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Abstract; The amino-modified ordered mesoporous material SBA-15 was synthesized by a hydrothermal grafting method using sodium silicate as silica
source and triblock poly ( ethylene oxide ) -b-poly ( propylene oxide ) -b-poly ( ethylene oxide) copolymer Pluronic P123 as template. The synthesized
mesoporous SBA-15 samples were characterized by TEM, X-ray diffraction, FTIR and N, adsorption-desorption. The SBA-15 and modified SBA-15

1>* ions from aqueous solution. The effect of experimental parameters, such as pH, contact time and

samples were used as sorbents to adsorb Cc
temperature were examined and the adsorption thermodynamics was also calculated. The results showed that under the same conditions, the maximum
adsorption value for Cd(Il) was higher than that of the unmodified mesoporous silica. The adsorption process was controlled by system pH. Adsorption
equilibrium was reached within 30 minutes when 0.1 g sorbent was added into 100 mL solution which contained 112.5 and 10 mg+L ' Cd** at pH 7.0,
298 K, 80 r-min "' and 4 h contact time. The adsorption capacity increased with temperature. The Langmuir model can be used to describe the adsorption
isotherms. The adsorption capacity of NH,-SBA-15 was 0.687 mmol-g ™", which is comparable to the adsorption capacity of various adsorbents reported

in the literature. Thermodynamic parameters of the adsorption process, such as AG®, AH’ and AS° indicated that the overall adsorption process was

endothermic and spontaneous. The study indicated that the amino-modified ordered mesoporous material SBA-15 is a potential sorbent which could be used
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in the treatment of cadmium contaminated wastewater.
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1 35|E (Introduction)

W 3 e — b AR 5 I T8 O B9 9 K AL BOR
T 592 B 5 7K Ak B o R b, O BB 590 ) 3 4 A AR 2 G
B DR, S5 4R o AR W R R T T T K A R 2
RIS AR G A 1992 4F Kresge B 0K TR il 15
Mg 42 & 8 (Kresge et al. ,1992) A 74 fL — A AL fik
# #} ( Ordered mesoporous silicate materials, OMSs)
PR A RA F A AL A A0 i b1 0F 50 48 2 %
T X BT A A L AR AR B A R e
Zem R, H fL 4% K/ °] I ( Bagshaw et al. , 1995;
Zhao et al. ,1998) , [N T i I\ Oy & — Fb B A ¥ 7 N
FH R 5% 09 357 B0 0% [ 579 ( Nooney et al. , 2000; Beck
et al. , 2002 %4 B 4E, 2002; Lam et al. , 2007 ;
Serra et al. , 2010). i T #& & OMSs X /KK & 48
F8 0B £ BT BB g, AT Xk G AT 0k — 2B B BB i
it Ay LLGE o 340 B B SU7E OMSs il A A
TN v N S 5077 o ol P N T i VD ) N N e R
J& 15 G W) B R G 0 5% P R R T e ) W BB 7] ( Feng
et al. , 1997 ; Mureseanu et al. , 2010). Mercier 2§
(1998) B¢ A& BL, ] 4 9 ik fik e X OMSs 147 25 1
J& , Xt He®* #9365 1.5 mmol-g ™' 5 Liu 45
(1998 ) & ] Je A 4 A5 ok 1 1) O ¥ FH 4 N B e e X
FEALHY MCM-41 JEAT T Bt , A2 BUH R He ™ 11y 1 It
BEA3A 2,52 mmol - g~ i T 1 Y BE—3 -2 Y B
BRECHE MCM-41 I MCM - 48 , Hoxh Hg™ (g W b} 4
A[35 5.0 ~7.0 mmol-g ™' ( Zhang et al. ,2003). A
WESE R B, 5L 9 ik fik e A DK e 35 i g B 4 SBA- 15
Xt Pt** Fil Pd** ( Kang et al. , 2004 ) . Cd*" ( Fang
et al. ,2005) ,3-5 N H- = LA LAk e etk MCM-41
¥ Cu’* . Co** . Cd*" il Ni** ( Showkat et al. ,2007;
Wi, 2007) , Lh M & Bk 24 - I 2 s ek o R R i i
i ik 6 SO MCM-41 %of — S8 Ve 3K 2 BLAT R4
Y W% B 58 77 ( Corriu et al. , 2004 ; Lin et al. , 2004;
Fryxell et al. , 2005).

