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()*+(alumina), ,-.%�/(bauxite), 01)%�/(andalusite), 23/(chamotte), �45(kaolin), 67(pyrophyllite) 8

9� :7(silica)�$. ��� ��	' �45, 23/ ; :7� �
<=> ?@A ��� 
B C� ( D EF$. �G	

�H ��& ���I TCLP �JKL	 �HM NO �JP
 Q' RD� SJ��� 
T� EF$. ��U�V	 
�

W7=>XY �������� ��� ��� ��	 
� $Z� [�
 \]T^� �_PF$: 1) ̀ �� Va(CdOb

SiO2, CdObAl2O3b2SiO2)� U� ' �c< ����, 2) D�� Vad CdCl2>� V9��, 3) ��� ef	 `��

Vad CdO� g�.

Abstract � The characteristics of seven inorganic sorbents for the capture of gaseous cadmium chlorides were investigated

using a high-temperature fixed bed sorption reactor. The investigated sorbents were alumina, bauxite, andalusite, chamotte,

kaolin, pyrophyllite and silica stone. Kaolin, chamotte and silica stone appeared to be the relatively promising sorbents for cad-

mium capture. Sorbed cadmium by those minerals was not easily leached by TCLP extraction. From the analyses of post-sorp-

tion sorbent samples, three kinds of capturing mechanisms for cadmium capture by high temperature inorganic sorbents were

suggested: 1) chemical reaction to form water-insoluble cadmium-mineral complexes such as CdO · SiO2 and CdO · Al2O3 · 2SiO2, 2)

physical adsorption of gaseous chloride to form water-soluble cadmium chloride(CdCl2), and 3) formation of water-insoluble

cadmium oxide(CdO) on sorbent surface.
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�� ��. ��� �
� ��  	! 	"�#$� ���%� &' (

)*� �" +,��� -.�� 	"/0 12� ��. 3 ��� ��

�4�% &'! 5
6 �#$� )
78�% 9:; <=(homogeneous

condensation) >? @9:; <=(heterogeneous condensation) A� .��

BCD �1E 6F�� GH IJ�? KL MN�1 O? 1µm �P�

QRS BC� TUV VW!�. �� �" �X BC? TUV T
� )

*�Y �7� JZ�� [\]0 QJ? ^�� _`a ��[1-4].

bcd� �
� ���� �� T
� e*�? fgS 	"�#$

�� P���. bcd� �^� Dh�� #$4#, ij, )k� ��

� lmno pF A q� pFVr�% s��Y1� ��. ��S t

uvS s��� �" �wS �
�� q� w� x,P�, �^� y

��� � &'z��{ |p,(fly ash)} T
� e*�? BC 8�

6~�� W !�. �
�8� bcd� y�� f�� �� ��(O2,

Cl2, S A)} �<P� bcd Dh�� �/!�. ��S Dh�� �

� �� i�! ��� 6��%? &'�1 O?�. ��� ����

y�� .� @i�PL �Y KL &'!�[5]. &'! bcd Dh�

� y��� Pe] ���% BC6 ��� <=!�. TUV� �n

��% bcd� �� &'/ �#$� �� submicron �
� �f �
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� BC� �/�Y 
x� 6F� )
7 ��IJ� MYP
� �

X�[2, 5]. �M� 4�� �
� ���� .� �
�� x,P? b

cd� � 10%�4� T
� e*!�[6].

�
� �����% bcd� �� &'/ 	"�#$� )*0 �

M� � �? 	�S e��� P�?  
� �7 ¡¢M£ ��P�

QRS BC� �¤� <=�
 ¥� ���% �<0 	4P� WG

P? e���. � e�� 5
6� �#$�  
 ¡¢M}� ���

<0 ¦" -.� §¨�% i��� ��0 �/P? 
©� �� T

S q� yª� H« �� ��[7-23]. ¡¢M� s�e��� M��?

