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º £

� ��öBº ¢; {K~öB r*~¢ � microspheres~ ;*V' >BKö V� R" 2�Ê~ æzö &~� �V

~&
. Microsphere~ ;*V' >BKö &� 'Ëj &V~V *� ��*~ &ê(Nc: 0.45, 5.94, 9.14, 10.25)& '' 


� poly(Styrene/Methacrylic acid) microspheres¢ B�~&
. v>³êº 300, 400, 600 rpm, �N;êº 0.1, 0.01, 0.001�

æz�B 
þ~&
. R" 2�Êº ��*~&ê, v>³ê, �N;êö � 'Ëj Arj r > ®îb�, R" 2�Êº

��*~&ê& �>�, v>³ê& Ã&�>�, �N;ê& ·j>� Ã&�j r > ®î
. v>³ê& �� ï��~ ³

êª�[~ vþ& ­jæV r^ö R" 2�Êº Ã&�
. �N;ê& ·j>�, ��*~&ê(surface charge density)&

�>� R" 2�Ê& 
æº ö�f microspheres~ ;*V' �7 [~ vþ& vâòöö V¢ «¶ Ò�~ �Ò& fÚ

^ ���(porosity)� 
æV r^�
. ;çç� 2�Ê ¶ò�¦V j &� ;~�j �Ï~� &��[~ ���j ��

> ®î
. *~¢ ¾æÚæ pº polystyrene microspheres~ «¶�V& 480 nm¢ r ³êª� [~ ��'� ���f

0.211�î�, microspheres~ ��� methacrylic acid� j*® BîB ©f j &�;~�ö ~� 3.04� êÖ>î
. 6�

microspheres
*~ ;*V' ç^·ÏK� ·jæ� ³êª�[~ ���ê *Ú�º ©j r > ®î
.

Abstract − The effect of the surface charge density(Nc: 0.45, 5.94, 9.14 and 10.25) and the stirrer speed (300, 400 and 600 rpm) on

the variation of permeate flux was investigated in a stirred cell filled with negatively charged microspheres under constant pres-

sure. It was found that the permeate flux depended on the surface charge density, the ionic strength and the stirrer speed. High

permeate flux was obtained in the condition of high surface charge density, low ionic strength and high stirrer speed due to the

force of electrostatic interaction between microspheres. The porosity of a cake layer was calculated from the steady-state flux

data. It was found that the reduction of porosity was due to a decrease in repulsive interaction between microspheres.
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1. B �

;&�"(microfiltration)º 6Æ «¶, �Wî �Ò� 
� � «¶ �

j ��~º ���� *ç�~ ��ªÒö ô� ÒÏ>� ®
. ��

¾ ;&�" ê¯ �ö ³êª�" ï J"� B�~� R" 2�Ê¢

6²�Êº ^B6j <� ®
. ���� Ï�~ ;&�"�; ÿnö

«¶
f ï ��ö ³êª�(concentration polarization)[j ;W~�

9�
. ��� ³êª� *çf R" 2�Ê~ >K�' &�j �²

~� R" 2�Ê¢ 6²�Î
.

;&�" �;öB «¶f «¶ 6º «¶f ï ��~ *V z�'

ç^·ÏKf 7º� ��j �
. *V z�' ç^·ÏKö 7º�

��j ~º pHf " ³ê& R" 2�Êö �~º 'Ëö &�Bº

ôf ��¶
� ��~� ��~&
. � .� alumina ;&�" ïö

~� ªÒ>º silica «¶~ R" 2�Êº pH& ¸j>� Ã&�
º

©� ��B : ®
[1]. �º ¸f pHöBº «¶& � ��*~¢ &

æ² >Ú «¶
 *~ >BK� 
^ ³ê ª� [~ ;W� O�AV

r^�
. McDonogh[2, 3]º *~¢ � silica «¶& �ª¶ïö ¦O

Nö V¢ ¾æ¾º ³êª� &�" «¶~ zeta potential 8~ &ê¢

�«~&
. ³êª� &�f «¶~ zeta potential 8� Ã&�>� 6
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²~º ©b� �Ò>î
.

