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W Z3Ee 2 AgAolE B2 0] Yjof thiol(—SH)?|4} amine(-NH,)7] 5-2] #5715 =110 452 S550]
28 AAR=E FHAR Hol| FgEolgt) B A= vz AYA0E PN XA ATAR AREE
AR IAT}Y F54 o] FALIFORE Age=AE AR sIQlth A= e AHEAAIE AHgehe Al
7HA) Wz el A=A E(SBA-15, MCM-41, HMS)S 3dsto] 24 A AlAEAAZE gx=] Q= 73-9-9F 24
o] ARG} AR Aol o152 % Holed FAATS AT Rt WA, XA g8 A3 A V)
A EZ Aoz vz AYACIES] vF¥o] XS RGN, FTIR 415 Sl 24 o] AddAdAe)
EAIS} 273 ol AIAL] AAE ERIEISIT SaE] HolS AMgsle] o]59 %S 4%t AR, mE
2% vlizxes Aol E EAY 353 1RAE AAEAAIR o] g8k SBA-155 F5ollA] dol2el dist &
2F50] =3] vin]gk vbAl 22} dodecylamine™} hexadecyltrimethylammoniumbromide(HDTMA)S AlAZA A2 A}
|8h= HMS, MCM412 279 F35-S Hol=qltt. 7] Fol 57} 50 ppm, 89 pH7}F 591 F2F Z11eA]
2 5 7)€l dlo]E]E pseudo second order kinetic modelol] A-g3lo] AXIsH Av) AAEAGA7F HR]E HMSE
115.16 mg/g, A JAI7} FA] ¥ MCM-412 26.60 mg/g®] Hol& F25-5 YRS ol st F2s-2 719 ot
& X AAlE FAAS FAs Sk, 157 Blaste] ARG gXE FRAE AXEY &
A glo] FHAZ 8T 4 = S 7K Ao

o of

Abstract — Mesoporous silicate materials have been used as adsorbents for the removal of heavy metals from water by
introducing functional groups such as thiol and amine. In this research, it was investigated whether surfactants used as
templating agents in synthetic processes can act as adsorption sites for heavy metals. Three mesoporous silicates-SBA-
15, MCM-41, and HMS were synthesized using, respectively, block copolymer, hexadecyltrimethylammoniumbromide
(HDTMA), and dodecyamine as surfactants. X-ray diffraction and N, gas adsorption analysis confirmed that the meso-
porous silicates were well prepared and FT-IR spectra resulted in the existence of the surfactants in as-synthesized meso-
porous silicates and the removal of surfactants after calcination. The interactions between Pb*" ions and the mesoporous
silicate materials with/without surfactants were observed. In adsorption kinetic experiments, it revealed that the calcined
mesoporous silicates and the surfactant-loaded SBA-15 almost had no adsorption capacity for Pb>* ions. In contrast, the
surfactant-loaded MCM-41 and HMS showed, respectively, the adsorption capacities of 26.60 and 115.16 mg/g which
were acquired through the fits of adsorption kinetic data to the pseudo second order kinetic model. The adsorption
capacities were comparable to those of other mesoporous adsorbents for heavy metals.
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= SHAE o83 Aol BES o] &s BT A
o|tH4]. 12t FRol LS A A sollE Z80]
W, B SHAE WA ©o] Qi 53], &R sl
F717F QAIE @52 U] oA S Ve o0R 58 A
How Az TAE o IMZITH2]. “L2A F 100 ppm ol&te] &
T4 FEE IS HrE AEshs VeRE FEHAE olgs &
Z-37o] wo] o] &5 11 T2, 5]. ST L SHA|Q) Helo] F
9] AAIH &&Adol Adist JE vxIck AF7kA] o] 1
SHAI[S], TRkt B3 2HA[6-8] 1813l e FERN[9-14] 50) F
T o) FAAR alEo] gt Ftelle FU1EQ] wlREs A
AgA|E B tofst @4 E4E FAAA 55 ol Al
Ask= F&AIEC] o] Wy o] gitt.

