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����c Xs

�. tAab uv+ 1*:;. D, wj GH�E 
����/��	
�" NOPX qi IJKL�M" 34tB

i 2.5 x�Cac yzQ RB.

Abstract − A magnetic fluid separation technology is applied to remove the suspended solids from livestock wastewater. In

this study, the effects of operating variables on the removal efficiency are investigated through the test runs using magnetite or

sludge from steel-making plant as magnetic fine powders. It is found that the mass ratio of magnetite to the suspended solids

should be kept higher than 1.0 in order to obtain more than 96 % removal efficiency. In addition, the removal efficiency

decreases with an increase in the superficial liquid velocity, but the effect becomes negligible when the mass ratio of magnetite

to the suspended solids is higher than 0.8. The sludge from steel-making shows a promising removal efficiency to use as an

alternative to magnetite although a higher mass ratio to the suspended solids is necessary compared with the magnetite.

Key words: Magnetic Fluid Separation, Suspended Solids, Livestock Wastewater, Magnetic Fine Powders
1.� �

����� ���	 
� �
�� ���� �� ���� ��

��� �� �� �� ���   ��� !� "#$� ��% &

'� () %*�	 $+ ,!. ����- !. &'%� 
/ 0�

�1 2�3, ��� 45, 67 ��   89 :;� <� �= "

#$>? @A&' BC� DE F1G HI� ,!. JK L��, B

L+M�, N�, * <� OP� FQ RST �U	 V�W *X C

Y <� �Z%1 �[ \�� B]^_ `�a /b� 2c `�,

dT+ eC� &'   BfW gh HIi L0Cj k!. �l�?

BL+M�(suspended solids: SS)1 mE, n�, oe pTq rr C

s� t 3,800, 4,350, dT+ 360 gu 0�C+ ,�� 5, 6v�

w �= "#$- ����x BL+M�� OP- ��Wya ��

� zTV{� �� |� 1,000 ppm�? |} 20,000 ppm~e 4�

$� ,!. ����x BOD, COD dT+ � *, � N�� OP�

BL+M�� OPw 
�C� ��$- ��	 �Q BL+M��

I�- L��a N�, *u �W� I�� � ,!- z��?P d

l)�� F!+ � � ,!. ���� STWy� V��x �N�

�u �>, ���� 7_Wy� BL+M�� OP� 2000� 1�B

� 150 ppm �C(�NzTeb 50 ppm)�� ���� ��STWy

� AE�- 1995� 12�~e- 70 ppm�C��3 1996� 1� ��

B�- 30 ppm�C	 �j �_$�!. `� c�l��3 y� �

7* ���� STWy1 �w �1 V#� ��� �j �] xe

- y�$�� C� ��? �� y
� �� �}w �= �	� �

��0� W m ¡7�![1].
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.1
0�$- 7¤�2 £0§� �/ ¨©2�	 4�$� ,�� d Z

