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���� kaolin ��� �	
��
 ��� � ����� 973-1,173 K
 ������ ������ ��� !. ��

����� "# ���� $ ��� ��% &�
 '() ���� *+� ,# -./0 12�� 3456!. �-���

��� "# 7! /8# 	79 �� :;< ���� "# XRD(X-ray diffraction) 12 $ =>?12�� @AB!.

Kaolin C%
 �� DE%F metakaoliniteG ��� �H
 ��) I	�F J�-C% KL%(PbAl2Si2O8)� DE� !.

����
 M49 � �N��O M4�PQR S" ��T�9 '(� UQ VW!. � &�� "# ��XY, m) 1.67

� �	56!. Arrhenius Z� 
[ \[] ^EK�_Q Ea9 10.16 kcal/mol̀ 6!.

Abstract − This study investigated the kinetics of the sorption reaction for gaseous lead capture in the packed bed of cal-

cined kaolin at 973-1,173 K. The effects of bed temperature and gaseous reactant concentration on the sorption reaction rate

were observed by the analysis of experimental data with a developed kinetic model. Detailed information on the lead-sorbent

reaction were obtained by the XRD(X-ray diffraction) pattern analysis and the microscopic analysis of pre- and post-sorption

sorbent samples. The reaction between metakaolinite, which is the calcination product of kaolin minerals, and the gas-phase

lead generated stable metal-mineral complexes(PbAl2Si2O8). An increase in bed temperature resulted in an increase of captur-

ing rate, but it had no effect on maximum uptake. The order of sorption reaction with respect to the lead concentration, m, was

determined to be 1.67. The activation energy, Ea, was estimated as 10.16 kcal/mol, according to the Arrhenius relationship. 
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� ���� & ��' ���(� )	 *� +  ,-	 �� .

/
� �0%!. .12 ��
 3" #$�� �  �	&43� *

��� &" /
� �0�5 6� 71 ������ -8%!. 9 :

;<= >�) ��� +  ?*�� :@A(bottom ash), 8�B CD

EF"G #C% HIA(fly ash) J K�L MN
(scrubber residue)"

OP QRS :;<T5 6� >�) UV"G 8��  8�B"( �

WX -8TY %!. Z, [\]� ^� ��"G _`�  �	&43

� 8�B ��EF"G ����� ab�5 6  1µm�T' cK=

d(' de� f� -#=![1]. 

Z� gh5i jk l 71 �(� I� hm" no p�X� qr

�� �� (st ��
" �WX� #$�� �!. �1= Z� #$

% ��
� ��Tu hB Z & rv-� ��A&" MNTY %!.

.12 _`% &43' rv- 9 ��
" #$�� �  hB Z'

w 2.3% �(x .r� r�&�� yz%![2]. {| Z� !} &4

3" H	 ��
&' PVCi ^� ~�
� ���(affinity)� �� 4

3�!. 9 ����& �r��� �� ~�
' �"( PbCl2 t��

H�� �� q��' �B� Z� �A=!. += Z" r= �t�


�I� �	G 71 x5 t�' Z~�
� ��� >� ��"G(

���� �AT  PbCl4x �A� � �![3-7]. 
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 ����"G _`
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�= y�&' T2  ��� �B ��a� ��T7 cK= de'

t�� �g�� h" ��"G m�s� #CT  y��!. � y�

� q�� �	 &43(Cd, Pb l)� �� ��ai' ��m�� �	

�>��� �	= ��z
 
�� �
T  ��� �� �� * 

x D¡ &" �![8-18]. ��a' x¢= p�y�� ��� �v 9

m�£¤" <¥ ��a� fdT  y�� *�? 8�B� ��"G

��T  y��� 2¦ � �!. Perdek l[8]� ���� &" -§�

' ��a� -ps� �¨��� &43� ��� � �©� asT

ª!. !} y�� ��' ��a ��«�2 �¬«" &43 �B�

��s­��® *� 8�B &' &43� �¨��� abT  * 

x D¡&�![9-18]. 

