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Preparation of functional dendritic composite adsorbents and
their adsorption properties for Cr( VI)
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(1. College of Chemistry and Materials Engineering, Zhejiang A&F University, Hangzhou 311300, Zhejiang, China;
2. Zhejiang Provincial Key Laboratory of Chemical Utilization of Forestry Biomass, Zhejiang A&F University,
Hangzhou 311300, Zhejiang, China)

Abstract: [Objective] The objective is to study the adsorption property of dendritic composite adsorbent
synthesized by chemical modification of mesoporous molecular sieve for the treatment of heavy metal
wastewater. [Method] The composite adsorbent SBA-15-G; of dendritic compounds was synthesized by
chemical modification with mesoporous material SBA-15 as silicon source, and the functional adsorbent SBA-
15-G;-SH was successfully synthesized by grafting sulthydryl onto SBA-15-G; with thioglycolic acid as
coupling agent. The structure and physicochemical properties of the materials were characterized by field
emission scanning electron microscopy (FESEM), energy dispersive X-ray spectroscopy (EDS), Fourier-
transform infrared spectroscopy (FTIR), X-ray powder diffraction (XRD), Zeta potential analysis, and nitrogen

adsorption-desorption isotherms (BET). The effects of pH, time, initial Cr(VI) concentration, and temperature
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on the adsorption properties were studied through the adsorption of Cr(VI) in aqueous solution by SBA-15-G;-
SH. The adsorption isotherms, kinetics and thermodynamic characteristics of SBA-15-G;-SH adsorbent were
analyzed. Langmuir and Freundlich adsorption isotherm models were used to analyze the experimental data.
[Result] The Langmuir adsorption isotherm model fitted the adsorption process well, and the adsorption kinetic
model accorded with the pseudo second-order kinetic equation. [Conclusion] The adsorption mainly results in
the formation of stable compounds through the surface complexation of —SH group on the surface of SBA-15-
G;-SH and the electrostatic attraction of heavy metal ions. The thermodynamic results show that Cr(VI)
adsorption onto SBA-15-G3-SH is a spontaneous exothermic process. The high adsorption performance
indicates that the SBA-15-G5-SH is an efficient adsorbent to eliminate Cr(VI) from wastewater. [Ch, 10 fig. 3
tab. 21 ref. |
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GUR T ZL VIR U R — o MR AE S — R RS bR K s e i vk, BROMIRRRAS . 2R &
OIS At A28 T 2. AL R (An: MCM-41, SBA-15 Fil MCM-48) %5 #4 R H 2
AYSIFLEE M . FLAE . AR MO AR, R SO YRR B R R I )z R R, PR T A A
B RE A B R AR — | R T AR B S KA B R R o BERRR o TR — 2 LA kA
M, B REARmER, BrDERGERER, W SEERETFRAERRENEEY, AT
HEEBOWM, HEEEM, ZenFEP, il AL Sk BB B ECIR A A Pk — R 5
58751, DIALLO %5 853 T 764 A FL5 T (SBA) L& PAMAM MECIRILAY, IR T E4E R
BTN, USRI SRR, SRS A0 2 N TAE R 2 . AR AR . TR BRI,
SUN ZU 358 1 7EfE R 1A URAC M BCIR LB W (G, FFERFSE T HXT A oK 2§ [Hg( )] @ b
HE, WERMZR Ik 260 mg-g ', RILE RAFAIEENTERE. BARAKAT 5 BF5Y T 78 — ALK R T A BUBCIR
fEA IR KR P A BT K 3h J12%, A PAMAM REIR AL A 9 & —FhlE 8 G i 55 10 W R
AHFFRE SBA-15 AL Bt A W ELIR K07, SIS, FFHSE ORGSR, W& T
RE AL AR 4 0% B B4 B (SBA-15-G,-SH),  JF: 36 3o fd L i A8 362 21 4 Sk 3% (FTIR). X 5 £k 77 5t (XRD).
Zeta HLT 23 BT R0 B - BAF S5 R4 (BET) 55 7 vk X & R B 45 40 AN AL 24 M R EA T T R AE 5 W
58T SBA-15-G3-SH W BI85 25 [Cr(VI)] iYW it S PREE K 28 (4N pHL. W RRFERF ] L o B 46 ) X i B 1 i
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1.1 SEIRHAFN{LEE