Tadrosf Mayes[4]º 
·� *�î ³êöB polystyrene «¶& 


Ú®º *ç�~ 
þj Û� *�î ³ê& Ã&�>� ³êª� [

ö ~� &�� 
öj rjî
. �©f *�î ³ê& Ã&�>� «

¶~ *V �7 [� ­j^(«¶~ FÎ>æª� ·j^) ³ê ª� [

~ ���� 6²~V r^�î
.

"�öº Ôf ��*~&ê~ carboxylated microspheres~ 2�Ê

�ÿö &� ��& ô� ê¯>î
[5]. &¦ª~ R" 2�Ê ��º

«¶f ï ��*ö �Ò~º *V z�' ç^·ÏK� R" 2�Ê

ö �~º 'Ëö �~º æö 76j vîî
. ��¾ � ��öBº

«¶f «¶Ò�~ *V z�' ç^·ÏK� R" 2�Êö �~º '

Ëö 76j vî
. �¢ *~� � ��öBº "�ïÚ� styrene(S)ö

��ïÚ� methacrylic acid(MAA)~ ·j �Ò~�, 7�ö ~~� �

�*~&ê& 
� microspheres¢ B�~&
. Microspheresö MAA& ô

� ¦OF>� ��*~&ê& ̧ j  ̂«¶
*~ ;*V' ç^·ÏKê


æ² B
. � ��öBº *~ O»b� B�� microspheres¢ �Ï~

� ;*V' ç^·ÏK� R" 2�Êö �~º 'Ëö &~� �V

~&
.

2. 
 þ

2-1. Òò

�Wîf Sigma Chemical Co.~ bovine albumin(BSA, A-7906)j î

�N Ã~>ö Ï��B ÒÏ~&
. Table 1ö � ßWj ¾æÚî
[6].

Styrene(S)" MAAº Junsei Chemical Co.(Japan)�¦V �«~�

Aldrichs inhibitor remover column(catalog number 306312)b� ;B~�

ÒÏ~&
. B�B� Potassium persulfate(KPS)º (") â*B£(Korea)b

�¦V �«~&
. B�� microspheresº ·�N v~>æf r�N

v~>æ& 1 : 1 �ïj� b�B Dowex MR-3(Sigma Chemical Co., I-

9005)¢ �Ï~� counter ionj B�� ê serum replacement method[6]

¢ ÒÏ~� homopolymerf 
� ®Bbj B�~&
. jÏÏ�b�

ÒÏ>º pH 4.5 acetic bufferº sodium acetatef acetic acid(Yakuri Pure

Chemicals Co., Ltd., Japan)¢ DÚ ò
î
. 
þj *� ÒÏ� ï

(Orange Sci. Co., Belgium)f pore size 0.2 µm~ PES ï6ï�î
.


þöB ÒÏ� Î� bf Elgastatx UHQ system(UK)öB B�� .

B>&
.

2-2. Microspheres~ B�f ßWªC

Microspheresº styrene(S)j "�ïÚ�, MAA¢ ��ïÚ� ÒÏ~

&
. Microspheresº î²ª*V ~~ 1.5 L >wVöB 7�Nê 70 oC

öB ²ª� ZFzB Fz �7�»j ¯~� B�~&
. Table 2"

3ö B�O»j ¾æÚî
. 1N ^¿B ¢sÊ¢ 400 mL stirred cell

(Amicon, model 8400, USA)ö R«� ê Ã~>� VÂ�~ *êê&

î�N Ã~>~ *êêf ?jî rræ ^¿~&
.

Microspheres~ ï� çãf particle size analyzer(Capillary Hydrodynamic

Fractionation, CHDF-1100, Matec Applied Sciences, USA)ö ~�, �

�*~&êº NaOHÏ�j �Ï� *êê';V(HI 8633 conductivity

meter, Portugal)¢ �Ï� *êê ';
þÖ"¢ �Ï� êÖö ~�

�~&
.

