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� �

Rushton type� ���� ����	
� �
 �� ���� PAA(polyacrylic acid)� lysozyme ����� ����, �

��	, ���� � PAA ��� ��  ! "#"$% ����
 &'( )*� �+,-� ./�01. ���

4,000,000� PAA2 ��3� 45�0� 67� PAA ��� 450,000� 2,0008 6791 :;< "#"$
�= lyso-

zyme ��>� ?	� ?@ ABC-D, lysozyme� �EF= G@ ABC1. ��	H� ���	( PAA ��� 2,000

� 3I�J( ��>�� >�?	
( )*� KL�M, lysozyme� �EF
( PAA ���
 NOP% QRS )*�

&'� TU1. VWJ lysozyme ��>�� XY( PAA ���
 NOP% Z[ R\X� ABHL-D, PAA ���


]^ ��>�� XY_`( abc� TU1.

Abstract − Experimental investigation on the effects of operational conditions, such as agitation intensity, agitation time and

PAA dosage, on the precipitation of lysozyme and PAA(polyacrylic acid) with several molecular weights in Rushton type stand-

ard semi-batch reactor was carried out. When PAA with a molecular weight of 4,000,000 was used as a precipitant, the larger

particle size of lysozyme precipitate as well as the higher recovery ratio of lysozyme were obtained than when PAA with a

molecular weight of 450,000 and 2,000 were used. The agitation intensity in the reactor influenced the particle size of the pre-

cipitate, except for in PAA with a molecular weight of 2,000, but had no influence on the recovery ratio of lysozyme regardless

of the molecular weight of PAA. The morphology of lysozyme precipitate was amorphous, the morphology change was not

observed with change of the molecular weight of PAA.
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1.� �

�� ����� �	 
�� 
������ �� �������

�, 
��� ��� 
�� ���   ! "#� $%&'. () 
�

� ���(protein precipitation)� 
�� �*+, 
��- �./0

1234� 5678 9 �	 ���(precipitant)0 :";< 
��=

�>?@� A$7B 
� C9;	 
�� 
�����('[1].


�� ���� 'D E�, F;< G�HI" �(;�, JKF

L �MF" NO;P, C9& 
��- QR( N;S "TR( U

'	 JV(W,/ XYZ, 
��( C9�	 [\ ];	 
��^

- _`31 
�(fractionation)L ab(concentration)( [7, "T

;'[2]. ( cd, 
�� ���� e� �fg hi j -%kl,m

bovine serum albumin, catalase, lysozyme, soy protein j canola  n

o� �f""K- p6
�� qk, r( (��s t'[3-13].


�� ���,m 
��- C9u, C9& 
��- ��
v  ,

� wAXR� 
�� �*, :"�s 
��- �./0 567x

	 yz{�1 ���- |}, -. ~�&'. �
��.� ���

(polyelectrolyte precipitation)� 
�� �*+,m 
�� �;- ?I

(�4� (���	 �
��.�= ���� :".m 
�� �*

= �\�;� ^��, 
��n �
��.� �(- ���3 1�,

-. ?
�& 
�� �����= �w4� A$7B 
�;	 E�

('[1, 2]. ( E�� 
��n �
��.��- �; )�(charge

neutralization)�^ ��� 
�� �����- �
� "�(polymer

bridging)L o� �
��.�^( ��+	 XR= (�� 9 �� c

d, C9& 
�� ��- ~��( �;�, ����/ 'D E�,

F;< �� ���m #��# r� ��- �zI?( �st'.†E-mail: wskim@nms.kyunghee.ac.kr
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Clarkn Glatz[4, 9]	 wC
h wA�0 (�� �� ��2 
�

� ��wA,m ���� CMC(carboxymethylcellulose)0 ��;<

���- :"E�( �� ��2 
��- C9u, �K	 ��=

��;�'. ��� ( ��,m 
��- C9u� CMC- :"�

9, �� ( ¡|34� wA�, :"& CMC- ¢, -. ~�

�	 £= �¤;�'. ��� ¥� 
�� �*- ��wA,m	

wA�+- 
�� �*- pH,m ¦ § �;!�(charge density)0

¨	 
��( �;!�" ©� 
��ª' «_34� ¬N C9�

	 £= ­®;��, CMC- :"¯� 
��- �;!�,	 F°

;#^ 
�� �*- (��/,	 ��(  '� ª�;�'.

(±� ��~n	 Chenn Berg[3, 6], Hilln Zadow[11]" �7;

�² lysozyme, whey protein �³,m/ �¤�´	µ, (� ��,

m/ 
��- C9u� �
��.�- 
�¯, �� ( :"¯,

F°;	 £4� ��¶'. ��� ShiehL Glatz[8]	 wC
h wA

�0 ��� lysozyme-PAA(polyacrylic acid) ��wA,m PAA-

�;!�	 
��n �·"#� �*- pH, ¸� ¹�##^ PAA

- 
�¯,	 º�»= ­®;�'.

