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Abstract − In this study, the activated carbon fiber (ACF), on which Ag had been introduced by an electroplating technique,

was used to remove NO. Surface properties of the ACF were determined by X-ray diffraction (XRD) and scanning electron

microscope (SEM). N2 adsorption isotherms at 77 K were investigated by BET and t-plot methods to characterize specific sur-
face areas and pore volumes, and NO removal efficiency was confirmed by gas chromatographic technique. As experimental

results, Ag content on the ACF increased with plating time. However, adsorption properties such as BET specific surface area

and total pore volume were somewhat decreased in the presence of silver. NO removal efficiency of all Ag-ACF was higher than that
with untreated ACF and increased with Ag content. However, decrease in the extent of NO removal was shown in the excessively

plated ACF, which might be associated with the blocking of micropores in the carbon; therefore, an optimal Ag content exists in the

presence of initially-well-developed micropores to lead increase in efficient NO removal ability of the ACF. 
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1. � �

����� ��� 	
�� 
��� �� ��� �� ��� ��

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

0& 
'1 2/�� �3[1].

�4, ��
�1 5
678� 9: ;<# 
�=> ?�, �/�

@'�� >A�6=B �#$ C D� EFG& HI- �J, KL�

MNB OPQR� ST U3[2-3]. >A�6=B VWQR� NO, NO2,

N2O, N2O4 C N2O5 % >AX �AYZ& 3[� \]�, ^#�_

` G a'�b�, a/5E5 	
c d��e, f/?& �AX g

h�9 Vi5 NO2� j� k��� lm- �3. NO2� nop1 q

<#/r�, �/?� stu v� /w_�, xyNz C {> %&

|}Q~ Y~- �/D �_`, G�3 ��� f��A� �/?&

��/X gh�9 �#$� ��� ��� �/?� ���� ���

�6���1 VR� �� EFG& Y~- �/D �3[1, 4]. -:�

NO2� 3[� 
�YR�i� ^��� �_` H 
�YR�� f/

?R� @'� V�6>A(NO)-3. NO� �Afb& 9: \]� �

� ^#�J � �, ST {b� >A �6=� _aQ~ >A @'

=-3. �_` . �,� NOX NO2O-& �\- NO2� �x�/
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v�� �A� &�, ^#� NO� �6�� �0 NO2� k��� �

3. g� NO2� ���/ ��,� NO5 �/� @'�/ k� NO�

���2 �3.

�� �/ ��1 �� �B ��Z�-  #¡A(activated carbon,

AC) ¢�  #¡A£;(activated carbon fiber, ACF)X ¤B y¥ l#

1 5¦ At� ���� �3[2-4]. lc ZrQR� y¥ C �Y§1

5¦ ¡At¨� Cu, Ni, Pt, Au, Fe, Cr G�� Co % 3[� k-©


1 Dª�� @«�- ���� �RJ, -:� k-©
- Dª�

AC ¢� ACF� /s& ¬��3 ­B NOx, SOx G�� ?©
 %&

��®§1 �-� ¬R� ¯°� �RJ, ¢� AC ¢� ACF5 5_

_ ±� ²³§1 �;�� �� ¬R� ���� �3[5-9]. lc -:

� k-©
 5´µ Ag�  #¡A� ²³#1 i9�� ©
R�,

H¶·� �� At-3[7]. �_` _©¸_ k-©
R�, Ag& ¹

SQ �Y®§ º NOx� SOx& ��®§� �� ��� /»QR� �

& ¼� !b-3.

-� » ���,� k-©
~ Ag& ¹SQ �Y®§1 ¯½ �/

�� Ag� ACF� Dª78� ¾e¿�, º ACF& k�BD©(Ag

electroplating)@«1 !7�ÀRJ, Ag5 Dª� ACF& ¾e C /f

l# G�� -� -�� NO& =�Á6�Q y¥ C �Y WÂ� �

�9 �Ã�À3.