2-3.
þBB

Acetic bufferf ¢sÊ¢ 0.2 µm ;&�" ï(Orange Co., Belgium)j

ËO� stirred cellö IÚ *Ú ¦bº 30 mL, j ��'f 0.19 m2/mL&

>² ò
î
. Stirred cellj v>�Ê�, £ 1 m*~ ¸�öB ?f jÏ

Ï�j ~J"Ú R" 2�Ê& ;çç�ö �¢ rræ ê³~&
.

�*ö V� R" 2�Ê~ æz¢ ÚÚ�V *� stirred cellj Û~

� ¾Jº Ï�j 3ªî
 ��Vö RS 232 C� �Ö>Ú ®º &Þ(precision

plus, Ohaus Co., USA)� Z²¢ G;~� R" 2�Ê¢ Ö;~&
.

*f ?f 
þj v>³ê(300, 400, 600 rpm), �N;ê(0.1, 0.01, 0.001)

f ��*~&ê(Nc: 0.45, 5.94, 9.14, 10.25)¢ æz�B >�~&
.


þË~¢ Fig. 1ö ¾æÚî
.

3. 
þÖ" 5 �V

«¶*~ ç^>BK� R" 2�Êö �~º 'Ëj �Ò~V *~

� ��*~&ê& 
� microspheres¢ B�~&b�, Table 4ö ßW

ªC ¶ò¢ ¾æÚî
. 6� ��*~&ê~ 'Ëj �Ò~V *�B

Fig. 1. Experimental apparatus.

Table 1. Recipe for the low carboxylated PS/PMAA microspheres using
batch copolymerization method

S(g) MAA(g) KPS(g) D.D.I. water(g)

CM-1 60 0.6 0.24 600

Table 2. Recipe for the highly carboxylated PS/PMAA microspheres using
two stage shot growth method

 Two-stage shot growth method

 Recipe Amount(g)

 First stage  S 60.0
 MAA(methacrylic acid)  0.60
 KPS  0.24
 DDI water 600

 Second stage  Monomer(S/MAA)
 CM-2 13.5/1.5
 CM-3 12.0/3.0
 CM-4  9.0/6.0
 KPS  0.048

Table 3. Characterization results of the various microspheres

Nc(nm−2) Dp(nm)

CM-1 0.45 480
CM-2 5.94 480
CM-3 9.14 480
CM-4 10.250 480
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º microspheres~ «¶�V& 500 nm& >ê� B�~� 
þö ÒÏ

~&
.

v>³êf ��*~&ê~ 'Ëj rj�V *�Bº �N;êf pH

¢ '' 0.01" 4.5� �;~&b�, �N;ê~ 'Ëj rj�V *�

Bº v>³êf pH¢ '' 400 rpm" 4.5� �;~� 
þ~&
.

3-1.R" 2�Êö �~º ��*~&ê~ 'Ë

Fig. 2º ;çç� R" 2�Êö &� �� &æ v>³êf ��*

~&ê~ 'Ëj ��"� ®
.

v>³ê& �¢>� R" 2�Ê& Ã&~º ãËj �&b� �º

Vê' v>b� �� shear stress& Ã&~� ³ê ª� [~ vþ&

­jæV r^�
.

��*~&ê& Ã&�>� R" 2�Ê& Ã&~º ãËj �&
.

�º microspheres~ ��*~&ê& Ã&�>� «¶& 'Ëj �~º

FÎ>æª� 
æV r^ö ¾æ¾º *ç�
[2, 8]. Fig. 3f ��*

~&êf «¶~ FÎ>æª*~ &ê¢ J«~V *� Î�ê�
. �

�*~&ê& � microspheresº FÎ>æª� �V r^ö microspheres

*~ ���� Ã&~² >Ú R" 2�Ê& Ã&~² B
.

3-2. R" 2�Êö �~º �N;ê~ 'Ë

Fig. 4º �� &æ �N;êöB~ �·öB ;çç�ö ê�� êr

æ~ R" 2�Ê Ö"¢ ��"� ®
. �N;ê& �>� ;çç�

R" 2�Ê& 6²~º ãËj ¾æÚîº�, �º �N;ê& �>�

«¶ ~.~ *V �7 [~ vþ(FÎ >æª)& ­jæV r^� ©

b� ÒòB
[9].

j¾~ Debye-Huckel�ö V��,

(1)

* �öB ψ=�� �v�(mV), K=Debye ^�(m−1), Z=�Ò(m)�
.