�¼, Chenn Rohani[7]	 wC
h wA�� canolaL CMC, HCl,

(NH4)2SO40 ½½ ��wA7B [¾� wA�¿,m ���- |}

Y� C9& 
�� ������0 ��;�'. ( ��,m 
��

������	 ���- 
�¯, F°;�	µ, CMC0 ��À=

c ����" "J �� ��¶'. (�� (±� (Á0 �
� "

�� ÂÃ;�	µ (±� �?� Chan  [10], Nelsonn Glatz[12]-

��~n,m/ Á�;� ��¶'. ��� FisherL Glatz[13], Chen

 [3, 5]� wA�+- �w!�" 
�� ������, �K	 �

�= ��;�	µ, (�- ��~n, ¸ÄÅ �
��.� ��w

A4� C9& 
�� ������	 �w!�" ÆÇ, ¸�m �

���" È";'" X� �w!� (?,m	 ����" 56;	

£4� ��¶'.

�
��.� ���4� 
��	 
��� �!� ��- ���

�(precipitate)� �s �� cd, ��wA |MÉ pu3(�, Ê�

34� 
��= 
���;� 2.m	 
�� C9u�^ ��� 


�� ����- �/ j ���Ë/ Ì93('. ¸�m, ��wA-

�l�¿( 
�� ����- �R�^ ��� {R, �K	 ��/

Í« )Î;� 'ÏsÐÑ �'. �±� Òm ÓÔ� If
- ��,

m	 
�� �*- pH, (��/, �/, V/ j �
��.�- :"

¯n o( Õ� 
�� ����- �R, ��= �Ö 9 �	 
��

�*- �×3 ØÊ(chemical environment)- Ù�" 
�� ��wA,

�K	 ��= ��;�'. (� 1. �w!�, �w7� j �
��

.�- 
�¯  n o( 
�� ����- {R, ��= �Ö 9 �

	 ��wA- ��31 ØÊ(mechanical en-vironment)Ù�" 
��

��wA, �K	 ��, I� >�31 ��" fÚ� ��('.

Û ��,m	 wC
h wA�,m <± "# 
�¯- PAA0 �

��� �� ��2, '¯ »Á�s �	 lysozyme- �
��.�

��wA= �7;<, �w!�, �w7�, PAA 
�¯ j :"¯  

��wA- �l�¿Ù�" lysozyme ������ j Ü@L o�

��XRn lysozyme C9u, �K	 ��= ��;�'. Û ��,

m	 XZ, wA�+- �w!�0 [�Ý�¯4� �¯�� 9 �	

Rushton type ÞßwA�0 wC
h wA�� ��;<, �w, -

� ��31 ØÊÙ�" lysozyme ��wA, �K	 ��= >�3

4� àÃ;�'.

2.� �

2-1.������ ���	 
��


�
��.� ��wA� wA( áâ�	 [\ wA�+,m ��

�- ãä]1, ¸� �� perikinetic A$, orthokinetic A$4� �

åsá'. Perikinetic A$� 
��n �
��.� 
���- Hk

, -� ãä� protein-polyelectrolyte complex Ü@- 
�� ��

��" ÜR�	 
�0 æ�'. Orthokinetic A$� perikinetic A$


�,m ÜR& protein-polyelectrolyte complex" �w, -� ãä

� floc ç	 aggregate� RJ;	 
�0 æ;P, ( è "#- é

Æ�ê� Êë34� ¾sì'[2].

2-1-1. Perikinetic A$


�� �*, �
��.�= :";Å 
��n �
��.� 


�	 í�î Hk, -. �ï( "#� �² ð,ñ#0 Eò;Å

m óô ( �6î[= ;P m� ãä�'. ( ãä� 1. �
�

�.�n 
��� m� õö�s 
�� Õ2- (�= �÷7B 


�� ���- ���3 ø�= ùsú��, 
����L ����,

96~�, 69R~�4� ��R- protein-polyelectrolyte complex0

ÜR�'[1, 9].

í�î Hk ;,m protein-polyelectrolyte complex	 �*- �w

, -� Á>û×31 ü- ��= ý	 ¡6
21 0.1-1µm �/-

primary particle�# RJ;	µ, ( RJ� Í« þÄ� áâ�'.

Smoluchowski (ÿ, ¸ÄÅ perikinetic A$,m 
��n �
�

�.��- Hk, -� ãä�/9(ãä�/)	 
��n �
��

.� 
�- 
�¯n a/, �*- �/ j V/   Õ� 
�� �

*- �./, Ù�0 Õ	 �×3 XR, -��'[14, 15].

2-1-2. Orthokinetic A$


��n �
��.� 
�- Hk, -� ãä� primary particle

�# RJ� 
�� ����	 ����" ÆÇ, ¸� Hkª'	

�*- ��31 �w, -� Á>- î[4� m� ãä;< floc ç

	 aggregate� RJ�'. (L o( perikinetic A$4� qR& ��

�( �w- ��= ý� RJ;	 n�= orthokinetic A$(��

�'. (c ���- ãä�/9	 �w!�, F°;�, ( 
�"

�
��.� ��wA= Õ/�'[13, 16].

�
��.� ��wA,m	 XYZ orthokinetic A$
�,m �

��- ãä( ¾s�	 [\, m� 'D ���(, 
��n �


��.�( õö�	 �
� "�pn0 �I� 9 �� cd, C

9& 
�� ������" �� ��ì'[6, 16].

