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Abstract − Using Recirculating Fluidized-Bed Reactor (RFBR), more than 85% and 70% of ammonia were removed at ini-

tial ammonia concentration (Ci) of 3 ppm and SR=8, and Ci=1 ppm, SR=10, respectively, where flow rate is 424 ml/min. Simulta-

neous removal of aluminum ion reached 70% at the second condition. Also continuous regeneration of deactivated zeolite was

possible. Continuous removal of ammonia and regeneration processes using clinoptilolite & RFBR will cost below 40 won per

ton water for treating 50,000 m3/day-water having 3 ppm ammonia.
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�	
��E �)F ���� �$� GF >?
 HI >?J0�

 4� �K+LD. 1970MN� KoonO Kaufman[8, 9]I clinoptilolite

E �)�� �����  F -PQ RST��  ���� �$E .

8U�V-, Jorgensen ([10] WF clinoptiloliteE �)�� ����

XY/�$ � Z6 [\] �V^_, 1980MN� Hlavay ([11]I `

@�% clinoptilolite tuffE �)�� ab>�[\] c�� d)��

� ����e f] �$�V-, Schoeman[12]I g�h�i% clino-

ptiloliteE �)�� ����# !"E �$�V- �E c�� Nj�

�� 9k� NF lJm � noE %p�VD. 1990MN� �qr�

s HI >?J0� t> �	
��E �)�� ���� � ���

�� �$ [\] �VD. Haralambous ([13]I �	
���  F

��u �� �$�� separation factor(��v�)� N4 wx�V-,

Booker ([14]I '�y RS�� ����  XY �s� NF z{

�|] j}�V- -PQ RST��  �$ #� � >� Z6� N

F ~@E �VD. aZ��  >?�� �)F RST ��
 '�y

RST� -PQ(packed-bed column) RST�� �� �O0��D.

�	
��E �)F P��� T��� ��E �� ��, sand filterQ

�� �	
��E �@�� �65  �� � �y] �@9� SSF

(Slow Sand Filtration, 1991)@ C�^_,�s,�, NH4
+
, Al, Fe, Mn ions

(] �$�T �4 clinoptilolite filter(Tarasevich, Yu. I., ��
��,

1993)E k�F n�@ C�D[15]. ��- ��, �� (�� s9�

� � ���� �$E �F HI ���@ �k*�D. �rF ��

� WF �  -PQ RST(Packed-Bed Reactor, PBR)E �)�V

D.
411



412 ����������	
� >?��
 T¡ RSTe D¢ £¤¥ ��  ¦� 1§Q RST

(RFBR, Recirculating Fluidized Bed Reactor)  �9e �E �)F [

\ � n�# ~@E �VD.

2. � �

2-1. ����

'�y RS[\�O[16], ��¨^¤ �� ��© �	
��@ @b

ªI ����(����# !", NH4
+
-N) �$«¬] �V^­¤, �%

clinoptiloliteE Na+ ��¤ ®0+ �)�VD. �¯°±I clinoptilolite

E 80oC  1 N NaCl�� 69²§³ �� ��] 9� ´ 5¤ �r �

µ+ ¶  ́ 110oC oven�� 129² Ps �¯9� ´ �)�VD. ��

- 9·¸J�T
 35¹45 meshE �)�VD. ���� )ºI »U�

�u(NH4Cl)̂ ¤ �¯�V^_ pH
 ¼ 6PsE 1��VD. ��-

½K�uI »U½K�u(AlCl3¾6H2O)] ¿�� �)�VD.