2. ���� 	 
�

2-1. ��

» !Ä�, O��  #¡A£;(ACF)� Å-ÆÇ»(H)& PAN*

AW2001� O��ÀRJ, G =#B Table 1� �Å�È3. !Ä� O

�� ACF� FÉ 3� �Ê��, 2-3Ë )Ì� 0 80oC& ÍÎ
Ï

�, 487Ð -. @L7� Æk ÍÎ� ¬1 O��À3. Ag D©B

70 A·m−2& kÊÑD� 0, 2, 5 G�� 10ÒR� D©¿��À�, -�

�� as-received, Ag-2, Ag-5 G�� Ag-10R� ÓÓ�ÀRJ, -v O

�� D©ÔÎ& �# C D© ÎÍB Table 2� �Å�È3. ACF� D

ª� Ag& [B atomic absorption spectrophotometer(AAS)� O��9

�~�À3. 

2-2. ������

Ag5 Dª� ACF& Õ6� ¾el#1 wÃ�/ �� wide angle x-ray

diffraction(XRD) ÒÖ1 �ÀRJ, source� CuKα� N¥� Rigaku

Model D/MAX-III B� O��À3. �4 Ag DªR� Õ6� ACF ¾

e& F×�_ wÃ1 �� scanning electron microscope(SEM)1 -�

�9 �Ã� �Ø3.

2-3. 	
��
 ����

� 7¨�B 300oC�, ÙÊ Ú§1 10−3 torr-�� ;_� .]�

Û 5-6 7Ð Ü{ Ý/7Þ 0, ASAP 2010(Micromeritics Co.)1 -�

�9 77 K�, .�Ú§(P/P0)� �ß N2 /r& y¥à1 áb�À3.

$¾eQB Brunauer-Emmett-Tellerâ1 -��9 % y¥R�i� *

��ÀRJ[10], ã/fiä� Boer& t-plot1 -��9 �~�À3[11].

2-4. NO ��� ��

NO ��åB He æçE 1,000 ppm èD& NO5E� O��9 5

EU�éêGëä(DS 6,200, Dì~Eíîïí)� WÂ k·0& WÂ

=� ^#=& ÒÖR� áb�ÀRJ, detector� thermal conductivity

detector(TCD)À� columnB Hayesep A(30ft, inner dia: 0.085 inch)�

-��À3. !Ä ? WÂ�&  D� 500oC� ;_�ÀRJ, ã WÂ

7ÐB 407ÐR� �À3. WÂ7 ;ª� NO 5E& ;
B M.F.C.

(mass flow controller; GMC1000, MLS)� O��9 ð��ÀRJ, 10

ml·min−1R� ;_7ñ3. ÒÖ k � 7¨�B WÂ D�, 17Ð Ü

{ HeR� òm�9 �Ò1 Ækc ��� ó O��À3.

3. �
 	 ��

3-1. �� Ag ��

k� Ag D©B [ (+)ô& Ag õ�, ö�� �  Ag - - k�

> {� st�35 ÷ô1 ø� �� ACF ¾e�, �Y�� Ag ä

ù1 \#�� ¬R� ½ë& â (1), (2)� �Åú � �RJ, D© N

L& Y�� Fig. 1� �Å�È3.

[ô�6WÂ: Ag→Ag++e− (1)

÷ôWÂ: Ag++e−→Ag (2)

Table 3B Ag5 Dª� ACF& AAS g�ûR� ÜV kÊÑD�,

D©7Ð- �5ü� �� D©à- Ag-5̧ _� $ýQR� �5�3

5, G -0�� þ�QR� Æ`�� �5�� ¬- wÃ�È3.

Abraham %[12]B ¡A£; ¾e& ©
D©B ¡A£; ¾e& .¿

� K)� ÿ�, �/ 7��9 ,� �g��_� âR� -î�¦

3� ���À3. -ç ���, � v �/ Ag-5̧ _ �ß D©
D�

Table 1. Characteristics of the activated carbon fiber used

Characteristics

Precursor Polyacrylonitrile (PAN)
Type Fabric
Specific surface area (m2·g−1) 2,121
Total pore volume (m3·g−1) 1.216
Micropore volume (m3·g−1) 1.145
Average pore diameter (Å) 12.7
Weight (g·m−2) 45±5
Thickness (mm) 0.3

Table 2. Composition and operating conditions of Ag electroplating bath

Composition
AgNO3 10 g·l−1

 H2SO4  20 ml·l−1

Conditions
pH 3.0

Temperature  25±1 oC
Current density 70 A·m−2

Fig. 1. Schematic principle of Ag electroplating method.
���� �41� �5� 2003� 10�
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�-35 G -0�� Æ`� 
D� �~ ¬B, �/� ACF& /f1

�Te, ��� D©�_` -0 ¾e& /f1 �´ ó�� G D©


D5 Æ`�� �A� ¬R� õ	�3.