ª� «A� ¬+ �a� ­1 ®P¯	 */ Z°±��- ²W³�

�)k!. �- ��x BL+M�� ´+ ,- �µ2 J¶�	 � ¦

H� �a3 �·¸@ < ¢B J�m AEi I¹m }B4� ��S

T �7�?- BL+M�� *º2 »¼u º/ »¼I <u ½«C

� +M�� «Au �j m � ±¤ I�W¾+ ,!. d¿3 �w �

1 V{�- À1 �³a W³� �)$+ »¼`� Zª� ��� �

T/_Á2 ��� DE ÂÃC� »¼I� Ä�, 8Å�, pH, ¸£ V

{ <� }m 27 cÆu Ç�� Èe É!. Êm ½«$- »¼I	

*m 2̄  &' ¦H� +OP g���� @AË_2 ST�- 2Å m

Ìi ��+ ,!. ¢£2�	 50-60µm �C� «Au �Í +M��

BLk ÅÎ� R4ªi ½«C� ¸£Cj $> R4ªw BL+M�

8��- van der Waals Ï�3 7¤� *§a �1 »¼§� ¬ÅC

� BL+M�� Ð>� !�� R4ª� BÑCj k!. �w �1 R

4ª� +L ��� ÑÒC� R4ª	Ó Z�u �Í Z�R4ª, �

i Ô> R©� pdÕÖ�×i ÅÎx� ½«Cj $> Fig. 1�? �

- Øw �� Z�u Ù ÚÛ� M�$� �i %Ü4T Ê- Z§ ±

¤WÝ I�C- ��� 7IÞ4T 4��? °ß$+ ,![2-12]. à

°ßZÔ1 �w �1 Z�ÚÛu ��� áâ z ¹ã� y�m Zä

å�	 ��WÝ �¼ 4TC- Væ�	 ��	B� BL+M�u �

�2�	, dT+ ³çCj I� �è�u éê Ø ,![13, 14]. à °

ß� ë21 �w �1 Z� Lª4T ��� ¡Å_w zìC� �

� ��i }��	 ��x BL+M�� I� J�� }m c�í

�� ]�u ¡î2�	 ï�C- ��!. dT+ c�
 ðÃ� �

. AI� ��a Z% T8�ñò <u +óC� WtÅ pdÕÖ

�×¹� Iô� I��7�? B��	 0�C- I� õ¿ei Z

�R4ª	 8ÅC-G ,�? I��� <u 4ª ��� ö>�?

÷øC- ��!.

2.���� 	 
�

à ¡î� 8Åm Z� Lª4T ²�- Fig. 2�? �- Øw ��

Z� Lª4Tù, ��w Z�R4ª� ¸£ú�, ûü�(��+Z�R

4ª) �  pump, Zä 6× <�	 ß�$� ,!. Z� Lª4Tù

1 ýA� 5 cm, F�� 1 m* Q�þz�	 I¬$�!. ��w Z

�R4ª� ûü�- ¸£ ú�	B� ÿ�i ALC� Z� Lª4

Tù� CB	 L«$� �B	 á�- ���æ�!. à ¡î�?

8Åm Zä1 ]ßZä�	, �	 2.3 cm, 6	 4 cm, �= 0.9 cm*

ý
>ªM�+ Ð> Z§� 200 Gauss* ð�P Zäa �	 2.3 cm,

6	 4 cm, �= 0.9 cm* ý
>ªM�+ Ð>Z§� 1,000 Gauss*

+�P Zä� � Ä���, Zä 6×- Zä 3�i �� Z� Lª

4Tù� ¹ã %(i �� 120P� rP	 "�C� ß�C�!.

Zä 6×- �V� t 0.15 m� ³��	 5ç� y�$� ,��

��w Z�R4ª� ûü�- �Ôu çÌ2�	 µaC>? 7I$

j k!.

��x BL+M�1 �4u 110oC� Æc	�? 24W³ Æcm

� GW���� �zC>? 8Å� ¦p! ¢7�� �ji �hm

� R4�C� �
	�� �i 20 l� �
�� 4�C� ¡îÅ �

� ��	 C�!. �¦ ��e- �� ��x BL +M�u ���

	 «Z� «A4�i Coulter Multisizer	 ö7m �a, −20µm� 9%,

20-30µm� 10%, 30-45µm� 14%, 45-53µm� 14%, 53-63µm� 18%,

63-75µm� 20%, 75-90µm� 8%, dT+ 90-125µm� 7%���

� �¦ ï
 «A1 t 55µm��!. �w�1 �� ��x BL+

M�� OP- �� O²�? |� "#$- �� ��x BL+M

�� ï
OP 1,300 ppmu ��C� 1,168-1,671 ppm� �º�? c

�C�!. Z�R4ª	Ó- 1  WtÅ pdÕÖ�×w Iô�� I

� �7�? 0�$- I� õ¿ei 8ÅC��� �Ô� ��1

Table 1a �!. BL+M�� }m Z�R4ª� N�
� 0-2� �

º�? ¢7�� Z�R4ªi ����� ½«C+ t 750 rpm� �

P	 t 54 �Ò ¸£m � Z� Lª4Tù�	 ��C�!. �¦

��w Z�R4ª ûü�� �ù ÎªL�1 0.14-0.85 cm/s� �ºFig. 1. Photograph of magnetic floc(����400).

