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Abstract − A series of chemically active mesoporous silicas(HMSs and SBAs), which show selective adsorption properties
for Hg(II) ion, has been synthesized using primary amines and poly(alkylene oxide) triblock copolymer as a structure-directing

agent. This study investigated the effects of crystallinity and surface properties on the mercapto densities and the metal adsorp-

tion capacities. The steric effect of functional groups was observed in the supports with the pore diameters less than 2.8 nm,

while no close correlations between the pore diameters of supports and mercapto densities of the adsorbents were observed in

those with the pore diameters greater than 3 nm. The results of XRD and elemental analysis show that the pore uniformity and

the crystallite domain size of the supports, which were calculated by Scherrer formula, plays a key role in the determination of

the extent of the mercapto densities of the adsorbents. The adsorbents showed high selectivity to the adsorption of mercury ions

in a single metal solution among others under the given conditions.
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012 34
 567 89�:34;<=>?��(Toxic Release Inven-

tory, TRI) �, @67 ;<��A ��6? .B[1]. CD�EF
 G

H �I6J K�D� LM� 1980�N CO
 PQ� RS34� T

UV! �&LW	 $T� XYZ ��  � [\EF ]^, @67

RS34 ;<=, _`�6/ L+aH b�c? .B[2]. de fg

h $T # 
iW� jk� lmV! nZop
� 012
 Nq r

� # XYZ� 0stn uNc? .B. 12� �� v9t� $T?

w 2�A ?xq r� yz�A {|>p ���, �, ��, f%n y

zVn? ��, ���, g}n 0~\�A >n�, ����, ��, �

n �� yz�A ���? .B[3].

nP 012 n�, ��6E v67 GH YZc/ EI� 3�V,

�:V D��aH/ �:�� �b�, u��, �����, ���, �

�/�T�, �t����, n����, bE�9� �n .B. 012 �

�� �� �y/ 012, ���3H �b�� N��� 012, �

�  � .B. 012� ��� �� �y
/ n��� �W� ¡�,

nZ67 D�  � .B[3]. ¢£� n£q L�P� ¤\ 012 n�

, z¥VaH ��/��  � ¦/ §¨n .B.

n	  � §¨, ©ª6E v67 �t�, «t �¬hn�, ¨­	

 � 34
 E®EA ��67 012� z¥V! ��/��
 nZ6

¯B. ¢£� nP� °� ±pV, �W? .ap�� N"H E²�
228
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)

E� ³�� �´� µ¶6W ·� §¨n .B. ̧ h�, 012 ��,

vq E®EA E²�
 ¶\6¹ �º6�» ¼«�½E Q¾B. ¿q,

�À
� 012n�� E²� ��� Á�cQ E²� °� pV� E

®E	� ÂÃ, �¹ c? 012 ��lm, Ä`�ÅB. n£q Æ

�¨, ]z6E v67 E² �E� �? ¶\6� ±pVn °� Ç

´º£È 8E/ÉE ª« ���� ]�c? .B[4-8].

�$"� E² �EA ÊEVaH u��Å, Beck �[4]� z�V %

� nËH � nm� E² �EA Ì/ Ç´º£È Í�� 34
 Nq

Î� %�� �9c? .B. nÏ �´8�"(template)H YZc/ (

p�t�� �`Ðn	 ��A ´j67 E²�EA Ñ��Ò � .B.

Ç´º£È Í��/ EI� Í�� ���
 Ó67 ±pVn 5; n

À �� ¶\q E²�E�ºA >!B/ p
� l�V! ��� ]

�
 V«6B[4-9].

Beck �n �´q Ç´º£È Í��/ n�( (p�t�	 ÉE b

�"~� b6ÔÕ(charge matching)
 EO, Ö, \bEV !×, n

Zq ØÂV! $E´«(self-assembly) L�aH �´cÙB(MCM-

41)[4]. n L�� ��t´Ú(5-10 M HCl ¿/ HBr)
� O�, �½

�, (p�t�A ��6E v67 GH `t(calcination), 6/Û, n

/ E®E ��
 YZc/ ��EÜW Ä`�½/ ¼�A ÝËqB.

Pinnavia �[6]� Ón�( (p�t�! �Ò fÞ� Ón�( ÉE b

�" Yn� �`¼«, nZ67 >B Ó$©V! O� ´Ú
� Ç

´º£È Í��A �´6¯B. nH�� MCM-41 >B E²ßn àá

â �ãä\t(hydrothermal stability)n y�q Ç´º£È Í��

(HMS)A �´  � .ÙB. ¿q \bEV !×>B kq �`¼«×

aH ¼«å (p�t�/ Zæç<, @67 ��è � .E ÏÆ


E®E ��, v67 ésq ��E� êÍn VÙB. _ë
 Stucky

�[7]� ìt0«"A �´8�"H YZ67 HMS # MCM-41 >B

í E²�EA Wî 34(SBA), ]�6¯B. ¢£� HMS	 Ó�6

7 E²�E/ �We ±pV� HMS >B ³ïB.

Ç´º£È Í��A nZ67 012n�, ��6E v9�/ 0

12n�� z¥VaH O�  � ./ �~�� és6B. Mercapto

¢ð� 7£ 12n�(Cu2+, Ag2+, Cd2+, Hg2+, Pb2+, As2+)
 N67 ñ

�×n ò� óaH �xô .B. nA E®EH ��q Ç´º£È Í

��/ 12n�
 Nq ��®n ��, ���  � ¤\ 12n�


Nq z¥� ¿q õQö óaH �xô .B[1, 8-13].