^� ��� 8U� ¬­ ¡¢M£ fBP� �#$0 ��P? e�

� y�® )
7£ ���% ��P? e��� �¯ � ��. Perdek

A[21]� Masseron A[22]� ���� �� V°6� ¡¢M£ fB�

±��{ ²� ³� �4�% ²� ³� �<$4� �#$ ��0 �

�P�C P´�. µ¶ Masseron A[22]� drop tube furnace£ ��P�

V°6�  
 ¡¢M£ Pe]�� fBP? e�0 s� ��{ 


76 bcd0 MNP�C P´�, Freundlich A�·0 ��P� D¸

¡¢�<� µ/ ��¹0 ª ��{ V°6 ¡¢M} 
76 �<�

º� �< »¼2½0 ¾ZP�C P´�. ��� ��S e�� ³�

�4�% ¡¢¿�� 4ÀP
 �X� 7Á�º� �
 ÂÃ� ¡¢M

� ��Ä� Å� ÆÇ0 12� ��[23]. ��S ÆÇ0 ÈÉP
 v

"  
� ¡¢M£ ��Ê�� 	ËÊ �¤� y�� ®Æ� ÌJP

� ��� �#$ 
7£ ¦��±��{ y� )
7 �� �#$0


Í��� MNP�C P? yª� Î'¶ H« �� ��[7-20].

Ï yª�%? fg t�Ð/ ��� Al� Si� |� %� �� 7�1

� Cyp t�� T" 5
6 bcd� MNµ/0 _�²Ñ�. ��

ÐÒ�% � t�� TS 
76 bcd� ¡¢�0 |ÓP�, ¡¢ ®

�/�� �� Ô¢�Õ ( TCLP(Toxicity Characteristics Leachability

Procedure)VÖ0 ¦P� -.� i�/0 ¿�P´�[24]. �×� ¡¢

® �/��� XRD(X-ray Diffraction) VÖ, SEM(Scanning Electron

Microphotograph) ��� EPMA(Electron probe microanalysis)£ ¦" ¡

¢�< »¼2½0 �ØP´�.

2. � �

2-1. ���� � ��

Ï yª� s�! �ÕIJ£ Fig. 1� �Ù8Ú�. ÛÐ! �FVÖ


(Proximate Analyzer, MAC-500, LECO Co.)£ ��P� ��Ê� �Ü

�? �#$� Ý4£ :�PL 	1P´�. �#$ �jÞB ® �#

$� &'$4� :�"1
 ¥�? �<
 ß� ¥� valve£ ��P

� by-pass�à�� &'$4� :�"H ® �#$ 
7£ �<
�

�ÜP´�. ��Ê �<
? 1,100oCá1 �â�? 8. 2-inch�

inconel ãä 8� 1-inch tube} 300 mesh screen0 s�P� � 10 g�

�åæ£ çH� � �4è Ì;�Ú�. ��Ê0 ¦�P? bcd

(CdCl2 : Aldrich Co., >99.9%)� Ý4? 160 ppm�� :�PL 	1P

´�. 
7� �Ü	�� 20 L/min�� P´�, �#$ &'� 700oC

� �4� ��P´�.  
¡¢M ��Ê� �4? 700oC� 	1�é

�#$�� ¡¢�<0 H«P´�.

2-2. ���	

t�� D¸Ð/� ê� 
-� �</ ¿�£ v" t�� µ/0 �

�ë? fg /V��� Al� Si� |Í� %� �� 7�1 t�0 ¡

¢M� s�P´�. s�! t�X� _ìQ�(alumina), ²í�s�î

(bauxite), iÀìs�î(andalusite), ïðî(chamotte), �åæ(kaolin),

ñÖ(pyrophyllite) ( ¾Ö(silica stone)��. XRF(X-ray Fluorescence

Spectroscopy)£ ¦" ò�! t�X� Al� Si� Ð/� ê� VÁ}

XRD£ ¦" ò�! fg ª/t�0 Table 1� �Ù8Ú�. _ìQ�?