Fig. 2. Schematic diagram of experimental apparatus.
1. Magnetic fine powders 6. Magnet sets
2. Wastewater 7. Clarified water
3. Mixing tank 8. Valve
4. Pump 9. Magnetic floc sludge
5. Magnetic fluid separation column

Table 1. Properties of magnetic powders

Sample
Density
(kg/m3)

 Chemical contents(wt%)

Fe(Total) Fe(Magnetic) Fe(Metal) FeO SiO2 CaO Al2O3 MgO Na2O K2O P

Magnetite  5,150  70.90  68.3  -  -  0.60  0.20  0.20  0.15  0.04 0.12 0.06
Steel sludge  4,230  67.89  -  8.77 78.05  1.50  7.91  0.23  1.44  0.11 0.20 00
���� �38� �2� 2000� 4�
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�? c�C�!. r cÆ�?� ¡îW³1 t 304, W9 �h- 2�

	 C�!. ��x BL+M�� OP- Standard Method� �/ 4ä

C���[15] BL+M�� I���1 !� æ� �/ Ì�C�!.

Removal Efficiency(%)= (1)

3.���
 	 ��

3-1.�� ��� ��

à °ß�? ����x BL+M�� I�� 2ÅC+Z C- Z

� Lª4T ��1 BL+M�� Ð>� !�� Z� R4ª� B

Ñk MU� Z� ÚÛu ��� áâa7�? �V�� l§�3 L

ª§�! �m £AV�� Z§� �m �¼� �£u �+ ,!. �

�� ST�Pi ��C- AE, � Z� Lª4Tùx �ù ÎªL

�u FKj $> �V�� Lª§1 ��$+ �- �� BL+M

�� I�� B72 ]�u (j k!. �ù ÎªL�� �}� }»

C� º/?- Z�ÚÛ Zª� Z�u FK�3 Z�ÚÛ� áâu

í_WÝ Zä� Èj ��$P� C- V{¹� Z� Lª4Tù�

¹ã� y�k Zä� 6�i �_C- V{u Ô � ,!.