12n�� ��®� ��� §vpV÷ mercapto ø�
 Óù6�,

E²� �E # E²�ú �
� *+, û/B. ���� mercapto ü

� E®E ���
 WW"� ��E	 mercapto ¢ð� ý�q ¼«

7�
 þx .B. E®EP� WW" ±p� ��E	 ¼«67 mono-,

bi-, tri-dentate �´A WîB. E®E� �ºp
� >p E®E� �

�� ±p
 É³vVaH �ºcQ ./ �y>B, ø�cQ �º6?

./ tri-dentateA >7ÿ E®E� �tn uNåB[14].

 EI� HMS	 MCM-41, nZq 12n�� ��®� z¥V �

�� GH 6�� WW"
 Nq 012�� ��z, �f _N ��

®, �)6/ ónÙB. Feng �[14]� E®EA Ç´º£È �$"


§�$�aH �� 3.05 mmol/g� �� ��®, >n/ ���A ]

�6¯B. Mercier �[11]� Ón�( (p�t�! Triton-X100, b

�"	 ���«O�aH �´q ���A nZ67 2.3 mmol/g� �

� ��®, >¯B. ��®
 .Q�/ Mercier� ¼�� Feng� ¼�

>B/ �QWWe �´ �~� ÓZ `s� VQ� >B ��V! �

´L�aH ��c? .B. _ë
/ SBA-15A nZ67 1.45 mmol/g

� �� ��®, >! %� ¼�� �±cÙB[7].

	 %�
�/ n£q 012� ��®, ¼\6/ Gs Ñ�A �?

$ WW"� E²¤t
 ¸
 E®E ø�� Ñ�A 9�6¯B. ¿q,

��, ���, �, ��n IX6/ �À
�� 012 �� Í�, Í

�6¯B. nA v67 E²¤tn �H B
 Büq 
�� WW"

(HMS 7
, SBA 3
, ÀZÍ�� 1
)
  � ü� mercapto(1.0 g 3-

mercaptopropyltrimethoxysilane/1.0 g support) ¢ð, E®EH ��6

¯B. §¶À� 012 Z�de fgh nt�( Z�
 5q ��Í

�, @67 ¤\ 12n�� ���~� z¥t, �)6? WW"�

E²¤t� E®E ø�	� À5t, ´Y6¯B.

2. � �

2-1. HMS ��� ��

�´8�"H Ón�( �ÒfÞ (p�t�A YZ67 �-� L�


 EO, Ö $E´«�, @67 HMSA �´6¯B. �H B
 E

² �EA Wî WW"A �´6E v67 �´8�"H �`�� 12!

�ÛÍfÞ(98%, Aldrich)� �`�� 16! �YÛÍfÞ(99%, Fluka)

, YZ6¯B. ¿q E²� �EA ´j6E v67 Ç���(99%,

trimethylbenzene, TMB, Fluka), YZ6¯B[15].


�¬ 46 ml
 �ÛÍfÞ 5.1 g, Z9�Å C, 3 53 mlA �Q 


�� À'A ePÙB. 30�~ �Oq C
 ��h
��Í�(99%,

TEOS, Fluka) 22.33 mlA ��q C Í�
� 20�~ �ä �O67 Ç

´º£È Í��(MSd)A �´6¯B. E²�EA ´j6E v67 (

p�t�� ü, ?\�½? TMB� ü, ́ j67 4�W� ��(MSh-

Tx; x=00, 05, 10, 15)A �´6¯B. �, TMB	 �YÛÍfÞ� �ÓA

�� 0 : 1(MSh-T00), 0.5 : 1(MSh-T05), 1 : 1(MSh-T10), 1.5 : 1(MSh-T15

H B�¹ ì«67 �H B
 E²�EA �W/ Ç´º£È Í��A

�´6¯B. O� ì«3� ´tÓ/ B �  B. nÏ MSd-1� 0.8

TEOSA YZ6? TMBA YZ6W ·? �´å Ç´º£È Í��n

�, MSd-T/ MSd-1 �´�\
� TMBA ��67 �´å ��nB.

1.0 TEOS : 0.27 CnH2n+1NH2 : 7.93 C2H5OH : 29.4 H2O : m TMB

n=12, 16; m=0, 0.14, 0.27, 0.41, 0.54

�´å Ç´º£È Í��/ 
�¬, nZq !"� 7��\, �

# n$~ À�
� Ú´�%B. Ú´q Í��
� �´8�"A ��

6E v67 
�¬, YZ67 24�~�ä 2Í&(Soxhlet) ç<, 6

¯B.

 

2-2. SBA ��� ��

�´8�"H poly(alkylene oxide) ''� �0 ìt0«"A YZ6

7 SBA ''� Ç´º£È Í��A �´6¯B. Pluronic P123(EO20

PO70EO20, Mav=5800), P103(EO17PO56EO17, Mav=4950), P65(EO20PO30

EO20, Mav=3400) 4 g, �� 3 30 ml	 2 M HCl Z� 120 g
 ì«6

7 70oC
� 2�~ �ä �O6¯B. B� TEOS 9.08 mlA ��q C

20�~�ä 80oC
� �O6¯B. �´å Í��(SBA-123, SBA-103,

SBA-65)/ 
�¬, nZq !"� 7��\, �# n$~ À�
�

Ú´�Å C 2Í& ç<, 4¶~ Í�6¯B.