Uberoi l[15]� ,¯° m��� ��T7 ±x5 ����a(silica,

alumina, kaolinite, bauxite, emathlite)' q�� Z" r= �r�) �

�
¢" r	 �pTª!. �²� ~�
 t�' �	&43) PbCl2
' ab" kaolinite' ³��
(dehydration)) Al2O3́ 2SiO2x f(�


-µ� asTª!. XRD -¶� �	 ·)% m��

'  ��

�	 q�� Z� kaolinitei' m�¸� !©� ^� as�¹!.

Al2O3´2SiO2 + PbCl2 + H2Oº PbÓ Al2O3´2SiO2 + 2HCl  (1)

» * "G  �	&43) Z� �� ��a� e*I �¼½� p

�T7 ��m�" r= ¾¿RÀ� �ÁTª!. �� Â	 !�
 �

�a ��«��' �B� &43 ·I(diffusion)� �pTª!. +=

��a' m� h� ?'  ��(structural) Ã� J t�Ä�(morpholog-

ical) �Á� Â	 XRD(X-ray diffraction)-¶� heÅc> -¶� Æ

sTª!. �� :Ç�� �-� ��m�' �»� 3(È� )e) É


� "Ê5(activation energy)�  Tª�, �B� m�
) Z' Ë(

" r= m�Ì�(reaction order)� Í�Tª!. 

2. � �
 

�� �¬ÎÏ(minimal transport resistance)"G' Ð�m� 3(ek

� �	 �-� m�' �Ð�) m� 3(È� )e� Í�� � �!.

9 m�Ð�' m�3( ek  É
� "Ê5i m�Ì�' Í�� x

¢Ñ =!. �� Â	 �B� m�
(PbCl2)� metakaolinite(Al2O3´

2SiO2) p�' m�¸� as��Ò=!. �Ó m�¸ (1)" 'T7 �

B� Z� ��a p�' m�� 2ÔÕ � ��, �" '	 m�3(

� Öm�) m�3(¸�� 2ÔÕ >� !©� ^!. 

  (2)

  (3)

7�"G η  !�
 ��a �"G ·I� m�3(� ×�sØ 

�(� 2Ô�  ��)e(effectiveness factor)��, k  m�3(�

�, m� �B� m�
�" r= m�Ì� .�� So  �¼½' Ð

� HÙu��!. ¸ (3)' >� m� Ð�Ú�"G  h�¨ χx Û

� ÜQ b' �s� � ��Ý� Ametakaolinite  So� 2ÔÕ � �

�, Ð� m�3(  QÞ' ¸� ^� 2ÔÕ � �![10, 13].

 (4)

m�3( ��� Arrhenius ¸" '	 2ÔÕ >� !©� ^� ÙÅ

� � �!.

 (5)

7�"G ko  ß()e(frequency factor)� 2Ôà!. 

¸ (4)" (5)� rdT7 ��Tu m� Ð�Ú�"G' m�3( 

!©� ^� 2ÔÕ � �!.

(6)

(7)

x Ö�= ��"G ln(dx/dt)i (1/T)p�' Ót�) á��

�	 É
� "Ê5 Ea�  � � ��, ln(dx/dt)i ln( )p�' Ó

tá�" '	 �B� m�
' Ë(� �â= m�Ì� m�  � �

�!. 

3. 
��� � ��

&43�� ã~% ��� 8�B� äpT7 �� ��ax LA%

��' ��«� ��s­��® ��"G' &43 ab{å� æQ

ç� Â	 p�% ÆèEF  Fig. 1� ^!. &43 _`EF� ��-

¶�(Proximate Analyzer, MAC-500, LECO Co.)� ��Tª!. � E

F' {å� 1,273 Ké5 x,� � �  ê(furnace) �v" sk' �

YÃ�� ë�T  cXÎì(microbalance)� íF�� ��î, ïT 

Æè�ð) x,3(, �(, *�-Â� l� ñòó� e¬ a�%!