3-2. ������

Ag5 Dª� ACF& K)�Î� wÃ�/ �� wide angle X-ray

diffractionR� áb�ÀRJ -� Fig. 2� �Å�È3. Fig. 2�i�

2θ 38� 44�, �� Ag(111)� Ag(201) äU5 �Å�� ¬- wÃ

�ÈRJ, -� D©7Ð- �5ü� �� G )/5 �5�È3. äU

)/& �5� G #Ò& [Q �5 C 
Ð a�& ³Vü1 &K�3

[13]. -:� (.B �, AAS� �~� 
X ¤- D©7Ð- �5ü

� �� ACF ¾e� D©�� Ag& [- �5�È/ v�-J, ¢�

N7Ð D©�È1 v ¾e& /f1 �TJ ���(random)�� Dª

�� Ag ªZ�- þ�QR� ��& 
1 \#��, º ªZa�& �

�#1 ���À/ v�R� wÃ�3. XRD�i� �  g�û1

Scherrerâ1 -��9 Ag gb& U/� ��» g� G �³û- Û

150 nm� �Å�3. IUPAC�, b� /�� ��e, K)/fB 2 nm

-�, ?/fB 50 nm -�, G�� �/fB G -.& U/� 5¦

/f1 �ü� ��[14], Dª� B ªZ& �³ U/� 150 nm-/ v

�� ACF& K)/f� ?/f�� ��1 Q� K� We, �/f&

ù��� � �u1 �1 ¬-� õ	�3.

Fig. 3B D© k0& ACF� 2,000a& aå� wÃ� ¬-3. ACF

& ¾e� Û 100-300 nm U/& Ag ªZ5 ��� D©�� �� ¬

- wÃ�È3.

3-3. ����

Fig. 4� Ag5 Dª� ACF& N2 % y¥��1 �Å� ¬-3. ¿

��_ �B 74� � _ Ag� Dª� 74� FÉ �/ !B .�

Ú�, y¥à- 	
�� ."�35 G -0�� .�Ú1 *
 #°

D � -. �5�_ �� �\.]� D�ü- wÃ�ÈRJ, -� BET

ÒÊ ? K)/f- $ ���� �� Type 1%1 �~ u � �È3

[15]. -X ¤- K)/fR� -î�¦ ¡At¨& K)/f�,� y

¥N& ?&� &� y¥�B '6�J, lc YH\ F(�, /f&

) � ÒZ& *+ W�& $5 3-� V v, .x�� ,-.(interaction

potential)- '6�� y¥ /Ýä5 0_1� ST !B Ú§�, K

)/f- �2_� �J, -� �� %  y¥�B Yþ�, 	3��

."�� Type 1& % y¥��1 �Å�� �3[16-17].

Ag� Dª� 74�& % y¥��& ÒÖ g�, K¿� 74� Ag-2

74& �T ­B K)/f �4 (.� round-knee5 wÃ� We, Ag-5

X Ag-10 74& �T�� .�QR� !B K)/f �4- wÃ�È

RJ round-knee� �& �-_ �Ø3. -:� (.B XRD g�ÒÖ

�, 5á�È6-, Ag1 Dª�� �b�, Ag5 ACF& ¾e1 7

Re, Ü7� �B [& K)/fD Ü7� ù8/ v�R� O¨�3.