SBA-15 f-fLorFi (T i siiifb TR ABRAF], L% 1.178 cm’ g, BET LRMH =600 m* g,
fLA2 7~9 nm); WZK | N = COE ARG, B, MRHRE. SiEom . EERA . o ZHImam
TR SRR R AT all . 722 BUERAN AT WL T (LIRS R AR A BR A D), ZISHA-BA JKiHE R
Pev7e% (i M EER I ge s A RN 7)), PHS-2F BB RE T (A B R 2 B A BR A 7).
1.2 HBRESIEEW T (SBA-15-G5-SH) BIHI &

¥ 10 g SBA-15 LA F i il 300 mL H 2RI ABEMS, KIBHEFE 30 min J5 A 500 mL [ JEEHEHH
M OB 3 g BN EE = A SRR A T BV TR 20 mL 2RI A FIRVEWT, 80 °C RV 6h I, K&
1 B I B9 SBA-15-Go JITA F] 60 mL 74 % % H i Al 300 mL B BEIE I, F 25 °C [0 24 h 153774
SBA-15-Gs, ZAhif, HHESARGES, TEGIR . P44 SBA-15-Gys 5 150 mL & %, 25 °C 7£ 200 mL
AR RN 24 h, S8, FHIESAWRDES, TEGER, 7%ich SBA-15-G (1 ). HEE#HIT Fik
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PR 15 SBA-15-G,(2 f8). SBA-15-G3(3 1), ¥ 50 mL #iH: Z BRI #1 5 5 g B9 SBA-15-G; A 300 mL
LK (RFE R 1:1) v, = REE SR 48 he SOV G IR AL IS, 5 CEER & 51K
VR 3K, TEEIR T AR TEIG &, 7 iich SBA-15-G3-SH.
1.3 RpsEEe

FH 28 7K BC & BBV BE R 1000 mg- L™ (% Cr(VI) W9, S50 B P40 T8 22 it T i vk 3 . B TRy
SBA-15-G3-SH X Cr(VI) ¥ W W B 5255 . B 50 mL B3 & & R 200 mg+ L™ (%9 Cr(VI) %W T 250 mL F
e, H 5 mol- L™ AYBRAR Y Cr(V) I 2= — & /) pH, LA 100 mg il % ) SBA-15-G3-SH W [ 7,
TEK IR % B TR 15 W B B2 B — SE I IE), ARJS FH 0.22 pm BB IR 08, D8R 2 40 T W43 B 7
540 nm ZbMGE Cr(VI) BWOGEE, TR BT Rk AE . W Rt Fn KRR

SBA-5-G3-SH W 351 %5 Cr(VI) (4 W B AS0CR TR B 5= (q) IR BRR (B) kR . Hat B AR 7 =
(1) A= (2) Frmt,

Ge = wv; D
m
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E= x 100% o 2
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K ) A Qe g MTEFHEI A (mg-g"); co I ¢, 530 S0 46 F P-4 BF 1) Cr(VI) ot 2 R 2
(mg-L™"); ¢, FAEW BT IE] ¢ B Cr(VI) B BTV BE (mg-L"); VoA Cr(VD) S AIARFR (L)s m R W B 550 1Y)
Fite (g); E M Cr(VI) FIEREER (%),