2-3. ��� ��

Â()(grafting) �\, @67 �´å Ç´º£È Í��� ±p


mercapto ¢ð, ¼«�%B. ��n *b+ ��cW ·� Í��
 E

®EA ��  �y, MPTMS� �,�(-OR) ¢ðn ��	 �«, 6

7 ¬�?-A 't6�, Í�� ±p� ��E	� O�tn �QW¹

åB. n£q O�, �E v67 �´å Í�� 1 g, 24�~ �ä .

² Ú´�� WW" � /� ��, ��6¯B. 0�1 25 ml, MPTMS

1 g, �´å Í�� 1 g� ì«67 
�� À'H ePQ, �O6p�

24�~�ä ��(refluxing)�%B. Ó�Í�, v67 ÀZÍ��(99%,

DavisilTM silica gel, Aldrich)
� �¶q �\aH E®EA ¼«�%
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�� !
B. �� C !", nZ67 /� 8EÍ�, ��6¯B. Zæ!"�

0�1, Ç�2Hhn�, f!3, 
�¬ �� ZæA YZ67 4�N

H !", Í�6¯B.

2-4. 	
��

4`�5� 67(BET, ASAP-2010, Micromeritics)A YZ67 E®

E ��bC� E²�E, E²�ú, ±pV Ñ�A o\6¯B. E²�

�´	 ¼\t, ´Y6E v67 HMS� �y/ Xz �8 rj ��

E(XRD, MXP 18XHF-22 SRA, MAX/Science)A, SBA� �y/ ̀ �

(9:)� ;�(<:) Xz �� ��E(SAXS with GADDS, Bruker)A

nZ67 d spacing, cell Ñ�, E²ßà� �, �6¯B. GYz�

CuKα ªY�(λ=1.5418=)A YZ6¯a�, XRD/ 1-10o(§>�67

30 kV, 40 mA), SAXS/ 0.1-8o(40 kV, 45 mA)
� o\6¯B. �´å

Ç´º£È Í��� ¼\�´A �?6E v67 XRD	 
� ��

b$@��(TEM, JEM 2000EXII), nZ6¯B. WW"	 ���� ³

ZE �?, v67 VAz �;E(FT/IR-430, Jasco)A YZ6¯B. 0

12 n�� ��® 9�� E	n c/ ����� mercapto 
8=

, o\6E v67 T`��E(CHNS MT-2, Yanaco)A YZ6¯B. 

2-5. 
�� �� �� ��

Mercapto ¢ðn ��å WW"
 Nq ��, ���, �, �� ��

012 ��Í�, �B6¯B. NÀ ��/ E®E� ��å HMS 7


, SBA 3
, ÀZÍ�� 1
� E®E� ��cW ·� Ç´º£È Í

��(MSd, SBA-123)	 ÀZÍ��(CS)A YZ6¯B. 12n� Z�

� Hg(NO3)2CnH2O(95%, Junsei), Cd(NO3)2C4H2O(98%, Junsei), Cu

(NO3)2C3H2O(99%, Junsei), Pb(NO3)2(99.5%, Junsei)A nZ67 �´

6¯B. 2� n� À'H IX6/ 12n�
 5q ��®, ´Y6E

v67 4�, nZ67 pH 4 Z�, �´67 NÀ 012, Z9�

%B. MINEQL+(ver. 3.01DERS), nZq EY ¼�, pH� �f4�

» 2� n�À'� -QP? �bn ¶Q�, �À 012 n�� ��

� Ä`6/ óaH ��FB. ¿q, k pH 5 nÀ
� Í��� 01

2 n�
 N67 �� l�A �W/ óaH �xô .B. n£q pH

l�
 �q 012 n� �� Ä`A ;�6E v67 Z�� ÝE pH

A 4H ?\67 Í�6¯B.

��, ���, � Z�� ��/ 0.5 mmol/l, ��� 0.2 mmol/lH �

´6¯B. ��, ���� �y/ �� 0.1 g� Z� 50 ml, ì«67

�O�%B. �� �� 0.05 g, Z� 50 ml
, ��� �� 0.01 g, Z

� 100 ml
 ì«6¯B. ��P, µ¶6¹ ���Å C, 12�~�ä

30 oC
� O��½� ��G'
 �þ6�» 6¯B. O�n *�å Z

�� 7�A �ñ C Z�� /� 12n� ��A o\6¯B. ���


 ��å ��	 ���� ��= o\� T$ �� �;((AAS, Perkin

Elmer 3110)A YZ6¯?, ��� �� 8�¼« HhIJ �;�;(

(ICPS-7500, Simatz)A YZ6¯B. ��å ü� ÝE��	 O� C /

���� KA nZ67 (�6¯B.

nt�( Z�
�� ���� ¤\ 12n�
 Nq z¥V ��®

, �)6E v67 ��� ��� ª«À Z�, �´6¯B. ���

��A �� 0.2 mmol/lA �´67 0.01 g� ��
 Z� 100 ml, ì

«6¯B. �-W �\� §¶ 12n� Z�� ��Í�� �¶6¯B.

3. �� 	 
�

3-1. ���� ���� ���


11�W� WW"
 E®EA ��67 012 ���A �´6¯B.

E²¤t ��, v67 BET, XRD �, YZ6¯B. Büq WW"


5q 4` �5� ��z� Fig. 1, 2
 >! L	  n Brunauer� �

�q Ç´ºQA Wî 34
 Nq �5� ��z! IV''A >¯B

[16]. ¢M
� ���/ �5� ��z� +È���È Nz� !²�

��aH &tå ÇgÈOÈ� OWP Eün �5��
 �H B�E

ÏÆ
 �&qB. ¿q E²� �E� ³,�» E!5 ��� �� À

NQ
� �&qB. HMS/ ÀNQ 0.4-0.5
� ��Fa�, SBA/ ¢

>B í ÀNQ 0.6-0.7
� ��FB. ¸h� SBA� HMS >B í E

², Wî Ç´º£È Í��), RÀ  � .a�, n/ BET� ¼�

	� ¶7qB(Table 1).