M41S7A12] wiZzxe A AEAle|E 2AR17F 19921 MobilAb A
THell gl A5 FAE ol vheFe mlzare s AeAlclE 24
o] Alzx]o] Full, FAA 18|31 A AREokE AgEo] gt
[15-17]. F&AN2A Q) iz APA|ES] S-8-2 F7 ofe]
7] G 71zl ost B EAC] vz FAEAUES] EY
= &l o] FoFltH11-14, 18-20]. WX H A HEjAOIE diell=
Agkerehs ¥ W77 o Bad BEAS EAA| Al
+ U= gAte] F2A19] F35S TIAA AT T55 ©
2 F2of Wol AMEH F57]i= thiol(SH) =~ amine(NH,) &5
7lolH, o] F= I &, F @A VeR v A Ve YR
ESiE o, FHtolls AP HOE AT w niE g7} =
5 SI% 11, 13-14].

3, Zhao S[2119] WhEH, vl xze A AjAo|ES A %A] A}
S8 ARIEAE AAH Lar frled=el et FAAE AL
3t A7 ARBAE AATE A, S 298 ARt w2
A ES BoFQlrhal it} o) AMEAl e IsT1E
o] FAAZA S TR AS HolFrt o[- Y AEy
A7E GAE vz AYARIER FAAE AR A, 7|E
o] v wlxxel s A9 vlwal & w, A 4] o
o] Ayeko ® F3A| Az|ado] kashEo] Ay AAAY 4 3
ok X274 A IA 7Y 25k wlizre s AR ET) f7]
AL FA7IE0] Ys IRIEIIANT FEEY B2 ol
LAEo digh AeR= ob7] WEEA| gt B ATelAE= v
AMEIAE AR Al 7HA] W2 A AR A0 E(SBA-1S,
HMS, MCM-41)E A|Z3to] o] &2 T35 golel Hole
g &2 Aes AuEoER AEVIA7E ExE Wz A

ot

FACIET FH4 ole FAARA 01§ 5 YEAE 2t
w7 Sk,
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2-1. A=

H AFolA ARSE vl s AEAo)|Ex el AviE W

< ule} AZEHH16, 19, 21, 22]. SBA-152] AlZHP-L- Tk
2tk AHEAIQ1 Pluronic P123(Sigma-Aldrich Korea Co., 7]
5 829 4.0 g= AP A TE HEZE 7)ol 9
%, 2M HCI 120 g&} 255 30 gofl o] AR IA7}F 55wzt
A AP 2 2 WRIAFITE o] 5, A2]F} 22291 tetraethylorthosilicate
(TEOS, Sigma-Aldrich Korea Co., 37|% €21) 8.5 g& Wkg-7]<]
Z7ksle] 308 Kol 20/17F Bt WHEAA Fok sk & 1w
g folS 353 KO QB ¥z 2447k Bt AT -, Alx
B A B ) AFHEE ol gl AU, 2 &
7 ofe] W AIFEIITE o] 9| slo] fojxl 1A g de] ¥
7] 91718l 2 ], o] EA] Al AlZE As-syn SBA-15
olg} WHslTh o] As-syn SBA-15% A7 Zof ¥l 773 K7HA
1477 AX 52A170 F, 773 Kol A7 £k A 28leic),
olglA 2% SBA-15% SBA-150]2} Wra3ict.

I ok R A AgA0|EQ MCM-412] 3 o} 2+
o] MYBIAT}. 2o 7.35 g, WlekS 245 g T18]3L AP EF
0.065 mke M98 BIZE wkg7lol ¥Wlct 2l AlaE g Al
hexadecyltrimethylammoniumbromide(HDTMA, Sigma-Aldrich Korea,
715 891) 02 g& 28 &, 308 KoM 307k 2 AojFQle}. 1
A ths, AglIF 2291 tetramethylorthosilicate(TMOS, Sigma-
Aldrich Korea, 2715 -891) 0.625 miZ 9-57]o] H-& 5 = 308 K
oA 3033t wHkSHITE. ke gols @ Be] W & 373 Kojl
A 497 AT AlzE 1A B deRa AlFE H, A
2of|A AZEHUTE. oA AFE A EEE As-syn MCM-410]
2} wsllar, o] AHE 823 Kolld 2AAR & Alxe 1A ¥
25 MCM-410]2} 33t

