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Montmorillonite-supported zerovalent iron nanoparticles for removing
Cr(Vl) from aqueous solutions
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Abstract: Due to their many novel physicochemical properties different from the bulk counterparts, zerovalent iron
nanoparticles are of great potential in contaminants removal from waste water. Montmorillonite-supported zerovalent
iron nanoparticles were prepared using borohydride solution reduction method. As revealed by combined spectro-
scopic and microscopic techniques, the resultant iron particles were nearly spherical core-shell entities ( about 55
nm mean diameter) well dispersed on the montmorillonite surface, in which the shell (iron oxide) preserved the
core (metallic iron) from complete oxidation in air atmosphere. Batch tests were carried out to investigate the ad-
sorption of Cr( VI) by thus obtained composite. At the optimized solution pH of 1.0, the Cr( VI) uptake was mainly
governed by the reduction of Cr( VI) to Cr( IIl) at the interface of metallic iron, which could be accessed by Cr( VI)
owing to the dissolved oxide shell in acidic media. The kinetics of the adsorption followed the pseudo-second-order
model, the adsorption data fitted well with the Langmuir equation, and the adsorption was spontaneous and exother-

mic in nature. These results are important for developing advanced nanomaterials based on zerovalent iron and for
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their use in remediation of Cr( V) -contaminated water.
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aial DL b C i 5 R A AT BR A WD, SE50 /K Ok 78
TK . CrCVDD W13 % WRC I B K, Cr, 0, (AL 2% 41,
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W B iz 6 2 A 223 [ S B AR IE, 2 1 S v AR
A IR B ), SEAR EAE A ] . CrC VDD LB A
T 7 NS /N W =
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mL, 10 mg/L) H A Mt-ZVI BB 51 0. 01 g il 52 44
% pH M &), &P (160 r/min EiH) J5 T %
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(R B ) R e 0 ) BEAT W B B 2, B AR b a4 A
T2 B Ak SR AN B S o R Ak R e e v
CrC VD IR FEHEAT W, 45 Cr( VD 3R JEIEAAAR, it

ISR T 70 W B 12 i 7 2K o
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N LA A P8 kL CAihara et al. , 1998; Papp et
al. , 2004; Wu et al., 2012, 2014; Akkari et al.,
2016) . Mt-ZVI [¥) XRD 3% P&l ot B 5 1) 52 it
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SPUECE 1e), X ] BE 2 PR 2 BURL A i R~
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S e P BT B U HME LRI XRD 23 #1 H) E A0 Bk
YA (Fan et al. , 2009, 2010) . X Z 42k H A 1) H)
SER T FLRE O OB ) XPS 7 ik Mt-ZVI [
533 Fe 2p,,, XPS il CRZIMD Box T K 1d, H 47
F 710 eV S A REMIIL I Fe 2p, , 6 L 108 T 8 T2k
A (Sun et al. , 2006) , {H A kI E M PO T
59 BT XPS AR AHTE A, X FMW T
55 R AT fe 52 3L BBk A (0 78 2 IR LA, 1%
DLAE B T 5 7 X M-V 8E4T 7 Z1501 (120 ), %1
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Fig. 1 Characterization results of Mt-ZVI and Pure-ZVI

a—Mt-ZVIFF il ) TEM B8 b—Pure-ZVI Ff ik ) TEM 14
1B c—M-ZVIFESL I XRD 155 d—Me-ZVE R 20 bl
Jri ) Fe 2p,,, XPS #E&]
a—TEM image of Mt-ZVI; b—TEM image of Pure-ZVI;
¢—XRD pattern of Mt-ZVI; d—Fe 2p;,, XPS spectra
of Mt-ZVI before and after etching

2.2 K% pH EX Cr( VD KB EHIF M
TR ZR pH AT IR BR PRS2, 0 N
B 7 C Mt-ZVI Mt B¢ Pure-ZVI, ¥J 4 0. 05 g) Z 1, £F
1.0 ~12.0 & Fl N 5% pH E, Cr( VD #I46IR FE
i 72 4 10 mg/L, #£%% 120 min CLRAE 2 85 KD, H Ak
R 2, AR pH {H 1.0 I, Mt-ZVI %} Cr( VD)
TR K, 1599, 1% /A pH HEEE 2.0 ~4.0
I, Cr( VD £ Br 26 2 3% PR AIK: 2 )5 7E pH {1 4.0 ~
12. 0 [ N 4E+F T 88 L BR FKF . B2 M-ZVI,
Mt %F Cr( VD LA ZbrBe )1, H2fE pH{E 1.0
~3.0 Ju[H MR H ARG 2B 2 1K DAY 58 0
A7 i ] H g ZE A pH A 1.0 ~ 3.0 B R 1E, nf
W B A7 H At CrC VD 5 A5 F T 5 05 A 3 1T HEL Ay A o7 3R
T L L feT FI 20 1% ( Benna et al. s 1999 ) , 3X Ff ki A~
B . AH R, Pure-ZVI 7R3 B pH AE G [ A CrC VD
BRI LR P21 99.3%), ff A KE 0