[3]. � EF' ôõ & *��B 8z   ��« m��i *ÍT�

Â	 õ��¹!. *Íá� �>� 1") flexible stainless steel tube�

p�Tª!. � á� 873 K� x,T7 �B� m�
� ��«é5 x

  (& �g� Ö�25 6(ö Tª!. ��« m�� íF� Â	 �

Ó �> 2") inconel ÷ø� hB��� 1,373 Ké5 x,� � �(

ö KSù át�� ÷ø úv" íFTª!. .�� � ÷ø' �v"

300 mesh ûüý� �> 1", þ� 1.5") áv3ÿ� ��T7 w 10 g

' �¼½� �D� � �  ü�' ��«� íFTª!. 

Æè" p�% Z� ~�
 t�) PbCl2(Shinyo pure chemical Co.)

rinit
dx
dt
------ 

 
init

η k PPbCl2
m Ametakaolinite⋅ ⋅ ⋅= =–

Ametakaolinite So 1 x–( )=

rinit η k PPbCl2
m So⋅ ⋅ ⋅=–

k ko  
Ea

RT
-------– 

 exp=

rinit–
dx
dt
------ 

 
init

ηkoSo  
Ea

RT
-------– 

 PPbCl2
mexp= =

dx
dt
------ 

 ln ηkoSo( )ln m PPbCl2( )ln
Ea

R
----- 

  1
T
--- 

 –⋅+=

PPbCl2

PPbCl2

Fig. 1. Schematic diagram of experimental system.
1. Mass flow controller
2. Thermogravimetric furnace
3. High-temperature tube furnace
4. Sorbent bed
5. TGF control and data acquisition system
6. HTF controller 10. Silicagel bed
7. Cascade impactor 11. Vacuum pump
8. Impingers 12. Dry gasmeter
9. Flow regulator 13. Valve
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472 �����������������  
� p�Tª!. ��� ��a�  ��"G �B� &43� m�
�

�� ��� æ�� �  �¼½� p�Tª!. ��� >� I�� �

A' (f)r�"G �	
Q p�Tª!. I�I �¼½' �
�
�

�pT� Â	 XRD �X -¶(SIROQUANT software)� ÆsTª�,

. Í�� Table 1" 2Ô�¹!. �" 'Tu �	 &43� ��"G

�Ä��� m�T  �
� æ�D kaolin �,' �
(Al2O3́ 2SiO2́

χH2O) 9 kaolinitei halloysitex 58.5% �( �ATª!. . 2�5 

anorthite, muscovite, montmorillonite .�� quartzx Ì5$� æ �

�¹!. Æè" p�� ��a a�� Â	 1,173 K"G 2s
¬j �

ÍT7 kaolinitei halloysite� ³��
(dehydration) t�) meta-

kaolinite(Al2O3´2SiO2)� h�s��, . �' ��
 J �-� a

bT7 p�Tª!. �Í% ��a' �Ä�
 J m� ? ��a'  

�� {å� æQç� Â	 heÅc> -¶(JEOL, JXA 8600)� XRD

-¶(Philips, X'pert MPD)� ÆsTª!. �Í% ��a� ÙâB

(standard sieve)� p�T7 300-400µm �Â' d(� -�T7 p�

Tª�, ��a' HÙu� J ��ü�� æQç� Â	 BET(Brunauer,

Emmett and Teller) ë�� ÆsTª!. . Í�  Table 2" 2Ô�¹!.