Hexagonal mesoporous silicate(HMS)?] 33> U3 72t} A
HE/JAIR] dodecylamine(Sigma-Aldrich Korea, 7|5 821) 135 ¢
< ofgkE 10 mig}t I T BlZE wkSTel ¥tk o1 F, %
T 91.6 g7} TEOS 6.63 g HE&710l Eal “g-20llA 20A13F 53t
7AatA AR AxE 1A Bk 99k A Wy B
sHAl AefA]ar, AFE AL, AZE QI o]gA] Az 1A AlRE
As-syn HMS2F1L W&l on], o] Al5e] 24 2712 SBA-159]
2Jx17 FUsaL, 29 F AEE HMSERL EHsIeit).

whEpA] 2 At A AlZE SEAE Al 7] iz AP
O|ES] A M, F AlEE KT e7oltt Al 7HA] Wz AE
AO|EQ] SBA-15, MC M-41, HMSE= &4 Aofl= dx|Ho] 9=
AAGAA7E A= Tk Zlo] F58 xjolo]a, 248 Felli= AW
AP AREEA A= vieEo]e] A7)7F e o] FEl
3t 2jolalar g &= QIuk B At AREE S2A 9 152 BA
S Table 19 LFERHSICEH

=

B

22. Hol2 EAE % S5 2N

1,000 ppm Pb?" ¥5=8-9(Kanto Chemical Co., Tokyo, Japan)ys- 3|

MHT
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Table 1. Characteristics of calcined mesoporous silicate materials

. O]iﬂ%‘ A5 7 V.S =X o) hu AU Y Ke X

O T T T T

Samples Surfactants Surface area (m*/g) dygo (nm) a,(nm) Dy (nm)

SBA-15 Pluronic P123 771.2 - - 4.71

MCM-41 Hexadecyltrimethyl ammoniumbromide 788.3 3.65 4.21 2.62
HMS Dodecylamine 997.3 335 3.87 442

*Dpmr =4 VpudAgyr: Vaand Ap prare pore volume and surface area, respectively, calculated by BJH analysis.

ZIXF 50 ppm Pb?* &8-S #2513} 600 mL B]o]F])l 250 mL
9] 50 ppm Pb*" £ P31 0.1 M NaOH 0.1 M HCI €45 o]
gato] pH 5.00% 23100t 789 pHE 5.00% 43t o]f+=
pH 6°] F2tz10lx] 23S 3gato] »‘é é&h J-g-ollof] 114
Azo] TEE o] FAAN FAF ATl Y wIF AL, Tl K
31wl ‘I}E‘l‘ ' F2 v|2)= pHE Qo] wnlEle] pHE
7%20% 2 1 L Wé%- FA & % 4i A7) 917 wio]
g Zof|A] RkeFHA] 244171
Bk %&@%% st Fa4l %% A5k F2F 0.1 M
NaOH, 0.1 M HCl £} o]83}o] g4 pHE 5.0+0.1% 543}
W A FHAE W A 2] £AFNEE &
10, 30, 60, 120, 180, 1,440}t -85 &R slo] wld=Sle} 2)
F¥ W A7 FE AL RS EEE7] (AA-6200, Shimadzu,
Japan)E ©]-8-3}o] ‘:‘“ﬂ%iﬁlﬂ, AE E FEENE ol
()2 olgato] FHFS AXterltt.

q = (Co-C)xV 1)

M
A7IA qi= AIRE el F2A9] "ol S (mg/g), V& &
9] oKL, M& AR 2 He), ik G 271 Yol
Lo} AR 0l 8] ol s (mg/L)E oJv|Fitt.

ol F2 vlolels F3 s BRI B A
A¥s}a1A} Pseudo-second-order 45 Fdlof Z8E] Qo). o] el
& SREAL MOT Bfo] ANRICH, FR4 §I SEE ¥
A2A AA A3 AR 9} =2 AIATE BT, 8, 24].
o] mE1e) S ofehg} e,

d
— = k(q,—q)’ @)