�8 F7� (f)TS Rmó�% �Üô� s�P´�, ²í�s�î

? ��p, iÀìs�î? �õ�bp, ïðî? �8 Hf, �åæ?

�8 pö, ñÖ� �8 ÷4tp ��� ¾Ö� �8 wªtp�% ø

ù! ^0 s�P´�. ��S Cyp t� �jX0 900oC� úlû

Table 1. Approximate mineral composition of tested mineral sorbents

Tested sorbent

Approximate 
composition(%) Major mineral species

Al2O3 SiO2

Alumina >99.5 - Corundum(Al2O3)
Bauxite 89 7 Corundum(Al2O3)
Andalusite 58 39 Andalusite(Al2(SiO4)O)
Chamotte 40 55 Mullite(Al6Si2O13)
Kaolin 33 52 Kaolinite(Al2Si2O5(OH)4)
Pyrophyllite 18 76 Pyrophyllite(Al2SiO4O10(OH)2)
Silica stone - >99 Quartz(SiO2)

Fig. 1. Schematic diagram of experimental system.
1. Flow meter �7. Valve1 12. Impingers
2. Needle valve �8. Thermo gravimetric furnace 13. Controller
3. N2 �9. High temperature sorption bed 14. Silicagel bed
4. O2 10. Thermocouple 15. Vacuum pump
5. Steam generator 11. Filter 16. Dry gasmeter
6. Gas mixer
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8�% 2�ºËi ��S ® 7�P� 35-48 mesh� ^0 ·üP� ¡

¢M� s�P´�.

2-3. 
��
� ��

¡¢! �#$� w� ¡¢M�  L 5���� ���Ú�. �#$

¡¢�j� �< »¼2½0 ò�P
 v" XRD VÖ(Philips, X’pert

MPD)0, �¤ªÐ¸� ��0 _�²
 v" SEM(JEOL, JXA 8600)

VÖ0 ��P´�. >S SEM VÖ� � BSE(Back Scattering Electron)

VÖ�0 ¦" t� BC8 �#$VW�¤£ ò�� � �Ú�. >S

EPMA£ ¦" t�BC� ¡¢! �#$� D¸� Ð/0 ��P´�.

Ô¢�Õ� ý�S ��(>99.999%)Vv
�% 1,100oC� �4� â�

� VÖ
(SDT 2,960, TA Instruments)£ ��P� þ �6�  Lÿ�

� �0 Âá1 ��P´�. �� ��/ ��� �Dbcd(CdCl2)�

�?Ç� 568oC��, �� @�/ ��� pDbcd(CdO)� 900oC

� �4�% âV"�? /�� �
 ÂÃ� 1,100oC� �4�% Ô¢

�Õ0 ��� .� ¡¢M� ����� ¡¢�Y �? �D� ( p

D� �¤� bcd� w0 _ � ��. TCLP �Õ��� ¡¢! �#

$� �*/0 VÖP� -.i�/� TP� ¿�P´�[24]. TCLP

VÖ�� �" s��? �*�� 500 ml� �� 5.7 ml� �Rîp0

�hS ® 1 N� NaOH ��, 64.3 ml£ þP� ¥7 U�� 1 l� �

4è �ÖS ^��, � ��� pH? 4.93�0.05 �4��. �	L M

Ð! �*�0 ��P� 18�2 �ºËi ¡¢M� ¡¢�Y �? �#

$0 �*�
 ®� � ��� �#$ Ý4£ §�P´�.