2-2. ����

¦� 1§Q RST(RFBR)E �)F [\b�
 Fig. 1�� �À�

RFBR(Fig. 2)] �Á^¤, �	
��E PÂ Ã¸�
 screw-feeder@

RST ÄÅ� ��4 C^_, �RT@ RS¯ �Æ ÄÅ� CD. RFBR

I @¥Ç Å�(ÈÅ RS¯: ϕ 30 cm¹H 32 cm)� Z¦�] �4 É

Å RS¯(ϕ 25 cm¹H 32 cm)@ �� Ê C-, ÉÅ RS¯ �Å
 ËÌ

Í� �Î  Ï� ?Ð(ϕ 7 cm)� � C^_ RS¯ �Å
 �� ��

�� "AF ��	
��E ÑÒ Ó� Ô � CsÕ *+ CD. Ö�

A ×Ø(hopper) Å�  ÄÅ
 ~~�Ò *+ C- @¥Ç¤ Ö� Ù

C+� �	
��@ �Æ^¤ ��Ò *+ CD. ��- �Á� Ú

G^¤ © ?Ð� Û+Ù C^_ �Å� on/off ÜÝ�� >�*+ C

+ ��	
��E ÃT8^¤ ÞÉ+ Z69ß � CsÕ *+ CD.

Screw-feeder
 9²�  4 ¯à*_ �á 0+@
 Î(g/min)] 3'

�Ä âP�� ~ãä] ?F ´ �	
�� Î(SR)] v%�VD. �

RT� ÅY*
 åær(impeller)
 2�@ ÅY*+ CD. ��
 �R

T ç �è Å�� é+ C
 ê^¤ ÉÅ RS¯ �ë Å�� Ûì

Í� �Î  ?ÐO oíF �T  ÍÏ�Î^¤ îïÅ��
 90o²

ð^¤ ñI �Öò] é� �	
��e 5  ÉÅ¦�] �F X¸

�] �ó�Ò kv�VD. D¢ ��
 ç @¥Ç Å�� �R8m

:�ô õ� �Î^¤ �ëÅ��� 	
�
 �	
��E ����e

ö Ê ÷ øù*+ �� ��*sÕ �
 úû] FD. ���� )º

I º=PÂüh�  4 RST �Å¤Åý óx*
Ç -þs ���

� )ºO 5] �PÂÿ øù�� Ã¸�VD.

2-3. ����

ClinoptiloliteÎ(SR), 1Â ��- �T ���� þsE �U9��

� .8  ¥� ¯�] �� ��D. '�y RS���� >�[\��

s clinoptilolite Î] SR(Stoichiometric Ratio)  ��^¤ �	É�D.

SR= (1)

�T� W: �	
�� Î(g/min)

CEC: 19.74 mg/g(=1.41 meq/g¹14 g/mol)

Ci: �T ���� þs(ppm=mg/l)

F: ���� )º 1Â(l/min)

CEC(Cation Exchange Capacity)
 Î�� �� ��^¤ '�y [

\^¤Åý �	
��  ����# !"( -N)� �� �� ��

] ?�VD[16]. SRI screw-feeder  Ã¸9²²ð] ¯P�� 6�

� 13�� Î] �U9��� [\�V-, 1¸�  1ÂI PÂüh

(Masterflex pump, pump Head; 2�)E �)�� 350, 424, 524 ��-

700 ml/min¤ �U9���, 
 =ô(RS)9²(39�, 32�, 26�, 19�)

] î�+ @�� �  �
O .8 1Â] [\4 ��D. �T�  

��
 =ô9²�� RS� �+�
 �ÆÍcÅ���  RS9²®

]  �FD.

P�b� 1¸*
 �5  Í�� )¡*+ C
 ����(����

# !")  þs
 o@ H� �� �
 ��f� N� 2-3 ppm��

	
@_ �Å �t��
 .- 5-6 ppm�� 	
@�®, ��Tm �

�f] �È�-
 �R8^¤ ���� þs
 1 ppmÉÈE 1�FD.

��® j��@ 0.5 ppm�_ ����@ �N¤ �$*� �- 5�

)¡*+ C^�(1.5 ppm�Ä) 5�� ��@ 3D. �
� [� ¯�

O 1�F ¯��� [\] �T �4 �K �� )Â� 1� Ps *


 j�  RFBR�� �T ���� þs@ 3 ppmO �þsm 1 ppm�

� ��- �T ½K�u þs
 0.7 ppm(½K�u þs j��: 0.2 ppm)

�� [\] �VD. �T ���� þs
 [� P�b� 1¸*
 Í

W CEC×
Ci F×

-----------------------

NH4
+

Fig. 1. Schematic diagram of the experimental apparatus.