71N g2 qi= 27E AR 19} BRAEo 2] ol o] Fa

(mg/g)e, ki= o] EEA M2 &5/ (g/mg minyE &Jv]FT}
2212 03 t 7RrellA AEsto] Helahd, ofefiel 22 AP A9
Pz "ozt

t 1 1

T 3

o] Aelx t o t/q, = APst Te=E 12w 71E7] ek dgkel
A k% .0 w52 5 Sivh

23. SEAAE

FAAE AL 7, FAA) G AABIAZ P, 2
FARBIAL] AIE A FER DY A
FHAZ Az ) Al 1A AR

jstast Hl44H H2E 20065 42

tol

=734 YA g A=tk 3, 0.001 g8 A4 A 82} 0.1 g9 KBr
= Aol BRpARTelA 2 ol F, 30 mg®] AEE AFiste] v
7 o w A=sksisitt. el AHS-E FT-IRS ATI Mattson
Genesis series(Mattson, Madison, Wisconsin, U.S.A)ZA] 4 cm™2]
e E 100 HHEsto] AZ0skgl).

Az Wiz A A ES] 20 S grlstarat X
3 WA Eselt), Ak ek ) 7] ekl Al Ae]l Q)
+ Rigaku D/Max 2000 X-X1 3] #297](Japan) & 34 0.154 nm2]
Cu Ko EAMIS Xeray source® ©]-€3I3TE 5782 0.7°14] 4°7}

A eyl ot 1.2° ofstellr= AE7ol AAE = HAMA Y] 7

b U 7 Adddelele Z-88 71 ISl webA dlolE 9
342 1.5°0142] HiolHE T4 0= o] Fo|Ft}

AzxE F2A T A3 AR A Azl st dRE
FaAf A7 F, g2 AYS Tt Aol AR 7171
+= MicromeriticAF2] ASAP 2020 E&lo], Z} 2A] E2k42] BET
FAA g Alge] A7) FE 9 et Al 7] @k s T ASUTh

-1. HZ=EHA A2H0|EL] SMEM

WA w2z 2 AeAlo| EVL AR o] Mol 7 xE
73 YFEAE XA SRS Bl ERlstast siint.
A3} MCM-41+ (100, 110, 200),1 3 Ay g7} oo Yep e g
48221 hexagonal 735 W1l 3150] ERIESICHFig 1). MCM41
9] A% 1002 XA 34 157} 20 =2.420] JER = E 0] kS
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Fig. 1. X-ray diffraction patterns of MCM-41 and HMS.
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Fig. 2. N, gas adsorption isotherms of SBA-15, MCM-41, and HMS.

Bragg’s lawoll 2-4310] Alakslo] B, d,q0=3.65 nm®} ag=4.21 nm
9] kS FFTH(Table 1). & We=1719) wlZ3E0)7) A2 A
RAeS & Utk HMSE 20=2.63914 5 32 377} Yeh =
g, 0] Bk dyg =335 nm&} a,=3.86 nm% 13+ o] W C(Table 1).
wheba], o] Wz ARAo|Es vhe e A T2 /AL
glom o) wFxze o] F7)= gk 3nm o5k Hlow 5T
T Stk

R, SBA-15¢= 314 9|37} 1% olgfellA] vehvk=t] 2
Toll ARgEL 3188471 Azbelld WA} vfhg- o) 1.5% o]
3k9] ) vlai= Aldz dQ1e 571 QISlth 5, & el AR
B XA SHEA7] R SBA-159] WE¥o] 72E BRI 5 §
At SHAIRE, SBA-159] W|Zaro] T3 Ak V1A 8 s
E3l 7] T3 B4 4.71 nme] WZR¥ o7t A ERL-L 3kl

& = SISt} Fig. 2= Al 7HA wlzze] X AEAllE 542 A
A 3 T2AE BT 9k SBA-159] A9, w&lel By
A 7NA F3 A% AAe) $AsH(19,25), o1 F WO R Sfod
0.40
L |
0.35 |- —&— SBA-15
. —O— MCM-41
0.30 - o —A&— HMS
2 o025t /
g |
5 020 A
o 0% A S
S 0151 £ A
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Fig. 3. Pore size distributions of SBA-15, MCM-41, and HMS.