2-2.����� ���

��34� �w�� �	 wA�,m �w, -. wA�+� Ý

��	 [�¯- �¯�	 �w� ��(impeller tip),m wA�+-

Á>, �¹�	 [�¯= ��+	 [�6F¯(power consumption,

Pc)( (�&'[17, 18]. �, [�6F¯� �??@- �w�/,m �

*, Ý��	 [�¯4�, <�, ���	 wA�	 �*+, ��

bE� ��4� ì}0 ­q7B macromixingn micromixing, ¡3

4� 	
Ð �	 Rushton type ÞßwA�0 Õ� ���'. (

Rushton type ÞßwA�	 �w4� qR& �
�- ��0 [�Ý�

¯4� �� �¯�� 9 �� cd, �wpn- .�( �(;'[19].

¾w34� wA�, Ý��	 [�6F̄ � wA�+- Á>" New-

tonian Á>�� "�;Å h (1)n o( Þ�&'.

(1)

<�m [�9 Np	 �*- XR, wA�- à
, �w�- C��/

 = º�]�7Bm ���	µ, Reynolds9, Froude9, wA�-

shape factor�- »9� Þ�&'. �±� wA�� Rushton type Þß

wA�L o( wA�- à
( ¾�;�, E.�( �	 Ê«,	

Pc= 
Npnr

3Da
5ρ

gc

----------------------
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238 �����	

Froude9, wA�- shape factor- ��� º7�s [�9	 Reynolds

9L- ?���,m �sá'.

Kolmogoroff �Ü(ÿ, -;Å wA�+,m �w, -� Á>-

?I�/	 [�6F¯= Á>- �¯4� �� ��[�Ý�¯(power

input, ε)= �Û
2� ��;< Þ�;	µ, ( ��[�Ý�¯� �

w, -. �*( Á[�	 ì}- �/0 ��+	 #Þ('. ��

� ¾
 ��31 �w4� wA�, Ý�& [�6F¯= 	� �

Å ��[�Ý�¯( ~��� cd, �w, -. XR#s#	 �


�/(shear rate, Vg), eddy ��(eddy size, λ), ���
A�(mean

shear stress, τs)  / ��[�Ý�¯4� �� �.á'.

Û ��,m ��& Rushton type ÞßwA�,m �w!�0 �¯�

;< �sá Reynolds9, [�9, ��[�6F¯, ��[�Ý�¯, �


�/, eddy ��, ���
A�= Î%;Å Table 1n o'. (c w

A�*- �/, V/ j �w�- #�� ½½ 1,000 kg/m3, 0.0011 kg/

m-s j 0.033 m0 �ß4� ;�'[15].

3.� �

3-1.�	�� ��

Lysozyme ��wA, ��& lysozymen PAA �*� pH 5.2, 3 M

sodium acetate buffer solution(SIGMA, ACS grade)]*= 3� È}9

� 0.07 M�# ��7� ��*, 
�¯ 143,000- lysozyme(SIGMA,

ACS grade)n PAA(Aldrich, ACS grade)0 
�¯Y� �.7B ��

;�'. (c lysozyme �*� �� ��2,m lysozyme- {R= �


;< ���*= ��;�'.

¬N, lysozyme �*� 0.01 wt%(6.99*10−5mol/l)� ¾�;� ��

;��, ��wA �, �G��" 0.45µm1 membrane filter(Gel-

man science, SUPOR-450)� <n;< lysozyme �*+, �};	

�Ü{( ��wA, ��= �K# �;/� ��Z �÷;�'. �

�� PAA �*� 
�¯( 4,000,000, 450,000, 2,0001 ! "#0

��;�4P, PAA �*- a/	 wA�+,m lysozymen- wA

F0 �
;< 5*10−4~2.0*10−3wt%(1.25*10−9~1.0*10−4mol/l)� ��

;�'. PAA �*� Y/� <n;# �� ��wA, ��;�'[13].

Û ��,m ��& lysozymen PAA- a/, PAA- :"¯� PAA

�*- Ý�( |M& É, wA�+,m lysozymen PAA- a/L �

c- lysozymen PAA- �¯F(Pd=g PAA/g lysozyme)0 ½½ �ß

4� ;�'.

3-2.���	� ��

wC
h ��wA�� ��� Rushton type ÞßwA�	 wA�

*- working volume( 740 ml" �/� pyrexÁ�� �> �©;

��, �w7 �*- 6�ä( �?= E#;� wA{- ¥�= p

n34� ;� 2;< �� � & 4�- baffle= wA� +!, Â

K;�'. ��� �w��	 six-bladed disk turbine impeller0 "

#1$" ��4� �©;�4P, � ÞÅ= Í%&� '�;� �w

JK(Caframo Ltd., BDC 1850), Jö;< ��;�'.

 

3-3.����

Lysozyme ��wA� ¬N, wA�+, lysozyme �* 640 ml0

(�, �wJK0 (�;< �w�/0 �Ë� É, �¯)*� PAA

�* 100 ml0 10
 [\ wA�+, :";< 9â;�'. ���

�w7�� �³�¿, ¸� 10-40
�# Ù�0 Õ´4P, ��wA

( |M& É +,� 7M0 -.;< ~n0 
�;�'. I/31

�³JK- �Ü� Fig. 1n o'.

