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G� FreundlichH� AI J KL
�12, WA110 % SA20APA C J MN . 5OP�$ 403.68 ml/min�
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������H4  �� Q .

r=0.0117Cfc
1.5848  −(0.0113Ci−0.0434)qe

0.2432C−0.5569
i

Abstract − Adsorption equilibria for 2,4,6-trichlorophenol were studied on anion exchange resins and overall adsorption rate

was produced in differential bed tests. SA20AP(strongly basic anion exchange resin) showed similar adsorption capability in

entire pH range and more favorable adsorption isotherm than WA11. However, WA11(weakly basic anion exchange resin) dis-

played more adsorption capability than SA20AP and maximum adsorption amounts at pKa of 2,4,6-trichlorophenol. Adsorp-

tion isotherms of both adsorbents were best fit in Freundlich isotherm and SA20AP showed much better fitted results than

WA11. Overall adsorption rate at optimum flow rate(403.68 ml/min) was as follows;

r=0.0117Cfc
1.5848  − (0.0113Ci − 0.0434) qe

0.2432C−0.5569
i
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0 �1#23 
���4 5�67 8� 
�9:79� ;<�=

>�6� ).? @ ��A 
�4 BC67 8D ��� EF� 0

G �� )*. 
���� HI J7��, KL��, MN��.
 '

OM ).? $ P MN��� QRSMT U>6M& $ VW� �

� )*. SM1X� D 5Y.
 Z[A \]7^� *_ 5Y` a

b&�
 cd 5e#2 *L6I �f�� )3g \] QB# V


 hf�3 \]i
3 >jk, >j kZlm, nXop, >j qr

s', �tu
M�, iv��w x� ).? \]y� zMD \]

i{ [�6� �|}~7 8D EF� 0G ���� )*.

�tu
� ��T ��h�#2 �t� &��� u
.
 B��

? u
�3 �t� |6# �� L�tu
` ��tu
.
 ��

A*[9]. L�tu
M�3 M�& &�� )3 u
&yD L�t�

MT |7�.
 ��4 �r3 ��t $�4 3��.
 &uA �

� �# �m6� )3 �P��{ �D*. � M��� �t� ��

� sulfonic, carboxylic, phenolic $�` �� �j$�# �� �B�

=�� M� �� ��j ��`3 ��+ 90& �*. ��tu


M�3 ����� |�# �  amine$�4 &�� )3 ���


2 chloride, sulfate, hydroxyl x` �� u
&yD ��t4 &��

)*[5]. @D �tu
M�3 �B m7"�� ��� ¡G� i¢

# )=2 £¤j� zM6� $ \]y� ¥B6I m�A*3 R

¦� )7 §¨# M1XT �� ©&QB� "ª ¡�' «¡` �

� �&¡G� Bi ¬ ­®1XT �� �&QB# �  cd �¯

#2 ni �f�� )*[12].

Goto x[4]� \]i� \]y# 9D °�{ 6c >jk� \]

` ±]� ��²# �� ¦� \]y� ³Z63 ´e �tu
M

�3 $ \]y� ¥B6I m�A*3 hn4 µ¶*. Boyd[1]3 K
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L# �D ·¸�� ¹f7�� \]# sº3 ,-4 �»6c ·

¸# º
A �Z� M& ¼&�# �� \]½¾ ¼&�4 q��

¿*. Lee x[7]� À�>jk4 >f6c ·¸� m7C�"� \]

�j4 °�6Á*. Nam[10]� >jk4 hf6c ·¸0 m7f�4

\]}Â § \]Rº� jy# ,-4 sº3 ��ÃM{ ÄK6Á

*. @D Kim x[5]� M�� \]Åo�Æ4 MZ��� �Ç
 �

È6� ��� *_ jN4 &� M��� �U# 9� °� �É6

Á*. @D Van Vliet̀  Weber Jr.[19]3 >jk4 �ÊD cd &�

M��� pH ÃC# �� \]½� =ËI Ã63�{ q�ÌÍ*.