dojx Zof ExoA oF 5nm AN G HlE Fo|E 71
Wers FRAIFATHFig. 3). MCM-412] -9l A 714 F215
2419] Fed 71Ee] ®arel AR [22], 2~3 nm ARl T
HZ2¥o] XS 7FA 3L ITHFig. 3). HMSS] Ax 7|A] 4 5
2= gk 0.9 oA AT Aagae] S8k

S, ol HMSOll SRS viaZzo] fiEdl ZoE F4H
Tk HMSellA] w32 3E0)9] EAl= HMSS] Hat o] A71E 5o
T AYE TEATY] 71827 7ol 4.42 nme| o]t} o] Fait
& Aeka= MCM-41914 €] A4 7TA] F2F 52233 wig- AL
3hH, Al 2~3 nm AolellA] Wz E 7L glEo] RIS
THFig. 3). Table 10| Z W= e| A A EL] Hit o] 7]
= TAERIET, @ o] RIS 71X SBA-153 MCM-412
o Fo] A7 Folit It vehd ghat XS, vl
g0l WX olE FAlel 7HA= HMSE Bt o] A7|7}
71¢] 4 nm o]’do]rt.

Fig. 4~6& 7} Wz Ag|AlP| EQ] &40 A%¢] FTIR ¥
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Fig. 4. FT-IR spectra of (a) As-syn HMS, and (b) HMS.
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Fig. S. FT-IR spectra of (a) As-syn MCM-41, and (b) MCM-41.

Korean Chem. Eng. Res., Vol. 44, No. 2, April, 2006



176 H3A - ofst - 2=
4
@
o
c
@
£
S
2]
o
<
0 2 i 2 i L I L I L I L 1 L
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm"1)
Fig. 6. FF-IR spectra of (a) As-syn SBA-15, and (b) SBA-15.
ot} z} Wiz Ze| A AP Ao ES] 24 I FTIR HE-S 5 4o]
3tk 8007} 1,085 cmell UEh= 9145 Sio, ?Zuu RiEs
tetrahedral 7-320l] EAI5R= Ak A1) v AH2 %3} 7—6‘3

2%F #EE Bolk 960 em oA LR RJIEL | ey
2 Aol E 39 AkE7]00 itk 1,6503F 3,400 emlellA]
o] W& Eo] wgEL 410 FeAET AZZE 07 ols) uhay
stk &4 A vzaxes AgAolE 2452 FLIR e =
Qleflx] AFsk IR F]A8] ol A A 23t IR F]A50] EAS
o} A AAZEAA IR ¥ F+= 2,800~3,000 cm™' oA LER =
a5z ﬂltﬂ%**xiPﬂ 0] = C-H 215350l oJste] s
o} o] IAFE Al 7HA] Wz A AgAolES] A A FRIR
HEoA F3] YERATE A7} o7& 7 AL 9= HMS
= 1,560 em™ A o4 N-H ¥ =7} Jepie, Ald@d el c-0
Agro] Q= SBA-15% 1,350~1,390 cm™'ollA] IR¥] =7} Yehdt},
Wb 24 delle 7 vz A Ag]FolEd| ZHzte] AuEA]
A7} 2 GA o] UJ2-S FLIR BX o7 ghelsh 5= Qi) wEdt,
AFLAAS} BHYE IR I)F= 24 F IR HEoA A Al
Fd o= Aol A7) Abie) vESsle] 3]
wElE 7] wiEol k.