Fig. 2. Recirculating fluidized-bed reactor(RFBR).
���� �38� �3� 2000� 6�




� Clinoptilolite� 
�� ���� �� ��� �� �� 413
�  þse oí�Ò 3 ppmO 1 ppm�� [\�VD. Í�
 ��5

� »U��u] ¿�� �)�V-, pH
 ¼ 6.1Ps¤ $  �P�

VD. Z6[\I R'�y ¯��� B�VD.

Z6º(NaCl+NaOH)] �)�� ½�� ¯�(pH=12)�� SR'(��

F Z6º  áÂo No �)o¬)=2m ̄ ��� ��	
��(���

�@ XY© 9·)E Na+-Z¤ Z6F ´ CHNS analyzer¤ N] ��

�V- Z6º  ��¨ þsE ICE �)�� ���� SR'ä] ?

�VD.

SR'= (2)

�T� M: Na+ ��þs(meq)

W': ��	
�� Î(g)

CEC: ���� �� ���(1.41 meq/g)

UE: ���� �$9 �	
�� �)«¬

9· � 9Ö(time on stream[hr])I 0+² 1¸�@ RS�ú(re-

action zone)] ��� ³PU�ú(settling zone)] $! "(weir)] #

+ 1p*
 9$^¤Åý 9%FD.

���� ��I Phenate methodE �)�V-, ½K�uI AA��

(Perkin-Elmer 5100PC)̂¤ þsE âP�VD.

3. �� 	 
�

3-1. 	
 ��
 ���(RFBR)�� ���� ��

Fig. 3] ��, RFBR�� �T ���� þs@ 3 ppm� &, 1Â�

424 ml/min(=ô9²=32�)�- SR� 8Ps� & ���� �$«¬�

85%�Ä �,D. 1Â] �@9�� =ô9²� '�Ù� ����@

j��m 0.5 ppm��(�$«¬ 83.3%�Ä)¤ (+�T �4) 50%�

Ä clinoptilolite@ *@¤ 0+²D. ��- =ô9²] +,� �


�$«¬s �@�V�® =ô9²� 30� �Ä  n�(F=424 ml/min,

350 ml/min)��
 �$«¬� - .�@ /�D. '�y [\ � >�

[\ ( HI [\] c4� 0I �O[16]E ��, =ô9²I ."F

30� Ps
 Ã+� FD. Fig. 4
 =ô9²] 30� Ps Ã�] n�,

0+@
 �	
�� Î(SR)� �¢ �$«¬] �	1 ê�D. SR]

6, 8, 11, 13̂¤ �U9��� ���� �$«¬] �� � �O SR>8]

1�4� j�� ��¤  ���� �$@ @�2] ½ � C�D.

SR] �@9�� ���� �$«¬I �@�3�® �)«¬I RN

¤ (+AD. SR�@(6→13)� �¢ �	
��  �)«¬I ¼ 13%

�� 7%Ps¤ RPs 4"�VD. �58^¤ RFBR] �)û n�,

�T ���� þs@ 3 ppm��
 =ô9²� 30� �Ä, SR� 8�

Ä� *+� 2] ½ � C�D. Fig. 6] �� SR� 8� & =ô9

²� �@2� �
 ���� �$«¬ WF �@2] 6 � C�
Ç,

30� �Ä�� 7®F �$«¬ �@E �V^­¤ [�óP��
 Í

�
 �$«¬] 0T �4� 30� Ps  =ô9²® Ã� 8�2]

½ � C�D.