��� ��wA( ¾s�	 [\ wA�*- �×3 XR= ¾�

;� ;� 2;< wA�*- �/	 ��4� ¾�;� Á#70'.

3-4.��

Lysozyme ��wA4� qR& lysozyme ����- ������

L ����
v	 ��wA( |M& É, �7 ��
��(particle

size analyzer, Marvern Co., Mastersizer/E)0 (�;< 1�;�'.

(c ��wA( |M& Éfg ��
�, 2�	 7�= ¡6�;

� 2;< 1� �, ��
��- �3 �¿= �� 45s I�?

@� ßF;�'" 
�= 9â;�'.

��� lysozyme C9u� ��wA( 6ì É, �7 wA�*=

WATMAN <n#(WATMAN 3 : pore size<6µm)� <n7B lysozyme

����0 �÷7� É, �* ), �.�s �	 lysozyme- a/

0 
�;< Øk;�'. Lysozyme- a/
�,	 lysozymen M.

Table 1. Mixing parameters in Rushton type standard reactor

rpm[sec−1] NRe[-] Np[-] Pc[W] ε[m2/s3] Vg[s
−1] λ[µm] τs[N/m2]

5,100 51,650 5 0.000911 0.00123 33.4 181.45 0.037
5,300 54,950 6 0.029455 0.03975 190.0 76.1 0.209
5,500 58,250 6 0.136555 0.18455 351.6 51.9 0.387
5,750 12,375 6 0.459555 0.62555 646.0 38.3 0.710
1,000 16,500 6 1.095555 1.47555 1,156.0 30.8 1.272
1,200 19,800 6 1.885555 2.54555 1,519.6 26.9 1.672
1,500 24,750 6 3.675555 4.96555 2123.5 22.8 2.336

Fig. 1. Schematic diagram of semi-batch experimental apparatus.
1. Six-bladed disk turbine 4. Flow meter

impeller 5. Needle valve
2. 4-baffle-Rushton type 6. By-pass valve

standard reactor 7. Peristaltic pump
3. 3-way valve 8. PAA solution reservoir
���� �38� �2� 2000� 4�
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lysodeikticus cell- �.wA�/ÿ= A�� Kim  [20]- E�=

(�;�'.

(W,/ ZETAPHOREMETER II(FRANCE)L Õ�����Ê

(SEM: Leica, Stereoscan 440)4� lysozyme ����- ���2L

Ü@0 ��;�'.

4.�	 
 ��

4-1.����� ��

Lysozyme ��wA, �K	 �w!�- ��� PAA :"¯= ¾

�;� Á#7� É 0.00123-4.96 m2/s3- �w!�� ��wA= �

7;< lysozyme- ������L C9u- Ù�� 78ª9'. (

c PAA- :"¯(g PAA/g Lysozyme)� PAA 
�¯, �� (

0.20 Á#;�'. ( :"¯� PAA 
�¯ 4,000,000,m lysozyme

= 100% C9;	µ :<á ¡6¯4�, Û ��,m ��� ! "

# 
�¯- PAA ),m PAA0 ½ 
�¯Y� [¾¯= Ý�;�

= c "J ¬N 100%- lysozyme= C9;	µ ÌÎ� ¢(´'.

¬N Fig. 2	 <± "# lysozyme ��wA4� �sá IÞ31

lysozyme ����- ��
v0 ��; £('. �<,m ª	 ,L

o( C9& lysozyme ���� ��
v	 peak" 1� ���	

monomodal- Ü@0 ��+´4P, �l�¿, ¸� =«� �(�

´'. (£� �l�¿- Ù�" ��wA= >. ������
v

, ��= �? ~n� Û ��,m	 ( ��= �¯�;� 2;<

��
��� 
�& ½½- ����
v,m f�������(L4,3)

0 �k;< lysozyme ������� ��;�'.

Fig. 3� �w!�, ¸D lysozyme ����- ��Ù�0 PAA


�¯Y� ��; £('. Lysozyme ������	 I>34� �

w!�, �� ( PAA- 
�¯, F°;�4�, �w!�, I.

m	 '¢� Ê�= ��+´'. «_ PAA 
�¯( 4,000,0001 Ê

«,	 ������" 1.47 m2/s3�#	 �w!�, F°;< Ô
Z

È";'", � (?,m	 wI� Ô
Z 56;' mmZ ¾�.#	

Ê�= ��+´'. ��� PAA 
�¯( 450,000,m	 0.0397 m2/s3

�#	 ������" %� È";'" � (?,m	 ����"

'7 %� 56;'" ¾�.@'. (, w.m PAA 
�¯ 2,000,

m	 �w!�, �� ( ����" ¾�;� ��¶'.

