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Abstract — A series of chemically active mesoporous silicas(HMSs and SBAs), which show selective adsorption properties
for Hg(ll) 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 mercéjes aethishe 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 mercapes @érise 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 thapports, 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 ofsnercury ion
in a single metal solution among others under the given conditions.

Key words: Mesoporous Silica, Crystallite Size, Removal of the Heavy Metal lon, Adsorbents

1L.M £ Z &2 JEY I $ARS ALY TEE, W £, ofdo] &
AFolx 2, IUE, UHo] FYES Holw, 4T, AF, 3
A @A) Askel B SN 199035 e, W, = o] vhe- $MEE vER) L i3]

w, T8, FUE F3 222 Q1A 9 AA A °*°ﬂ%k—a—€ T A olE FFE olE A Aste] FE ARRHE 7189 =EF,
s = Hale] fal) gt e=A S HEAA = (Toxic Release Inven-  3}8h4] Ao shole-4] Ay, S, Qaweiy, A=hy, 4
tory, TRI) 5-& &3t wjE A S Adekstar %E‘r[l] FAH & shshly, BAJGFA, ol Laey, 7Ry 5] Ak $HE &
= & wlAe) P4e 19800 Fulel] Bolx] e @B A Tt EE A 95 FARER A OFEY] FE52 A
AH QN WAgA| o} A4 o] A T3 ‘% 971 Wdg st AT & vk FF4] ot B 9ol ol sk A ks
SHE WeHe Haskete WROR AR AL 2], ¥R ofy ol&3te] A e 4 ATH3]. L olH T WEEE SF THE ol

2k Akl 9ol o] etk S8R o] 85N TSl e 3 S AR FHAAT o gl dalo] At
T B -S| Fade] SiEaL 91 F5e] 2 flel it A o} & We FHS] flste] B, A ALl E, HEs}
2 B4 715715 FAstel T4 YA FHA A o83t
TE-mail: jyi@snu.ac.kr At 2y o]E2 W BHAES VR A oM E AR 7

228



iy de7le] 71554

VA sk AR S O] S e, 5 e

A3 7155718 715l FBAl FESIEE AA717] of et B
WA SFsol 29 713 HE7T A= 1E1°1 713 e i) 7
s719H) HEE A HAL T89S FA8EE Al olH @ %

ARL MAE Y5t 717 =Z7)7F 23 AR EHFo] HWe
ZxH2 {7157 B3 F2A VL s
A9 7E 25 g

SATH4-8].
71488 Z7HA170, Beck 5[4]4) A4 <
T ol & & nme] 7)E A8 e vxEe s Ayt 24
e A I E A Siet ol FEAFEA (templatel AHEEHE A)
HEAA Y §Aadole) 5k E 23t 7152715 "3 3l
HxIeA delyke 7]Ee] dugt FAAC Alste] xdFo] G ]
A A S 7|FA7EEE Bt HollA Bl F23A A
ol 2 getrH4-9].

Beck 5 o] Az WzE e~ del7le o] 24 AHEdAe} 771 A
FA7ve] A et (charge matching) 7198 &, AA713 18-S o
&3k 250l A7) =3 (self-assemblyy I H 0.2 A =5 c};lli‘r(MCM-
41)[4]. o] WS 7 (5-10 M HCIEE HBr)olA 182 A)7)
o, AWEAAE A A Ysle] F=2 44 (calcinationg- SH=H], ©]
= 71571 F& ARE e AR AT AFE et
PinnaviaG{6]-> Blo]2A AE&/dA] &= o}dla} vlo] A #7] A
T2 Aol 8] Fod e o]8-ste] Kok HIAF AR vhE 2ol A
A 2 AE71E Az} o|25E MCM-41 B} 7] o] 57
A <P A (hydrothermal stability] 53 #lxzz 2 a7t
(HMS)E A= 4 Adeh, Hgh 4714 AHEr} oFst Faded
o2 AE AHBAE BMFEE F5te AAZE = 7] W&
7157 F-2E fete] "8k 419 =4do] Advt. Hd Stucky
S EAFTANE FEAEAR AF-ele] HMS 2 MCM-41 B}
Z 71Fa2E Ad 22 (SBAYE /N3t ey HMSS} Hlwst
o 715271 AT BHAL HMS Erp A3t