AWTFTEE R, AR 008k Tl o Ak 27 38 Js A H v A%
LB CrC VI V5 4 9) ( Ponder et al. , 2000; Dong et
al. » 2017a) o X LA [RJ W PR 0B v 280 5 [ I 2% &
Mt-ZVI AL 55 52 1l A7 R 22 Bk 99 b 23, 7T BLIA
Mt-ZVI X CrC VDD (125 B 35 A b 1K = 4 2k 4
KIURL o AE A B L, Me-ZVI BRi5 K &, pH
1.0 I, CrC VD £ BrE3 AR 5 1 QT 2k 0K & 1
PR D W B TR I s dpe R C L 2, 158 W B R JRE 2 18 4
AP 5 A 0 5 1) R A0 B AR 2L BR S AR
SRR A5 AF T VA A I R T BT AR T AT T HEBR . X
FE, AT E 1.0 Ky dfE pH 1H, BE J5 1) Mt-ZVI W
Cr( VD SES IS T REAT .
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Fig. 2 Dependence of removal efficiencies of Cr( V1) by dif-
ferent samples on solution pH and the pH-dependent total iron

concentration in Mt-ZVI/Cr( V[) system

2.3 Mt-ZVI 3 Cr( VD) B9 Mz h %

FUE N IR B R Me-ZVI Z 5, % pH
M 1.0, %527 CrC VD 25 B R B I 0] (1) A8 1k
3a A& 3b 73l 7 T W F 575 (0. 01 ~0. 05 g)
CrC VD HIUHI BE (10 ~30 mg/L) AL 4 4F T I W Bt
htiFigk. nTRAAEH, 2 CoC VD #04R R FE ] a2 i
(20 mg/L), F 0.01 ~0.05 g 3 ik b 51 &, Cr( VI
AT R R NL 50, 5% R A4 99.3% . X A
Sl 8 CrC VD WA BE S5 AT, 2R B 7 B8 o s ¢
S, FCRR AL () PR T RRVE VEAL sUBLD, T DL R AR
A s 22 B R o 98 s LR A 1 v PR A 4
%, S B E TH 7 (Ponder et al. , 2000) 24 W Fft
7B [ 5 (0. 01 g), F 10 ~30 mg/L ik Cr( VID
IR L, Cr( VDD P17 25 BR 23 A ZY 90. 0% F#K 224
41.6% o K H PR Ay R B 700 0 [ s o G P 35 2 A7 it
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Bkt — W, 75 BRI B S B I 1) L, CrC VDD #)
DA S vy, B BRS 7B 4t ) 0 R A7 RUBRAN 2, K BR R
WA Yuan et al. , 2009) . AN, ANEIZAE T3
D125 W2 TEARAHIT HLWR PR 17 PR 58 (5 min ),
YOS VEAL 15K 20 A7 A7 2B S5 B UKL A0 2 1T, 2%
S Cr OV $3E, T 5 250 ik 1) W B 1 45
(Yuan et al. , 2009, 2010) . BT 525 5 4% 57, A
[FJAIE 7 P R A 7] I o 3 T 4 B, (ELARE S
AL pH {41 F Me-ZVI WFE CrC VDD fit 75 °F-
IS 1) 2R B stk T — OB i) A0 Bk, 4Bk e
(50 min LAy ) ( Blowes et al. , 1997 ). . 4 B i ki
(#7110 min) (Peng et al. , 2017 ) A=) i 400 2k
(25 60 min) (Dong et al. , 2017a) 55, t0 0 &R+
TRAK G DAT (29 60 ~90 min) VPR (£ 6 h) K
K216 h) Beafi i (2910 ~70 h) 4884 KH Yuan
et al. , 2009, 2010) »
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Fig. 3 Time-dependent Cr( VI) removal efficiencies with
different adsorbent dosages (a) and Cr( V[ ) initial

concentrations (b)

K AL 2 R T 07 RE (3D I 3)
D12 REEAT T UG B P 3 S B R (4D T

t/q,=1/k,q; +1/q, (3)

ty, =1/k,q, (4)

s &, A HE G R H L g/ (mg © min) 1,

q, R q, 53 5 Jg IS 1) ¢ 0028 B0 B 1 465 B 1 B 750 5%

CrC VD It 5 Cmg/g) s ¢y, W B 2P 2 1 Cmin) o
WL /g, — 0 SRRV RAT g, 0k, o W PR FIECO.
01 ~0.05 g)Fl Cr( VD FJARWBEC10 ~30 mg/L) AL
4N Me-ZVI W [ CrC VDD X o — 2B R 4 )
i, R® ¥JiA 30 0. 993 1, JLrp R 51 H Bl 45 8l ) 2
B . X R R W] M-ZVI X CrC VD W B
T RN, S AR R 1T RE R Ak A R B I R
5 B WS B 00 R B 5 2 1) R ) 3 = S A i ( Yuan
et al. , 2009, 2010) .