(±� �?� PAA 
�¯, ¸D �;)�L �
� "�pn-

�(� ÂÃ� 9 �'. Lysozyme ��wA,m lysozyme- ÞÅ,

õö�s � ÞÅ�;0 )�7x	µ ÌÎ� PAA ÕA(main chain)

- B(	 PAA- 
�¯, �� ( Ó�� ¾�;'. �±� PAA


�- CD�?(entanglement)n ÕA- �>B(	 � 
�¯, �

�= ý	'. � PAA- 
�¯( U�#Å PAA ÕA- B(" E

�Ð CD�?( %;� PAA 
�- �9	 Fs�� cd, Brown

î[, -� ãä, Á�.á'. (±� Ê«, perikinetic A$
�,

m lysozyme, PAA" ��;� õö��	 ;#^ PAA- U� 


�¯4� ;�- PAA" <± �- lysozymen [7, õö( (Ï

s� 9 �	 "TR( Gs3'. (� 1. orthokinetic A$
�,

m �w, -� ���- ãä( ¾sì'� �#�/ m� 'D �

��(- lysozymen PAA�- õö( ]Q;# �;�, PAA 
�

, -� �
� "�pn/ ��;< ��" �� RJ;# �;�

�	 £('.

wÅ, PAA 
�¯( Æ#Å, PAA 
�- �9	 Gs�#^ C

D�?( «!;� ÕA- B(/ BsÐ perikinetic A$
�,m

lysozyme( PAA 
� �>, H�Ï 
k�s õö�s/ <�Z

lysozyme( õö�# �� PAA,m lysozymen �;� õö( (Ï

s� 9 �	 PAA ÕAB(" ��;� &'. ��m �w, -�

���- ãä( ¾s�Å, m� 'D ���(- lysozymen PAA

�- õö( ]Q.#�, PAA 
�, -� ��L ��0 �~;	

�
� "�pn/ «9;< ��" �� RJ;� &'.

(L o( ��wA, Ý�& PAA 
�¯, ¸� �
� "���

( 'Ä� ���� cd, �
� "�pn" "J r( ���	

PAA 
�¯ 4,000,000,m lysozyme ������" "J �� ��

¶�, PAA 
�¯ 2,000,m ����" "J ©� ��ì £('.

��� �w� �*+,m ����- ãä= Á/;< ��" R

J;/� /LÕ�/ ;#^, �w!�, F°;< ��L �*�(

- �
A�(shear stress)4� ��- I�Ç(breakage)/ ¾4x	 (

)R= "#� �'. (c ��- I�Ç� ��- ��L ���-

~��, �� ��= ý	'[21]. (£� Fig. 3,m �w!�, -

� ������- Ù�0 78ª�/ J 	 9 �'.

PAA 
�¯( 2,0001 Ê«, �w, -� ãä� �����( R

J� 9 �	 �C	 �´#^ �
� "�pn0 �I� 9  �,

����" ñº ©� ��- I�Ç/ ¾s�# ��m �w!�,

�� ( ������" ¾�;� ��ì £('. (, w. PAA


�¯ 450,000,m	 �
� "�pn" ��� PAA 
�¯ 2,000

, F;< ����" �� RJ;�#^, <�Z PAA ÕA- B(
Fig. 2. Typical particle size distribution of lysozyme precipitation(Mw of

PAA=4,000,000, Pd=0.2).

Fig. 3. The mean particle size of lysozyme precipitate with power input
at various Mw of PAA.
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" lysozyme- ��, F;< ?I34� B# �;� cd, �


� "�pn" ��;< PAA 
�¯ 4,000,000ª'	 ����" K

L ©� ��ì £('. (L o( %� �
� "�pn� 1. �

����- ~��( %;< 0.0397 m2/s3- U� �w!�,mfg

�*- �
A�, -. ��- I�Ç( ­q;< ����" ¦ (

? RJ;# �;� ©�á £('. �±� 0.0397 m2/s3 (;- poor

mixing ��,m	 eZ
 �w!�ª'	 �*+ ��;	 ��-

a/" ãä�/9, ��= ¦ r( �K� cd, PAA 
�¯(

4,000,0001 Ê«ª' ������" ¦ �� ��ì £4� q½&'.

�¼ PAA 
�¯( 4,000,0001 Ê«,	 0.0397 m2/s3 (;- poor

mixing ��,m PAA 
�¯ 450,000ª' ����" ©� ���

�/ À#^, PAA 
�¯ 2,000n 450,000ª'	 �
� "�pn"

Í« MN;< ����" �� ��¶'. ç� PAA ÕA- B("

B� cd, �����- ãä( ¾s�	 Ê« ãäw#�( Æ#

	 pn/ [7, ­q;< ����" ¦ § floc4� RJ� 9 �

´'[6, 16]. ��� PAA 
�¯ 450,000,m	 ����- I�Ç(

0.0397 m2/s3 (?,m ��ì wÅ, PAA 
�¯ 4,000,000,m	 �

���- I�Ç( 1.47 m2/s3 (?,m «!;� ¾s� ����-

{�3 �/	 �
� "�pn, �� ��= ý	 £4� �
�

´'.

¸�m �
� "�pn" «!;� ¾s�	 wA�¿,m qR&

lysozyme ����" ����/ ��, ���- ~��/ �.#	

��= 	 9 �´'.

Fig. 4	 �w!�, ¸D lysozyme- C9u= PAA 
�¯Y�

��; £('. �<,m ª	 ,L o( lysozyme- C9u� PAA

- 
�¯( O��9� �� ��¶�, �w!�- Ù�,	 ÷-

��= ý# �9'. (±� �?� lysozyme, õö�s lysozyme

- ÞÅ�;0 )�7x	µ ÌÎ� PAA- :"¯( PAA- 
�¯

, ¸� ¹�@� cd('.