Fig. 5� � 74& K)/fiä� t-plotR� �Å� ¬-3. �r�

K)/f �Î� 9� y¥�� &� y¥B !B .�Ú§ ��, y

¥>� &� )fÂ:� &�, -0�� y¥� ¾e�,& 3ÒZ


y¥- �^�� ¬R� ���� �3[18]. -:� ;i ¾e�,& y

¥ ÒZ
& É<X G y¥àB �\1 �Å�J, -� y¥à :� ;

=�9 �� >4 û1 ?r>A& iä~ 35 cm3· mol−1� ���9 K

)/f& iä� ��À� G û1 Table 5� �Å�È3. ÒÖg�, �

74�& ã K)/f iä� Ag D©à- �5ü� �� �A�� �

�1 �~u � �ÈRJ, -� ��, @	�À6- ACF& /f- D

©� &�9 Vi AB�È/ v�-� õ	�J, ¢� SEM O¦�,

Table 3. Silver quantification of the electrolytically Ag-plated activated
carbon fiber measured by AAS

Sample As-received Ag-2 Ag-5 Ag-10

Ag quantification on carbon (g/g) − 0.41 0.93 1.315

Fig. 2. X-ray diffraction patterns of Ag-plated activated carbon fiber as
a function of plating time.

Fig. 3. SEM images of Ag-plated activated carbon fiber as a function of
plating time.

Fig. 4. Adsorption isotherms of N2 at 77 K on the electrolytically Ag-plated
activated carbon fiber as a function of plating time.
HWAHAK KONGHAK Vol. 41, No. 5, October, 2003
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D©7Ð- �5C� �� ACF ¾e1 7� Ag& [- �5� ¬R�

D wÃ�� ¦3.

Fig. 6B Horvath-Kawazoe[19]& slit poreF(& â~ ½ë& â (3)

1 /��9 /f U/ Ò,� �� /fiä� �Å� GD-3.

.

(3)

(4)

(5)

(6)

9/�, P, P0� �� ,6Ú� �\Ú, δ1, δ2� �� y¥>� y¥

� ÒZ& |�, d� slit& ?Ee�,i� y¥� ÒZ& ?�¸_&

��, N1, N2� �� y¥>� y¥�& 	� eQF ÒZ �, χ1, χ2�

�� y¥>� y¥�& Z#D, α1, α2� �� y¥>� y¥�& 4

�D, mB y¥> ÒZ& G�-J, G�� c� H& 
D-3. 9/�

, O�� .��B Table 4� �Å�È3[19-20].

Table 4� �Å� .� û1 Q��9 �& â�1 37 b��e ½

ë& â (7)� �Åú � �RJ, â (7)� % y¥ g�û1 Q��9

slit& |� (2d) û1 IÈ� -� Fig. 61 D7u � �È3.

(7)

Fig. 6�, �iÒ& /f- 20 Å -�& U/-�, H� 3-14 Å bD

U/� 5_� K)/fR� �#�� �3� ¬1 �~u � �ÈR

J, 4 Å -�& /fU/� 5_� /f& $å- ­÷1  ̄� �È3.

�4, % y¥��� ÜV�� D©7Ð- �5C� �� kWQ~ /

fiä5 J�K� ¬- wÃ�ÈRJ, -� �X ¤B -;�, ACF

& /f ? Vi5 Dª� Ag� &� AB�È/ v�-� õ	�J,

D©7Ð- �5ü� �� G AB bD5 þþ �5�� ¬R� wÃ

�È3. VWQR� ACF& =�Q y¥B /f& �iÒ1 �_��

�� K)/f�, -î�_J, -� �KL½ � v B ü; ACF&

K)/f& �A (.B ACF Zr& NO� �� =�Q y¥®§1 �

A7M ¬R� õ	�3[21-22].

