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Abstract − To investigate the effect of thermal treatment of activated carbon on methanol adsorption, pulse-responses were

measured in a gas chromatograph equipped with thermal conductivity detector (TCD), and reaction parameters were calcu-

lated by the moment method. Equilibrium adsorption constants and isosteric heat of adsorption of methanol decrease in the

thermally treated activated carbon. This shows the decrease in the interaction between activated carbon and methanol due to the

decrease of concentration of surface oxygen, which was confirmed by TPD experiment measuring the evolved concentration of
CO/CO2 from the activated carbon. Regardless of thermal treatment of activated carbon, macro- and micro-diffusivities showed

the value of same order of magnitude and surface and Knudsen diffusion prevails in micro and macro pore, respectively.
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 ��� ��� ��� ��� � ��

� 	� ���  ���!" #$��% & � ��. #$��' ��

()' ��* #$�+ #$�,� -.#$/0
 �1�2 )�"

34 56 78� +�� ��! 92 ��  :;(static method)+ <

�  :;(dynamic method)% ���� =>/% )�2 ?�. �� 

:;�!" @�A� B0
 C" DE
 FG�� #$' ��� H

I�" J2
 D,' KL M��� �N�" 7A;(gravimetric

method)+ @�DE
 �OP! FG�Q #$' ��� HI�" �

OP� RS% M��� �N�" T�;(volumetric method)�! )�

UV <�  :;�!" Q�W #$XY'* Z+[/(breakthrough

curve)% )�� #$=>/% \" :;+ ]

 FG�� ^_[/

(elution curve)% ̀ N�" OT9!abcLd;�! )�?�. OT9

!abcLd;� e6 #$XY' �� fgh% Oi�! ^_[/
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% �j��! `N�2 U� -.#$k� lm noL O�P'*�

1pq�, r:s1pq�=% <D' M�t � �� uvw+ x�

y4 O�(micropore)�! )v? #$�� #$zv% -	�"{ �

�* 56 |�� :;� � � ��[1, 2].

#$��' ��* 	� }� u�UQ �" uvw4 ~z� ���

zv+ ��� ��� Ij� O�O(surface functional group)&!  

�� ��� #$�� #$�! u�UQ ��. z� ��� ��w G

�
 ��I� BPL type� uvw4 y4 O�(micropore)+ � O�

(macropore)� ���" ����(bimodal distribution))�
 C2 U

� Ok#$' ��* �� |�� 3�! ���Q ��[3-5]. KL*

� ()'*" ��� ���� )�
 C" uvw% �����% �

�v�5  �w� #$' ��" �s% OT9!abcLd;% ��

�� ̀ N��!� uvw-�w� D
 � #$zv% Q¡�Q� ��.

2. ��� ��

#$�	 ¢£? #$XYP'* #$�¤ #$�,� ���� O

� ¥qh% ���� XY+ #$�' ��� ¦¦ h (1)+ (2)! �

§?�.

(1)

(2)

Ez=W� ¨©�" ª�' «¬� r:s �­q�

u =W'* |T� ®¯ °0

ε =¢£W ��±

��G�
 �²�� ���! m³ BPL .´� uvw4 O�� 9

O	 ����
 CO �µ' ��� O�+ ��P ��G�P� O

�' �� ����h% Q���¶ ��. ·¸ ��G�&' �� �

�P� O�' ��� �¹+ x4 	
k� ����h% �º � ��.

(3)

�� ��G�� ��'*" y4 O�(micropore)�!� ��»¼'

��� �¹+ x4 ����h% �º � ��.

(4)

��G�� ��'*" h (5)¤ x4 /.� -.#$h% m½��

¶ �Q ��G�� O�P'*" h (6)+ x4 ����h� v²?�.

(5)

(6)

����h (1)-(6)% D,��'* ̀ N�" 34 ����! 	��

�m �� ��� :;�! f¾¿;% À��� ÁÂ2 Ã8�  �

&' �� `N% �Ät � �2 ?�[6-8].

f¾¿' �� ��h4 nÅ� h (7)+ x� �§UQ n© Æ�f¾¿

" h (8)+ x� ��UV, n© 7Çf¾¿" h (9)¤ x� ��?�.

(7)

(8)

(9)

KL* h (1)-(6)� �È:�h' ��� Laplace HÉ% �Ä�Q

(7)-(9)' ��? f¾¿ Ê% )�� nÅ� h (10)-(11)+ x� 1© Æ

�f¾¿¤ 2© 7Çf¾¿
 )t � ��.