SRS, H AT BT 58 2 46 1 /e OMSs #1 K 2
PEFI R A MR J7 18, FLER XK AR o Hg® ™ (i 1 B 44
T d Ay 3l . T A ) 2 A BE R OMSs A 8 % 7K
TR 4 )@ B T LR Cd™ " B8 7 W B AE )y 1t 1
FUAL B WLARGE . NI, A S I UREIR B =i R &1
Pluronic P123 4§ Jy JFURL, DL 2 P9 5 = P 40 B i e hy

SRR, K B A R R P R SBA- 15 A AL
FARE, LA SRy 5 B 550, 6F K AR i Cd™ (1 1 B R AiE
HEAT TAIRSE, LA O S8 ik ot SBA- 15 fEEH & R 15
USYISENORERLE /S SAe AT WS LIS

2 #MPBE5 A% (Materials and methods)

2.1 EHRAEERA

1 %%. ORION- 868 fi& Ji i}, Philips X' Pert
MPDPW 3050 X H £k fif 4 {X ( X-ray diffraction,
XRD) Micrometritics Tristar 3000 [t 3 [ A3 5 12,
Phenomenex H-9500 1% 5} B + i 1k 4% , Nexus FTIR
LLAMEIE AL, XSenes 7 HY HL JR S & 45 B 1 1R B
(ICP-MS).

] H, S0, HCl . KNO, .NaOH ,HNO, ,Na,SiO, .
CACL AR MEVE R (1000 mg-L~") X FIZRAEIR K &
B O = B AL B Y Pluronic P123 ( Mav X4
5800, EO20PO70E020 ) F1 4 P4 %k = FH 4 3 ik oz it
R A Fisher A w43l 5256 /K Milli-
Q B F/K(18.2 MQ+cm, Millipore Co. ).

2.2 SBA-15 #H & R & R RAE

2.2.1 SBA-15 # g8 & B SBA-15 frfL#F
BHI A BCRT B PE 5 1 2 % SR ( Gomez-Cazalilla
et al. , 2007 ; Bae et al. ,2009) 3 47. BAK G 55 B
MBS g = AL R Y Pluronic P123 Jii A F| 200
mL H,SO, %W (0.4 mol-L™") Hr B Jifitdk 6 h B =
W s ARG AE =R N WA 0.2 g NaOH [ {4, Jf:
M A 13.3 mL Na, SiO,-NaOH % & ( & 27% SiO, .
14% NaOH) ,FRZ 76 = T R ZIREERE £ 5 d, e
SR BB KR pH 4EHF7E 1 A2 A7 s T4 & 44
2t 08, KB FOKUE 3 UG TE 333 K TS i Jis
I R S0 9 16 5 9B P L 10 K- min ™'Y 9 BE TR
& 823 K HFFLK5E 6 h, RI AT 15 5] SBA-15 A~ fL#4
BE AT SCPERE,HE 0.5 ¢ SBA-15 Jp T 75mL HIZE
HOfAE 332 K FHFLEHEFE 0.5 h, T A 3.5 mg X}
HOR B R AN 1.0 mmol 22 3k — W U RE e 5 S8 5
AP I8 20 3230 [ 3 (29 390 K) FF4E 2 h i)
W R 0 K S BEVE TR 3 A #E 373 K T
MR 12 h BRI A5 30 MO A 7 SBA-15 A FLA K,
J0fE NH,-SBA-15.