Metakaolinitei �B� &43' m�� 973-1,173 K' �(�Â"G

¡T7�!. �1= �(�Â  �B� PbCl2x �gT  �(ç! �

� �(�Â� m�
 ��" ��= �(�Â�!. �B� &43'

Ë(� Ö�TY �5T� Â	 c� ë�% PbCl2' _`3(� ��

Tª�, �m�B  8% H2O, 16% O2 .�� 2�5  N2�  
%

���B� p�T7 20 l/min' Ö�= �X�� �	T7 f¹!. �

1= y��� �	D �B� m�
' Ë(�Â  9.8-16.3 Pa�¹!.

m� ? ��a  383 K� ã�"G ð�s� ? cXÎì� ��T7

qx% �Y� ë�$��® ��X� Í�Tª!. 

4. �� � ��

��ai �B� m�
 p�' �»�) m� ¾¿RÀ J m� h́

? ��a'  �� Ã�� XRDi heÅc>�� -¶Tª!. Fig. 2

' (a)" ��a� p�% �Ís� �¼½ de' m��h' ä�"

r= Úu� 2Ô�¹!. » * "G p�% ��a  � µm"G �

� µm�(' Qf �� æ�� t�' metakaolinitex G� �� �

T2' de� �!� �  !�
  �� 5R� �!  �� æ �

�!. += metakaolinite OP QRS �r��� "� d(' feldspar

2 muscovitei ^� �
( $# �A=!  �� æ � �!. Fig. 2

' (b)  m� ? ��a"G' Z -#� 2Ôà!. Feldspar2 muscovite

i ^� �
"  Z� m�= $�� %� � &¹5P metakaolinite

Table 1. Mineral composition of natural kaolin examined by quantitative
XRD analysis 

Mineral species Composition(%) Indexes

Kaolines 58.5 Kaolinite and Halloysite
Anorthite 27.9 Feldspar
Muscovite 130. Mica(Muscovite+Ilite)
Montmorillonite 0.6 Montmorillonite+Chlorite
Quartz tr. Quartz (traceable)

Fig. 2. (a) SEM photograph of inside the calcined raw sorbent particle
(F: feldspar, K: kaolinite). (b) Distribution of lead inside the fully
reacted sorbent particle(LAS: Lead Aluminum Silicate, M: Mus-
covite).

Table 2. Physical and chemical properties of calcined natural kaolin in
the size range of 300-400 µµµµm

Physical properties
Apparent density[g/cc] 10.82

BET surface area[m2/g] 15.5

Chemical composition,
wt%(EPMA)

Al2O3 32.83
SiO2 50.78
CaO 14.80
Fe2O3 11.59

Fig. 3. Powder XRD patterns of (a) raw, (b) calcined, (c) lead-sorbed
kaolin sorbents. 
���� �39� �4� 2001� 8�
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x -#= '"  de' �´úv� #$T7 hB��� m�� Ö

�(!. )SG » * " p�% ��a"G kaolin �
 �� *+T

  �� m� h�¨� �IT , -���!. Fig. 3' (a)i Table 1

" �Í �h ��a" r= XRD -¶�� *+% �
.Ni XRD

�
�X -¶�� *+% �
/ �
� 2Ô0!. Table 1"  ïk

��a& á1' r�) kaolin �
(kaolinite, halloysite)� 58.5% $�

�� �©� 2Ô2 �!. � ��a� 1,173 K' �("G �Ís2 >

� Fig. 3' (a)"G ·)% kaolin �
(Al2O3´2SiO2´χH2O)� ³�

m�(dehydration)� bo Fig. 3' (b)i ^� ��t(amorphous)) meta-

kaolinite(Al2O3́ 2SiO2)' t�� h�%!. Fig. 3' (c)  �3Y �Í

s� ��ai �B� Z' m��� �
% 
�' XRD 45�!.

Metakaolinite  Z�' ��m��� )	 Í� �� ±  lead aluminum

silicate(PbÓ Al2O3́ 2SiO2)� h�%![15]. .12 !} .N' �


(feldspar, mouscovite l)� �Í & �6= �Ä� Ãt( &¹�, �B

� Z�' m�"( 77T5 68!. 