Fig. 5��
 �T ���� þs@ 1 ppm� n� =ô9²� 30�

�Ä, SR� 10Ps�� 70%�Ä  �$«¬(<0.3 ppm)] �VD. 1

Â� 350 ml/min�� 424 ml/minm n��
 Fig. 3n����� �$

«¬� - .�@ /�D. �T ���� þs@ 3 ppm���D �$

«¬� (+�
 �1
 �þs�� 6T
 5!�9�:(mass-transfer

resistance)&;� ���� �$� �F� <�T &;�D.

=ô9²� �¢ ���� �$«¬] Fig. 6�� ���� 7®F

M
W' CEC× UE×
-------------------------------------

Fig. 3. Ammonia removal in RFBR.
(clinoptilolite: 35�45 mesh, Ci=3 ppm)

Fig. 4. Effect of SR on ammonia removal in RFBR.
(clinoptilolite: 35�45 mesh, F=424 ml/min, Ci=3 ppm)

Fig. 5. Ammonia removal in RFBR.
(clinoptilolite: 35�45 mesh, SR=10, Ci=1 ppm)
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414 ����������	
�@E ��D@ 30� �Ä��
 $  �P4=] 6 � C�D. �


 PÄÄ�� s9>d]  ��_ �´¤
 =ô9²� �@��s �

$«¬�
 - �UE ��� ��-, �T ���� þs �U(1 ppm,

3 ppm)�s ?@I n
] �VD. Fig. 7��
 ���� ó¡�(Ci=1

ppm)�� >�8^¤ ½K�u ��] �$F �OE �	É�D. �T

½K�u þs
 ¼ 0.7 ppmPsV-, PÄÄ��� s9�
Ç ¼ 39

²Ps <A^_, 39²Ps ´B �  70%�Ä  �$«¬] �VD.

�
 j��m 0.2 ppm��¤  ��@ @�2] �	É
 ê�D.

3-2. �� �� ��

RFBR  b$I 8I Î  �	
��¤s �$«¬� ª] C® �

�
 Z6óPO �ù�� >�8m ¯&� @��D
 Ç CD.

¦� 1§Q �Å� Dm ��	
��E �P9² ´ ÞÉ+ R'�

y^¤ Z6[\] B�VD. Z6[\I ��	
��  Î� 8+�

>�Ã¸� E@��� 5 lRST� 200 g  �9·( ¤ ����

*+ ���� �����] "AF ��	
��)E F- áÂo  2

G(SR'=2)� 4á�
 NaCl)º] FI H pHE ¼ 12Ps¤ IJ ´

29²§³ øù] F ´ Z6«¬] âPF �O ¼ 95%  Z6 «¬

( -Z→Na+-Z)] 0] � C�D[16]. �
� >� Z6] �Ò K

n� -þs NaCl] �), Z6 áÂo¤ L¸�� )º 1Â] 4"

9�-(=ô9²I 20� Ps) ��	
��
 �RT �sE 8àM

¯à�� RSTÉ 29² �Ä N5sÕ �� RST �TE O���

>� Z6� @�û ê^¤ 6Ö©D.

3-3. RFBR� ���  �! "#$ %� ����/��&'

RFBR��
 �RT�  F �	
��  ØP@ [� óP  8)

� ;�@ K � CD. �
� 1' ¯&9 5%Ps  wt. lossE -Q�

� �	
��E 20' Ps Z6, �)FD- @P>] & ����

þs@ 3 ppmm Í�E 0.5 ppm j��¤ �$�-J û & 5 � á

Í@
 15.8Í� ©D. �T� Cz, sat
 �	
��  CECä] �	É

-, η
 �	
��  �)R] �	1D.

W=(3−0.5)[g/m3]/(Cz, sat¹η)¹0.05

=(2.5¹0.05)/(19.74¹0.1)

=0.063 kg/m3 H2O

�	
�� Í·o=(0.063 kg/m3 H2O)¹(250Í/kg)=15.8Í/m3 H2O

RST �T
 �	
�� 10% �)R�� =ô9²� 30� Ps�

� *­¤ RST �T
 DdO @D.