Fig. 1. N2 adsorption/desorption isotherms of (a) MSd-1, (b) MSd, (c)
MSd-T, (d) MSh-T00, (e) MSh-T05, (f) MSh-T10, and (g) MSh-T15.

Fig. 2. N2 adsorption/desorption isotherms of (a) SBA-103, (b) SBA-65,
(c) SBA-123, and (d) CS.
���� �39� �2� 2001� 4�



����� ���	 
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� �� ��� ���	 �� 231
MSh-Tx� �y §�$� 4` �� C B0�$� ��n �&6/

§�$� _N��¨n O�3 ´t
� TMB Ó� u� �» ��

ÀNQ
� ��FB[Fig. 1(d)-(g)]. n/ O�3� ´t
� TMB� Ó

� O4�» E²�E� u�6/ ó� ¶76¯B(Table 1). �, Jn

S 't�
 `�t, T/ TMB� JnS ��H ��67 >B í

JnS, 't6¹ åB. TMB� ün u� �» `�t, T/ Jn

S ��
 TMB ýbn Îfô µ¶q JnS 'tn Á�åB. n£

q @À� TMB/�YÛÍfÞ� Ó� 2 nÀ¶ Ï ��FB.

TMB/�YÛÍfÞ� ÓA 1H 67 TEOS	 ��
 ì«6p TMBA

YZ6W ·� �y>B R+x E²�E, ±pVn Ä`6? E²�º�

°QUB. TEOS� �´8�"	 QV\� O�, n�¹ q W TMBA

ì«�%, Ï/ E²� XY(swelling) l�A >¯B. nA @67 Í�

�O�n Z[ ¶Qö C TMB� JnS ��H ��67 XYn �&q

B? \ � .B. ¸h� ���� E², ]�E v9�/ YZq �´

8�"� 
�de fgh XY�� Ó	 ì«�¨n 0s6¯B.

WW"� ¼\t, @67 E²� µ¶t� ¼\$� �E(crystallite

domain size)A 9�  � .B. ��� Xz rj�� ¼�A Fig. 3


���ÙB. � ��
 Nq d spacing, Table 1� 2
 ���ÙB. Ç

´º£È Í��� ^�''H ;ãå E²�´A ?x67 E² 0_

~� ��A �6?, E²� �E! DBJHA nZ67 E² ßà�A (

�6¯B. MCM-41� E²ßà�/ k 10 Å! óaH �xô .B.

MSd, MSh-Tx� �y E² �E� O4�» ßà�� N"H ³fW

? .We E²ßà�/ 20-30 ÅA 8W6? .B(Table 1). SBA� �

y/ 40 Å \�� E² ßà�A >7� �ãä\tn �6 y�q W

W"h   � .B.

HMS� XRD ¼�/ 2o ëD
� §¶ ú�A >n? ` í 2θ
�
/ ú�� ���W ·ïB(Fig. 3). MCM-41� ¼\� �E� ³, Ï

XRD ��
� §¶ ú� ¤tn ���/ óaH �xô .B[4, 15].

¸h� HMS� ¼\ �E� ³f� �� ��� Bragg OY/ ���

W ·? §¶ ú�e ���/ óaH Y�åB. E®E ��C
/ ú

�� ��� Ä`6¯B. n/ Í��� Â()å E®EH !q E²

�� Ñ� ÏÆnB. E®EA ��6¯, Ï �� rj ��H ú��

Table 1. Pore properties of synthesized mesoporous silicas

Materials Pore size(nm) Surf. area(m2/g) Pore volume(cm3/g) d100 spacing(Å) Wall thickness(Å)

MSd-1 2.00 1825.37 0.54 38.71 24.70
MSd 2.31 1002.51 0.89 40.13 23.24
MSd-T 2.63 859.46 0.87 38.71 18.40
MSh-T00 2.80 811.75 0.89 - -
MSh-T05 3.01 825.19 1.04 47.46 24.70
MSh-T10 3.10 838.72 1.04 53.16 30.38
MSh-T15 3.10 938.85 1.08 42.85 18.48
SBA-123 7.55 877.39 0.96 102.160 42.46
SBA-103 6.48 799.97 0.79 98.63 49.08
SBA-65 6.32 829.06 0.70 88.81 39.35
CS 21.300 293.50 1.16 amorphous -

Fig. 3. Powder X-ray diffraction patterns of (a) MSd, (b) MSh-T10, (c)
CS, and (d) SBA-65. Solid lines and dotted lines represent un-
and functionalized silicas, repectively.