BT B AR R LB AE Cr(VD) B 1l R M R 200 mg- L', IR R 298 K, R B vk B A 0.02~
0.10 mol- L™ i 45 1F Filb47 .
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W ik 3 Jy 25286 . B 100 mL 4046 B4 2 N 200 mg L' (B AR BRATIA I, A 100 mg /i) SBA-15-
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K G) M @) H: g, Fas ¢ 2R (mg-g™); ¢ R RV IE] (min); g, 3278 P8 % B i (mg-g™);
ky FU ky o3 SRR HE— RN 90 80y 2 07 B R N R, B4 0 minT' Al gemg ' min'. AR
TR SCH . A3 W — ZR 90 SR v BB B (250~500 mg+ LY A4 Cr(VI) %% 50 mL, JillA SBA-15-G5-SH %
B3 100 mg, W BAFISFE] & 1 800 min, % JH Langmuir #1 Freundlich 77 2 43 51l % W B 25 05, 26 #4704
Langmuir F1 Freundlich J5 #2437l WX (5) F1=K (6) Fiw o

Ce 1 Ce

— = ; (5)
qe  Kigm gm

1
lgge = 1gKp+—1gceo (6)
n

K (5) A= (6) T : e Fam MBS A B Cr(VI) B9 5 5 ¥ B (mg+L7Y); g, 7€ 78 Langmuir iz K W Jff &
(mg-g); Ki >~ Langmuir W Ff 4 44 (L-mg™"); Kp 4 Freundlich W& 4k, n 25108 | R RA LMWEH .
W R AR5 s O T RFSE IR EEXT SBA-15-G3-SH _EIRH Cr(VI) (52, il =X (7) F=X (8) THE A IR
FET BIREAS (AH) . 72 (AS”) F35 41 0 B FHREZE (AG”) 1A -
AG® = —RTInK ; @)

InKp, = — ———=> (8)
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= (7) Tz (8) e R TR FE AL (8.314 J-mol - K )y T FRARMIIFIEIE (K); AS’J-mol '-K ™) Fl AH
(kJ-mol ™) BN InK, FIHREE AR EAFE]; AG (kI mol ) ARHE (7) THE A,
1.5 [ERERIE

Yk B 7 B0 (FESEM) FIRE R (i X-SF461% (EDS) 4E . KR Carl Zeiss 23 7] 4 7=
) GeminiSEM 300 %37 & S F B R b1 . AR AEmE S Ab . ZTAMRAE . B 1~2 mg FE 5L 7E IS B
WFER o BIF B A R S TR R AL AR 53950, BEABLEN, 7EE A AL ® SR K. 2R Nicolet
6700 {8 HL 75 3 21 A6 1A AR TR B 0BT 2R AE, IS B A 400~4 000 cm ™', F1H 100 K. # K
X SHRATHAL I BT . SCEAE XRD-6000 BUA K X FHERAT MY EHEAT, HHE KN 40.0 kv, HEEHTE N
30.0 mA, HA#, 20K 10°~50°, I FE K 2°-min', BET £AE: R ) 35 B AL RS 2 7 4 77 1Y
Novae FLAEHAACIN & AL 00 LR AR . LR A 55, DU (An) h TAESUAR, mighisl (He) W
SR, AEF TR 0.1~0.2 g, AR LL 10 Comin' THEF] 200 C, i< 180 min, FERA (—196 C) ik
JE R HEAT b e AR R AL A5 A I
2 R 5
2.1 RIESHH
2.1.1 FESEM #= EDS & /& [& 1AM R T
SBA-15 45 FIES . S 1A M, Sk
Je BIARE S (B 1B) Ha] LAER 3 7E SBA-15-G5-SH
A — /N R . B 2 W E H: BRATEDT R
Y5 A TE SBA-15-G5-SH | AT HfEWT, Ak it
PRI B AE SBA-15 B3R, [FIRfWIEAE B 1 SBA-15 (A) #= SBA-15-G;-SH (B) # & #9
FLIENHE . SBA-15 Bl b EEE&A R (C). 4 (0). FESEM H
fl} (Si) %fﬁ% , ﬁ@ﬁ\'ﬁ:}’ﬁﬁ}%”ﬂﬂ 9.35% . 64.50% Figure I FESEM images of SBA-15 (A) and SBA-15-G;3-SH (B)
F126.15%; i SBA-15-G5-SH MBI i i EZE 0 Mk . A, %A, BE. B (S) 5%, JLEERAE00 5k
38.62%. 9.21%. 35.04%. 15.10% F12.03%. Z5HFW . 7F SBA-15 L YiHilg# I 7 —NH, fil—SH
A,