F1 Mt-ZVI REIBEUEE_RFENNFSY
Table 1 Pseudo-second-order kinetic model parameters
for Cr( VI) adsorption by Mt-ZVI

WA/ VD WA /mg + L1

0.01 0.02 0.05 10 20 30
R 0.99 0.99 0.99 0.99 0.99 0.9

k,/g* (mgemin) "' 0.10 0.26 1.08 0.05 0.10  0.35
q/mg*g”! 263219.80 9.72 22.37 26.32 31.35
1,/ min 0.38 0.19 0.10 0.89 0.38  0.09

TE: COCrCVD WA [ 52 2 20 mg/Ls (2) Me-ZVI 2 [H 52 0
0.01 g

2.4 Mt-ZVI 3f Cr( VD) BRI h
(298 K) R, fER R pH H 1. 0 Wi [1] 30
min I, 8L 204 Cr( VD WIS ~40 mg/L) il
SE ME-ZVIC0. 01 g) X CrC VI W B 25 i 26 [ A1 5
CrC VD 7R E Ce {50 0. 13 ~23.52 mg/L ], 45 4
WK 4a iR, ATLLE HY B CrC VD P47 5 T,
AF I B 2 A BT 348 I, B &SP 4 9R 2 T 10 mg/L
Jii o 2R BT 2 FA . 3K I PR by W 51— s
IR EE Cr( VD W B2 A5 2D 88— 1 W B 70 3 1k £
SR L S B0 B AN K Cr VD R JE T i, $2 4R 5R
2 BT R B R0 9 P AN A L A A e N B Oy
7857, WL B s A BBt 2 38 K (Hu et al. , 2005) . Ak
— BRI Mt-ZVI X CrC VD IR B HLA , 4 531 R
Langmuir £/ Freundlich[ £& 1 JE 2043 s T FE (5D
FICO ) TR AL 20 o R o P 167 S 900 B W 0B AT T b
C./q.=1/bQ, +1/0,C. (5)
logq, =logK; +logC./n (6)
A, €, o0 CrCOVD AR B AR FE Cmg/L) 5 g, A Cr
CVD P B Cmg/g) s Q,, A CrC VDD L2 A T
fiE(mg/g), b A5 W #AH K1 Langmuir 7 %
(L/mg), K.Cmg/g) Fl n 53 1) Ay 55 W Btk 255+ R0 W B
9 A ) Freundlich 2. vF & BT 145 W B 2 50 %1
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T2, 4R ER, K Langmuir B8 )4 1) 5 K
W B 75 B A 41,32 mg/g, 5 S50 B K AH 41. 20 mg/g
$20, B R? ik 0.99, BT M-ZVI %F Cr( VD W%
Bt B B 5 A Langmuir B0 1 2P o AH LG T AEEE
+(11.55 mg/g) (Dantas et al. , 2001 ) BiELH " (14.
56 mg/g) (Weng et al. , 2001) iG PR (15.47 mg/g)
(Orozco et al., 2007) X AKJE (16. 13 mg/g) ( Acar
and Malkoc, 2004 ) %5 4 K} IR 41 18 {8, A 5T Mt-
ZNT X CrC VD F B T RT F 5 (41, 32 mg/g) B 2
i 15 5 )T L AE 5 P 7K A B AT 1 B

a 298K b 308K
36 36
1 =0
o8 &0 28
£ E
=20 = 20
12 12
0 4 8 12 16 20 24 0 4 8 12 16 20 24
C/mgL™" C/mg-L™
36
36t C 318K d 328K
O____,o__o_____o/o\o
B0 28 T 28
B 2
= 20 ::_-20
12 12ro .\, |
0 4 8 12 16 20 2428 0 4 & 1216 20 24 28
Ccfmg-L'] C/mg-L7

4 RFREE T M-ZVI XS Cr VD 1R P 25 28
Fig. 4 CrC V) adsorption isotherms on Mt-ZVI at

different temperatures

Fz2 ERT M-ZVI A Cr( VD R MR ZER S5
Table 2 Langmuir and Freundlich model parameters for
Cr( VI) adsorption by Mt-ZVI at 298 K

S Langmuir 574 Freundlich 574
.ol
9/ M8 0 /mge g b/ Lemg™ B K/mgegl  n R
41.20 41.32 0.66 0.99 22.58 5.88 0.80

hy F T B S N R AT R HEAT e I AE AT,
TS 2 2 BObR ME Gibbs B 1 AE CAG® ). 18 A&
CAH®) RUAZ C AS®D JEAT T8, M ARk
(Chen et al. , 2015):

K,=q./C, 7
AG® = —RTInK, (8)
InK, = —AH®/RT + AS®/R (9

A, K, #2250 8L g, & IR 7
(5), AG® MW ff it FE bR Gibbs [ A8 (kJ/mol),
AH® Ry it B84 (kJ/mol), AS® g Wi b it £ 46

B L)/ Cmol « K)1, R Ky BEIR S AR H[8. 314
J/CK * mol) ], T AZEX UKD o 5L ] % il W bt
SR 2RO AR, HURAE 298 ~ 328 K ¥ [l Py AR
BNAA R, AL R IR N A5 4 T 18] 4a ~ 4d,
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Fig. 5 Reusability cycles for Mt-ZVI towards removal
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