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Sulfidation enhanced Cr( VI) reduction by zerovalent iron under different environmental conditions:
A mechanistic study

LIU Li, LIANG Le-bin, SHI Yue, WANG Xiao—zhi, FENG Ke, WANG Sheng—sen”

(School of Environmental Science and Engineering, Yangzhou University, Yangzhou 225127, China)

Abstract: Pristine zerovalent iron (ZVI) was sulfidated with sodium thiosulfate to improve its hexavalent chromium [Cr,0,>", Cr( VI )]
removal capacity. The resulting sulfidated ZVI(S-ZVI) was tested for Cr( VI) sorption under different environmental conditions and then
characterized using spectral techniques. The results showed that S=ZVI composites comprised the ZVI core surrounded by a FeS, shell, and
the surface area was almost doubled relative to pristine ZVI. Sulfidation improved Cr ( VI ) sorption and reduction compared with ZVI,
demonstrated in batch sorption experiments. The sorption data at a pH of 3 were better fitted with the second—order kinetics model and
Langmuir isotherm model, revealing that Cr( VI ) removal by S-ZVI was approximately three times that of ZVI. Desorption and XPS of
exhausted sorbents clearly showed that Cr( VI ) was dominantly reduced to Cr( Il ), which was further adsorbed and precipitated on the
sorbent surfaces. Sulfidation significantly increased the electrical conductivity of ZVI, thus improving its electron transfer rate during
Cr( VI) reduction. Lower pH and elevated temperature were more favorable for Cr ( VI ) removal by both sorbents, whereas humic acid
inhibited Cr( VI) removal. To conclude, Cr( VI ) removal by S—=ZVI invoke reduction, adsorption, and coprecipitation mechanisms, and the
better performance of S-=ZVI is likely ascribed to favorable electrochemical properties and a larger surface area.
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NG . 5 ZVIAH LG, Al 2k (FeS) A BAF Y
B AKE VR He 2 T AR A o 4 L T B I RE ), X
15 YW R BRACR AR R A 0 B B3 #EME A
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FER AR JF A ZV G AR U5 5 245 i FeS AL 22 1
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W BIR 2 K R BAL AN B AR R AN . (HBfL AN
AR Y VR 8 F PR MBS B B A 2 0 At T
FEA G R 23 ) Z T FE ZVL, B0 S 1R R
SR REAIRTY, DAL, o 43— e s 7 501 i DR BE A
KAE S-ZVII R FME . 5 W5 AH L, B A R A
HRE HERM 245, 05 B A k25 (A BT 45
T s, B A R N S A S-Z VI, IR
HiL b 22 55 A R I8 B Ak it X ZV IR 5T Cr (VD) 14 RE
A1 5 ML BRI 5 A e AT 41

R 0L, ABIE 58 LA A AR R A it Y, 8 2ok 5
B A S=ZVL, His 7 HS ZVIIE S KA 272 R,
DL R AE K o 22 B Cr (VD) AP R 22 5, [al IR 5T
7 pH B AR (HA ) FEL B2 S5 25 A% P 25 B Cr (VD)
PERERSZI , I DA H Ak 27 55 R BEER ST T 3 16 23 PR g

1% WHART]

15 AL 2= T P, i — 25 B B S-ZVI X} Cr( VD)
B Z2BRALE , R S-Z VI A BN FHER L T B S0 5
JERERHr

1 #MREFE

1.1 X5

B AR BR 4 (NayS:05) \ /S KA — S bk (FeCls -
6H,0) Wl = 4k 44 (NaBH,) | H 3% R ¥ (K.Cr20,) (ER TR
(HC1) . & % 1k 85 (NaOH) . i B8 (H.S0.) . i 2
(HsPO,) N (CsHO) 1, 5- R Jumm ik — F 48 3E
F ok (CoHsNy) |k R 2 & (CIHLNO) | & &
(CH:COONa) . i FR %k % [NH.Fe (SO.), - 12H,0]. J& il
fiz (HA) \JC/K 2B A AL (KCD) L 4k AL 4 [KsFe
(CN )] Nafion 32 55 34 > 43 #1410 5 %5 & e 1) B 4 et ol
il AR LK.