Î

·¸�3 ¥´�.
3 5�i, ZÏi x4 �Ê6c ÐÑ

�, �Ò7 Ó�i ¬ Ô� ÌÕ�{ i�63 P��
 �f�� )

*[11]. �Ö"N
 q×� 2,4,6-trichlorophenol� %�, Ø, Ù# Ú

Û} ��� ).? ��# \M�e Ü� '� S' �, ÝR` �

� R7# Þß4 V? �:4 ¥.~� i7y4 à M �I ��

? �Àá hâ#ã� �äI A*[2]. $då
 �+ æ�j�? �

Ö"N� ·¸� C�"� mç�= 
�4 ��}~� ��# \M

�= S{ èº7 |# i¢�=¯ D*. /0Ìé7�(WHO)3 2,4,

6-trichlorophenol4 �ê7ë.
2 10.0µg/l{ D0º
 <B6� )

.?[17], sÀ 
�Ììí(EPA)#23 0.005 ppm
 B6� )*[15].

À�#23 
�Ì|Yß.
 ���= )3 ·¸� 7ë� SM �

îç ïf7ë� 5 ppm �6
 $ 7ë4 B6� )*[3].

SabbahT Rebhun[13]� \]i
 calcium montmorillonit, montmorill-

onit-humic complex ¬ ð°KL4 hf6c trichlorophenol# JD \

]  ̀±]# 9D °�{ 6Á.? trichlorophenol� ­��7 §̈ # pH

# HI �ÕD*� Ì�6Á*.

ñ °�#23 2,4,6-trichlorophenol4 i¢67 86c \]i
 ò

Lh#2 i��3 ��tu
M�� SA20AP, WA11[16]4 �f6

c ó�! nô` s�õ ´ö7{ �fD °G÷øQB4 ù� �

\]iú \]¢�4 q�ÌÍ� °GQB#2� û��é` \]G

¾{ �ü6Á*.

2. � �

\]�ß� f� P# ý� )3 fN� ��, �t, ���` ��

Ée`� B|7� �F4 þÿ.
 D ��F� �`
 ��Ée#

2 \]N� �¾& ���3 �ß4 �D*[9, 12, 18]. \]Åo�Æ

4 M��.
 É�67 8D �� °�& ���¿.? $ P JÉ

�� \]xt! 3[{ Ó�Ìe *�` �*.

Henry� Y� (1)

Langmuir \]xt! (2)

Freundlich \]xt! (3)

2-1. �����

f� �#2 \]N� \]iÉe# \]�3 `B4 Ó�Ìe *

�` �*. � �	 
03 \]N� \]i� �0õ @3 ���

Éeã� ���3 f� � ��(bulk diffusion)��, 
 �	 
03

\]N� \]i� �0õ @3 ��4 ù� \]i Éeã� ���

3 �� ��(film diffusion)�?, / �	 
03 �� � ��(intra-

particle diffusion).
 �3 7Q��(pore diffusion)̀  Ée��(sur-

face diffusion).
 '�=�*. @ 7Q��(pore diffusion)� ¢J7

Q��(macropore diffusion)̀  s/7Q��(micropore diffusion).


/��� a��.
 \]N� \]i Ée#2� \].
 �r=�

*. �§ 
 �	 ¬ / �	 
0& |� \]G¾# ©���.


¹f6c G¾�B
0& A*[4, 18, 20]. ni \]i 0e#2� A

"N� i¢# JD ´öG¾!� *�` �� É�A*.

=\]G¾−±]G¾ (4)

@D f�� s�õ# m��= �B}� t#2 "N A� i¢ G¾

!� *�` �� '(� M )*[8, 16].

(5)

c72 s�õ ´ö7� û��é4 �B67 8� �7i¢G¾�3

[�4 ¾�63g �7i¢G¾3 f�� s�õ.
 m�A ��#

�´ö� Õ�6� �3 ßÇ#2� i¢G¾�� É�à M ).?,

�`�£.
�� ��Y# �6c �BA �7�¾{ t=0¥ §� !