Fig. 31 Z� Lª4Tù� Zä 6×� Ð>Z§� 200 Gaussw

1,000 Gauss* � Ä�� Zäu 8Å	u ¦ BL+M�� I���

� }m �ù ÎªL�� ]�u 3Ö� ��	 �¦ BL+M��

OP- 1,330-1,452 ppm, pdÕÖ�×/BL+M�� N�
- 0.83-

1.06�	 C�!. 200 Gauss� ð�P Zäu 8Åm AE�- �ù

ÎªL�� ��� �� BL+M�� I����  �K ­Qe-G


/ 1,000 Gauss� +�P Zäu 8Å	u AE- �ù ÎªL��

t 0.23 cm/s�? 0.53 cm/s~e FQN ¦ t 1-2%7P Ã�C-G

d�+ ,!. à ¡î cÆ�? BL+M�� I� ��u t 96%	

LeC-G ð�P Zä� AE�- |} �ù ÎªL�u t 0.16 cm/s

	 Im/� C-G 
/ +�P Zä� AE�- t 0.5 cm/s� �

ù ÎªL��?P �èC�!. �i X�	 à ¡î�? 8Åm Z

� Lª4Tù�? ����� ST �Pi ßC> ð�Pw +�P

� Zä 6×�	 rr 0.27 m3/¢a 0.84 m3/¢	 t 3"� ¯��

��j k!. m� Z§� �- �U�? ����x BL+M��

OPi 1,170-1,271 ppm, dT+ pdÕÖ�×/BL+M�� N�
i

0.8	 C+ �ù ÎªL�u 0.22-0.85 cm/s� �º�? BL+M��

I���u ¡îm �a �ù ÎªL�� 0.22, 0.37, 0.56 dT+ 0.85 cm/

s	 ���� �� BL+M�� I���1 10.7, −5.35, −54.9 dT+

−61.3%	 Ã�$�!. JK �ù ÎªL�� t 0.3 cm/s���	 �

�C>?- "#�x BL�, � �� ��x BL+M�� Z�R4

ª� ��k � OP� ����x BL+M�� OP�! FQ�

æ (1)�? 7�m BL+M�� I���� −�u ´j ��  *

$�!. ��a �1 �a	B� Z� Lª4T� �m BL+M��

I��?- 8ÅC- Zä� 6�, � Z§� BL+M�� I���

a y
� ST Å�u �7C- e"2 í�� C3!u " � ,

�!.

3-2.�	
��
/����� ���� ��

Z� Lª4T�?- L«$- ��x ��$� ,- BL+M�a

½«$- Z�R4ªw� #Ñu �à�	 C+ ,!. ��? ¢£

#Ñ�? $ � ,- Øw �� #ÑI çº N�q #Ñ$- �N

� ^, � çº N�� Z�R4ª� BÑ� � ,- BL+M��

^� Im$� ,� BL+M�� I���u FK� º/?- Z�

R4ª� ½« OP� FQ� m!. � ¦H� ��x BL+M��

OP� Fu�� Z�R4ª� ½«�P 
�2�	 ��Cj k!.

�� �� M�$- Z�ÚÛ õ¿e� ^P ÀQ� �Ô� �aw

Æc < �ST �7�?� STBC� %ej $!. ��? BL+

M�� OP� }/ Z�R4ª� 27 ½«
i �7C- �� D

E l)C!.

Fig. 4- �w �1 z��? ����x BL+M�� OP, � �

�� çº B&q BL+M�� N�� }/ ½«C- pdÕÖ�×�

N�
� í_� �. BL+M�� I���u 3Ö� ��!. �¦ B

L+M�� OP- 1,280-1,508 ppm, �ù ÎªL�1 0.23-0.85 cm/s	

C�!. pdÕÖ�×/BL+M�� N�
� 0.4�C�?- pdÕÖ

�×/BL+M�� 
� ���� �� BL+M�� I����  �

K �'C��3 0.4���?- �'�(�� ­Qe>? )*m ���

u ��!. �i Ô�, BL+M�� I���u 96%��, � BL+M

�� OP� 1,300 ppm¢ ¦ Z� Lª4T	 V#� ��* 30-50 ppm

� Bü$� ºm )ß��� 
+C� º/?- pdÕÖ�×/BL

+M�� N�
� 1.0 ��� $�� �u " � ,!. pdÕÖ�

×i ¤, ½«Ce É1 �U�?P �ù ÎªL�� 0.23-0.38 cm/s

w 0.56-0.85 cm/s�? BL+M�� I���� rr t 70%w 35%i

��+ ,!. �- ��x BL+M�� «P4�� -� R6 +M

�1 á�- ��� ��$� d}	 "#$3 «A� . +M��

¢B- d Zª� ±��P� ÎªL��! FQ Z� Lª4Tùx

� ±�$� ù CB	 ��/� ¦H�!. �	B� ��x Èj ±

�0 � ,- +M�1 ±¤c�? �4³ ª�WÝ RT I�m �

Z� Lª4T� 2Å��	Ó ½«$- Z�R4ª� ^u �q�

1¢ � ,- �ai �}� � ,!.