40 - A. SBA-15 40 B. SBA-15-G,-SH
35 35
30 30
2 25 % 25
1 s
§ 20 & 20 #l
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A 2 SBA-15(A) #= SBA-15-G5-SH(B) # EDS B
Figure 2 EDS spectra of SBA-15(A) and SBA-15-G;-SH(B)

2.12 BET &4  XJCERT SBA-15 Akt )5 A9 SBA-15-G5-SH #4717 BET 43 #fr. SBA-15 A9 b 1fii FL
H9668.04m> g, FLEEHN 6.75nm, FLAE N 1.42cm’: g SBA-15-G5-SH Y FL K HAHFAE N 109.29 m?- g,
LK 3.82nm, fLAEN 0.15em’-g ',

TEA LA EL SBA-15 | 154 PAMAM RPIR K 70 B g b fn s L EL T S B R AR L LA FFLAR I
AN, TEREEGE R, ZAUMRHN A PERERE R FERI 3 ATLLE . AL RIS A (Y Langmuir IV AL
BRF /G RF SR 2, RIS B H RLIR AR A (&1 3), JFHEA B EAMFLER, ULIIZER o AL
THEN A, I Bz kg N R A A LA AR ik . eV RIS W RIS AR IR A, BAE
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BRI ; 966 ecm™ W US4 IH & T Si—OH 92 mﬁ 200 4/_4/
[ 4% 2 0% Mg U 7E 465 em 4 i U Si—O—Si = | e
ERBNIS IS s 7E 3 082 em A IESE H T ASX BRI ~ q00 | aaet
—NH, #454Rshre; 752 923~2958 cm ™' 4k, AW s gaaaat dj:?::: | |
2 5| SBA-15-G3-SH IR K 43 1 i —CH 1 45 4ik 0 02 04 06 08 10
g & 4 A 5E 4B ML, SBA-15-G;-SH Al LA FARE
%ﬁﬁ?‘J%TﬁT%ﬁ%E@Z 500~2 600 ()1’1’1_1 ﬁﬁﬁj{ @ 3 SBA—]S ﬁ‘, SBA—IS—G3—SH é‘] ,E:L /’:L & ]'I,ﬁ- /Hﬁ:
IR, WP Y& CH,—SH R4 ahig . it al =)
EL , ’ﬁ%ﬂ?ﬂ éﬁ%ﬁﬁ% [i_c]}ﬁ‘]j]ﬁ%’{j‘i @J SBA-15 jl\:J:L ;H’ Figure 3 N, adsorption/desorption isotherms of SBA-15 and SBA-15-
*;I‘J: G;-SH
100 100 - SBA-15-G,-SH (B)
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H 4 SBA-15(A) #= SBA-15-G5-SH (B) #9405k B
Figure 4 Infrared spectra of SBA-15 (A) and SBA-15-G;-SH (B)