(5)# �f6c �çD*. \]G¾# � ,-4 sº3 ����#

�D ©�4 ûZC67 8� *�` �� ¦4 �×�¯ D*. ��

� ÚÛ63 m�� G¾& ¼&�# �� $ 
�& �=�I �å


 ����# JD  � mG� �M
2 �7i¢G¾& ¥BD  

# �ä3 ,�.
 �BA*.

3. ���	 
 ��

\]N
 hfD }­� sÀ Aldrich Chemical Company� 2,4,6-

trichlorophenol�? \]i3 À� òLh#2 i��� )3 DIAION

�tu
M�
 !�7j �tu
M�� SA20APT ­�7j �t

u
M�� WA114 hf6Á.?[14] "j� Table 1̀  �*. \]

"� nô#23 � \]i� û� pH{ �B67 8� pH{ 3, 5,

7, 9, 11�#.
 f�4 i�6c pH� ,-4 q�Ì� $ *� û

� pH#2 \]N� �7 �¾T \]i� L4 ÃC}% \]xt

£4 �B6Á*.

\]G¾ª nô#2 hf& nôRºT s�õ ´ö7 ��4 Fig.

1̀  2# '(�¿*. s�õ ´ö7(Fig. 2)3 �� 1.9 cm, '� 9.5

cm� �ù� �H(9.
 ´ö7� P)# \]i{ *|6� \]

i ß6#3 mX�+4 ,- \]i& .d �X� �I �B6Á*.

�H(9 ´ö73 f�� ÷ä3 9` °�67 8� H/0
2 °

�9` °�6� �H(9 ´ö7T °�9h�#3 mX�+� 12

'&� 36I stainless steelâ4 4¿.? f�� /� �I nX5

��{ R]6Á*. nô4 M�à §#3 \]i Q�.
� ��4

f�6I 67 8�2 ´ö7 |�# ¼�M{ ,z� nô4 M�

6Á*. f�� ¥BD M8{ m�(Fig. 1)67 86c ­ 20 lf½�

©R�
�� ¥�ç�(overflow port){ &� ¥BM8�(constant headqe HCe=

qe
X
M
-----

QmKLCe

1 KLCe+
---------------------= =

qe
X
M
----- KFCe

1 n⁄= =

rA k1CA
a1 k2qA

a2–=

rA
F
W
----- CAi CAf–( )=

Table 1. Properties of anion exchange resins

SA20AP WA11

Structure

Characteristic Strong base Weak base
Ionic type Cl type OH type
Exchange 
capability
(meq/ml)

over 1.3 over 1.4 

Valid pH
range

0-14 0-9

Temperature under 60oC under 60oC
Type Gel II Gel
���� �37� �4� 1999� 8�
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5

tank)
 Ì��?, ¥�A Mf�� ¥�©R�#2 60{ ù6c *

} ©R�
 �7
A*. ¥BM8�#2 '�3 f�� m½0{ ¢8

9 ¥BD mG.
 ´ö7{ ù`6e2 \]� ��A*. \]"�

nô` \]G¾ª nô4 ù� ,:A }ê� �È#3 U.V.-spectro-

photometer(Japan, Hitachi Co., Model U-3210){ hf6Á*.

4. 
� 
 ��

4-1. ���� �	

\]"� nô# ,-4 V3 P�D ��3 \]iT \]N� Ú

Û}�, f�� pH, t¾ x4 � M )*. nô |1X `B#2 �

tu
M�{ ;© 1 N NaOHf�.
 >jC}< *� =>D ¼�

M
 pH� ÃC& �4 §ã� /?6c @A, Ì9 � hf6Á*.

B�nô4 ù� 2,4,6-trichlorophenol� �R� 293.4 nm#2 ûJ

peak{ '(C4 q M )¿� � �R#2 Ä½£4 ¹j6c �¾

{ �È6Á*.

�tu
M�� \]"�}�4 �B67 86c n�t¾� 25D

5 oC#2 120 rpm.
 �ÿ6e2 D	 �ß \]½4 ÄK� ñ �

` ­ 150}� ��# ¢� \]"�# ¾	6c \]"�}�4 10

¥
 �B6Á*.

4-1-1. pH� ,-

f�� pH& \]# sº3 ,-4 q�Ì7 8� n�t¾� 25

D5 oC#2 2 N HClf�` 1 N, 2 N, 4 N NaOHf�4 2,4,6-trich-

lorophenol Mf�(�7�¾ 55.41 ppm) 100 ml# s½ E&6c �

¾3 ¥B6I 6� pH� ÃC(3-12)}~e2 nô4 M�6Á.?,

nô ¾P � }ê� pH ÃC3 �¿*.