(10)

(11)

�� h'* ¦¦� ��A4 nÅ h+ x� \�£�.

(12)

(13)

(14)

(15)

(16)

3. 	
�� 
 ��

ËÌ��!" TCD	 �$? AgilentÀ� GC-6850% À����. #

$ËÌ% ��� GC�T' �$? XY% �¬�Q Pe 1/4"� SUS

XY' #$�! uvw% ¢£�� �$���. À�? uvw #$�

" ��w �Í% ��I�� ��� CalgonÀ� BPL 4×10�V À�

�O »' 500oC'* 2D, ����� {DÎ�Ï' �¥���. À

�? uvw� �v�" #$XY� k�� À�+ �Ð Table 1+ 2'

�����. uvw� ���" uvw� ¢£? XY% »O!' �$

�Q �A|A�Æq(EL-FLOW, F-111C)
 ���� He	

 Ñ�F

V 900oC'* 10D, |��� �Ä���. uvw� ���	 ÒEU

� XY� �$? GC
 ���� ËÌ�Ó% |�� Ô' FÀO
 �

��� 150oC! 	�? DEFG)' DÕÖ �w�(HPLC grade)

1.0µl
 ]
.´! FG���. #$>0 ),4 �w�� ��#$�

���2 @��" 130oC ��
 /����V ».�  ^_[/%

Ez
∂2C

∂z2
--------- u∂C

∂z
-------–

3 1 ε–( )
εR

------------------N0– ∂C
∂t
-------=

N0 kf c c′–
r R=( ) Da

∂c′
∂r
-------

r R=

= =

Da

εa

------ ∂2c′
∂r2
--------- 2

r
---∂c′

∂r
-------+

 
 
  3 1 εa–( )

εarp

--------------------
ρp

1 εa–
------------Ni– ∂c′

∂t
-------=

Ni D i
∂q
∂ri

------   at   ri a==

q K c′⋅=

Di
∂2q

∂ri
2

-------- 2
ri

---∂q
∂ri

------+
 
 
  ∂q

∂t
------=

mn Ce t( ) tn⋅
0

∞
∫ dt=

µn mn mo⁄ Ce
0

∞

∫ tndt Ce
0

∞

∫ dt⁄⋅= =

µn′ Ce t µ1–( )n∫ dt Ce∫ dt⁄=

µ1

Ce
0

∞

∫ tdt ⋅

Ce
0

∞

∫ dt
------------------------ z u⁄( ) 1 δo+[ ]= =

µ2′
Ce t µ1–( )2dt

0

∞
∫

Ce
0

∞
∫ dt

------------------------------------ 2z u⁄( ) δax δf δd δi+ + +[ ]= =

δo 1 ε–( ) ε⁄[ ] εa ρpKa+( )=

δax
Ez

εu2
-------- 1 δo+( )2=

δf
1 ε–

ε
---------- R

3kf

------- εa ρpKa+( )
2

=

δd
1 ε–

ε
---------- R2

15Da

------------ εa ρpKa+( )2
=

δi
1 ε–

ε
----------a2ρpKa

15Di

-----------------=

Table 1. Properties of activated carbon

True density [kg/m3] 2.0×103

Particle density [kg/m3] 0.85×103

Particle porosity [−] 0.63
Surface area (BET) [m2/g] 992
Particle size [mm] 0.20, 0.34, 0.93
Total pore volume [kg/m3] 0.75×10−3

Table 2. Characteristics of packed column and operating condition

Packed length [m] 0.07
Column I.D. [m] 4.37×10−3

Particle size [mm] 0.20, 0.34, 0.93
Sample weight [g] 0.50, 0.43, 0.43
Column porosity [−] 0.39, 0.37, 0.40
Gas flow rate [ml/min] 30, 50, 70, 90
Temperature [oC] 70, 100, 130
���� �41� �4� 2003� 8�



��� ���� ��� �� � !" 493
Fig. 1' 0D���. ]
FG' �� ^_[/4 c×' 0D� Ø¤

x� ».�  GC ̂ _[/% �ÙPV XYP� G�9O, 	
|°,

>0, -.#$k�, r:s�pq�=� �s�! ^_[/� Ú+ T

ÛD,� HI�2 ?�. ËÌ��! \�£ ^_[/4 Ü�Ù�¸

(Summagrphics, Summa sketch III)
 ���� Ü�ÝI � Ô ���

�% ���� 1© Æ� f¾¿ Ê+ 2© 7Ç f¾¿ Ê% )���. uv

w ��� O�O&% �v��! 1 �O ��� GC (Shimadzu, GC-

8A)¤ quartz reactor
 ���� TPD ËÌ% �Ä���. i^O >0

" 10oC/min�! 1,000oCÞ� >0�ÆO(RKC, REX-P1000)
 ��

�� ß>Dà�V ÈáU" CO/CO2 v�4 auto sampler¤ porapak

Q	 �$? TCD âáO
 ���� �N���.

4. �� 
 ��

uvw� �w� -.#$q�
 )�O ��� uvw� ¢£ ã�


 XY� �ä°0! �å z/u' Kæ 1© Æ�f¾¿ Ê� HI
 #

$>0¤ G�9O' KL Fig. 2' 0D���. �çh (10)+ (12)'

��� 1© Æ�f¾¿ Ê4 -.#$k�, XY+ #$�� O�0 c

�Q G�� è�O é0' ��� ê�UV >0ë	' Kæ �s4

-.#$k�' �Ù�2 ?�. c×' 0D� ê+" #$>0	 ë	

t�ì OºO	 íî�V �w�� -.#$k� KaÊ� íî�Q �

¹% ��FQ ��. ï� ËÌ��! )� 1© Æ� f¾¿ Ê� G�

9O¤" J¥�2 ��� ð/�' ����Q fñ òó�! �ô�

V �w�� uvw ��#$� /.� ��#$),'* £Äõ% �

�FQ ��.

uvw ��� pî
 ��� O�O&� �w� #$' ��" �s

% Q¡�O ��� 500oC'* 2D, ���� uvw+ 900oC'*

10D, ���� uvw� 1© Æ�f¾¿¤ z/u� ¥q
 70oC,

100oC, 130oC'* )�� Fig. 3-5' 0D���. ���� uvw�

e6 <@� #$>0'* OºO	 íî�V -.#$�� íî��

¹% ��FQ ��. ¦ >0'* )� -.#$k�
 ��� Table 3

� Ê% ö¨�� ���� uvw� -.#$k�Ê4 ����� ÷

4 uvw+ ö¨t � Õ 25% �0� #$� íî	 �Ùø�. uv

w� ���" uvw ��'* O�O&� ��`
 |0�Q ê+�

�! uvw ��4 �� ù(+ |À� ��zv% C2 ?�. KL*

�w�+ uvw� kúy� �0	 íî�2 UQ -.#$ k�Ê4

íî�2 U" 3�! ÀE?�. ��� ê+" �p% ���� uv

w� pI�0
 ë	Dû�ì �v�5¤� kúy�� ë	�% ü

Fig. 1. Typical plot of elution curve for methanol pulse.

Fig. 2. Effect of z/u on the 1st absolute moment with adsorption tempera-
ture.

Fig. 3. Effect of z/u on the 1st absolute moment at 70oC.

Fig. 4. Effect of z/u on the 1st absolute moment at 100 oC.
HWAHAK KONGHAK Vol. 41, No. 4, August, 2003
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����������
�� Tamon+ Okazaki[9]� ê+¤ �v��! @����.

ËÌ' À�? uvw� TPD(temperature programmed desorption)Ë

Ìê+
 Fig. 6(a)¤ 6(b)' 0D���. @i��! uvw� pî


��� O�O&4 ��� >0
 ë	Dý� �`U� 600oC ��'

*" F! ��� pv O�O&� CO2! ÈáUQ c �k'*" �

�� �X� O�O&� CO! »ÉU" 3�! ���Q ��[10]. Fig.

6(a)'* þ � �ÿ� � ËÌ' À�? 500oC'* 2D, ��� u

vw� e6 �� }4 CO
 Èá�V ��� �X� O�O&� �n

�¹% ��FQ ��. c�� 900oC'* 10D, ���� uvw�

e6 Fig. 6(b)¤ x� CO¤ CO2 ÈáB0	 Ö��2 ��&V ���

carboxyl group, phenolic hydroxyl group, carbonyl group+ x4 pî

O�O&� �ª� �¬U�¹% þ � ��. KL* ��� uvw�

e6 ��� �� pîO�O&� ÀL�2 U� �w�+� kúy�

� íî�2 UQ -.#$ k�Ê� íî�2 ?�.