3-2. H=ZHA MZAHO0|E &2l Hol2 &%

7} F3A| ] gol2] F& 71vg A¥E pH S, Pb- =50 ppm
A0 Feslgivh. 24dE FHAISE As-syn SBA-153= 719
S8 T o Zlo® KAt §ollelM 2] Hol&e]
7F A e 1] gl Wi e ke FARE Ko oI
2738 vl APl FHAM = Aol e &
& 1F0] | ol 719 Feakgol gtk Al
ATt g, njol e A& g ARl 3 aiEAt Pluronic P123
, B4 Hol2vhs A8 e Age et 2s ¢ F
. Widof| A g Aol o}n17]7} Z8HE As-syn HMSS} &
1 Eelo17} R Assyn MOMAIE Y ool et <
e FH s Holg). olee F% 7MIE A< Fig 701

Ml443 H2& 20064 42

%m

E

= A)
=l

T

3

sjstzst

AR - fels - A
140
120 b O As-syn MCM-41 ]
A As-syn HMS
100 Pseudo 2™ model fits

Pb* uptake (mg/g)

1 " L L L L I 1 1 L 1 L 1 " |
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Time (min)
Fig. 7. Pb?* adsorption Kinetic data of As-syn MCM-41 and As-syn

HMS. Other adsorbents showed no Pb%* adsorption ability.
Initial concentration of Pb**=50 ppm, solution pH=5.0+0.1.

Table 2. Parameters from the fits of kinetic data to the pseudo second
order equation

Samples q. (mg/g) R?

As-syn MCM-41 26.60 0.989

As-syn HMS 115.16 0.999
TAIIEE. 3 W st} Brtkeh TERAE FASO,
A 4S5 91819 pseudo second order FElo] 28310 HY
SRS 8ISt 2 HIoJElE pseudo second order ol A&
st A7} Table 20 EAIH T 718 dlo]E]E pseudo second

order 2ol 2831905 W, 1 AT 0.98 o1 =& ke
LR whde] thE maldef] A83191E whi= 0.9 olske] vk A
HAG7F doJA, H] 14 pseudo second order FEo] AlAE/IA|7F
HAE s AAo|EL] Hol 52 54 Akt
Agleltial & 4= Qi o= wizze A AEAlo|EL] A A
<} 1;} o]%o] AT g}ﬁl@al_o_ =53] Ak ixkg.s]-x;]ﬂ:_ 1S Ko —%1:]-
7141E) Blo|ElE pseudo second order F ol &-8510] A2 F
E2A As-syn MCM-413} As-syn HMS®] 33 ol g2k
737}, 26.607} 115.16 mg/go|th. 7 524 2] AAZ/J A0 HDTMA
3} dodecylamine & TF gol3} 428ttty & 4= At

dodecylamine®] 7-¢-¢ll &l &2 Fo|& FaFS Holga it
9] 2 A A FoE FA%E vlaskd, Folxl FREelA

As-syn HMS7} As-syn MCM-415.t} ¢F qufju} =& ol & B aek
= A= e =2 1 o A e e A o e
o] i3t F25S HoFEE 741
FHEEU L adsorption density)E B wshk= Zo] &L},
A9 ol FAFS BI9E VFoR & w] AUIAS
ol FaFo R Hlsto] AXlsle] Bttt AR wlzEe
AgjAlo| Q] Aej7lel AAEAA 7He] Do) 27] mol2] P
vl ¢} Fdsiriar 7%* 3P HMS 1 gol= 0.169 g2 dodecylamine
o] EABIAL o] 5 E& AgsPd 0911 mmolo] BTk MCM-41 1 goll
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Table 3. Adsorption capacities and densities of various mesoporous
silicate adsorbents for heavy metals

Adsorption

Adsorbents Adsorbates  capacity Adsor;? tion
density
(mmol/g)
MP-HMS-C12 [22] Hg** 15 1.0
MP-HMS-C8 [22] Hg** 0.55 0.61
MP-MCM-41 [22] Hg* 0.59 1.0
MP(2)-MSU-2 [13] Hg* 23 1.0
MP-MSU-2 [13] Hg* 0.9 1.0
FMMS [20] Hg* 25 0.78
S-S [11] cu** 0.1 -
N-S[11] Ccu** 0.1 -
NN-S [11] Ccu** 0.5 -
NNN-S [11] Ccu** 0.5 -
Amine-containing MCM-41 [26] Ccu** 1.67 -
As-syn HMS Pb** 0.513 0.563
As-syn MCM-41 Pb** 0.125 0.188
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