Fig. 3� �tu
M�{ \]i
 hf6Á4 �z� pH� ,-4

'(F G.
2 SA20AP3 !�7j �tu
M��7 §¨# qua-

ternary amine functional $�4 &�� )= |� pHW8#2 H`

�.
 \]4 à M )*[14]. WA11# J�23 25oC#2 \]N

� pKa& 5.99I4 ß7� J § pKa�##2 ûJ\]½4 ÌÁ*.

pKa�ß� ,�#23 \]N h�� ´�F` \]N� f�¾¼&


 �� \]½� ³Z6Á*. ´e pKa�6� ,�#23 \]i�

7y7# )3 amine7# HCl
�� '�3 chloride ion� � \]

.
 �� \]i� �� >j¦#2 \]N` �� 2
 �K6e

2 \]½� �=� G.
 Ì�*. �§ \]Åo�Æ� MZ���

�Ç
 Ì�*. ��2 �tu
M�{ �fD ��� nô#2 !�

7j �tu
M�� SA20AP{ \]i
 à §3 Mf�� pH{

7.30D0.05#2, ­�7j �tu
M�� WA114 hfà §3 pH

{ 5.35D0.05#2 nô4 M�6Á*.

4-1-2. \]xt£

\]i(SA20AP, WA11)# �� 2,4,6-trichlorophenol� �7�¾{

ÃC(43.48, 57.46, 71.46 ppm)}~e2 �D \]xt£4 Henry's law

Fig. 1. Schematic diagram of experimental unit.
1. Constant head tank 5. Reactor
2. Holding tank 6. Flowmenter
3. Pump 7. Drain
4. Overflow reservoir 8. Effluent

Fig. 2. Schematic diagram of differential bed reactor.

Fig. 3. pH effect of ion exchange resin(Ci=55.41 ppm).

Table 2. Henry's law, Freundlich and Langmuir isotherm results

Isotherm Henry Freundlich Langmuir

Conc.(mg/l) 43.29-77.22 43.29-77.22 43.29-77.22

Parameters H, l/g-resin KF l/g-resin 1/n KL l/mgC6H2(Cl)3OH Qm mgC6H2(Cl)3OH/g-resin R
SA20AP 339.5142 1216.4774 0.4568 0.0485 10092.7812 0.27
WA11 235.3561 321.7134 0.8689 0.0012 180334.944 0.934
HWAHAK KONGHAK Vol. 37, No. 4, August, 1999
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¬ Langmuir!` Freundlich!.
 fittingD �`{ Table 2# '(�

¿*. SA20AP3 WA11# �� L favorableD �Ç{ Ì�� SA20AP

Ì* L � u
f½4 &�3 WA11# \]N� 2,4,6-trichlorophenol

� L �� \]�¿*. Fig. 4T 7� Henry's law
 fittingD G.


2 \]N� �¾& \]i� \]y# �� �V �4 § �f&y

D !�*. ��2 ©�¾#2 ��¾# �8 ñ nô#23 ßMN

�� ��{ ÌÁ.? @ � !� £�4 Ì�å
 \]xt£� �

Ç& favorableàMO L �� ��{ ÌÁ*. Fig. 6̀  93 � \]

i# J6c Langmuir!.
 fittingD G.
 Langmuir!� \]õ

� 
��õ.
 ÀDA*3 &B6# m¾A �ª!�7 §¨# n

ô!� Freundlich!Ì* �� ��{ ÌÁ*. ñ °�#2 hfA \

]i# JD \]xt!� Fig. 5T 8#2 Ì�3 þT �� nô!

� Freundlich!# &R P QÍ.?, ���È �`{ Table 3# '

(�¿*. ��� Ìe \]i 2[ �
 Freundlich!# P QÍ��,

WA11 (R�: 1.41%)Ì*3 SA20AP(R�: 1.22%)& L P QÍ*.

Freundlich isotherm(SA20AP): qe=1216.477Ce
0.4568

4-2. ����� �	

Table 3. Calculation of percent deviation for ion exchange resins

Henry's law Freundlich Langmuir

SA20AP 43.35% 1.22% 10.21%
WA11 17.10% 1.41% 12.51%

Percent deviation =
qcal q  exp–

q  exp

----------------------- 100×

Fig. 4. Plot of Henry's law(ion exchange resin, SA20AP).