Hzzes e o]l FE&ol2-s AAN fM= &
w&o| 2T dex oz whgd ¢ e g7h=rt g sty Mercapto
TES o FHel(CU, Agz+, Cd*, He*, PIF*, As?hyell thate] 2
o] £2 707 delA Ut} olE VTR FAF vRE A 4
7= FEolL gk EZ}MO] ad, F23 22 54 F5029
gk e g Hold slex delAd SivHl, 8-13).

F&Hol2d] FAee T SHHAY mercaptod =ol] Hl#HsH,
71%9 271 9 71359 Foll® 9% ek F3A19) mercaptod

Jol] =

s

=

& 7157 F-AA JX AW 544719} mercapto &9 525 4%}
o 2e At} 757 ES ] ]Xﬂ #re] 4t Agste mono-,
bi-, tri- dentate—TLZE R}, 71579 EXHdA] RE 750 &

A FHo] FAfH o £ EM 9lt AR, dREe] Lt
e ti-dentat€ Holok 715714 @] FUhETH14].

712 HMSSF MCM-41% o8-8 w&ol&8] F&53 AdH &
& Zf—— shte] ARG e SFEEE F2A0E Fol A 3
oF5lh= Ao]9dth Fenge[141e 715715 uﬂzw,i FAH| 9
D‘r—rxk—oi 213] 3.05 mmoll§] T &= = F2AE A
k3l Mercier S[111 Hlo]&4) AHEA ﬂ‘ﬂ Triton-X106g A
TA FAEHPGO R A ZE FAA S o] 835l] 2.3 mmolig]
. B350 glele Mercier] A3} Fengl 27
Hrks "oAA W AZ A1k H)8- & 87) FolA] ®Hp AAAH] A
ZHL‘@_E Zﬂ ]ﬂl Ao}, FHZoll= SBA-152 ©]§-31¢] 1.45 mmol/g
o] & A7

= gk

R

v o olale %—%@4 s WrE 2w
A AR 7 B0 T A7) tﬂﬂw A, w1,
o, AEE, W, Feel tzﬂaf Agone] FE4 2 4B A

o WE T2 FEee W 229

A EHAT o2 95t 7 FEEA o] A= thE kst £89] RR)H|

(HMS 7, SBA 3%, 2287} 15)9 722 %2] mercapto(1.0g 3-

mercaptopropyltrimethoxysilane/1.0 g supponts-2 7157 = F-2Fs}
itk Be) F34 gawnt ohe) oldRA) go) B FAY

AL Bl 59 oL FRA7 ] M-S shekaln A7) 9]
g5 7)57) Amete] A e AT

2.

=
oo

2-1. HMS X|X|H| H=

TZEEA D vo]&A dholyl AWBAAS AFeste] 24 Wy
o 719ke & AV1Z2E-E E5te] HMSE iho}oit} A= HE 7]
& A& Ad AARAE AzsH H o LRHEAZ SiagTt 12
EH]/“O}W(QS% Aldrichy} §4a47F 1 J JA}H]/“OM (99%, Fluka)