3. �� 	 
�

�� �1 t� ¡¢M ��Ê� �S bcd� 6T�� MN
Í0

Fig. 2� �Ù8Ú�. �åæ� bcdMN� �I �Y� /
0 12

� �Ú� ïðî, ¾Ö ( _ìQ�4 |Ó� ��S ¡¢
0 12�

��0 ò�� � �Ú�. ¡¢! bcd� D¸� �¤£ T����

_�²
 v" 1,100oC� �4�% Ô¢�Õ0 ��P´� � ��£

Fig. 3� 4� �Ù8Ú�. Fig. 3�% ò�! ïðî, �åæ ��� ¾Ö�

800oC� �4á1 N� Ô¢� �ìY11 O�� 950oC �6� �4

�% Ü�S Ô¢� �ìY�0 ò�� � �Ú�. 3 �?Ç� 568oC�

CdCl2� �¤� ��¡¢! bcd� �åæ, ïðî ��� ¾Ö� ¡

¢M�%? N� x,P1 OÑ�, � 35%� ÀP? Ô¢�� TUV

� 950oC� �4�% âV"�? µ�0 1� CdO� �¤�0 	�

� � ��. ��{ Fig. 3� Ô¢�Õ�% s�! ¡¢MX� bcd0

w���? �� -.���4 i�! �¤� MN 0 ò�� � �

Ú�. ��� Fig. 4� Ô¢�Õ�% s�! 4�1 ¡¢M� .� 10%

�6� 900oC�P� �4�% Ô¢�Y Fig. 3� �Õ�% s�! ¡

¢M� |" �D� �¤� ��¡¢! bcd� qÑ�. µ¶ _ìQ

�� .� 900oC�P� �4�% ¡¢�� 40%�4� Ô¢z��{

MN! bcd� TUV� CdCl2 �¤� ��¡¢z0 M�� � ��.

bcd ¡¢�j� TS �*�Õ ��? Table 2� �Ù8Ú�. �


�% �*VÍ, Fl� ��� � (1)� �� ��P´�.

FL= �100 (1)

�� t�� |" 6T��� q� w� bcd� ¡¢! _ìQ��

.� FL¹� 20.087� ³� ¹0 �Ù8Ú�. 3 Ô¢�Õ� ��} �

� _ìQ�? bcd0 �� TS �"4� ³� �D� �¤� ��

¡¢P� MN ��{ bcd MN¡¢M�% U�h 0 M�� �

��. ��� 6T��� q� w� b�d0 MNS alumino-silicate

;â� t�� ïðî} �åæ? FL¹� 0.015} 0.344� ¹0 �Ù�

��{ WG! bcd� @�/ ��� CdO� ��¡¢�ÚN� ��

D¸�<0 ¦" Cadmium aluminum silicate(CdO�Al2O3�2SiO2)� �/

 
�*! �#$� w(g)

¡¢! �#$� ��(g)

Fig. 2. Cadmium uptake of inorganic sorbents by passing simulated
flue gas through packed bed of 35-48 mesh mineral sorbent par-
ticles at 700oC(160 ppm CdCl2).

Fig. 3. The results of desorption test of cadmium sorbed chamotte, kaolin
and silica stone.

Fig. 4. The results of desorption test of cadmium sorbed alumina, bauxite,
andalusite and phyrophyllite.
���� �41� �2� 2003� 4�
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�Ú�0 	�� � ��. >S ý� silicate t�� ¾Ö4 FL¹� 0.095

� ¹0 �Ù���{ ¡¢! q� w� bcd� Cadmium silicate

(CdO�SiO2)} �� D¸�<�� �/�Ú�0 	�� � ��.

�<�/�� �* ( Ô¢�Õ� �" :U M��Ú� MN»¼2

½0 ²� Zò¶ ¾ZP
 v" XRD VÖ0 ��P´� �� TS

��£ Fig. 5-11� �Ù8Ú�. _ìQ�� fg Ð/t�� Fig. 5(a)

�% � � � � corundum(Al2O3)��. _ìQ�� bcd ¡¢�/

�� XRD VÖ��(Fig. 5(b)) �* ( Ô¢�Õ� ��} :JP? �

D� �¤� bcd� CdCl2�6H2O� peak� ò��Ú�. 3 bcd

� _ìQ�� ¡¢� CdO�Al2O3} �� ��0 �/P? D¸� �

<� �S ^� �2m ÆýS ��� ¡¢� �" �D� �¤� ¡¢

�<� H«�Ú�, �� �" bcd� �* ( Ô¢� ! �ìY"�.