Table 5�  #¡A£;& $¾eQ, K)/f iä, ã /f iä, �

³ /f& W�, BET .� 'C' G�� Ny¥� %1 �Å� ¬-3. Ag

& Dªà- �5C� �� $¾eQ, K)/f iä G�� ã /f i

ä& ûB FÉ �A�� ��1 �ÅORJ, -� /f& �iÒ1 �

_�� �� K)/f- Ag Dª�b�, Vi ù8/ v�R� wÃ

�3. �4 D©- ¦PC� �� K)/f& Òå- �5�È�µ -

� ��, @	� �� Dª� Ag ªZ& U/5 ACF& K)/f�3

� ?/f -. /f& ù�� HDQ~ �u1 �/ v�R� õ	�3.P
P0

----- 
 ln K

RT
-------

N1A1 N2A2+

RT δ( )4 2d δ1– δ2–( )
------------------------------------------------=

δ4

3
δ1 δ2+

2
--------------- 

 
3

--------------------------
δ10

9 2d
δ1 δ2+

2
---------------– 

 
9

-------------------------------------
δ4

3 2d
δ1 δ2+

2
---------------– 

 
3

-------------------------------------
δ10

9
δ1 δ2+

2
--------------- 

 
9

--------------------------––+

A1
3mc2α1χ1

2
-------------------------=

A2
6mc2α1α2

α1

χ1

-----
α2

χ2

-----+
-------------------------=

δ 2
5
--- 

 1 6⁄ δ1 δ2+

2
---------------=

Ψ 2d( ) P
P0

----- 
 ln 62.38

2d 0.64–
--------------------- 1.895 103–×

2d 0.32–( )3
---------------------------- 2.7087 107–×

2d 0.32–( )9
------------------------------- 0.05014–– 0=–=

Fig. 5. t-plot of the electrolytically Ag-plated activated carbon fiber as a
function of plating time.

Table 4. Physico-chemical constants applied in calculations for adsorbate-
adsorbent system

Parameter 
Carbon 

(adsorbent)
Nitrogen 

(adsorbate)

Diameter (δ, nm) 0.340 0.300
Polarizability (α, cm3) 1.02×10−24 1.46×10−24

Magnetic susceptibility (χ, cm3) 13.50×10−29 2.00×10−29

Surface density (N, molecules/cm2) 3.845×1015 6.707×1014

Molecular mass (m, g/mol) 24 28.01

Fig. 6. Differential pore volume of the electrolytically Ag-plated acti-
vated carbon fiber as a function of plating time.

Table 5. Textural properties of electrolytically Ag-plated activated carbon
fiber

as-received Ag-2 Ag-5 Ag-10

BET surface area (m2·g−1) 2,121 1,500 895 642
Micropore volume (cm3·g−1) 1.145 0.733 0.436 0.309
Total pore volume (cm3·g−1) 1.216 0.758 0.444 0.312
Fraction of micropore (%) 94 97 98 99
Average pore diameter (Å) 12.7 12.8 12.7 12.9
BET constant Ca 342 153 174 218
Net heat of adsorption (kJ·mol−1)b 3.74 3.22 3.30 3.45

a  (from BET equation)

b

C
a1v2

a2v1

----------
q1 qL–( )RT

=

E∆ q1 qL– RT C( ) a1 v2 a2 v1⋅=⋅( )ln= =
���� �41� �5� 2003� 10�
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per

,

a-

Cu
BET .� CûB y¥à& .�Q~ $Q, Ny¥� C % y¥�&

F[ %� ¤B y¥ l#� �� b�� �f� H� ¬R� ¯°�

�RJ, û- R�S y¥ % �& TÚi�, Õ�þ- round-knee5

�½_� ¬R� ���
 �3. -v CûB BETâ1 ð� �u � �

RJ, Cû1 -�� 	ÒZ
�,& Ny¥�(net heat of adsorption)1

��À3[15].

-U� �� Ny¥�B K¿� 74� $� Ag5 Dª� 74�&

�T G û- kWQR� �Ø3. -� ��, @	� Dª� Ag� ~

� y¥� Zr& y¥® �AX �V bD .ð� g�� õ	�3.

3-4. NO ���

Chen %[23]& ��� ��e NO�  #¡AX ¤B ¡A* ¹S�

&�, >AX �A� �Y�J, -v WÂ^#=�� N2 C COxX ¤

B i�=1 �^78J, ½ëX ¤B W0XY1 �7�À3.

NO+C-ACF→CO-ACF+1/2 N2 (6)

CO+CO-ACF→CO2+C-ACF (7)

CO-ACF→CO (8)

9/,, C-ACFX CO-ACF� ��  #¡A£; ¾e& ¡A C �

Aw®/� �Å�3. �4 Park %[24]& ��� ��e Cu5 Dª�

ACF�,& NO �� WÂ& �T ½ë& W0XY1 ��� ¬R� Z

[\3.