1.2 S-ZVIR ZVIBI#l & 3%

ZVTFPRHEI45 B 25 mL 0.1 mol - L") FeCls - 6H,0
ST 250 mLHEIE I H , 52208 57 20 min Ji5 , B30
mL 0.3 mol- L' NaBH. 76 H 75 45 14 T & i A 21 #E 2
JHCH, 7R T N 25 R S 4k 258 75 30 min, B LA R
VAUR Uk Aiiip =L 3

S=Z VTR 4 « Lh_E 3 AH ] B 25 B A5 ZV T3
W, 2.5 mL 0.1 mol L™ [ NaoS,05 1 21 Jn A 21 il
PR ZVI B R, #7530 min, 28 S o B4k
AT, IS 25 S-Z VIR (1) 2 I

FH 2B T OK L TJo K (R R 20 1) S 7 e
WA R IR B Pt LA ORI T 2 R ki L BT
FETHRA R, 7E 60 °CTF T8 12 b B BV AT 45591 il
# ZNTFIS-ZVI.,

1.3 S-ZVIK ZVIHIRAE

K B T B 1% (S—-480011) (SEM) #1375t
5 HLBE (Tecnai G2 F30) (HRTEM ) WL A4 RHE 57 A1
P ICE 30 5 X G AR AT 5L (D8—ADVANCE)
(XRD) 7T ZVI F S=Z V1 1) S AR S5 44 5 b 28 i B AL
B (ASAP 2460) % B R 4 RH HL R AL fLA%
LA A I s PR BIAE AL R T (VSM=-EV ) E B4
BLE G AL SR B G H R (ESCALAB-250) (XPS)
AIAT AR R T T R AN A 5 4K H A7 I3 (Zeta-
sizer Nano ZS90) Il xE #4 #H1) Zeta LAV .

1.4 S-ZVI K ZV1 KR Bt 5E 71 E
1.4.1 W RFF=zEs:

Be il 100 mg- L™ Cr( VD #5¥ , 1 1 mol - L™ NaOH

5 HCI 15 pH £ (3.00+0.02) . FRHL 0.01 g ZVI,
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S—ZVIF B3 518 T 25 mL .08 4, 3 A 10 mL
100 mg- LAY Cr( VD) IF W o TEZ A T #1700
PR 24 h )i, 11045 pum U8 BEGEA T3 U8, I D8 v
A Cr( VD) e .

Cr( VD) B Q. AKX (1) IH5:

Q.= (Co-C.)Vim (1)
A QoKW &, mg- o' CoOMWIIR MR, mg -
L CORP A S mg - L5 VSRR, mLym 44
BT, g0
1.4.2 RS2 5

I PR W 3 MAC B B oL I (AR ek, P 2 8 7Kk gk
JE A 10 mL 1.5 mol - L™ {9 HCI', & i IR % 12
b, XY B 1 Co (VD) A7 0%, ff W 3L 0.45 pum 118
JE S5 WS AR AR
1.4.3 pHAE HA FIRLE X KBR Cr( VD) HERE ) 5210

A3 S Y RN W) HE pHAE R 2.3.4.5.6.7.9,
Cr( VD) #I WA 4 10,25.50,75.125 175 mg- L™, [
T VTR HA Y R 0 1 50 mg - L7, 2 0 U 3 43 91
20.30.40.50 °C; B 5% pH {E . HA FIELEE X ZVI Fl S—
ZVT R BR Sk it Cr( VD) PERE RS2 . DA b S50 I
WA 24 he Q..