2.1.4 XRD 54 ME 5 TTLAEH: S5 i SBA-15-G5-SH 75T 16 158 A7 — E AR RS, H 24
FE S AT S 7 B AR — 3, U] SBA-15 S Mtk 5 5 Z A A RLR ARG R, IR H ST AR
(100). (110) F1 (200) s [ A4 AE AT S 04 i 85 347 B R AR B 0583, X T B THERCA ML E REHT Z )5
AR FLAA R A FLIE S5 A RRIE T B B AR Mk, FLIEA RS B mFEE , W RB0LE P HE T
RUS) Sy & B . SBA-15-G5-SH RYAT S04 5 B BH B L SBA-15 Bk, AWF5T R . &kt AbiR Ko7
IR BRI SBA-15 FIZEARRRTEN,  H2ad vtk 5 2 i s h i b 17 i s S st
2.1.5 Zeta wAiomydr mE 6 Al fERRYESIF T, SBA-15-G5-SH 2 i K& (A M Mk & 5L 5 A 5
T HY HEAEN, SIS T3 76 pH 8 & SBA-15-G5-SH A HL AR . 332 PR o 4 ik 35k A1 7 0
B rh Ak £ T A I, SEURRE I B . SBA-15-G5-SH W[5 #Y Zeta B A7 E pH 4 mi R, 24
pH>5 I, Cr(VI) FZLL CryO7 JEAFEAE; 2 pH<2 B, iy H'S Cro; #1454, Cr(VI) F# LU
HCrO, B AFEAE, %M T SBA-15-G3-SH i )i ; 4 pH Ry 2~5 BF, Cr(VI) EELLL CrOf T AAEFE, IR
W S5 L AR A RN . 456 Zeta VIR T LUE 1 . F pH A E 2~3 AT LU Cr(VI) Bl 5 4 A I B
2.2 IREE & 3T UR B BE RO B2
22.1 AF pH @ %ra  pH 2 WA AR B RO B — A F e R 2, PR Ry LA 2 (W B A e} 2% 1
B ff FOIR S R AR R, HE R 2o 4 B B AR R RS, WK 7 /B e 24 Co(V) IE WY pH<
2.3 0, SBA-15-G3-SH % Cr(VI) W it 4 Bifi pH B4R midd &, X2 Ki% pH T Cr(V) LI HCrO, i IE X A%
e, Wil H &5 (V) BA SR M, $2mm pH, W HVRE R, Cr(V) S5idEa T 2 n4:
bl 2y, ART Cr(VI) RO . SR, BEE A pH k2 K, Cr(V) FAAEIERAE ) Cr,07, B 728
[ Z5 MR, RAHEASLIE, W/ T 55HFEM M. SBA-15-G3-SH X Cr(VI) B Bk =2 2 2 38 1 2 1 Y
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Figure 5 X-ray diffraction spectra of SBA-15 and SBA-15-G;-SH

A 6 SBA-15-G;-SH #%ERE pH T4 Zeta 4%
m
Figure 6 Zeta potential measurement of SBA-15-G3-SH at different pH

values

ik Cr(VI) 4 ik MBS, TS 5 5 A 42 il iy Co(VD) A2, W% B 8o B i BRI . PRI
SBA-15-G3-SH X} Cr(VI) AY%EEW B pH Sl 2.3,

222 Cr(VI) 48 Bk EABWEHHom E25 CF, Cr(VD) WA pH A 2.3, W57 SBA-15-G;-
SH &N 0.1 g &M, il sZs Cr(VI) B BT ik B, BIFSE 00 4 o ot vk B X e BT M e i s e . el
K8 Al LIE . BEE Cr(V) WItG B ik B2 (3G R, P A R SR 1 a3, X T RBJE 1 TREE Cr(VD) 1Y
WIbG PR BE AN, WRBAR AR E R (nFidE) 5 Cr(V) #2fblas T2, AR TR R T .
24 Cr(VI) B i 500 mge L', WAk 25K (190.05 mg-g ™).

180 200 -
I
= 170 + — 180
o o
en [ ] on
§ 160 - S E 160 L
= 150 L = 140 /
140 T TS E 120 ' ' ' ' '
16 18 20 22 24 26 28 3.0 250 300 350 400 450 500
pH WIGA R =K/ (mg - L)

50 mL Cr (VI) ¥, 100 mg SBA-15-G,-SH,
1 800 min, 25°C, pH 2.3

B8 Cr(VI) w14 i 3 ok B 3T oR I 64 % v

Figure 8 Effect of initial concentration of Cr(VI) adsorption

100 mL i 59Ky 200 mg - L' ) Cr (V1) ¥,
100 mg SBA-15-G,-SH, 1 800 min, 25°C
B 7 pH{LsT SBA-15-G5-SH B M Cr(VI) #3%
Figure 7  Effect of pH on Cr(VI) adsorption capacity of SBA-15-G;-SH