VR=(50,000 m3/day)¹(1/48 day)=1042 m3

�E îS^¤ RFBR] �)�� [� P�b� k�>] n� T


 noe � á �� o)] v%4 ��D. 50,000 m3/day j� 

���� �$ ���E k�FD- @P��, 5M 4@ÄÖo T¶^

¤ 4� ¼ 20UÍ  �ko@ ���_ VM 0+@
 �	
�� 

ÎI 5% weight lossE -Q4� ¼ 1,150 ton/year, ��- Z6ºI

¼ 60 ton/year� 0 ê�D. �
� �	
�� @ð� 250,000Í/ton

�-, Z6ºI 400,000Í/ton�­¤ v%] 4 �� 3 ppm  ���

�@ W Í�E ���
Ç T
 o)(k�o+¥�o+Z·o)] 40Í/

ton�®^¤ û � C^_(óT XT/YV%UóP �ÈF o)), T	

��� ��  �$ WF @��­¤ �
 aZ Ä�s @ðm 300Í

/ton  13%PsE .�FD. �
� � óP] k�û n� �&8 	

á#� CD- �3D(Table 1Z¯).

¦� 1§Q RSTE �)F ���� >��$/Z6óP] �F 9

:;] �_ �� Fig. 8� ÷ �	� CD. RFBR] �Á^¤ Z6¯,

�è�O¯, �	
�� L¸T, ��- óT XT/YV%URST (^

¤ �K+Ù CD. �è�O¯�) �	
��  �R^¤ mF �s

�$ � T	 Å15! �$� [8� CD. �rF 9:;I "j�

P�b�� 8I 1Â  ��� 8á�D.

4. � �

�% clinoptiloliteE �)�� ¦� 1§Q RST(RFBR)E �)F

���� >��$/Z6óP] �F 9:; ��] �F [\�OE �

NH4
+

NH4
+

Fig. 6. The effect of retention time on ammonia removal in RFBR.
(clinoptilolite: 35�45 mesh, flow rate[ml/min](retention time[min]):
350(39), 424(32), 524(26), 700(19)

Fig. 7. Aluminium removal in RFBR.
(clinoptilolite: 35�45 mesh, [NH4

+ −N]0=1 ppm, SR=10)

Table 1. Cost of continuous treament process using RFBR(50,000 m3/
day plant basis[exception of air-stripping and catalytic oxidation])

Item COST(won) COST(won/ton H2O)

Installation & Operation cost
Zeolite(1,150 ton/year)
Regenerant(60 ton/year)

2,000 million
280 million
24 million

21.9
15.8
01.3

Total 39.0
���� �38� �3� 2000� 6�
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nd

).

al-

es,
¼�� DdO @D.

(1) RFBR��
 �T ���� þs@ 3 ppm� &, 1Â� 424 ml/

min(=ô9²=32�)�- SR� 8Ps� & 85%�Ä  ���� �$

«¬] �V-, 1 ppm��
 SR� 10Ps�� 70%�Ä  �$¬] �

VD.

(2) SR� �@2� �
 ���� �$«¬ WF �@��® RN¤

clinoptilolite  �)«¬I (+L
Ç, SR] 6�� 13�� �@9\]

n� �)«¬I 13%�� 7%Ps¤ RPs 4"�VD.

(3) ½K�u(Al3+)  >�8m �$��s ����e ó¡�(1 ppm)

�� 70%�Ä  �$¬(0.7 ppm→ <0.2 ppm)] �VD.

(4) ��	
��  >�Z6[\�� batch���� SR'=2Ps��

�	
��E 95%�Ä Z6û � C�D.

(5) RFBR] �)�� 50,000 m3/day j�  ���� >��$/Z6

óP ���� 8)û n� ¼ 40Í/ton water�®^¤ Í�E ��û

� C^_, ���  �se �E /]T �F �èQ �OE >��+

� �T &;� "j� P�b�� 8I 1Â  ��� 8á�D.

� 


� >?
 cÄ%&Å(��TG: %&T�P^>?") ó&TRT��

��&  �Í�è AB*�^_, �� 4�E T_�D.
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