Ï�öB~ *V' **º «¶~ ��b�¦V~ �Òö V¢ æ>

�>'b� 6²�
. Kº *�î ³êö ç7'� &ê& ®b� *

V �7 [~ vþfê ç^·Ï~ &ê& ®
. «¶~ "*ö �Ò~

º *~
 7ö «¶~ *~f ç>>º *~& microspheres ��ö

¦O>º ÿn *V �v�(>BK)f z ·jê
. ��æ� �N;ê

& Ã&�>� ³êª� [f z �&~² >Ú R" 2�Ê& 6²~

º ãËj ��² B
.

 

3-3. ��*~&êf ���"~ &ê

¢;� {K~~ �"öB R" 2�Êº j¾~ &� Î�� �*�

> ®
.

(2)

(3)

J=R" 2�Ê(ml/min), P=ï Ç� {K(Pa), µ=6Wê>(Pa · s), Rt=

C &�(m−1), Rm=ï &�(m−1), Rc=&�� &�(m−1), Rf=ï J"ö ~

� &�(m−1)�
. j¾~ j &� ;~�öB

(4)

Rc=j &�(m kg−1), ε=&��~ ���(-), γ=«¶~ >æª(m), ρ=

«¶~ &ê(kg m−3)�
.

� 
þöBº ÿ¢� ïj ÒÏ~&bæ� ï &�f ¢;~�, ï

ψ ψ0 KZ–( )exp=

J P∆
µRt

---------=

Rt Rm Rc Rf+ +=

Rc
180

4r2---------
1 ε–( )
ρε3--------------=

Fig. 2. Steady-state permeate flux with different stirrer speeds and sur-
face charge density.

Fig. 3. Schematic diagram illustrating effect of surface charge density
on permeate flux.

Fig. 4. Permeate flux vs. time at various ionic strength.
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~ V��
 çã� � microspheresòj &æ� 
þj ~&bæ� ï

J"ö ~� &�f Z�� > ®
. ��æ� � 
þö 'Ï>º &

� Î�f j¾f ?
.

(5)

V¢B j &�ò� R" 2�Ê 8ö 'Ëj &
. j &�8f 
þ

ö ~� �� R" 2�Ê 8j *~ �ö &«~� �~&
[5]. �-²

�� j &�8j j &� ;~�ö &«~� &��~ ���j �~&
.

Fig. 5º ��*~&êö V� j &� [~ ���j j &� ;~�

ö ~� êÖ� Ö"�
. �©f j &�[~ ���� ��*~&ê

ö �&>Ú ®rj ��&
. j &� [~ ���f ��*~&ê&

Ã&�ö V¢ 
æº ãËj �&
. *~¢ ¾æÚæ pº polystyrene

microspheres~ «¶�V& 480 nm¢ r ³êª� [~ ��'� ��

�f 0.211[10]�
. ��¾ j &� [~ ���f �� Bîö ~�

��*~&ê¢ Ã&�B Ëç�Ò > ®
. ò£ microspheres~ ��

� MAA�B j*® Bî>î
� j &� ;~�ö ~� j &� [

~ ��� 8f 3.04� êÖB
. ��æ� ��*~&êº ���~ �

>� �*F > ®
[11, 12].

Fig. 3ö ¾æÞ ©" ?� �7 [~ vþ(6º «¶~ FÎ>æª)º

��*~&ê öò jî¢ �N;êö �² 'Ëj Aº
.

3-4.�OB �Wî� R" 2�Êö �~º 'Ë

Fig. 6f ��*~&ê& 
� ''~ microspheresö ³ê& 
� �

Wî Ï�j Î&~� �Wî� �OB microspheres¢ �Ï� R" 2

�Ê 
þ~ Ö"¢ ��"� ®
.