2.2.2 SBA-15 WyéEmEMHkiE H Philips X'Pert
MPDPW 3050 X 5 4k 417 5 ( X-ray diffraction, XRD)



6 101 2 e A 0 TP SBA-15 A7 1 A FLBHR G (T ) I W W8 3 25 5 B 5 1243

Ao BT R B RL, DL Cu Koo B8 Sk 0056 U8, 5040 oK
BERTEREIN 20 =1 ~8° 45 KO 0..02°, 15w a] 2 5
s. i} Micrometritics Tristar 3000 [ 3% i 0 52 1 )
GRS O W, W Bk R 77 K. ) Brumauer-
Emmett-Teller ( BET) i+ 5 b # 11 2 ( SBET) , F
Barret-Joyner-Halenda ( BJH ) W i 5 %Y 3 & S #4) FL 42
(DBJH) . i Phenomenex H-9500 i% 5 Hy 1 52 4k 585 00
X SBA-15 BB R ML 2. ] Nexus FTIR £L41
T AGHAT I SE 20505635, #E SBA-15 #4 KL KBr &
F R 500 ~3750 em T K 4 em
HEE R 21 YR min 'L Zeta HL A AT E RS R
Ck (Gao et al. ,2004) J7 = 0E1T.
2.3 MK I A Cd*T R %

W Bt >R T 28 M 1 i T 4R 35 At Ak B 9 E AT
I 100 mL Cd*" ¥ & T 250 mL B Z 4 8R4
A 0.1 g MR, 38755 pH J5fH 4R % 60 min. 54X
JE W 10 mL R, A1 0.22 pum Je Ju B IR 3, 45 5
mL JEWARAFEAE 2% = 4l HNO, 7 i b A . Cd® " fy
I E ] XSenes7 #Y oy @Al & 55 & 44 51 3% (1CP-
MS) #47.
2.4 HAEAE

R 408 W B 17 7 T R B ek L R (1) 3t
SR R 790 £ RS T B g, (mmol-g 7).

q.= V(G- C)/ mM (1)

K, VAW MR R (L), C, C, 2 %) I Fmg f
SPAGIF CA (D) We ¥ (mg= L") m W% B 550 A
(g),M 2}y Cd B /R T ft (gomol ')

P2 ARG S AT 2 280K iR 2 7% SOk
(ZFFoRHE5F, 2009) 47, >Rk ] Langmuir fZ 5 ¢, =
Q.K.C/[M (1 +K,C,)], Freundlich # %! Ing, =
InK, + (1/n)InC_, Pk Curvexpertl. 38 JE £k M & 5
2R FH 2 A0 3 30 3 0 B s i AT AR R RULAR
NS HAGC (AS" AH B SR B A (2),(3)
iR

AG’ = - RT Ink, (2)

—RT InK,_ = AH’ - TAS’ (3)

X, 0, B KB i (mmol - g ™") | K J& Freundlich

AR B W B 25k W B AR RE A OQ I R A, KR R

Bl R 5 3 % B AR RN 80 (Lemol ™), T O i
J¥ (K) R N SMAHE (T mol mK ™).

3 Z58 (Results)

3. 1 SBA-15 3L A% 09 45 A9 A AE

K IE ST 58 (TEM) XF SBA-15 4 fL#4
BH R A BEAT 20 (B L) 8 5 B 1 e B2 AL
WA Fe 9 A LA RE, 0RO /INE 250 ~330 nm 2 [A].

300nm

-

B 1 SBA-15% TEM B R
Fig. 1 TEM images of SBA-15

FIN, W B - W AR, 33 T SBA-15 A AL KL
F18 N, W52 o -k 182 25t 2 B fL AR o0 A B (18T 2) . 8] 2

19 il LI AR AT, 5 BB D A £L AR, Foih SBA-

15 () BET t & @ B 783 m™ g ™' fLIABL N 1.04
em™g ' FLA2H 9. 12 nm; NH,-SBA-15 {4 BET [ 3%
FIRLH 566 m>g ', FLIAFIH 0.83 ecm™g ' FLI2 N
7.41 nm.

B A B XRD FIEL AR G 3 53 #7145 2 WL 1A 3.

Hi € 3a 9 XRD 23 87 1] 51, A B A FL A K8 N
iR B 3b R LL AT S BT B FE i NH,-SBA-
15 £ 1083 cm ™' Jff i 4b W Yl 15 SBA-15 # L, If £
A A AL, (0 AR IS HL 0 AR 4 15 B 4 o
Si—O0 B 4y 42 &, B B Uk > (4R 1 B 4R, 2002) . 5
SBA-15 it , NH,-SBA-15 H 3 T 57 9 W Wi g, L
H1,2930 em ' BfFIT A0 (9 W g Sl C—H R Bl g (1R
BB 2 2002). 7E 3421 em 'S A B R i I R
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SBA-15 #fy Si—OH #E 8, 76 1118 cm ™' FI 1689
em " BFT AR B A4 2 B W% AL 04 S —NH,, 9% i i ( Lam

& _e— NH,-SBA-15

01 02 03 04 05 06 07 08 09
HHXSES plpo

1.0

et al. , 2007 ; Showkat et al. , 2007 ), X 3 B NH,-
SBA-15 %14 mt 1.