Table 2. Pore properties of functionalized mesoporous silicas

Materials Pore size(nm) Surf. area(m2/g) Pore volume(cm3/g) d100 spacing(Å) Wall thickness(Å)

MP-MSd-1 0.70 618.43 0.32 38.37 37.31
MP-MSd 1.64 968.72 0.54 38.37 27.91
MP-MSd-T 1.92 809.55 0.58 42.44 29.81
MP-MSh-T00 1.84 738.03 0.45 44.58 33.08
MP-MSh-T05 2.34 650.90 0.68 44.58 28.08
MP-MSh-T10 2.42 621.54 0.55 50.74 34.39
MP-MSh-T15 2.47 845.75 0.84 39.06 20.40
MP-SBA-123 6.11 677.47 0.72 96.47 50.29
MP-SBA-103 5.57 639.21 0.61 96.47 55.69
MP-SBA-65 5.61 331.04 0.30 87.40 44.82
MP-CS 21.700 276.16 1.06 amorphous -
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�� !
n�q ó� E®E� 
8
 ¸
 ¼\a$ d spacing� ¨.V! Ä

`H !q ónB. SBA/ 0_ ú�� 1oëD
� ��Fa�, SBA-

123� SBA-103� �y/ E®E ��C� ú�� ��� -QPW ·

f� E®E ��aH !q E²�´� Ñ'� ³ïB? ?xåB. E

®EA ��q C� E²�E, E²�ú, ±pV� Table 2
 ��ö ó

�  n Ä`6¯a�, E²�º� Fig. 4	  n E®E ��b >B

°QUB. ¿q E®E� ��aH HMS� �y, 2.8 nm ëD� E²P

n -QP? 2 nm� E²Pn ]Q�? . , b!  � .ÙB.

Ç´º£È Í��
 ��å E®E� ÐnA (�q ¼� 5.8 Å \

�! óaH ��FB(ChemPen3DD1999 Hilton Evans). E®EA �

�6/ �\
� WW"� E²ß ��n ¦B? �\6p, ��E	

¼«å E®E� Ðn/ 3.4 Å(HMS)� 7.2 Å(SBA)aH ç\  � .

B. MSd, MSh-T05, MSh-T15	 E®E� ��å �yA >p E²�

E� u� �» E®E� ��bC E²ßà� u�m� E²�E Ä

`mn �� Ä`6¯B(Table 1, 2). ¿q E®E� ��å C
/ E²

0_~ ��� Ä`6¯B. n/ E² 0_n n�6¯ , ��qB.

Ç´º£È Í��
 E®EA ��6/ �\n� Zæç<, Zæ!",

ct, .²Ú´A �7/ �ä WW"� �´V ��n ¶Q� d spacing

n Ä`q óaH Y�åB. MP-MSd� �y E²0_~ ��� 3.0 Å

Ä`6¯B. ¸h� E²ß� ��� E®E ��aH E² �E Ä`

	 
� 0_~� ��� 
� Ä`6¯B. E®E ��aH u�q E

² ßà�/ 4 Å(HMS)� 6.6 Å(SBA), >!B. SBA
 ��å E®E

/ WW"� E²n ` �E ÏÆ
 E²0_aH �Ø ;+è �®t

n ` í óaH ?xåB.

SBA-123� SAXS ú�/ 2θ� 0.87, 1.55, 1.68! v7
� ���

�, ¢ Óm� ̂ � ¼\�´� ��d Ï >n/ Ó! 1 : : ¯B[17].

SBA-123� ^� E²�º/ E²� 0_� L+aH e*q TEM Y

., @67 b!cÙB(Fig. 5). SAB-123� WP L+ TEM ¼�
�

/ E²n 300-500 nm \�� f gh B� Eü, >¯B. MSd�

TEM ¼�
�/ n£q f gh B� Eü� >nW ·ïa�, MSd

� E²Pn SBA	/ B�¹ >B i� E², Wg? .a� ¼\�

$Pn j#ô . , b!  � .ÙB. SBA
 Ó67 i� E²Ðn

H !67 MSd� �L+� WPL+� ÀPn k¹ 0lcQ z?q

TEM ¼�A m, � ¦ÙB. CS� �y/ É\'
 �Ün E²�º

A >¯B.

3-2. ���� ���
� �� ����� ��� ��

�´å Ç´º£È Í��	 E®EA ��q ��� ³ZE b!,

v67 VAz �;EA YZ6¯B. Fig. 6
�	  n E®E ��b

C Eà 1,100 cm−1 ëD
� Í»!!(Si-O) EA b!  � .Ùa�,

E®E ��
 YZc/ Í�� ±p� ��E� 3,400 cm−1 ëD
�

��FB. CS
 Ó67 MSh-T10� �y/ Í�� ±pVn °? Î�

��EA Wg? .Q� E®E ��=n u�6¯B. ¿q E®E �

�C
� /�0! ��EH !67 3,400 cm−1
� �q OH o� �

�FB. E®EA ��q MP-MSh-T10
�/ E®E ��b
/ \ �

3 4

Fig. 4. Pore size distributions of mesoporous silicas and functionalized
silicas.

Fig. 5. TEM images of SBA-123, MSd, and CS.

Fig. 6. Infrared spectra of (a) MSh-T10, (b) MP-MSh-T10, (c) CS, and
(d) MP-CS[Insert: Mercapro spectrum band of (b)].
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����� ���	 
��
� �� ��� ���	 �� 233
¦ÙJ 2,580 cm−1 ëD
� kq SH o� ��FB. CS� �y/ E

®E ��C
 Í�� ±p ��E� Ä`H Si-OH o� k6¹ 5p

cÙa�, MP-CS� V� ü� ��EH !67 ��å E®E
 Nq

SH oA ÄW  � ., \�H/ ���W ·ïB.