1.4.4 WER3h )27 525

Bic il 100 mg- L™ Cr( VD %5 , 1 1 mol - L' NaOH
5 HC1JH 5 pH 2 (3.00+0.02) . FRHL0.01 g ZVI.S-ZVI
5 E T 25 mL .08, A 10 mL 100 mg -
L' Cr( VD)W . HIRGWE TERIBIRY 1
5.10.15.30.60.120,240.480.720.1 440 min HUFE,
1 0.45 pm Y8 BEIN 7 8 H Cr( VD MR EE

53 FHE— R 1R (A 2) HE 3
J12 RN (8 2 3) X PR AA B B Cr (VI 3k 31 - £y
B A TG

g =q.(1-e™) (2)

q = q?kzt/(1+qekzt) (3)
2 q 1 g 53 51 Ry o IS 200 R0 A7 IS AR ) I B
mg - g5k A IE— Gl 72 7 AR B SN B AR AL,
min™'; ko R E G B )2 5 BRI BN TR HEL, mg -
g'emin”'

1.4.5 S5 5256

TE 25 mL A9 5048 H 40 B A 10 mL ) 45 e
$910.25.50.75.125.175 mg- L™ 89 Cr( VD) IE & , 15
WIhH pH 4 (3.00£0.02) o SR FEREA B4 H 4 5l
A 0.01 g ZVI.S-ZVI M EL, =il TSR 24 h, Ik

DA WG 1 0.45 m P AR L UE I U Cr (VDD
RO L .

A3 5 Freundlich 2780 (2355 4) F Langmuir B TR
(2SR ER Cr( VD AR TSR AR 2347 -

R (4)

0. T K0, Q.

1nQ. = InK: + ~1InC. (5)
n

Ao CoR V5 B (R MR B, mg - L' Kio& Freundlich
W, mgH/” S g_l s KH Langmuir R L. mg'l sn N
Freundlich B 25405 Qu A R FfH , mg - 7'

W IJERERIBE I, A W B 56 1 7E pH o (3.00+
0.02) FAE T AT, MOBHE I R 1 g- L7 IR Y
Cr( VD) ¥ B 252K FH 2Rk — ik o e e B i,
Cr ¥ B2 2R FH L SR 5 55 85 R I & 3 0l ik A
(ICP-AES, Perkin Elmer Optima 7300DV , USA) Il 5& ,
Fe (11 ) ¥ R FABIE 2wk o3 G BE vk o o Pir A 5
IR E 3 FATE R .

1.4.6 Hifb2Ei

I Ha Ak 2 T AF 36 (CHIG60E ) = H #z K 2 W4T
AL AT IR R A FE T AR AR (A% 3.0 mm 9 3% filk
HIH ) 2 Hb HL A (Ag/AgC) UG B AR (BRI AR ) . Horpr
TAEHE LT (B4 mg MR T 1 mL 4y
R[50 WL 0.5% (wi) Nafion i 7 #1950 pL Z )
HE A 30 min, 2R 5 B B 40 WL 2 77 W0 T B AR L A
bR RS T

K 1 Tafel Ji 1t i 248 58 b4 B} 5% 88 1%, L
HLA Y - 1.2~0 V, #5505 0.01 Ves™o %A
B LA A 100 mg - L' Cr( VD %9

K A B AL S B AT (KIS, B Nyquist #128) #8585 B
B G AE 1 R IE N 0.01~10° Hzo 120031
R S mmol - L' KsFe (CN)6 A1 0.1 mmol - L™ KCI, %
PR 2% WA 15 LA pH=T
1.5 #iEabiE

K FH Excel 2013 . Origin 8.5 # {4 ¥E4 7 K 43 #r Al
25 i I JADE 6.0 JE47 XRD 25 5504 o

2 #HR51TR

2.1 ZV1 5 S-ZVIHRIE
2.1.1 ZV15 S-ZVI ) XRD $FAiF 453 #r

i LRI, ZVI 5 S-ZVIFE 20=44.5° 4 34 H i
ZNTHYRFIEIE (B B A AL P R R U Pl
A PR FIORA R Ak S A o AR D B I R AR
ZV15 S=ZVIH XRD TS IEAR LL , 5 A TS 1648 5, %
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Figure 1 XRD spectra of ZVI and S-ZVI