23 WRFish A%

M9 T LLIE H: SBA-15-G3-SH Xf Cr(VI) MWL BF 1T 232k 2 4B B, FFUR BB (<60 min) W fff R
EFP, 52 AP B R A NS, B s B W BT 3R R R i B B R o 5 e T R Y
WML, Cr(VI) Sy weme b Bl 2 W RRPET ED A 34, O BR300 2 T 0 M a5k, W B

Xof % B R AT W R B 12 G, A S BNEE 1 B, R LE MZ T SBA-15-G5-SH I
B B A 5 U 2 B B 1 AR (R>0.998 0)

2.4 WMHERLE

NFE 2 T Bl A TR VR BE B3, SBA-15-G3-SH % Cr( VD) By - 7 W5 52 o, 525 390488 i e 3|

I HAE T d v B A AR B R i, 3R B — o R S B B AR 5%, A5 A ML ALY Langmuir W T
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BRI . SBA-15-G3-SH X Cr(VI) 14 W Fff B8 45 & 180
Langmuir W fi S5 IR 2 77 2 (R*=0.993 8), ZMEXRIR 160
U, W R FR S S B R, PR Cr(VT) i Ty 140
WEER AR, SHELEANEREL, ME C(V) ;_“ 120
W00 o R R B R B R T R, MEmiEe S @ 100
Cr(VI) 25455, W R A = 80
2.5 WRH#EAE 60

AG’. AH' F1 AS" # 4R =X (7) F= (8) 51 3 40 . ! . .
(F3), NFE3HHEH: 7298, 308 318K i}, AG’ 0 500 1000 1500 2000
SR H-12.99. ~13.40 FI-13.77 kI-mol ', AG® 35y o HEmin -
FUAE, F5H] SBA-15-G5-SH Xt Cr(VI) 1% i 75 34 77 2 100 2‘&; ’S’B%‘f;%ﬁsﬁopﬁgzg i Cr (VD) #3tL,
LR—AAESRE, NHEFSRAMT . X Bo TR S, 35. 45°C &4 Cr(V) &
PHV]: PO ATAESEATFIT Cr (V) DM AR s b ek
AH® 3-1.334k]-mol ', Uil SBA-15-G3-SH X Cr(VI)  Figure9 Effect of Cr(VI) adsorption vs contact time at various
P B R 1 3 AS® R 39.10 Jomol - K', B temperatures of 25, 35 and 45 °C

W W R AR A REA T, TR T Y A PR RO, AR
FIRALEEIE KB,
®1 WM NFERENUESH

Table 1  Fitting parameters of the adsorption kinetics models

THE— % THE 2 B
T/K
qo/ (mg-g™" ky/min™ R go/(mg- g™ ky/(g-mg '+ min™") R
298 93.6159 0.000 6 0.760 8 164.745 0.000 18 0.999 2
308 959858 0.000 6 0.767 2 163.399 0.000 18 0.999 2
318 100.133 1 0.000 6 0.801 5 162.075 0.000 16 0.998 9
®2 MMEREEBNUSSH %3 SBA-15-G;-SH WMt Cr(Vl) IS5 H
Table 2 Fitting parameters of the adsorption isotherm models Table 3 Thermodynamic parameters of Cr(Vl) adsorption onto SBA-
Langmuir %3R5 Freundlich ZiRAR Y 15-G3-SH
iz g) KULmg') R X, , o 7K AG'[(kJ-mol ) AHY/(kJ-mol!) AS(J-mol “K) R
192.31 0294 09938 117.69 10.07 0.9605 298 —12.99 —1.334 39.10 0.9987
308 —13.40
318 -13.77

2.6 BFIREN SBA-15-G,-SH IR Bt 14 8L B9 2200

J T IR T AU ES T4 SBA-15-Gs-SH Wt Cr(VI) st BRBUS2 0, I ER W 5t A b 2 7
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