#$>0' KL )� �w� ëO� uvw -.#$k�
 ���

� Van’t Hoff plotê+
 Fig. 7' 0D���. uvw ��� �w�

#$�4 500oC'* 2D, ���� e6¤ 900oC'* 10D, ��

�� e6 ¦¦ 9.8 Kcal/mol+ 9.1 Kcal/mol! �Ùø�V Q>'* �

��� e6'* #$�� íî	 �Ùø�. ��� ê+" uvw%

���� �w�� #$�% M�� Herry =[11]� ê+� 8.7 Kcal/

mol+ |À� Ê% �ÙPQ ��V ñ e6 fñ ��� �w�� ë

ü� 7.7 Kcal/mol �� �4 Ê% ��Q ��. ��� ê+" uvw

��' �w�� #$� � uvw ��+ �w�� kúy�' ��

� �Ù�" §k�! ÀE?�.

Fig. 84 ��� �Ó' KL G�9O 0.34 mm  uvw� �w�

#$ ^_[/� 2© 7Çf¾¿ Ê% 1/u2' KL 0D� ê+��. c

×'* OºO Ê4 �çh (11)' ��� r�pq�
 ��� k�Ê

� UQ Æ�4 #$�� 1p+ ¥q? δf + δd+ δi� ­�! ��?�.

KL* µ2/(2z/u)]+ 1/u2�! 0D� cL�� OºO Ê�!ªÏ r�

pq�
 )t � �2 ?�. r�pq�" @i��! Q�W XY'

* 	
k #$�� ��1p+ 	Û�­' ��� ü
�V r:s �

­� ë	�2 U� 	
�� ��� íî�2 ?�. G�9O¤ #$>

0' KL 0á� r:s �pq�
 Table 4' �����. �' 0D�

Ø¤ x� � ËÌ XY'*� r�pq�Ê� 
�" 0.1-0.4 [cm2/s]�


�
 ��V >0ë	' KL* ë	��Q G�9O¤ uvw� �

Fig. 5. Effect of z/u on the 1st absolute moment at 130 oC.

Table 3. Equilibrium adsorption constants for methanol on activated
carbon

 Thermal  condition
Equilibrium constant [cm3/g]

70 oC 100oC 130oC

 500oC, 2 hr 260.8 75.3 30.4
 900oC, 10 hr 177.0 56.6 23.8

Fig. 6. (a) TPD results of activated carbon (500 oC-2 hr), (b) TPD
results of activated carbon (900oC-10 hr).

Fig. 7. Van’t Hoff Plot of methanol adsorption on activated carbon.
���� �41� �4� 2003� 8�
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m

�� |J'" 92 �s% �� ÷��. >0ë	' Kæ r�pq�

� ë	" #$>0 ë	' Kæ #$�� 1pq� ë	¤ 	
|°

� ë	!  � ê+! ÀEUV �æ �&� ()ê+¤ �v��!

@����[1, 8].

�çh (13)-(16)� ¥q
 �` y-Æ�Ê δ14 δf +δd+δi�! ��?

�. � h% G�9O� ��! ���� nÅ� h (17)! ��?�.

(17)

KL* G�9O' Kæ y-Æ�Ê δ1% ���� R2�! 0D�� Æ

�+ OºO!ªÏ y4 ��(micropore)� 1pq�¤ � ��

(macropore)� 1pq�
 )t � �2 ?�. Fig. 9" δ1+ G�9O

� ¥q
 0D� ê+!� G�9O' Kæ ð/h% \% � ��.

·¸ Fig. 9� OºO Ê�!ªÏ � O�(macropore)'*� 1pq�


)t � ��. 1pq�
 )�O �`*" ·¸ OT� ��»¼ q�


 nÅ h (18)� ¥qh% ���� ê���¶ �"{, � ËÌ�Ó

+ x� NRe	 �4 e6 NSh=2.0' �ô�O �µ' kf R=DAB! ��t

� ��. 

(18)

�w�� ��P 1pq� DAB" Hirschfelder h% ���� )��

�V Table 5' � O�(macropore)'*� 1pq�
 �����. �

O�(macropore)'*� 1pq�" ��� |J' ¥q�� 10−6 m2/s

� <@� 9O�f
 C�V Knudsen 1p��� Ê+ |À���.