NO+Cu-ACF→Cu2O-ACF+1/2N2 (9)

Cu2O-ACF→Cu-ACF u+CO-ACF (10)

» !Ä�, 7P� Ag-ACF� &� NO& �� g��, ^#��

@' =- N2X CO2~ ¬- wÃ �È3. -? N2& �T� f	��

NO [& W>bD& @'à1 �ÀRJ, We CO2& �T� Ag& D

ªà- �B ]^V�S QB [1 @'�� ¬- �_�È3. �& w

Ã��� Ag5 CuX ¤B `� 
� k-©
~ ¬1 �{u �T Ag

& NO �� W0XYB ½ë& ��� �ß3� 5á�3.

2NO+2(C-ACF)→2(CO-ACF)+N2 (11)

2NO+2(Ag-ACF)→2(AgO-ACF)+N2 (12)

2AgO-ACF→2Ag-ACF+CO2-ACF (13)

-:� Ag� Dª� ACF& NO� �� �Y��,& "�� 7Ä�

9 Fig. 7� �Å�È3. !Ä g� Ag� Dª� Fa Ag-ACF� K¿

� 74�3 FÉ ­B ��å1 �ÅO3. lc Ag-5 74& �T 40

7Ð Ü{ 60%& ­B ��å1 ;_�� ¬R� �Å�3. �4, "å

& N,� Ag-5>Ag-2>Ag-10>K¿� NR� �Å�3. -:� (.B

NO ��� ¹S�, Dª� Ag5 �3�� Dª�� Ag-10& �T D

�� NO �� "å- �A�� � ¬R� õ	�3. º -� �3�

Ag& Dª- b_r(y¥�)~ ACF& #®�(1 ùØ/ v�-3. �

& W0XY�,D -K Ó7� 
X ¤- NO& �� WÂB y¥�

~ ACF�,D �^�J, -:� (.B ACF& y¥#®- c���

S '�� �Åd3. Table 5& g�û1 � v, �/ K¿� 74& �

T K)/fB 1.145 cm3·g−1-È_` D©- ¦PC� �� é_ù 7

4B Ag-10& �T K)/fB 0.309 cm3·g−1� �) �A�È3. V

WQR� /r y¥& �T G H�uB K)/f�, -î�_J �

�, K)/f& �A� G y¥�& y¥® �A� |}Q~ ��1

K�3. -� � v Ag-10 7¨& �T -K y¥��,& #®1 U�

e�fg ¬R� wÃ�È3. �4 Ag-ACF� -�� NO�� ��-

WÂ kWi� ÛÐ& ���� �� hi1 �-� ¬- wÃ�È�

µ -� NO 5E Zr& y¥#>� &� !ÄNL�& y¥ (.�

NO�� WÂ 7& HÕ �� �A~  D& Õ6 C jD& Õ6 v�

� /~� ¬R� õ	�3. -.R� � v ACF� Ag& DªB /»

QR� NO ��å1 �578� ¬1 ¯ � �È3. �_` �3� Ag

& DªB ACF& y¥§1 �A7� NO ��å& �5� @��� ¬

R� õ	�3.

4. � �

» ���,� ACF� k� D©«R� Ag� Dª�ÀRJ, -� -

��9 NO y¥ C �Y�Ü� KL� ��� ��9 �Ã� �Ø3.

k�D© 7Ð- �5ü� �� ACF ¾e� Dª�� Ag& [B �5

��, We� ACF& $¾eQ, /f iä %& y¥#>- �A�� ¬

- wÃ�È3. ¢� -� -��9 NO �� !Ä1 � g�, Ag5 D

ª� Fa 74�B Dª�_ �B ¬� $� ­B NO ��å1 �À

_`, Ag5 �3�� Dª� 74& �T� D�� Q� Dª� 74

�3 !B NO ��å1 �À3. -� �3� Ag& Dª- ACF& »

�& y¥®1 �A7ñ/ v�R� wÃ�3.

� �

» ��� ��/ki& ��/k��6O�(M1-0105-00-0059)& _

Y� &�9 �P�ÀRJ, -� �OKlX3.
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