NH,-SBA-15

SBA-15

10 15 20 30

L2 /mm

B2 N,WH-BRL(a)MAZESHE (D)

Fig. 2 Nitrogen adsorption-desorption isotherms (a) at 77 K and pore size distributions (b)

100)
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3.0
200(°)

R

1.0

0.8
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0.6
04
02
544
B 118
0 1 1 1 1 I 1 1 1 1 1 I 1 I |
4000 3500 3000 2500 2000 1500 1000 500
W% /om™

3 SBA-15 f) X-SHER T H S HIEE (a) LS IEE (D)

Fig. 3

3.2 pH xt Cd*" Wt 8y % vm
R 2 pH W I Cd* ™ (Y 52 i 45 5 UL 4. 78 100
mL Cd* " W (112.5 mg-L ") fifif A 0.1 g SBA-15

B
w

075 403
AN,

0.60 F - 02
=~ —O— NH,-SBA-15 _
% oas —8— SBA-15 01 &
£ <A NHy-SBA-15 1 <
s 0 | =
1 030 %
= —
= 015

-02

B4 pH xt Ca** BB A 5500
Fig.4 Effect of pH on Cd*>* adsorption

X-ray diffraction plots (a) and FTIR spectra (b) of SBA-15 materials

o, NH,-SBA-15 W Bt , 2 i .80 r-min ™ ' 5 T 4k
¥ 240 min. 458 %01, NH,-SBA-15 7E/& & pH M
2.10 A E] 3.49 fyad FE b, X Cd® T Y W B %
Hhn,7E pH =4.0 J5 8 TR, Cd™ " il 35 K WL i &
$70.674 mmol-g ™' ; %} SBA-15 i & , i & & & pH
M 2.10 EANF] 7.01, Cd® " W B 4k 5% 7 484 i, {5 Wi
[t % /N, 78 pH =7. 01 BH{Y 35 0. 031 mmol'gfl.
3.3 W HE A CT R E N

oS A%, SBA-15 Xt Cd® " f W B A /DS, IR
WM AE 5 2258w, AL L NH,-SBA-15 Sy W Fff ) 3 47
. 7E 100 mL AR Cd* " B BHMA 0.1 g
NH,-SBA- 15 W [t 5, #8 %5 pH = 7. 0, % .. 80
remin T A5 fF R R 240 min. £5 5% & B, W B AR X
Cd™ " fy Wiz B AR 3R 3, BE 72 30 min Py i F1) W B S
CFELS) . R T AR E W B 00 % Cd® ™ 0 W B 3% R, it A7
TR 27 BIF 5 I T8 50 B 1] E] 2 60 min.
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—e—(=112.5mg-L!

A Langmuir #5 B Fl Freundlich % % %f 52 56 25 52 gk 47
UG, &I Langmuir £ 8 F) 1 5RO R B (£ 1),