Fig. 9� Æ��!ªÏ qp� y4 O�� 1pq�
 Table 5' ��

���. � O�'*� 1pq�¤ |À�2 ��� |J' ¥q��

��G�9O
 O�� Di /a
2 Ê4 10−2s−1� <@� 9O�f
 ��F

Q ��. @i��! BPL .´� uvw'* ��G�9O	 1-10µm

�% í��� y4 O�(micropore)� 1pq�" 10−12 m2/s � 9O�

f
 C"�. ��� Ê� 
�" Chihara =[3]� �Q� ��Twî

(molecular sieving carbon)P'*� wI�î 1pq�¤ |À� Ê% �

�Q ��V ».�  surface diffusion ��' �¹% 1 t � ��.

5. � �

���� uvw� �w� #$zv% Q¡�O ��� �w� ]


' �� ¢£ XY� ^_[/% f¾¿ ;% ���� `N��!�

�¹+ x4 êç% 0á���.

(1) 900oC'* 10D, ���� uvw� e6 uvw ��� carboxyl

group, phenolic hydroxyl group, carbonyl group+ x4 pî O�O&

� B0íî!  �� �w�+� kúy�� íî�� -.#$k�,

�� #$�� íî���.

(2) y4 ��+ � ��'*� 1pq�" ���' ¥q�� ¦¦

10−12m2/s, 10−6m2/s� 9O�f
 ��V y4 ��'*" ��1p�

� ��'*" Knudsen 1p� �È����.

����

a : micropore radius [cm]

C : adsorbate concentration in mobile phase at column outlet [mol/c3]

c' : intraparticle concentration [mol/cm3]

Ce : elution concentration [mol/cm3]

Da : molecular diffusivity in macropore [cm2/sec]

DAB : molecular diffusion coefficient of A in dilute solution of solute

B [cm2/sec]

15εδ1

1 ε–( )εa
2

-------------------- a2

Di

-----
Kaρp

εa

------------ 1
Da

------ 5
kfR
--------+ 

  1
Kaρp

εa

------------+ 
 2

R2+=

2Rkf

DAB

----------- 2.0 0.6 ρ2Rv
µ

-------------- 
 1 2⁄ µ

ρDAB

------------- 
 1 3⁄

+=

Fig. 8. Second moment plot of 0.34 mm activated carbon.

Table 4. Axial dispersion coefficient of methanol on activated carbon
[cm2/sec]

 Particle size 
Condition

0.2 mm 0.34 mm 0.93 mm

70oC 500oC-2 hr 0.241 0.287 0.282
900oC-10 hr 0.220 0.154 0.137 

100oC 500oC-2 hr 0.286 0.267 0.366
900oC-10 hr 0.239 0.117 0.158 

130oC 500oC-2 hr - 0.431 -
900oC-10 hr 0.218 0.210 0.284 

Fig. 9. Effect of particle size on second moment.

Table 5. Summary of diffusivities

Condition Da [m
2/s] DAB [cm2/s]

70oC 500oC-2 hr 0.0106 1.152×10−6 0.77 
900oC-10 hr 0.0102 3.288×10−6 

100oC 500oC-2 hr 0.0198 5.224×10−6 0.88 
900oC-10 hr 0.0286 4.182×10−6 

Di

a2
----- s 1–[ ]
HWAHAK KONGHAK Vol. 41, No. 4, August, 2003
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����������

u-

dy

 of

m-

en

ace

of

.

 of

ents
Di : molecular diffusivity in micropore [cm2/sec]

Ez : axial dispersion coefficient [cm2/sec]

Ka : adsorption equilibrium constant [cm3/g]

kf : external (fluid-to-particle surface) mass transfer coefficient [cm/sec]

N0 : flux at the surface of particles [mol/cm2 · sec]

Ni : flux at the surface of microparticles [mol/cm2 · sec]

q : amount absorbed per unit mass of adsorbent [mol/g]

R : radius of the macroparticle [cm]

r : radial position in a particle [cm]

ri : radial position in a microparticle [cm]

t : time [sec]

u : interstitial flow velocity [cm/sec]

z : length of packing in column [cm]

���� ��

δ0, δ1 : moment contribution defined by Eqs. (12) to (16)

δax, δf

δd, δi

ε : void fraction in bed

εa : intraparticle void fraction

µ1 : 1st absolute moment at column outlet

µ2 : 2nd central moment at column outlet

ρp : density of particle [g/cm3]
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