CM-1f ��*~&ê& 1 �~� 
Ö ·bæ� 'f ·~ �Wî

�Oöê £² � n;Wj ©ÚªÖ
. V¢B R" 2�Ê æzö V

� �Wî ³êö &� æz& �~ ìbæ� � 
þöBº CM-1ö

&�Bº �Wî� �OF r~ R" 2�Ê æz �¾*¢ ê�~æ

p~
.

�Wîj �O�Î microspheresf �O�Êæ pf microspheres~

R" 2�Ê¢ jv��� *¶& ê¶�
 R" 2�Ê& �R Ã&

�j r > ®î
. �º �Wî~ �Ob� �� «¶*~ w÷� B

�~� FÎ>æª~ �V& 
rV r^�
[13-17].

�Wî~ ³ê& Ã&�>� R" 2�Êº 6²~º ãËj �&
.

Microspheresö ¦O>º �Wî~ ³ê& ¸jî>� ï V�~ Ú¦

ö �O>º �Wî~ ·� ôjæV r^ö �Wî~ ³ê& Ã&�

>� R" 2�Êº 6²~º ãËj �&
. Fig. 6~ (a)-(c)¢ jv�

�� ��*~&ê& Ôf microspheres¢ &æ� 
þj � r �


��*~&ê& ¸f microspheres¢ &æ� 
þj ~&j r ³êÃ

&ö V� R" 2�Ê~ Ã&ï� z× 
öj r > ®
. �º ��

*~&ê& ¸f microspheres ¢>� �Wîj �O�Î êöê w÷

B «¶
*~ ;*V' >BK� ;~² ·Ï~V r^b� ÒòB
.

4. Ö �

 

;&�" 
þöB R" 2�Êº ��*~&ê, �N;ê, v>³ê

ö � 'Ëj Arj r > ®î
. ��*~&êf �N;êº FÎ«

¶~ �V(«¶~ *V �7[~ vþ)ö 'Ëj �
b� ��*~&

ê& �>�, �N;ê& ·j>� FÎ «¶~ �V& Ã&�j r >

®î
.

*~¢ jæ pº microspheres~ &�� ���f 0.211� êÖ>î

�, ��� methacrylic acid� j* BîB microspheresº 0.304� ¾

æÒ
. V¢B FÎ«¶~ �V& Ã&� >� ³êª� [~ ���

� 
æ² >Ú R" 2�Ê& Ã&~º ãËj ¾æêj r > ®î
.

J P∆

µ Rm
180

4r2
---------

1 ε–( )
ρε3

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

Fig. 5. Calculated porosities of a cake layer with different surface charge
densities.

Fig. 6. Permeate flux vs. time with the concentration of BSA solution at the surface charge density: (a) CM-2, (b) CM-3, (c) CM-4.



r*~¢ � Microsphereö ~� ;*V' >BK� ;&�"öB R" 2�Êö �~º 'Ë �V 787

HWAHAK KONGHAK Vol. 39, No. 6, December, 2001

v>³êº ³êª� [~ vþö � 'Ëj �
b� v>³ê& �

¢>� ³êª� [~ vþº ­jæº ãËj �&
. V¢B � R"

2�Ê¢ áV *�Bº ¸f ��*~&ê, Ôf �N;ê, �� v>

³ê& º�B
.

6 Ò
 

� ��º �^&�v �bÖë²Ò ��bV("B®^: 1994S0018)

f "�VF¦ �&æ;��
(2000-N-NL-01-C-032)Òë~ æöb�

>¯>îb�, �ö 6Ò�î
.

ÒÏV̂

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

ψ : surface potential [mV]

K : Debye length [m−1]

Z : distance [m]

J : permeate flux [ml min−1]

∆P : transmembrane pressure [Pa]

µ : dynamic viscosity [Pa · s]

Rt : total resistance [m kg−1]

Rm : membrane resistance [m kg−1]

Rc : specific resistance [m kg−1]

Rf : fouling resistance [m kg−1]

ε : voidage [-]

γ : effective particle radius [m]

ρ : density [kg m−3]
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