Fig. 5. Plot of Freundlich adsorption isotherm(ion exchange resin, SA
20AP).

Fig. 6. Plot of Langmuir adsorption isotherm(ion exchange resin, SA
20AP).

Fig. 7. Plot of Henry's law(ion exchange resin, WA11).

Fig. 8. Plot of Freundlich adsorption isotherm(ion exchange resin, WA11).
���� �37� �4� 1999� 8�
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ó�!nô� �S }�# �  \]"�# ¾	à §ã� $ \]

½4 q�Ì3 ´e \]G¾ª nô� T� }�J#2 \]½4 0

�6� \]G¾!4 �ü63 nô�7 §¨# nô4 M�63 &

Ug �U63 ©��Z�4 sX i¢�¯ D*. ��2 QB� Ã

M{ ���� ©�` @ÚD 90{ &�3 m�� mG.
 <B

6c nô4 6Á*.

4-2-1. û�mG� �B

ñ nô#23 ó�!nô.
 V� �ê{ þÿ.
 6c �¹�

=×W.
 �� SA20AP{ \]i
 £¤6c hf6Á.? m��

pH3 7.30D0.05, n�t¾(25D5 oC)#2 nô4 n}6Á*. m½�

ÃC# JD �7i¢G¾3 ! (5)#2 m��¾T mç�¾{ ÌB

A m��¾(Cic)T mç�¾(Cfc)
 '(�� ±]� �r=�� �4

G�� Bß�3 �DN �� }�� t=0.
 ÌBA m��¾T m

ç�¾{ ��6c ! (6)# �f6c �ç6Á*.

(6)

Fig. 10#2 Ì�3 þT �� ÌBA m��¾(Cic)T mç�¾(Cfc)3

0�4 ù� �´ö� Õ�6� �3*� U��3 }¦� t=0.


��6c �B6Á�, �7i¢G¾T m½`� 90{ Fig. 11# '

(�¿*. Fig. 11#2 mG� ¼&�# �� �7i¢G¾& ¼&6

*& 350 ml/min�ß#2 �7i¢G¾& ¢� ¥B6I �å
 403.68

ml/min4 û�mG.
 B6� nô4 �6Á*.

4-2-2. \]G¾� ¬ ±]G¾�� �B

2,4,6-trichlorophenol4 �fD °GQB(nt, 25D5 oC)#2 \]G

¾�� B´öG¾�4 �67 8�2 \]N� �7�¾{ 	X 6

e2(49.81 ppm, 55.08 ppm, 62.44 ppm, 70.13 ppm, 75.55 ppm) ÌBA

}�� t=0#2� ÌBA mç�¾ ` �7i¢G¾{ JM-JM X

É# ¾}� Ìe $ 7Y7T ZR.
�� B´öG¾ßM a1̀  ´

ö�M k14 �à M )*. B´öG¾!� *�` �.? Fig. 12#

$[0
 '(�¿*.

ion exchange resin(SA20AP): r0=0.0117Cfc
1.5848

DR, �´öG¾!� ÃM� \]i 
8N½M 2,4,6-trichlorophe-

nol� \]½ qe{ �B67 8�23 � �7�¾# J6c '($

ro
F
W
----- Cic Cfc–( )t 0==

Fig. 9. Plot of Langmuir adsorption isotherm(ion exchange resin, WA11).

Fig. 10. Corrected effluent concentration on bed(anion exchange resin
(SA20AP), Ci=49.81 ppm, F=403.68 ml/min).

Fig. 11. Determination of optimum flow rate for ion exchange resin
(SA20AP), (Ci=34.93 ppm).

Fig. 12. Dependence of initial rate on corrected effluent concentration
for ion exchange resin(SA20AP).
HWAHAK KONGHAK Vol. 37, No. 4, August, 1999
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g

lu-

on

iso-

so-

so-

sor-
�`�£4 ¾!��6c 0�à M )*.