²í�s�î� XRD §���£ Fig. 6� �Ù#�. ²í�s�î?

TUV� corundum� �� w� mullite� ª/�Y ��(Fig. 6(a)). b

cd¡¢ ²í�s�î[Fig. 6(b)]�%? cadmium aluminum silicate} ��

D¸�<�/�� XRD VÖ0 ¦" ò��1 OÑ�, CdCl2�6H2O

� peakE ò�z� êm fg ¡¢»¼2½� ��¡¢�0 ò�� �

�Ú�. êm% ²í�s�î? �� ¡¢�� ��� ¡¢�m? bc

d MN»¼2½�� �" bcdMN ¡¢M�%? U�h 0 _ �

��.

Fig. 7�%? ¡¢�<®� iÀìs�î� TS XRD pattern0 �Ù

8Ú�. �j iÀìs�î[Fig. 7(a)]? TUV� andalusite[Al2(SiO4)O]

} Q�� quartz� ª/�Y��. bcd ¡¢ iÀìs�î[Fig. 7(b)]

�%? XRD 6��? CdCl2�6H2O� peakE ò�z��{ ����

� bcd� MN�Ú�, ¡¢� C74 �Y bcd ¡¢M�%? U

�hP�.

Table 2. Fractional leaching(FL) of post-sorption mineral sorbents

Sorbed metal Alumina Bauxite Andalusite Chamotte Kaolin Pyrophyllite Silica

Cd 20.087 0.097 0.112 0.015 0.344 0.234 0.095

Fig. 5. Powdered XRD patterns of (a) raw and (b) cadmium-sorbed
alumina.

Fig. 6. Powdered XRD patterns of (a) raw and (b) cadmium-sorbed
bauxite.

Fig. 7. Powdered XRD patterns of (a) raw and (b) cadmium-sorbed
andalusite.

Fig. 8. Powdered XRD patterns of (a) raw and (b) cadmium-sorbed
chamotte.
HWAHAK KONGHAK Vol. 41, No. 2, April, 2003



268 �
���  �������������

)

ïðî� �#$�� �< ¥�® ��� TS XRD VÖ��£ Fig.

8� �Ù8Ú�. ïðî? TUV mullite(Al6Si2O13)� ª/�Y ��

(Fig. 8(a)). bcd¡¢ ïðî�%? ³� ¡¢� ( Å� Ô¢�� �

*��4 @ªP� CdCl2�6H2O� XRD peakE0 ò�� � �Ú�.

�? D¸�<� :Y�
 �¥� ïðî $¨� <=�Y�� CdCl2
E� §�! ^�� sj!�.

Fig. 9�? �< ¥�® �åæ BC� XRD pattern� �Ù� ��.

bcd ¡¢�j� TS XRD §��� 8%*/�� â���4 i�

�� cadmium aluminum silicate� ªÐ£ ò�� � �Ú�. >S �

åæ� .� |Ó T6t� � �I ¡¢
� ��� &E �2m �*

( Ô¢�4 �Y �#$ ¡¢M�% �I ��S µ/0 12� �Ú�. 

Fig. 10�%? ¡¢ ¥�® ñÖ(pyrophyllite)� XRD pattern0 �Ù8Ú

�. bcd¡¢ ñÖ�%? CdCl2�6H2O} cadmium aluminum slilicate

� Ë�� ò��Ú�. 3 ñÖ� bcd MN»¼2½� '( �D�

�¤� ��¡¢� ·«! ® D¸�<� H«z0 	�� � ��. �

�� Fig. 2�% ò�! ñÖ� bcd ¡¢MNw� �� t�� |"

�f �Y D¸�<� H«$4� �f )*0 	�� � ��, �� �

" bcd¡¢M�% �~P1 OÑ�.