2 A}gsh wak 712 A28 -] Yste] wAE@(99%,
trimethylbenzene, TMB, Fluk&) A1-8-3} Oi\:‘r[15]

oeE 46 mbll =Hldel 5.1 g5 §3l417 #, & 53 miE Al <]
WA e S e} 3087 kg S0 g EzH &A1 3H(99%,
TEOS, Fluka) 22.33 i ® 715t 5 424 20/ 7k <t walste] v
zZe& A7 MSd)E Az 7152715 2-857] st A
HEA 9] F& ZHAT| TMBS] o8 2 sto] 471A]9] A E(MSh-
Tx; x=00, 05, 10, 18 #A=233tt. &, TMB2F FAte|dolrle] 24| E
Z+z} 0: 1(MSh-T00), 0.5 : 1(MSh-T05), 1: 1(MSh-T10), 1.5: 1(MSh-T15)
2 tEA 38t AR T 713278 TR vlEE e 2 AEyikE
AzstAr} Bhe T8 2AYE &3 Pt olu} MSd-1 0.8
TEOSE AH&-8l2 TMBS ARE81A] @l A9 Wz E A He]7to]
™, MSd-T= MSd-1A|Z34 A TMBE #7Islke AxH Al 7ot}

1.0 TEOS : 0.27 (Hy.NH, : 7.93 GHOH : 29.4 HO : m TMB
n=12, 16; m=0, 0.14, 0.27, 0.41, 0.54

Az wzaze s delhs dee-s o8 AFH oHtg-E A

A O1EZE FeoA Azt Az ATl TEAEAS AA
317] 5,’/]‘6‘]—0:] Oﬂ /\]»—95(:)‘]—0:] 242\]2}%?_]_— .é’\JTa(SOXhIet)zz o &
et

2-2. SBAX|X|H| M=

TZHEAZ poly(alkylene oxidefd el 2] 45 EAESIAE ALRSt
o] SBA Bej¢] Wzxel~ AF7E Azt Pluronic P123(EQ
PO,EO,, M,=5800), P103(EQPQO.EQ;;, M,,=4950), PE5(EQPO;,
EG,, M,,=3400) 4 zFz} & 30 mi}t 2M HCI 89 120 gl &35}
o] 70°ColA 22)7F B9t watsts T}, tkA] TEOS 9.08 nE 375k &
201 7F5-et 80°ColA wketitt. A=d A8 7HSBA-123, SBA-103,
SBA-65)= ofleh&-& I g AE 2 TS AA o[E7F oA

Az F 29U F2-5 447 LA
2-3.7|s7| 2%
&< (grafting) 282 F3le] Azd vz de]rte] 11 Oﬂ

mercapto -5 AGAIFATE 30| $Hs] AAHA] g dej7tel] 7

715 F3E A5, MPTMS?] 954 (-0R) L&¢] 3kt S35 6}
o S ZHE P, |7t W] 447199 ¥R o] Holx|A
At o]HE ¥Hg-5 2] fstd AxE dEvt 198 2407 Fet 7
T AZRAA ARA W A7 88 A AT B 25 ml, MPTMS
1o Alzd A7t 1 g7 Edste] olldd el wgo], wakshiA
244 752t S5 (refluxing At Bl A3 9)3te] A-8-2]71H99%,
Davisi™ silica gel, Aldrich{|= $d3 o= 71572 A3AA

HWAHAK KONGHAK Vol. 39, No. 2, April, 2001



230 AT - oSk -

o $F F AHE o] 8kl AR 7148 AASNAT Sl e
g5, vgERel =, oME, e 59 411 AHga] wAY
= A2g A,

A4F9= AX|(BET, ASAP-2010, Micromeritic§ AH&-ste] 71%
7] FEAAF ] 7177, 7185, aHF HEE St 7EY
Tz} AL 2] Y8te] HMSY A% XA B 31d 2
7]1(XRD, MXP 18XHF-22 SRA, MAX/Scienc&, SBA2] A4+ 47+
CINEDFF FHCR) XA AR FA17)(SAXS with GADDS, Bruker:
o]4-3te] d spacing, celfl<:, 713 HFA 52 e FAMIS
CuKa BAEH(A=1.5418A)8 AF&-31902.H, XRDE 1-10(H 814
30 kV, 40 mA), SAXSE 0.1-8(40 kV, 45 mAPIA] 481}, Alzd
WzxH e Adelvte] AR5 ] 98t XRDeF A T3t
A& 7 (TEM, JEM 2000EXINE- o]-&-5t ). XX A 9 E&A 2] 2t
|71 1r8-E ste] A4 #2371 (FT/IR-430, Jasc& AH-8IIH. &
FE o9 F3s N9 7o) He FHAME mercaptod-F#F
& 24817 Ysle] YR 7 (CHNS MT-2, Yanacdd AH&-813Tt.