�H B
 E² ¤t, Wî WW"
 �¶q ´ÚaH E®EA �

�6¯, Ï, E®E� 
8=n ��JB Bü6¹ ��FB. Table 3


� Mercapto ¢ð� §v nm2÷ ø�/ WW"H� �´q Ç´º£

È Í��� ±pV� E®E ��C� mercapto 
8=, nZ67 (

�6¯B. E®E ��, vq ±pVn 8Yq HMS	 SBA/ mer-

capto 
8=� ø�/ z'V! Óù5(A >¯B. CS/ HMS, SBA

� 25% \�� ±pV, Wq� mercapto ø�	 mercapto 
8=�

� z'5(
� rQFB. Ç´ºQA Wî Í��� �y, N"H W

W"� E²�E� ³,�» �"V 6s(steric hindrance)� u�67

E®E ��, L967 ÀNVaH V� mercapto ø�A >!B. E

²� �E� 3 nm nÀn cp E®E ���\
� ³Z6/ �"V

6s \�� 8Y67 mercapto ø�	 E²�E� À5tn Ä`6¯

B. 	 %�
� �´å WW"� �y, E²�E� 2.8-3.1 nmA >n

/ HMS~� E®E ø�	 E²�E� À5t� VÙa�, 7 nm E²

�EA >n/ SBA
�� z'V! À5t� �, � ¦ÙB.

E®E� ��
 .Q�/ ±pVn 2�» WW"�� ��E	 E

®E	� ÂÃ Er� ]QöB. n£q p
� WW"� ±pVn 2

�» ��å E®E� ø�� �, óaH RÀ  � .B. HMS, SBA

� ±pV� Kn� �W ·f WW"� ±pV� E®E ø�	� À

5t� �E Qxta�, ÀZÍ��	 Ó�6p ±pVn 4;\� í

HMS� >B Î� E®EA ��  � .ÙB.

HMS >B E²n 2; nÀ í SBA/ HMS� 20%� äc/ mercapto

¢ð, 
86/ óaH ���, E²�E	 ±pVn E®E 
8=,

�Q6/ Ñ�� fî óaH Y�åB. �´V! 5¨
� >p, SBA

/ f gh B� ''� E²�´H� �L+� E²0_ÜW E®E

b�n �qcQ, í E²�EA Wgp�� HMS>B V� ü� E®

E� ��cÙ, óaH ?xåB. 	 %�
� ���� E®E 
8

=� WW"� E²�E� ±pV �� À5tn �� óaH ��FB.

¢£� HMS� XRD ¼�H��, ¼\$�E(crystallite domain size)

� ³,�» mercapto ø�� u�67 à Ñ�~
 À5tn . ,

b!  � .ÙB(Fig. 7). ¼\$�E/ Scherrer M (1), YZ67 �

6¯B.

D(Å) (1)

(7E� λ/ XRD GYz� �6! 1.5418 Ån�, β/ d100 ú��

O�u(FWHM, Full-Width Half-Maximum), hväaH ��q w

aH Lorentzian distribution regression, nZ6¯B.)

Ç´º£È �$"
� �$� Wg/ E²� framework porosity	

textural porosityH �x � .B. b$� �y/ inter-aggregationaH

Ç´º£È Í��� Ç´ºQA ����, n/ 4`�5� Nzn À

NQ 0.5
� y³Èz u�A >n/ ó, @67 b!  � .B. C

$/ intra-aggregationaH �&c/ E²¤taH Fig. 1D{ ÀNQ 0.9


�� u�@Àn ���� E²nh?   � ¦We �� ÀNQ
�

���/ ¤taH b$� �y>B/ í E²aH NÑ  � .B. E

®EA În ��  � .ÙJ WW"¶�» D wn ³a�, 4`�5

� Nz
� >n/ textural porosity� +È���È �|� OW? .

 , b!  � .B(Fig. 1). MSh-T10, RH Pp, framework porosity

	 textural porosityH !q E²¤tn ���/ +È���È �|�

E®E ��C
 -QP? .Q E®E� E²��de fgh E²Y

n� ´ØV E²
� ��c? . , � � .B[Fig. 8(a), (b)]. Â(

)
 �q E®E ��� Ç´ºQ ��� ��Ede fgh textural

porosityA >n/ ��
 IX6/ ��EÜW YZ6¹ cQ, ¼\$

�E� ³,�» textural porosity� Oô� n ��
 Nq E®E �

�=n ]Q�/ óaH Y�åB. � framework porosity� ���/

Ç´ºQ� E®E� ��� E²�EH !q �´V 6sA >nWe,

�� ÀNQ
� >n/ textural porosity� >n/ í E²
 Nq E

®E ��
�/ n£q �qtn VQ.B? \ � .B. ¸h� ¼\

$�E� ³,�» textural porosityH !q E²n În ���¹ c?,

E®E ���
 WW" ��de fgh A�
 IX6/ VW ·�

��EÜW �Z  � .¹ cQ WW"�� E®E 
8=n ]Qö

B? \ � .B.

¿q E®EA În ��  � .ÙJ WW"¶�» XRD ú�� �

6¹ ��FB. XRD ú�� !E� 2�» 9÷ d spacing
 Nq §

va$pn În IX6? �$� ¼\tn y�6�, B²t34� �

y
/ E²� µ¶tn y�6B/ ó, ��qB. ÀZ Í��
 �

Ün É\'� E²�´A �4�» E² �� �´� ¨¨ É4�6

¹ cQ, E®E ��C
 E²��� �+/ }~@Àn ]QöB. n

£q �y
/ E²��� E®EA YZ6W �6? E² L�p
 .

/ V� ü� E®Ee, YZ6¹ cQ YZ�® E®E�� Ä`qB.

0.9λ
βcosθ
--------------=

Fig. 7. The effect of crystallite domain size on the mercapto density for
HMS. (a) MSh-T15, (b) MSd-T, (c) MSd, (d) MSh-T05, and (e) MSh-
T10.