Fig. 11�%? �< ¥�® ¾Ö(silica stone)� XRD pattern0 �Ù8Ú

�. bcd¡¢ ¾Ö[Fig. 11(b)]�%? D¸�< �/�� cadmium silicate

(CdO�SiO2)� ªÐ&E �2m ��¡¢� 5N� CdCl2�6H2Oá1

'+�Ú�. 3 ¾Ö� bcd MN»¼2½� ñÖ� �� �D� �

¤� bcd� ,- ��¡¢! ® D¸�<� H«�1E, D¸�<�

H«$4� ñÖ� |" .m Fig. 2�% ò�! ß} �� ¡¢�4 �

� t�� |" ��" bcd MN ¡¢M�% ��S /
0 12�

��0 ò�� � �Ú�.

T$�� ý��� t�� _ìQ�} ¾Ö� MN »¼2½0 |Ó

P�, ��S ¡¢
�4 @ªP� XRD� �" �òS MN»¼2½�

¾Z�1 O� ïðî� T" SEM(Scanning Electron Microphotograph

§�� EPMA(Electron Probe Micro-Analysis) VÖ0 ��P´�, �

��£ Fig. 12� �Ù8Ú�. �· _ìQ�, ïðî ��� ¾Ö� �

jt�� TS Æ¨� �/0 Fig. 12(a), (c) ��� (e)� �Ù8Ú�.

R�1 t�� �¦��� QR
�(micro-pore)� 'ÀP1 O� Æ1

NT
�(macro-pore)E� x,P? �¤£ 12� �Ú�. ��� �

t�� �S bcd ¡¢ �¤? BSE image[Fig. 12(b), (d), (f)]£ ¦

" ÈZ¶ ªV�? ^0 ò�� � �Ú�. 3 bcd ¡¢ _ìQ�

[Fig. 12(b)]? BC� $¨� bcd� VW�1 O� BC8 x,P?

NT
�8� ¡¢�Y �? ^0 ò�� � ��. >S bcd VWU

V(CA)� TS EPMA VÖ�� Al, Cd ( Cl� ��VÍ� �� 3.44,

77.44 ��� 7.92% x, ��{ ¡¢! bcd� �D�� �¤� �

�¡¢�Y ��0 ò�� � �Ú�. bcd ¡¢ ïðî[Fig. 12(d)]

� TS �<UV(CC)� .� Al, Si ( Cd ��� ��|� �� 5.53,

21.62 ��� 70.16% x,P� Cl��? '+�1 OÑ�. �? ïðî

� ¡¢! TUV� bcd� CdO� ��¡¢�ÚN� �� t�-�

#$� D¸�<� �" cadmium aluminum silicate� �/�Ú�0 	

�� � ��. >S BC ¥�U� 01 Cl��? ò��1 O? 6¤

�% BC� �2Uá1 Cd� ¡¢� ò�z��{ �� t�� |"

Î'¶ D¸�<� H«z0 ò�� � �Ú�. ��S ���{ XRD

VÖ� �" §�! ��¡¢� 5N? Æý¶ D¸¡¢ �¥� ïðî

BC� $¨� ��¡¢! ��� CdCl2� XRD� �" §�! ^��,

TUV� bcd� ïðî� �" i���� MNz0 _ � ��. Fig.

12(f)? bcd ¡¢ ¾Ö� TS BSE image£ �Ù3 ^��. ¾ÖB

Fig. 9. Powdered XRD patterns of (a) raw and (b) cadmium-sorbed
kaolin.

Fig. 10. Powdered XRD patterns of (a) raw and (b) cadmium-sorbed
pyrophyllite.

Fig. 11. Powdered XRD patterns of (a) raw and (b) cadmium-sorbed sil-
ica stone. 
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mium sorbed silica stone(Si: 19.30%, Cd: 80.70%).
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