2-5. §|:=|'"/—|'\‘ 0|% %il- AlS]

MercaptoZ-0] 528 A=A gk ], 71 =%, W, T2 59
Fvd FALIE LA W A EE 715717F 2 HMS 7
%, SBA 3%, A&7} 153 715717 FAEA g2 Wz A
Z7HMSd, SBA-123%} “+-8-22]7HCS)E AHE-Etath. F&ol2 &9
2 HQ(NGy), - NH,0(95%, Junsei), CA(Ng, - 4H,0(98%, Junsei), Cu
(NOs), - 3H,0(99%, Junsei), Pb(Ng}(99.5%, Junsel- ©|-8-3l A=
SIATE. 27} o] & HE 2 EAlStE Fdold et T3S ZARBY
H8te] AARE o8-8t pH 4 85 ARd B FEE5S 834
7. MINEQL+(ver. 3.000ERS): ©-83F BAF A3}, pH/t ol
F 27} o] S5 A o] doju, M FEd o] =
7} Faeshe 102 vEbETh BE, oF pH 5 olellA] At Fa
<4 o] 2ol it FF &35 7He Zlew defA Sitk o] g pH
Bl 95t FFE o] FE A A f18te 8-1¢] £7] pH
£ 482 IR ddsart

T8, 7=, ¢ 299 FEx= 0.5 mmoll, 728 0.2 mmoll= A
=259 7, 7F=E9 A9E AE 0.1g4 29 50 me- £33k
IR ZTE H2 AR 0.05 ¢ £ 50 mbl], 722 AE 0.01 & &
o 100 mbll EFEALE AFES LA AT F, 1277
30°CoA HESAI 7| S2E o] =EEieE SISt vheo] $EE &
Aqe A= AR F Loy 25
o F24 ot l=ES AT

fr A
(ICPS-7500, Simatz; AHE-3ITE 4 o2 271559} vhg & 2
FEEY A= o]&-ste] A
o[ AEA BoAxe] FAA B FEolRdd g J9AE S
& Bty Sl e el B S-S Azt et
THE 2+ 0.2 mmolls Ax3ke] 0.01 @ AlE] &9 100mig &
Falk UmR] 2Ae vd gl f99) A Fe
3.du { nFE
3-1. XXM 2t EatMel 7135
19 AAAG 715715 BAste 34 F2AS A4t
FEA 48 9)8le] BET, XRD 52 A8ttt theksl A A=) d)

;

[e)
w3 A4 BEF 5248 Fig. 1, 21 B9l nkel 7+o] Brunauer} A
sletEst X393 M25 20014 4

300

adsorbed volume (cm3/g STP)

0.

(=]

0.2 0.4 0.6 0.8 1.0
PP,

Fig. 1. N, adsorption/desorption isotherms of (a) MSd-1, (b) MSd, (i

adsorbed volume (cm%g STP)

v

MSd-T, (d) MSh-T00, (€) MSh-T05, (f) MSh-T10, and (g) MSh-T1&

_

T T Y T

0.0 0.2 04 0.6 0.8 1.0
PP

o

Fig. 2. N, adsorption/desorption isotherms of (a) SBA-103, (b) SBA-6

A%
[16].

SFoE AAE vU L7 2] WX E

(c) SBA-123, and (d) CS.