Fig. 4" �Ís� ��a' Z ab {å� 9:ç� Â	 �B� Z

' �(/ #���Ó(� 2Ô�¹!. �(x qx$" )S Z' a

b 3(x qxT  �� 9:; � �¹!. .12 m��(� qxs

�! T<S( Z' #� ��X� Ã$&� ÚÂ ïk ��aW 0.491

g' Z� ab=� æ � �¹!. �i ^� �(x qx$" )S �

B� Z' ab �¨� qxT  �� » ��ai �B� m�
�'

m�� �, m�" '= �Ä�� m�µ� æ � �!. �� :Ç�

� �·= m�' 3(È� 	¶� Â	G ��a' K� ·I(pore

diffusion)" r= £>� �ÁTª!. �Ó ·I¨3Ú�i m�¨3Ú

�' �r� &?
� æ � ��, ��' �D« í�� Â= -�?

�) ��)e(effectiveness factor)�  Tª!. ��)e�  T� Â

	G  Æè��� ��a«' ÚÂ v@W m�3( MR" r= ek

� A�Ò T ,, �  !©� ^!.

(8)

7�"G −(dn/dt)  «v@ VR" r= B m�3(��, ε� «' �C

D�![18, 19]. » * "G p�% ��a� 350µm' �Ed(�

xD ït' deS x�Tª� F ε� 0.6 �(�¹�, VR� 15.2 cm3

ª!. Fig. 5"G  » * "G ¡= Æè data� ��T7 ¸ (8)" '	

�I% h�¨" r= ÚÂ «v@W B m�3(� 2Ô�¹!. �

B� Z� ��a' m�"G Bm�3(  h�¨� w 50% �(

x G Fé5  b' Ã�x & , �  ��m�� !�
 ��a

"G' Ùum�� fx =� 2Ôà!. .12 m�� D¡=" )

S ��a Ùu"G m� x¢= metakaolinite' �� ×�TY ��,

&43 �B  cm�% de' &1�� ·I�uG m�3(" &

?= ÎÏ�� ��TY %!. += m��(x qx$" )S B m

�3(x qx$��® �(" r= H= '�
� 2Ôà!. 

ÚÂ «v@W Bm�3(x ηkv(1−ε)Cs
mµ� ��T7 Thiele ��

Ψi ��)e ηi' á�� 2Ô�  m�)e Φ" r= I� �'�

� �!.

(9)

¸ (9)' �ëÏ' I² & !�
 ��a" r= &43 �B' �

�·I��(Dp=Dθτ−1)I� aú= äJ Ã�  Æè���  � �

�![19-21]. r0  ït ��a de' �E m>� 2Ô��, Cs  ��

a Ùu"G' &43 �B' Ë(�!. ��® Thiele ��[Ψ= r0

(SvksCs
m−1)0.5]i��)e[η=3Ψ−1(tanh−1Ψ−Ψ−1)]' á� J Æè���

 = I²� �	 ��)e�  Tª![19]. �3Y  = ��)e� �

	 ��ai �B� m�
' m�3(� 58T  f?= ?)&' T

2) �� ·I' £>� �Á$��® �Bsk'  �� {å� m�

3(" cF  £>� æ � �!. 9 ��)e  Table 3" 2ÔK :i

^� » * "G ¡= m��( �Âi ��a d(" '	 0.9961-

MR  1
VR 1 ε–( )
----------------------dn

dt
------–=

Φ Ψ2η≡
r0
2

DpCs

------------MR=

Fig. 4. Lead sorption in a packed bed of kaolinite at 973, 1,073, 1,173 K
with a constant PbCl2-carrying gas passing condition(VG=20 l/
min, Cm=175 ppmv).

Fig. 5. Molar conversion rate of metakaolinite(Al2O3 � 2SiO2) into lead
aluminum silicate(PbO� Al2O3 � 2SiO2) in unit bed volume, as a
function of a conversion(So=15.5 m2/g, Cm=175 ppmv).