Fig. 8. Change of the structural and textural porosity of (a) MSh-T10,
(b) MP-MSh-T10, (c) MSd, and (d) MP-MSd.
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234 ����������
�� !
� E²� µ¶q �º	 E²��� µ¶tn E®E ��� 012

��p
� 0s
, � � .B.

	 Í�
�/ ����� E®E� ø�/ §4+ WW"� E²�

±pV� 
�� fî �´V! ¤tn ?xåB/ ó, b!  � .

ÙB. � E®E ��
 �qn V� ´ØV E²
 �q E®E� �

�� ¼\$�E, ¢�? E²� µ¶t
 *+, û , b!  � .

ÙB. ¢£� SBA
�/ HMS	  � À5t, �E� QxtB.

3-3. � �!� 
�� ���"

Ç´º£È Í��A nZq EI� 012 ��� GH 012 n�


 N67 _N �� ��w, �?$ 6¯B[9, 12, 13, 15]. 	 %�


�/ E²¤tn B
 WW"
 ¼«å E®E� 
8=
 ¸
 01

2 ��®, Ó�6¯B.

��Í�¼�, ����� mercapto 
8=n u� �» 12n�


Nq ��=n u�6¯B. 	 %�NÀ �� 0 �6 ��®n ò�

MP-MSh-T10� �y, ��	 ���� �� 0.14 mmol/g, 0.11 mmol/

g, ��6¯a�, �� 0.25 mmol/g, ��� 1.2 mmol/g, ��6¯B

(Fig. 9). ��
 Nq mercapto E®E� ñ��/ ��, ���� 10;,

�� 5; nÀ, >¯B. Ó� ��Í�, Í�q E®EA ��6W

·� MSd, SBA-123, CS/ 012, ��6W ·ïB.

MP-MSd (ã� ���A nZq �� ��� �y, MP-MSh (ã

� ���
 Ó67 ��®n �QUB. n/ �� �?q ¼\$�E


 ¸
 E®E ø�	� À5t
� b!  � .Ù�n, MSd >B

¼\$� ³f� E®E ø�� í MSh (ãn ��®n ò� óaH

��FB. MP-MSh
 Ó67 mercapto ø�� ³� MP-SBA ���/

��=n ³ïB. MP-CS/ MP-SBA
 Ó67 mercapto ø�/ �W

e ³� ±pV(293 m2/g)� E²� µ¶tn �Qô� 012 n��

�Z E®E Yn�� ÂÃn n�QWW ·f ��®n �QUB.

E²� 12n�� b�� E²�� �N
 ¸
 n�� �´V 6s

�
 *+, û/ �$b�� E²ß�� ý�H !q Knudsen b�,

±p
�� b� �� ª« b�aH n�Q.B. 5 Å �e! 12n�

� �y, E²�H� ��A v9�/ QV\� nÀ� E²�EA s

�6¹ åB. ���� E² �E� ÀNVaH ³� �y
/(	 %�


�/ 2 nm n6) ��n .Bcp� ü� E²ß
 n� ��å �

$PH !67 E²��
�/ E²��H� �$ ��	 5�n ./

�( l�� ³Z6¹ c?, E²��
�/ �´V 6s l�� ³Z

6¹ åB. ̧ h� E²� �Ep
� >p, ���� E²�E� 2 nm

n6� E², Wî ���(MP-MSd-T, MP-MSd-1)
�/ b" ��

n�� E²�� Âë, B6W �67 Hg/SH �Ó� À÷+ �QU

B. 2-2.5 nm! MP-MSh-T05, MP-MSh-T10 �� mercapto 
8=n

�a� ��®n ò� óaH ��FB. ¢£� 5.5 nm \�� E²,

>n/ MP-SBA� �y/ mercapto 
8=n 0.2-0.3 mmol/g, >7

12n�� ��n À÷+ ³ïB. n	  � ³� E²�EH !q �

´V 6s/ E²�E u�	 E²� µ¶t +ÀaH Ä`  � .B.

12n�� mercapto� �Ó! Hg/SH/ 0.5-1, >¯?, ��	 �

��� ~0.05A >¯B. 1 : 1� Hg/SH �Ó/ E®E� 1.0 mmol/g n

6! *�
� ��FB. ¿q ��� �� �y/ 1.2 mmol/g nÀ�

E®EA 
8q ���
� ��= u�un ¨¨ Ä`6¯B. � 1.2

mmol/g ÜW/ Hg/SH �Ó� 1 : 1, >nB� ¢ nÀ
�/ Ó� Ä

`67 �Z E®EPn /�6¹ cÙB. à ]� 12n�n à ]�

mercapto ¢ð� ��¼«, 6E v9�/ Fig. 10� 6§ ¢MD{ E

®EPn bi-dentate nÀ� �´A >n� ø�67ÿ qB. Mono-

dentate �´A >n/ Yn�� Îf4�» 12n�� ¼«6W �6

? /�6/ E®E� �&67 12n�/SH �Ó� Ä`6¹ åB. �

mercapto� 
8=n 1.2 mmol/l nÀ
�/ mono-dentate �´� În

�&6¯B? \ � .B. ¿q ��® u�m� Ä`/ mercapto E®

E 
8=� u�H !q ���� ñ�t� Ä`� *+� ?x  �

.B.