Òm ÓÔ� £'P PAA 
�¯( U�#Å ÕAB(	 E�##

^ 
�9	 Fsì'. (Q Ê« lysozymen õö& PAA- �R#

f
,m ç 'D lysozymen õö�s � ÞÅ�;0 )�78 "

TR( U�#� cd, lysozyme- ÞÅ�; )�	 Õ� Brown

î[, -� ãä� õö& PAA 
�- �Sð,^ -�;� �s

lysozyme ÞÅ�;0 )�7x	 PAA- �;)�pu= ùsúT'

[14, 16]. ;#^ PAA- 
�¯( O�#Å 
�9	 Gs�#^ ÕA

B(" Fs� PAA- 
�¯( U� Ê«, F;< ¦ r� lysozyme

( õö�s PAA 
�" lysozyme- ÞÅ�;0 )�7x	 pu(

U�"� &'. (L o( lysozyme- ÞÅ�;0 )�7x	 PAA-

)�pu( 
�¯, F°;� cd, Fig. 4'P PAA :"¯= 0.2�

¾�;� Á#7x	 Ê« lysozyme C9u� PAA 
�¯, F°;	

£('.

;#^ wA�+- �w!�	 lysozymen PAA- õöwA4� q

R& �����- ãä,	 �<;#^, lysozyme-PAA ����" Ü

R�	 perikinetic A$
�,	 ��= �K# �;� cd, lyso-

zyme- C9u( �w!�,	 ��= ý# �	 £('[4, 13]. ̧ �m

lysozyme ��wA,m lysozyme- C9u� perikinetic A$
�,m

~�V= 	 9 �´'.

(L o( lysozyme C9u( PAA 
�¯, ¸D )�pu,	

��= ý#^ �w!�, ��= ý# �	 £� Fig. 5, ��; £

'P lysozyme ����, I� ���2(ξ)0 1�;Å ÃHZ H1

� 9 �'[14]. �<,m ª	 ,L o( lysozyme ����- ��

�2- ËIW� lysozyme C9un	 �wI� PAA 
�¯ 2,000

,m "J �� ��ì wÅ 4,000,000,m "J ©9�, �w!�,

	 ÷- ��= ý# �9'.

('P PAA 
�¯ 2,0001 Ê«" 4,000,000,m ª' ���2

" �� ��¶'	 £� ���� ;�, ¦ r� PAA" õö�s

�;!�" Æ@'	 £4� PAA 
�¯ 2,000- )�pu( PAA


�¯ 4,000,000, F;< ùs#	 £4� .�� 9 �'. ç�

���2" �w!�,	 ��= ý# �	 £4� ª� �w!�	

�����- ãä,	 ��= �K#^ PAAL lysozyme- ~�¢

h,	 ��= Õ# �;	 £= '7 �X H1� 9 �´'.

4-2. PAA  !�� ��

Lysozyme ��wA, �K	 PAA :"¯- ��� PAA 
�¯

4,000,000,m ����" "J �� ���	 1.47 m2/s3= �ß4�

�w!�0 ¾�;� Á#7� É PAA :"¯= 0.05-0.5� ¹�;

< ��wA= �7;< lysozyme ������L C9u- Ù�0

��;< 	�ª9'.

Fig. 6� PAA :"¯, ¸D lysozyme ����- ��Ù�0 PAA


�¯Y� ��; £('. �<, ��ì £'P PAA 
�¯ 2,000

,m	 ������" PAA- :"¯, º�;��, 450,000,m	

PAA- :"¯, F°;< ����" ¾�;� È";�'. ;#^

PAA 
�¯ 4,000,0001 Ê«,	 PAA- :"¯( È"», ¸�

Fig. 4. The recovery ratio of lysozyme with power input at various Mw
of PAA.

Fig. 5. The zeta potential of lysozyme precipitate with power input at
various Mw of PAA.
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������" Ô
;� È";��, �>34�	 PAA- :"¯n

	 º�;� PAA 
�¯, F°;	 Ê�= ª�'.

¬N PAA- :"¯ 0.05,m PAA 
�¯, �� ( �����

�" ¾�;� ��ì £� Ý�& PAA, F. lysozyme- ¢( K

L r� wA�, Ý�& PAA" perikinetic A$
�,m �è ly-

sozyme4� õö�´� cd('. (� 1. PAA 
�¯ Ù�, ¸

D �����- �
� "�pn0 �I� 9  sm 
�� ��

��- Ù�" ���# �� £('.

�±� PAA- :"¯( È"», ¸� :"& PAA	 lysozyme

ÞÅ�;0 )�7x	 £ (W, ����L ��0 �~;	 �


� "�,/ ���s ����" È";� &'. ;#^ �
� "

�pn	 PAA- ÕA" Y O� 
�¯,m^ «!;� cd, PAA

- :"¯( È";</ "�pn0 �� �I� 9  	 
�¯ 2,000

,m	 ���� Ù�" ���# �9'. PAA 
�¯ 450,000,m	

�
� "�pn" ¾f ��� ������" :"¯, F°;< ¾

�;� È";�4�, �
� "�pn" �� �# ��m È"�/	

��;�'. (, w. PAA 
�¯( 4,000,000,m	 :"¯( È"

», ¸� �
� "�pn" N
�¯- PAAª' Z¦ [� «!.