(7)

! (7)4 !(8)
 º
67 8�23 ! (6)4 �f63g ! (6)#2

ro3 t=0¥ §�  �å
 ! (6)� *} r=F/W(Cic−Cfc)
 É�à

M )� � !4 ! (7)# J�6c *} BX6e *�` �� !

(8)� A*.

(8)

$X� ! (4){ �f6c qAT CA ¬ rA{ �� qeT Cfc ¬ r
 J

�6c BX6e ! (9)T �� �´öG¾!4 V4 M )*.

(9)

! (8)̀  ! (9)# �� 0�A  �4 JM-JM XÉ# ¾}6e Fig.

13̀  �� '('? � $[0
�� 't 7Y7T ZR.
 a2 ¬ k2

{ �à M )*. � �¾# �_ a2T k2{ �7�¾# JD �M


'(�7 8� ß990{ �\4 § a23 ´JMXÉ#2 k23 ¥´X

É#2 R�(%)& &R ]I '^.? *�` �� É�à M )*.

ion exchange resin(SA20AP): a2=0.2342Ci
−0.5569

k2=0.0113Ci
−0.0434

��tu
M�� SA20AP{ \]i
 hf6c 2,4,6-trichlorophe-

nol4 s�õ´ö7� °G÷øQB4 �f� i¢à �z _`\]

G¾!� *�` �*.

ion exchange resin(SA20AP):

r=0.0117Cfc
1.5848−(0.0113Ci−0.0434)qe

0.2432Ci
−0.5569

5. 
 �

ñ nô#23 2,4,6-trichlorophenol� \]¢�4 q�Ì7 8�

À� òLh#2 i��� )3 !�7j �tu
M�� SA20AP

¬ ­�7j �tu
M�� WA114 \]i
 �f6c ó�!nô

¬ °Gnô4 �6Á*. ó�!nô4 ù� \]"�}�` �B pH

��4 �B6Á� Henry's lawT Freundlich! ¬ Langmuir!.
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a1, a2 : experimentally determined exponents

CA : concentration of substance A [mg adsorbate/l]

CAf : effluent concentration of substance A [mg adsorbate/l]

CAi : influent concentration of substance A [mg adsorbate/l]

Ce : equilibrium concentration of 2,4,6-trichlorophenol in solution [m

C6H2(Cl)3OH/l]

Cfc : corrected effluent concentration of 2,4,6-trichlorophenol in so

tion [mg C6H2(Cl)3OH/l]

Ci : initial concentration of 2,4,6-trichlorophenol in solution [mg C6H2

(Cl)3OH/l]

Cic : corrected influent concentration of 2,4,6-trichlorophenol in soluti

[mg C6H2(Cl)3OH/l]

F : flow rate of adsorbate [ml adsorbate/min]

H : Henry's constant

KF : constant determined by experiment in a Freundlich adsorption 

therm

KL : constant determined by experiment in Langmuir adsorption i

therm

k1 : forward reaction rate constant

k2 : reverse reaction rate constant

M : weight of adsorbent [g]

n : constant determined by experiment in Freundlich adsorption i

therm

pKa : −log10Ka, Ka is electrolytic dissociation constant of acid

qA : quantity of substance A adsorbed on solid [mg adsorbate/g-ad

qe r
0

t

∫  dt=

qe
F
W
----- Cic Cfc–( )

0

t

∫ dt=

k2qe
a2 k1Cfc

a1 r–=

Fig. 13. Determination of reverse reaction parameters for ion exchange
resin(SA20AP)(initial concentration Ci=49.81 ppm).
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ar-
bent]

qe : quantity of 2,4,6-trichlorophenol adsorbed on adsorbent [mg C6H2

(Cl)3OH/g-adsorbent]

Qm : constant determined by experiment in Langmuir adsorption iso-

therm

r : overall rate of adsorption of 2,4,6-trichlorophenol [mg C6H2(Cl)3

OH/min g-adsorbent]

rA : overall rate of adsorption of substance A [mg adsorbate/min g-

adsorbent]

ro : initial rate of adsorption of 2,4,6-trichlorophenol [mg C6H2(Cl)3

OH/min g-adsorbent]

t : time [min or sec]

W : weight of adsorbent [g-adsorbent]

X : weight of adsorbed 2,4,6-trichlorophenol [g]
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