Table 3. Parameters for calculating effectiveness factor(ηηηη) and calculated
results for lead capture

Tb

(K)
VG

(l/min)
Dp

(cm2/s)
Cs 

(�10−9)
MR/VR

(�10−8)
Φ η

973 20 0.09 2.388 1.353 0.0305 0.9979
1073 20 0.11 2.388 1.708 0.0342 0.9977
1173 20 0.12 2.388 3.292 0.0584 0.9961
HWAHAK KONGHAK Vol. 39, No. 4, August, 2001
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0.9979� b' 1" xé� �F� 2Ô0!. �  �� ·I� m�3

(" cF  £>� b' �s� � ��, < �� ��a de' ü��

�Y =!� T<S( sûL' ��MÆP qxs2 O < ��' m

�3( qx  �rT� N²!  �� 2Ôà![18, 19]. 

» * ' OC�) P�� �-� m�' �Ð�) m� 3(È� )

e� Í�T� Â= ��� FQ" �B� m�
� ��a p�' Ð

� m�P� ��T7 �� �¬ÎÏ(minimal transport resistance)' �

ð� �5Tî ÆèTª!. 9 20 l/min' H�� �� �3�� Æè�

T7 úv ·IÎÏ� abT�e Tª�, Ü� h�¨"G Æè$��

® m��

'  �� Ã�� )= ��a de �v�' ·IÎÏ

� m�3(" £>� cF5 6(ö Tª!. ¸ (2)" 2Ôà :i ^

� m��(i �B� m�
' Ë(  &43 �� ��m�' m�

3(� Í�T  f?)�!. » * "G  �B� m�
 Ë(i m

��(" r= m�3(' £>� �ÁT� Â	 Ë(" r= m�Ì

� J É
� "Ê5�  Tª!. PbCl2' -�� 9.8-16.3 Pa �Â� Ã

�s� m�3( Ã�� 9:ç8�, m��(  973-1,173 K' �Â"

G Ã�� f¹!.

Fig. 6� 8" �B� m�
' Ë(i m��(x m�3(" cF 

£>� �� 2Ô�¹!. �Ó Fig. 6"G �B� PbCl2' Ë(x m�

" cF  £>� 9:ç8!. 1,173 K' Ö�= m� �(i 15.5 m2/g

' ��a HÙu�"G PbCl2' Ë(x qx$" )S m�3(x q

Fig. 6. Effect of lead partial pressure on kaolinite conversion(So=15.5
m2/g, T=1,173 K).

Fig. 7. Estimation of reaction order m, with respect to lead partial
pressure(T=1,173 K, So=15.5 m2/g; slope, m=1.67).

Fig. 8. Effect of temperature on the conversion of metakaolinite(Al2O3;

2SiO2) into lead aluminum silicate(PbO;Al2O3;2SiO2)(So=15.5
m2/g, =16.9 Pa).PPbCl2

Fig. 9. Estimation of activation energy of the reaction of lead(So=15.5
m2/g, =16.9 Pa; Ea=10.16 kcal/mol).PPbCl2
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a-

tts-
xT  �� 9:; � �¹!. �1= �B� PbCl2' -�� m�"

cF  £>� �X��� �ÁT� Â	 ¸ (7)" '	 ln(dx/dt)i ln

( )p�' Ótá�� (sT7 Fig. 7" 2Ô�¹!. � .ÞR'

�ì��vó m�Ì� m� 1.67� Í��¹!. � I� ¸ (9)"G 2

ÔK l��(isothermal system)' de� m�"G �Äm�3(" r

= -e·I3(' H� 2Ô�  m�)e Φ� �	  	D �È�

m�Ì� I" H�G � �!. 9 Thiele modulus Ψi ��)e η'
á�� �'% I) Φx �Q��ö ��)e  1" xéSD!. ht

��� ηT0.95 S  �ðT"G ÚÖ m�
' Hx¤ m�" r= m

�Ì�� Φ I" '	 x�� � �!. Table 3"G 2ÔK :i ^�

» * "G A�D ΦI� 0.0305-0.0584 �(� 0.3 �T' I� 2Ô

�Ý� Z� metakaolinite' UVm�� 2Ì m��� Wë� � � 

, Æè���  = m�Ì� I) 1.67� b' ÖFT� �![22]. 