Ðm lysozyme ������" Ô
;� È"� £('. ¸�m PAA


�¯( O�#Å U� :"¯,m/ �
� "�pn� 1;<

lysozyme ����" �� qRV= 	 9 �´'.

Fig. 7� PAA :"¯, ¸D lysozyme C9u- Ù�0 PAA 
�¯

Y� ��; £('. Lysozyme C9u� PAA 
�¯n :"¯, F°

;�4P, XYZ 
�¯, �� ( lysozyme( 100% C9�´= c

- PAA :"¯,m PAAL lysozyme- ~�Fª' � (;- :"¯

,m PAAL lysozyme- ~�F" È";	 £4� ��¶'.

('P PAA- :"¯( 3=9� lysozymen PAA- ~�F" È"

;	 £�, ��wA4� qR�	 ����- a/" PAA :"¯,

-�;� cd('. �, PAA :"¯( 3� Ê«,	 :"¯( r� Ê

«, F;< qR�	 ����- a/" ©�á'. (� 1. PAA :

"¯( r� Ê«, F;< lysozyme �����- w­�� ?I34

� Gs�� �s lysozymen �����- ���3 1�( «!.Ð,

¦ r� lysozyme( ����, õö�s lysozymen PAA- ~�F"

È";	 £4� q½&'.

4-3. Aging� ��

PAA" :"�	 �É, �w, -� aging( lysozyme ��wA,

�K	 ��= 	�ª� 2;< PAA- :"¯� 0.2, �w!�	 1.47

m2/s34� ¾�;� Á#7x� ��wA= �7;< lysozyme ��

��- ��Ù�0 ��;�'. (c PAA- Ý�7�� � 10
(´

�, wA�+- �w7�� � 40
(´'. � ~n	 Fig. 8n o'.

�<,m ª	 ,L o( PAA 
�¯ 2,0001 Ê«, lysozyme

������	 PAA" :"�	 <fL �� ( ¾�;� ��¶

�, PAA 
�¯( 450,000n 4,000,000,m	 PAA" GÔ�	 [

\,	 PAA- :"¯, ¸� ����" È";'" '7 56;<

¾�.#	 Ê�= ��+´'. �±� Fig. 6n F�. ªÅ PAA 


�¯ 4,000,000,m	 [¾¯- PAA0 wA�, Ý�À= Ê« Ý�

7�( E� Ê«" ����" �� ��¶'.

Ò,m/ ÓÔ� £'P PAA 
�¯ 2,000,m ������- Ù

�" ���# �� £� PAA- "�pn" Í« U�m ��wA

4� qR& ����" ©�Ð �w, -� aging pn" ���#

�9� cd('. ��� PAA 
�¯ 450,000,m	 f
31 �


� "�pn cd, PAA" GÔ�	 [\,	 lysozyme �����

�" PAA- :"¯, F°;�4� PAA- GÔ( )
& (É,	

��- I�Ç( «!.Ð + �Ü?@- ����, /¹;�'. �

±� PAA 
�¯ 2,000,mL �·"#� �
� "�pn" «!

Fig. 6. The mean particle size of lysozyme precipitate with PAA dosage 
 at various Mw of PAA.

Fig. 7. The recovery ratio of lysozyme with PAA dosage at various Mw
of PAA.

Fig. 8. The mean particle size of lysozyme precipitate with mixing time
at various Mw of PAA.
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;# �.m ��" �� RJ;#	 �;�'.

PAA 
�¯ 4,000,000,m/ 450,000n �·"#- (Á� ���

�" È";'" ¾�.#	 Ê�= ��\'. �]#^ PAA 
�¯

4,000,000,m	 PAA :"" 6ì (É �w, -� ��- I�Ç

(W,, �w4� 1� �����- ãä( ����- ���0 -

^Õ	 infillingn (� 1� ��- �Sð= _á7B ��L ��

" m� `a;< ~�;	 closer packing �?/ «!;� ���

������" PAA 
�¯ 450,000, F;< ����" Ô
Z 5

6� £('[12, 22, 23]. �±� ('P PAA 
�¯ 4,000,000,m

������" N
�¯- PAA, F;< KL b,/ ��;�,

PAA- :"" )
& (É- ���	 �w,/ ����- ��"

Ù» ( ¾�;� Á#�	 £4� ª� PAA- 
�¯n lysozyme

�����- ~��� m� F°»= 	 9 �'.

ç� PAA" :"�	 [\,	 ��- I�Ç �?( r( ?A

��	 ;#^ PAA0 Ý�;	 7�( Bs#Å �w, -� ��

- I�Ç- ��/ �� ���� cd, Fig. 8,m'P Ý�7�

( E� Ê«" ����" �� ��ì £4� �
&'[13].

4-4. Lysozyme ��"�� #$

Lysozyme ��wA4� qR& IÞ31 lysozyme ����- Ü

@	 Fig. 9, 10n o'. Fig. 9	 PAA :"¯ 0.2L 1.47 m2/s3- �

w!�� ��wA= �7;< PAA- :"" |M�´= c- ��

��- Ü@0 PAA 
�¯Y� ��; £('. Fig. 10� PAA 
�

¯ 450,000,m Fig. 9L o� �l�¿4� ��wA= �7;�=

c PAA" Ý��	 n�n PAA- Ý�( |M& (É- ����

- Ü@0 ��; £('.