Ci Co–

Ci

---------------- 100×

Fig. 3. Relationship between SS removal efficiency and superficial liq-
uid velocity with respect to magnetic induction. Fig. 4. Effect of magnetite/SS mass ratio on the SS removal efficiency. 
HWAHAK KONGHAK Vol. 38, No. 2, April, 2000
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3-3.�� ����� ��

Fig. 5- �ù ÎªL�� í_� �. BL+M�� I��� í_

i 3Ö� ��	 �¦ BL+M�� OP- 1,280-1,509 ppm, pdÕ

Ö�×/BL+M�� N�
- 0-1.1	 C�!. à ¡î�? 2m �

ù ÎªL�� |}�1 0.85 cm/s	 �i ��m �� ST�P- t

1.4 m3/¢��, Z� Lª4Tùx �§Á2 ª�W³1 t 24� /

qk!. �3 AE�3 �ù ÎªL�� ��� �� Lª§� ��

$>? Zä� Z�ÚÛu q4? �¼C-G- B72 ]�u R5

BL+M�� I���1 Ã�$- A�u ��!. �ù ÎªL��

��� �. I���� Ã� �(�- pdÕÖ�×/BL+M�� N

�
� ��� �� Ã�C�-G, JK pdÕÖ�×/BL+M��

N�
� �� 0.8 ��* AE I���� }m �ù ÎªL�� ]

�1 DE t/6u " � ,!. �w �1 `�1 BL +M�� O

P� 1,500-4,200 ppm* ¡I �� ��i 8Åm ¡î� ,�?P

pdÕÖ�×/BL+M�� N�
� 1* cÆ�? p7�e	 z8

$�!.

Êm pdÕÖ�×� ��$e É1 AE� �ù ÎªL�� 0.56

cm/s���	 FQe>? BL+M�� I���1 t 35%�C~e

­Qe- �u ��C> pdÕÖ�×� �� 9��a� DE F�

u ��+ ,!. Êm �ù ÎªL�� ­1 AE�- RR	: BL

+M�� I���� }m pdÕÖ�×/BL+M�� N�
� ]�

§� �ù ÎªL�� ��� �� `ðCj FQe- ��	 " �

,!. �- pdÕÖ�×/BL+M�� N�
� �3 �, à ¡îc

Æ�?- t 0.8 ��� $> BL+M�� I�� �ù ÎªL�a

�1 Lª§� ]�§1 Ã�$+ pdÕÖ�×/BL+M�� N�


w �� Z�� zÌk Ï� �! �Cj ¬ÅC- �u �Rm!.

3-4.������ ��

e;~e Z� Lª4T�? Z�R4ª	 8Å/ · �1 Wt p

dÕÖ�×	 kgq ��� 30-40 <� /qk!. Z�R4ªi ��

x BL+M�� OP� �� 27 
�	 ½«$�� C- Z� L

ª4T� c� J�� BL+M�� OP� F1 ��� Z� Lª

4T�? Wt pdÕÖ�×i 8ÅCj $> ��� �� &= Ê

- »¼ ±¤W>?� 
/ A@§� ­Qej k!. Z� Lª4T

ù�? 4T "#k Z�ÚÛ õ¿ei Æc   °�WÝ BL+M

�� I�k pdÕÖ�×i ��C� �8Å� �P ,e* pdÕ

Ö�×� A¡a Z� #Ñ§� ðC� ��j $� ¢7�� �	

� pdÕÖ�×i Ì� �BC�� m!. ��? �w �1 pdÕ

Ö�×i }ª� � ,- ðCm Z�R4ª�  �- Z� Lª4

T ��� �Å_w AI� ��� l)m �Ri �Í![16].