—_—0— (= Rt
=% o Corlomert 76 298 K I NH,-SBA-15 %} Cd”* #) J% % [ 42t g
=
2 0.687 mmol-g ™ ".
- s —
®
&
e
%
O
T?“
S
N N =}
| — I P o T —9 | g
50 100 150 200 250 K
0% fft B[] /min i —7— 288K —g— 298K
= —0—291K —O— 308K
B 5 %R A E Xt Cd® R Bt G B2 A =02 Y’
Fig.5 Effect of contact time on Cd>* adsorption
R 0 ! | 1 | ! | 1 |
3.4 EECTRMW Y 0 100 200 300 400
S i !
7E 100 mL %% Hy 0 ~400 mg-L ™'y Cd** ¥ ¥k R CJmerl )
HOIMA 0.1 g NH,-SBA-15 W fff 5, pH = 7. 0,80 B6 REXC BRH R
remin /%{4:"[:%7}; 4h. 4t R F Y , Bﬁ%ﬁ:% YEE 10l Fig. 6 Effect of temperature on Cd** adsorption
Tk, W% B 550 % Cd® (g W B (L6 ) . 43 Sl
®1 RWEREZRBUESSH
Table 1 ~ Parameters of Langmuir and Freundlich models
Langmuir 5 7 Freundlich 1% %Y
/K
Q,/(mmol-g~") K,/ (L-mol ™) R? K/ (mg' ="V gty n R?
288 0.552 3.26 x 10* 0.9876 1.25 10. 14 0.7853
291 0.644 4.47 x 10* 0.999%4 1.31 9.21 0.8161
298 0.687 1.25 x10° 0.9954 1.32 10.53 0.9051
308 0.753 2.23 x10° 0.9976 1.57 9.73 0.9884
FAARXG)IEACH TZRIMML (& 7), I R2 MNFBU
T “ W Table 2 Thermodynamic parameters
T A 5 HOR i S50 2e 2. M7 2 R, 4 Themdynanic pameter
w " N W N . ~ ! AG AH AS
FREBA A G, BT L ) R A w00 . |
‘mol ™) /(kJ:mol ") /(kJ+mol ~")
0 W \ N
AH jﬂﬁfﬁ,%mlﬂl}ﬁﬂﬁ'ﬂﬂ,ﬂ‘ﬂﬁﬂ?ﬁw 288 —24.89 72.44 0.388
AT 291 -25.91
298 -29.08
_ 308 -31.54

32
T a0F
[=]
g
\2-/ |
£ 28
H
g - y=0.388x-72.44
® 2l R*=0.9799
24 1 | 1 | 1 | 1 | 1 |
285 290 295 300 305 310
W T/K

E7 AGE T ZEMXRMLZE

Fig.7 The curve of AG and T

4 3¢Fig (Discussion)

NH,-SBA-15 Xf 5 3 th Cd** g 1% B AR 71 3, O
TE 30 min A IK S 0 B SP- A 3 5 A 2 3 AN ) 26
T OMSs % Jit 71 ) BF 55 45 5 % L  Fang et al.
2005 ; Feng et al. , 1997; 1998 ; Lin
et al. , 2004; Fryxell et al. ,2005; Aguado et al. ,
2009) . X 21 T OMSs 250 fLARHEA RO Y L3
TR, FLAR 29 50, W B o7 %% 32 i 45 R E Y SR THI
P AFE T i ) (Feng et al. , 1997).

WFoE B9 (& N B 4%, 2002; Pérez-Quintanilla

Liu et al. ,
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N 31 &

et al. , 2006; fZ#rd, 2007) , it Bl MCM-41 13X
AL 47 38 S SBA-15, Hixt Cd® " iy W Fff 44 32 1K &
pH 2 IRAR K, X — s AE A L 00 v A5 3 1 3 k.
%t ot SBA-15 fl NH,-SBA-15 [fi & , /£ /A& & pH
fEHA 2,10 2 7.01 Ay A8 b, Houh Cd® g W Bt 32
#5% (H NH,-SBA-15 X} Cd** W[t 7€ pH =4.0 |5
IRFE R, Cd* " i W B AT 3K 0. 674 mmol - g~ i
SBA-15 % Cd** [y W it B4l /N , 76 pH =7.01 B {3k
0.021 mmol- gfl. Pérez-Quintanilla 4 (2006 ) i 2-%i
s g i e B ME SBA- 15, Hixt Cd® iy B K W B
A 3%(0.99 +0.03) mmol - g ™", il A ¥ SBA-15 %}
Cd*" e R Mg B (Y H (0.04 +0.02) mmol-g ™',
X ABIET 25 S AR L. 16 I SR T e 51 ACE BB T (n
S T BT LIRS SBA-15 Xt Cd® ' % [t g