�<,m ª	 ,L o( lysozyme ����	 PAA 
�¯, �

� ( ���( m� ��;� cd�	 º�Ü= ��\4P, PAA


�¯, ¸D ����- Ü@Ù�	 ­®�# �9'. �±� Fig. 9

L 10= F�. ªÅ PAA" GÔ�	 [\,	 PAA- :"¯( ©

� Ê«,	 ©� ���( m� CR;� Ce fs �	 Ü@0 �

�+´4P[Fig. 10(a)], PAA- :"¯( È"», ¸� Z¦ § ���

( �;� ~�& Ü@[Fig. 9(b)]0 ��+´'. ��� PAA- GÔ(

)
�� aging pn^( ���Å ����ÞÅ- ©� ���( ù

sÐ �"� F�3 Í%&� ��� Ü@[Fig. 10(b)]� ,g´'.

('P PAA" :"�	 [\, lysozyme ����" ©� ���

( m� CR;� fs�	 Ü@0 ��+	 £� :"& PAA ¢,

F;< lysozyme( ?I34� KL r� Ý�& PAA" lysozyme

4� If
 õö�s ©� ����0 qR;< Á>- �
�, -

Fig. 9. Typical morphology of lysozyme precipitate in semi-batch reac-
tor.
(a) Mw of PAA=4,000,000, θt=1, (b) Mw of PAA=450,000, θt=1, (c)
Mw of PAA=2,000, θt=1

Fig. 10. The morphology of lysozyme precipitate during and after feed-
ing PAA with a molecular weight of 450,000.
(a) θt=0.5, (b) θt=2
���� �38� �2� 2000� 4�
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ov-

hn

nd

ing

e-

S

-

.:

n-
� ãäpu( ùs@� cd('. �±� V� PAA- :"¯( È

"», ¸�m qR�	 ��- �9" Fs�� �
� "�pn/

«!.Ð �
�, -� ��ãä� ����" ÆÐm PAA" Ý�

�	 h�
�- ����, F. �� ��� ���( qR& £

('. ��� PAA- GÔ( )
& (É,	 �
�, -� ��-

I�Çn o� aging pn, -;< lysozyme ����- ÞÅ( �

�.#� Í%±^#	 polishing �?( ��ì £4� q½&'.

5.� �

Rushton type- wC
h ÞßwA�0 (�� lysozyme ��wA

,m �w!�, �w7�, PAA :"¯n o� �l�¿- Ù�	 PAA

- 
�¯, ¸� lysozyme ������ j Ü@L o� ��XR

n lysozyme C9u, �K	 ��( 'Ä� ��¶'.

��wA( ¾s�	 [\ �
� "�" "J «!;� ­q;	

PAA 
�¯ 4,000,000= ���� ��;�= c, [¾� �l�¿

,m/ N
�¯- PAA0 ��À= c ª' lysozyme ������

" �� ��¶4P, lysozyme- C9u/ O� ��¶'. ��� PAA

" wA�� Ý��	 [\ PAA 
�¯ 4,000,000,m ¦ �� �

w!��# ����" RJ;	  , �w!�- Ù�	 ����-

����,	 ��= Õ´#^, PAA 
�¯, �� ( lysozyme-

C9u,	 ��= �K# �9'.

(£� PAA- 
�¯, ¸D �
� "�pn" lysozyme ���

�- {�3 �/ j �R,/ ��= �K	 £4�, �
� "�p

n" «!;� ¾s�	 wA�¿,m qR& ����" ����/

��, ���- ~��( �. I�Ç, Ni;	 ü/ �.#	 ��

= 	 9 �´'. ��� lysozyme ÞÅ�;, I� PAA- )�p

u/ � 
�¯, F°;�, wA�+- �w!�	 lysozyme ���

��- ãä,	 ��= �K#^ lysozymen PAA 
��- ãä,

	 �<;# �;� cd, lysozyme- C9u� perikinetic A$


�,m ~�V= H1;�'.

�j± PAA" :"�	 [\, �
� "�" «!;< ����

- I�Ç �?( ?A��	 ;#^ PAA0 Ý�;	 7�( Bs

#Å �w!�, ¸� ����" I�#	 Ê�( ÆÇ= 	 9 �

´4P, lysozyme ����- Ü@	 XY� Ü@" ��;# �	

º�Ü= ��+´�, PAA 
�¯, ¸D ����- Ü@Ù�	 ­

®�# �9'.
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Da : diameter of impeller [m]

gc : Newton’s-law proportionality factor

L : diameter of precipitate [µm]

L4,3 : volume mean particle size [m]

Np : power number

NRe : Reynolds number

nr : rotational speed [#/s] 

Pc : power consumption [W]

Pd : PAA dosage(=g PAA/g Lysozyme)

t : total agitation time [s]

Vg : shear rate [s−1]

%&'( )�

ε : power input [m2/s3]

θ : lysozyme recovery ratio

θt : ratio of feeding time to agitation time(=t/τ)

λ : eddy size [µm]

ρ : solution density [kg/m3] 

τ : total feeding time [s]

τs : mean shear rate [N/m2]

ξ : zeta potential [mV]
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