���
 �uE� ��c/ ü, $E�È�� [�(magnetic suspen-

sion balance)H o\6¯, Ï, mercapto 
8=n u�  �» ���

��=� �� 2�� Ä`6¯B[18]. Mercapto� ¤tÀ �q `�t

, Wg¹ cQ 12n� �Z�� ÂÃn n�QWW ·f, 34bþ

(�� u�6¹ åB. nA ]z6E v9�/ ñ�t, T/ fÞ E

®EA nZ67 mercapto E®EA Wî ���� ñ�t, +À�Ò

� .B. ¢£� 12n�, ���½/ Gs E®E! mercapto ¢ð

� ±p��� Ä`6E ÏÆ
 E®E~� _V �´ÓA �fÿ qB.

3-4. #$/%&� �
'( 
�� )�� *+ ��

�´å ���� ¤\ 012
 Nq z¥t, �)6?$ nt�(

��/��� ��Í�, Í�6¯B. ��Í� ¼�/ Fig. 11�  a�,

E®E ø�� í MP-MSh-T10n �6 ò� ��¼�A >¯B. ��Fig. 9. Adsorption test for single heavy metal ion solution.

Fig. 10. Disordered(top) and close-packed(bottom) surface coverage of
metal ion adsorbed mesoporous silicas.
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� �� ��� ���	 �� 235

iza-

ed

for

ea

uli,
/ §¶n�! �y� 16%\�! 0.026 mmol/gn ��cÙ?, ���

§¶n� ��=>B k 40%\� Ä`q 0.76 mmol/gn ��cÙB.

z¥V! ��p
�/ ��n ��>B mercapto ¢ð
 k 29; \

� �� ñ��A >¯B. nt�(
�� ����� §¶n� ���


� ��cÙJ ��= u��� Ä` @À� ���W ·ïB. E®

EA 1.2 mmol/g 
8q W¨� Hg/SH �ÓA (�6p E®E 6�

÷ 0.25]� ��n�, ��6/ ¼�A mÙB. n/ §¶t�(
�

� ��>B ³� waH, � ��� ��� ��O�aH bOV! �

��� E®E �Zn Ä`67 §¶12 ��
� >B ��®n �

QW/ óaH ?xåB.

���� �;(�A (�6¯, Ï, MP-CS, MP-SBA
 Ó67 MP-

HMS� >B �� ���), � � .ÙB. �;(�/ ��G' C

�À
 /�0! 12� ü(µg/ml)� ��� 1 g
 ��å 12n��

ü(µg/g)� ÓH (�6¯B. MP-MSh-T10� �y, � 12n�
 N

67 Kd(ml/g)=5,400(Cu2+), 4,000(Cd2+), 12,000(Pb2+), 143,000(Hg2+),

>7 ��n�
 N67 z¥V! ��®, Wg? . , � � .Ù

B. ��
 Nq �;(�A {|>p, MP-SBA-103� 24,000 ml/g!

Op MP-CS/ 4,000 ml/gA >n? .Q� MP-MSh-T10
 Ó67 z

¥V ��®n �Q�, � � .B. nt�( Í�
�/ §¶À ��


�>B 1/3 \�� V� �;(�A ���ÙB.

§¶ 12n�� nt�( 12n�
 5q ��Í� ¼�, WW"�

E²�E� 3 nm nÀnp� E²� µ¶t� ¼\$�E� ³,�»

framework porosity
 9÷6/ 3 nm� E²��� E®E 
8=n u

�6? textural porosityH !q E²� E®E ��n u�6? nH

!67 012 ��=n u�6¯B.

4. � �

	 %�
�/ E² ¤t
 ¸
 mercapto 
8= # 012 ��®

� Ñ�A �?6?$ 6¯B. nA v67 E²¤tn �H B
 Bü

q 
�� WW"
  � ü� mercapto ¢ð, E®EH z¥67 ¼

«�%B. §¶À� 012 Z�de fgh nt�( Z�
 5q �

�Í�, @67 ¤\ 12n�� ���~� z¥t, �)6? WW

"� E²¤t� mercapto 
8=� À5t, �ïB.

%�¼�, WW"� E²�E� 3 nm nÀ! �y, WW"� E²�

E®E ��
 Nq E²� �´V 6s \�� 8Y67 E²�E


Nq mercapto ø�	� À5t� -QPÙB. ¿q ±pV
 .Q��

mercapto ø�	� À5t, �, � ¦ÙB. 6We ¼\�$� �E,

E²� µ¶t� E®E ø�	� À5t, �, � .ÙB. ¸h� ¼

\$�E� ³,�» textural porosityH !q E²n În ���¹ c

?, E®E ���
 WW" ��de fgh A�
 IX6/ VW ·

� ��EÜW �Z  � .¹ cQ WW"�� E®E 
8=n ]Q

öB? \ � .B. Í�H HMS� SBA>B Î� E®EA ��  �

.ÙB. SBA/ E²n f gh B� ''A >! Op, HMS/ i�

E², Wî �$Pn j#ô ./ ''A >n? .Q� ¼\$ �E

� SBA� HMS >B �B/ ó, RÀ  � .ÙB. nH !q textural

porosity� Ä`H SBA (ã� WW"� E®E 
8=n T`�� ¼

� Ä`6¯B. ¿q E²� µ¶tn y� �» E®E� ø� ¿q

u�6¯B. � ³� ¼\$	 y�q E²� µ¶tn E®E� ø�

� u�6/ GsÑ�), b!6¯B. ̧ h� 	 Í�
�/ ����

� E®E� ø�/ §4+ WW"� E²� ±pV� 
�� fî �

´V! ¤tn ?xåB/ ó, b!  � .ÙB. 

12n�
 5q �� Í�¼�, mercapto ¢ð
 5q ñ��/ �

�n �6 y�6¯a� E®E 
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