WEEIE AW B 0F FLH FLU VIHE w5t
SYNA] Uehke §5 S S2HeN 2 Fhe
L

2o upAyate}, mEak ) 2e] A7) AR BAE $EL ke A}
et v gt HMSE AR 0.4-0.814 velston, SBA= 1

)

Lo

o=
o=

& 4$t 0.6-0. 714 vERTE wEkA SBAZE HMS Btk £ 7]
A wzz A AE7Hd-g o 4% F 9low, ol BETY A3
A= 3tH(Table 1).



Wzl Aol 715

Table 1. Pore properties of synthesized mesoporous silicas

o WE T2 FEee W 231

Materials Pore size(nm) Surf. ared(g) Pore volume(criig) d, oo SPacing(A) Wall thickness(A)
MSd-1 2.00 825.37 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 0.96 102.16 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
CSs 21.30 293.50 1.16 amorphous -
A PAPAY apd-g B TMBZL wlold Wiz % Bhe] .
b 1:1]_0]/\419_ 4514 H];]_ TMB-J o}:o] ——«7]—617& 41‘:_ ]_ ]
A i TMB $710] Wokd gl whold 6“*0] 917*]%‘:} o]z
g A4-E TMB/AAMH ol 8] W7} 2 o]/Fd wf viebstitd
TMB/EAE o] HIE 12 3lo] TEOS} Ao &3shd TMBE
AHEEHA] o2 AR} @ 0134 718517, FAo] sl 7 F R IR
Holxlth TEOST T&FEA9} o] =A% 3-8 o FA & ¥ TMB=
=y EREE e 7159 Baswelling) 32 B3It o] 2 F8te] He
g Spitgal ) ol TEZ] ol 4 2 okl ol W
E ok 2 4 ik wep] EHAe) 712S Su7) e A 1z
E d FEA)9] SBWal oz} s-&-A) 9 v ﬂ- EA o] ekt
£ AAAS AL Bt 7158 aLAdF AR A =7 (crystallite
g domain size} 4@ = vk AR XA HBEA AAE Fig. 31
vel9itt. ZF AR H3 d spacing Table B 2 VehiSIt). |
zxEE dygte] SAYUE wdE JeTRE sl Jy S4
7] AdE 78taL, 7152 2719 DgyE ol&ste] 71w —r77ﬂa Al
A3} MCM-4154 71 ﬂtﬂtvﬂb oF 10A21 A Of—_ aHA
MSd, MSh-T¥] 7 & 277t AZE HEAVE AR Z}OW
T I A 71%‘4%7/1]L 20-30 A2 A8k lth(Table 1) SB/-ﬂ 7

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.

MSh-Tx] 3 deAks da %1 F
Tk HolFA ol e

SRS S0l Tse

g4 TMB /L S/185E =

o

+E 40A %= 71F
A & 4 32l
HMS$] XRD @% 2 220N 2 FA2E Holi B & 209014
= W27t VR 23Xt (Fig. 3). MCM-41] 2A9] =717t #42 w)
XRD #4A ©e = SA40] v 2102 9eA T4, 15].
mEpA] HMSe] 2% Z717F Aopr] =& 719) Braggihhes Weh
2 97w dant Jephis Aos A}gﬂu} 71%7] FAEd = H

HEAE Boa Fdbgide] 7 4 A

gl WERITHFg. l(d)-(g)]. ol uh-gEe ZAlM TMBS] H] =] A7t Zrasiint. ol Ay A %1% 71S717 A% JF

7t AAAFE NFA2707F Sk A% @A STk (Table 1).%, vlo] W ls) miielrt 71578 FASIE W 1o 3 A== 9=t

Table 2. Pore properties of functionalized mesoporous silicas
Materials Pore size(nm) Surf. ared(g) Pore volume(criig) dyoo SPacing(A) Wall thickness(A)
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 4458 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 21.70 276.16 1.06 amorphous -
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Fig. 4. Pore size distributions of mesoporous silicas and functionalized

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