
� �*, nm

Z*:, Dm=�¿ 
� �* ¹^ ×$", nm

Z*:, Cb= bulk BSA �., g/L

Z*:, Kd=WX [5

Z*:, nd=�5 [5

Non-linear regression ij, Kd  �3 14.94, nd  �3 0.38�

WX rÌs  [5n �  Û3 �� $�� 
 5 P). WX� d

� �� �3 microsphere  �*� 500 nm�1, ,� WX�
 �

_( microsphere  ¹^ �¿ 
� �*� 1,300 nm�). ��: Dm

3 800 nm  �� $�� 
 5 P).

Batch âãij� WX rÌsj WXD  ? �¿ 
� �*  Ê

�� |�? Y�$ PÏ� 
 5 P). Stirred cell� �'? R�

z jcD: WX� ±`�9: �ND �_� �
�)� &â� 


5 P). � WX"j �_  [D  ? �¿ 
� �*$ ���  

[3 z (1)j (2)� �'0Z )Ïj Û� s¬=4 Y�� <N!

5 P).

(3)

Christel r3 'q  �Ì à.n pH� Ê5� 0Z BSA$ clay

D WXx B  �/ 
� �*, zeta potential  ��� A�? h

P�1, � RSD:. WXD  � �/ ¡µ� ×$?)� &â�

�A��)[10]. 0�L WX rÌsj �¿ 
� �*  Ê�� �

� A�0� �").

3-5.&'( )�*� )� flux  ��

�j flux� �~g Fig. 6, 7, 8� õö�9 		  NlD � 

�j flux� ×$0)$ )N §b0� µ�� PÏ� 
 5 P�).

�� Fig. 3  üj ýsD �~� üj#j 6Í0Z �9, !UV�

microsphereD WX�� �æD� �j flux$ ×$0A ,�WX �

ÑD §b?)� �� 
 5 P). Fig. 9� ��? flux  Ê�� �

$.� �Z%A P).

Fig. 9(a)� ²Ï latexL� stirred cellD åA op'q� ók�

!�� �Z%). Convective mass transferD  � microsphere$

¤ <9 ªD �� &�á �
 �j flux� NlD �� §b0á

(). ò 40+ ÑD c[[ôD .�0á �1, �� stirrer  shear

stress� 4� �.+-«  Æ�$ � �[ ×$0� ¢0* BC�

). Èð jcD: ¤ <9D P� microsphere� bulk[  micro-

spheren �= �¬ [ôD P).

Fig. 9(b)� !UV� �
? Ñ WX jc� ±`�� �� �Z%

A P). �
( !UV3 '® bulk[D P� microsphereD WX�

á �1, BSA-adsorbed microspheres3 :� ()*
 æc8� +


,-). æc8� +
,- BSA-adsorbed microspheres3 ¤ <9

∆Ds Dm

KdCb
1 nd⁄

1 KdCb
1 nd⁄

+
---------------------------=

∆Ds αCs=

Fig. 6. Normalized permeate flux with time at the stirrer speed of 300
rpm.

Fig. 7. Normalized permeate flux with time at the stirrer speed of 400
rpm.

Fig. 8. Normalized permeate flux with time at the stirrer speed of 600
rpm.
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/s]

d

l-

hs,
ªD P� microspheren �kh.0á (). � BSA-adsorbed micro-

spheres3 �¿ 
� �*$ �1 ��: �j flux� WXjc �D

×$0á (). WXD  � microsphere$ �_�
 �¿ 
� �*

$ �±)� �3 batch WX âã� `? Ñ lazer light scattering

method� �'0Z v4x 5 P). 
�$ (Þ: doublets, triplets,

��) � ¶ 
�$ ¬8! µ� ��? 
�� 0�  
�²� �

�x 5 P�1, �n 6�? �$3 Clarkj Flora  fluc restructur-

ingD Y? /CD: &'( h P)[11]. 
� �*$ ��9 flux$

×$?)� �3 �� 
À± &â�)[12-16].

Fig. 9(c)D: ��� microsphere$ !UVD  � ÈÆ ,��9,

!UV3 � �[ microsphereD WX�� ¢0A ¤� �j0Z �

��¥á (). �B, ¤ *7D !UV� WX(internal fouling)�


�¨=4 ¤ +k 7cj �0$�� �j flux� §b0á �1, �

c? �j fluxD .�0á (). �� ¤ *7D BSA$ p+w W

X�
 � �[ WXx 5 1* BC�).

Fig. 6, 7, 8D: ¹^ �j flux$ �c stirrer speedD: �  6

�0��1, !UV  �.$ �V5� �j flux$ ×$0� Nl�

2�3). ��: !UV  �.� ¹^ �j fluxD ��� %� ¢

�� 
 5 P). ?û, stirrer speed� ¹^ �j fluxD ¶ ���

�4). �, �j flux� !UV  �.�)� stirrer speedD � �

�� �� þÏ� 
 5 P).

4.	 �

Microsphere� »¼± stirred cellD BSA 'q� step input0Z

�j 'q  flux� ëc0Z )Ï  ij� 	� 5 P�).

BSA 'q  �.D ^? BSA-adsorbed microsphere  �¿ 
�

�*� Langmuir-Freundlich rÌsj Û3 ÈI�1, WX [5n

�5 [5. �  �&? �� $±). ��5 WXrÌsj �¿ 


� �*  Ê�� |�? Y�$ PÏ� 
 5 P).

!UV� stirred cell �D �
�9 b58 [\2']�� 4�

microsphereD WX(). Microsphere$ BSAD  � ,� WX�*

dÜ� flux$ ×$01, ,� WX ÑD !UV3 ¤� �j0Z �

� �¥* BCD ¤ ¥¦(internal fouling)�� 4� flux� §b?

). BSA 'q  �.$ ×$09 flux� �Åá ×$01 ,� WX

�� Nl� 2��� 
 5 P�). Stirrer speed  ��3 �¨=

4 ¤ +kn Û� stirrer speed$ ×$09 flux. ×$0�).

����

α : proportional constant [-]

C/C0 : eluted fraction of protein [-]

Cs : the adsorbed amount of BSA per unit surface area [mg/m2]

Cm : the adsorbed amount of BSA in equilibrium [mg/m2]

Cb : the bulk concentration of BSA [g/L]

Dn : the average particle diameter [nm]

∆Ds : change of effective particle diameter [nm]

Dm : maximun change of effective particle diameter [nm]

J : permeate flux [m/s]

Jo : permeate flux before protein solution input in steady state [m

J/Jo : normalized permeate flux [-]

Kd : adsorption constant [-]

K : adsorption constant in Langmuir-Freundlich isotherm [-]

nd : exponential constant [-]

n : exponential constant in Langmuir-Freundlich isotherm [-]

Nc : the number density of carboxyl groups [nm−2]

U : uniformity ratio [-]

� �

Q RS� Ra^6Í 7Ôì8b9 RS:ù(j>;\: 94U4-1005-

00-01-6)  �K�� 5`���1, �D §&�Ã).

����
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