Fig. 61 �¿ }ª Z�R4ªl� C3* I� õ¿ei 8Å	u

¦ �ù ÎªL�� í_� �. BL+M�� I��� í_i 3

Ö� ��	 �¦ BL+M�� OP- 1,168-1,671 ppm, Z�R4ª/

BL+M�� N�
- 0.72-1.1	 C�!. Iô��? I�k I�õ

¿ei d}	 8Å	u ¦ �ù ÎªL�� ­1 cÆ�?- Wt

pdÕÖ�×i 8Åm AEw 
¸C� I���� ðC� t 10-15

%� dD�3 �ù ÎªL�� FQe>?- I���� ðC� t

20-35%~e FQe- HI��  *$�!.

Z�R4ª	 8Åk pdÕÖ�×3 I� õ¿ew �1 ßM 4

ª- æ (2)�? �- Øw �� 4� <u µ/ «A� ¬QN��


Ð>21 ��k!.

Sw= (2)

�w �1 ßM 4ªw zìk }Ð2* Ï�	- ±�u e"C- l

§a 4ª8�� BÑu e"C- van der Waals Ïu Ô � ,-G

�Ô1 rr æ (3)a (4)w �� 3ÖE � ,!.

Fg= (3)

Fvw=k dp (4)

� � Ï� ?	 �Qe- ïM «A1 æ (5)w �� 7�$� ¢£

2�	 t 30-50µm� /qk!. ��? #ÑI- |�m ��! ¬

1 «Z� $�� l§�!- BÑ§� %e>? #Ñ�èu ´j $

- ��![17].

deq= (5)

Fig. 71 à ¡î�? 8Åk Z�R4ª� «P4�i ö7m �a

�!. Wt pdÕÖ�×� ï
«A1 t 2.1µm�	 ï
«A� t

60µm* I� õ¿e� 
/ R4F� ��u " � ,!. æ (2)�

? �- Øw �� «A� ¬Q 
Ð>2� F1 Wt pdÕÖ�×

- l§� 
/ BL+M�a� BÑ§� % BL+M�� I���

� FG: £> �}2�	 «A� . I� õ¿e- }B4� d}

	 l§ ±�$� #Ñ�è� H�e- ��	 Iç$�!. ��?

I� õ¿e� ¤ST a7�	 R4�� J)C��� à ¡î�?-

Ææ pK®u 8ÅC� R4�C�!. �w �� R4�k I� õ¿

e� ï
«A1 Fig. 7�? �- Øw �� t 2.5µm	 Wt pd

ÕÖ�×� ï
«A� �qK LX$��u  *C�!.

R4�k I� õ¿ei 8Å	u ¦ �ù ÎªL�� í_� �.

BL+M�� I��� í_- Fig. 6�? �- Øw �� R4�¤

6
ρpdp

----------

π
6
---dp

3ρp
g
gc
----

6k
πρp

---------
gc

g
----

Fig. 5. Effect of superficial liquid velocity on the SS removal efficiency. Fig. 6. Effect of superficial liquid velocity on the SS removal efficiency
for different magnetic fine powders.
���� �38� �2� 2000� 4�
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s-

,

74

n

8

� 
/ BL+M�� I���� t 10-20% ��$�!. �¦ �ù

ÎªL�� Fu�� 4� ¤a �8�� I��� ¯�� Fj 3

Ö�!. m� R4�k I� õ¿ei 8ÅC- AE �¢m I��

�u �� º/ )ß$- Z�R4ª/BL+M�� N�
- Wt p
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Ci : concentration of suspended solids in the influent [ppm]

Co : concentration of suspended solids in the effluent [ppm]

deq : equilibrium diameter of particle [m]

dp : diameter of particle [m]

Fg : gravitational force [N]

Fvw : van der Waals force [N]

g : acceleration of gravity [m/s2]

gc : gravitational conversion factor [kgÞm/NÞs2]

k : constant in equation for van der Waals force [N/m]

Sw : specific surface area of powders [m3/kg]

Ul : superficial liquid velocity [cm/s]

ρp : density of particle [kg/m3]
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Fig. 7. Particle size distribution of the magnetic fine powders used in
this test.
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