Fig. 8"G  �(" r= m�3(' £>� 9:ç� Â	 973-1,173

K' �(�Â"G' h�¨ Ã�� 2Ô�¹!. �F' PbCl2' Ë(

  �E 175 ppm�¹�î, ��a' HÙu�� 15.5 m2/g�¹!. 7�

"G  �(x qx$" )S m�3(x qxT  ht�) �,m�

' ��� ç�  �� 9:; � �¹!. ��vó ̧ (7)" )S ln(dx/

dt)i (1/T)p�' Ót�) á�� Fig. 9" 2Ô�� �� �	G É


� "Ê5 Ea� Í�� � �¹ ,, . Í� PbCl2i metakaolinite'

m� É
�"Ê5 Ea  10.16 kcal/gmol� Í��¹!. � I� Mahuli

l� as= SeO2� CaO p�' m� É
� "Ê5) 10.4 kcal/gmol

� HX= I�5P Asi CaO' m�"G' É
� "Ê5) 4.03 kcal/

gmol ç!  Y I� x� H�� �� �( '�
� çª![10, 13].

5. � �

Z�I �¼½i �B� PbCl2' ��m�" r= Æè� �T7 Q

Þi ^� ÍÈ� A¹!. 

(1) Z�I �¼½�  
T� �  �
 & kaolin �
(Al2O3́ 2SiO2́

xH2O)P� ³��(dehydration) �

) metakaolinite(Al2O3´2SiO2)

t�� Z� m�T7 �>��� j��) �

) lead aluminum

silicate(PbÓ Al2O3´2SiO2)� �
Tª!.

(2) ��m� �(' qx  �¼½" '= Z ab 3(� qxsØ

  �,m�' ��� çª5P Z' #� ��X"  £>� cF5

68�, ��� ·IÎÏ( b' &¹!.

(3) �B� m�
(PbCl2)' -�" r= m�Ì� m� 1.67� Í�

�¹�, Arrhenius y�¸" '	G  = É
� "Ê5 Ea  10.16 kcal/

gmol� Í��¹!. 

����

A : available specific surface area of sorbent [m2/g] 

Cm : gaseous reactant concentration [ppmv]

Cs : molar concentration of metal vapor at the surface of sorbent

particle [mol/cm3]

D : molar diffusion coefficient [cm2/s]

DP : effective diffusion coefficient of reactants in the pores of the

bead [cm2/s]

Ea : activation energy [kcal/mol]

k : intrinsic reaction rate constant [1/s]

ko : frequency factor 

ks : intrinsic reaction rate constant based on pore surface area [cm2/

moĺ s]

kv : volumetric reaction rate constant [cm3/moĺ s]

m : order of reaction with respect to bulk gas-phase concentration 

MR : molar reaction rate per unit bed volume [mol/s´cm3]

n : molar quantity of sorbed metal on the sorbent particle [mol]

P : partial pressure of gaseous reactant [Pa]

ro : radius of a porous spherical bead [cm]

r : distance from the center of sphere [cm]

So : initial specific surface area of kaolinite particle [cm2/g]

Sv : pore surface area per unit volume of the bead [l/cm3]

t : reaction time [s]

T : absolute temperature [K]

TB : temperature of sorption bed [K]

TF : temparature of metal vaporizing furnace [K]

VG : volumetric reactant gas flow rate [l/min]

VR : bed volume [cm3]

x : conversion [-]

���� ��

η : effectiveness factor [-]

θ : void fraction of spherical bead [-]

Ψ : Thiele modulus [-] 

τ : tortuosity factor [-]

Φ : reaction parameter defined by Eq. (9) [-] 

ε : void volume fraction in the bed [-]
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