pH {E %t NH,-SBA-15 W fff 7K P& Cd** A 5% i i
Al IR LR b AT R BT L BEYA R pH {E
BN, NH,-SBA-15 W B 55 6f 7K 4 Hp Cd™* g Wi Jf A
FHA B3R, BLZEWC B 28 48 pH BB Y, B 40 1B
1 R BSOS | 33k 2 el T K U B i JE Ak 2 T
Bt Bz (A 7 B 45,2002 ) , I HL 3 F Ak 2% W B 52 i
TR EHT Cd*" 5 SBA-15 i o) fig H (& %k 2-
L IE ) 18] B 2% & 1F F ( Pérez-Quintanilla et al. |
2006) . 1fif Cd** ZEA P SBA-15 MCM-41 % 3L 0%
BEE A ek 2 1T 174 W B AR FH O 2 1T PR i Si—OH JE A1 i)
) B 1A A T, HLW R AR FH 32 35 W pH {52 M 3¢
R CH I A 25 ,2002) , 73 4k, Cd* 5 Si—OH 3 4] Ja]
14 1 F 28 e 1 FH 22 L 5 —NH, 1 4% A 1F 55 1R
Z Pk, XE Cd™ i W% B AE ) A BR. TR RE B RS T
W, 16 pH <7.01 if, AF| Cd** 7E SBA-15 FKH 1Y
W B, 5 SBA-15 fH LK, # 48 NH,-SBA-15 Wy {ff i %
T pH Y B 28 5% (B3 e W8S 2 1 T pH {E R B& A A
FCd® MR B G 3 2 PR O T R H S I
S LA T R VR 0 G0 (4 N B 5, 2002) .
FAERYE AT NH,-SBA-15 W Bt 5] | i —NH, 1
felAl I H ™ 456 8 Bl 1E H A —NH, 38 [T, AT X
Cd® " YW B 7 A HE . X — 5 AT AL 5 NH,-
SBA-15 WEHANL (L pH=3.7) T LIEH.

THASTR] #2580 B OMSs %t Cd* ™ A Wi Bt i 77
AARK 2 5. 4, 4% 45 (2007 ) B 5¢ & B, MCM-
41 7] DA WL FfF 77. 55% 1y Cd**, 13Xk Ay w] DL g i
99.90% [y Cd** ;i A BF 5% H SBA-15 %F Cd>* fy W
Bf A 0. 021 mmol - g "' (£ 8% ). & B W Fft RE 1 22
BRI H T 13X ¥ A8 T Fd3m 325 f &,

AR B JE (R 38 fF 7S T A 3% 452, DN IR 1l O 435 4
= A fL3E A R F 3 s LB % (FR a0 A 55 ,2005) .
GIH0  I3X U A1 it A 2 A PR A BE S UG R A
—4e Na™ K™ Mg Z 7l IS5 Cd®" AWt s2
Ho. i MCM-41 F1 SBA-15 ¥} 7 6 2 pomm , L,
RN N O HE AL R SR A AR (B
25,2007 ). [a) I, 4% i 55 (2007 ) 78 88 58 BF Y
MCM-41 %t Cd** ) W Fff B 77 8 3% i T A 0F 5 Bt
SBA-15, X & B T MCM-41 [y kb % ifj 5 1% 1032
m™ g ", 8K T A WE 58 B A SBA- 15 11 b 2 1 A1
(783m™g ™). A A FLATRE B b % T LA AL AR AR
KN 45 5 B0 M 5% e L 0 B BB ) (Mercier et al.
1998).

NH,-SBA-15 X 7K fA& Hp Cd* ™ fihy Wi FfF 45 i &
Langmuir #5140 & ) 45 3t Freundlich #5814, 3
545 A 2 (2002) f] MCM-41, Lam % (2007 ) &
F gk MCM-41, Pérez-Quintanilla 4% (2006 ) f 2-%i
FemgnE s vk SBA-15 XF Cd** BB 5T 45 5 — 3.

5 &#i2 (Conclusions)

PARERR 9N REIER , =k B 5 9 Pluronic P123
BRI, R FH 7K $- I3 399 0 B 00 5 1 0 B i
T SBA-15 ALK, RAESS R FE W, & B AL
bR R HLN Z FLAERAE. SBA-15 4 FL A RExE €d®”
(% B 32 1k & pH il ; K ot SBA-15 % Cd** 1y
W BEE 5 AR /0, 3 ek 2 M FT LA 4R s SBA- 1S
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