WIBHAE AT WU S 5 FEORLAS b R BEAR D AR
2.1.2 PRI BT SR E

FHA L B4 R (181 2) s, ZVI 52 A R =[5 1k
&, HLRER 70 UKL AT 2R SR IR 25 4, 3k F2 2 T
ZNTURE AT 1) AR A F LA R Ay 1) 2 1T e 5 B
PEBCPE 5 89 S=ZVIARE S Fr AR S5, 55 5 AR 45 4 19
T BRARLE , 25 (8] L 9, X5 Fi A B F 7 25
R—F

2 ZVI5S-ZVIH SEM & (x30 000 %)
Figure 2 SEM images of ZVI and S—ZVI(x30 000 times )

2.1.3 S-ZVIERiIT R AT

K FH 3% 550 L 55 Xk S—Z VL Y SURE 0 2% 20 143 BT 45
F(E3) @R, Wk & A Fe .S 0T, IF Bk et
fifi S=Z VIR N BB R T B T FeS,, iX 5 XRD &
R AT S W R U S A R — (D) o BB TESE
ZV1 2L Ak it s il 4 S-Z V1,
2.1.4 Wi 2 st

ZNTH S=ZV RS 58 BE N 4 B s , ZVT R R
T ARG AL 38 3 4y 48.94 emu - g, KT S-ZVI 1 fie KAfl
Fiteg AL 38 B 38.63 emu - ¢!, iX S KR ARG i 5 1) ZV1
FIE B T — 2 HEVER 55 10 FeS ALY , ff Ho w1 B
IR 5k B AT 45— 5. BLAh, BN A R R
T3 R RGN Ry A1 R B ik e I A 5 SRR A

1% WHART]

3 S-ZVIRA A STESTEE 0.S Fe TRAMBST B
Figure 3 HRTEM images of S=ZVI and the corresponding

elemental mapping of O, S, Fe
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B4 ZV15S-ZVI e 2%
Figure 4 Magnetization curves of ZVI and S-ZVI

BHARFAEN DRk, R F A7 AT 55 5 SR FlobE
RS IEATE
2.1.5 AR 2o

F &5 Ca) BT, V9 R0 4 e 1 2007 R I8 B 45 3 4%
¥ VAR h 4, RUIMRL P AEAEA AL, LR
AL S (b) [T AL, IR B FLR 320 3R 1 BoR,
S-ZVIHY L R FR(65.95 m*- g ) B T ZVIRy Fb %
THIA(34.78 m?-¢™") , X PR wi Ak elotE S5 L b1 k26 1
TERLT Rtk FeS AL, Uk 1 55047 20 4 174 ) k-t 4 ¢
(e BNk L NN S N P S 3T A
AR TFF Cr(VI) R 2 T R T
2.1.6 Hifb2=r#r

ZVIFI S=ZVIXT Cr (VD) iR R RE 1 S B A &
ML F1E B RE I 47 %o R AT HL AL # BHPT 1S (Nyquist
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i) X AP RHED T T R RE T 40 BT (8] 6a) , 45
T, S-ZVIA H/N AR X UL S-ZVI =
LB ) B4 B R R AR RS . il Tafel i ik il
2k (K1 6b) AT A1, S-ZVI i JE il i 457 B AR T Z V1,
S=ZVITE Cr( V) i Jt o 78 v HLAG 31 K i v 1% 88
FT 5] Nyquist 2 45 5L AT Rz, PR #e | S—-
ZVIXS Cr( VD) A R 7 B B s T Z VI,
2.2 ZVI15S-Zvizd Cr( VD I EBR R

H L7 T #E pH=3 254 F , i Ak e b 5 19 S-
ZNTHY Cr( VD) 2B RE 17 (29.97 mg- ™) KN ZVI X}
Cr( VD) Z2BRAE S (11.06 mg-g") 1 3%, MW S20
B, ZVI 5 S-ZVI %} Cr( VI) HA7 3 4 138 J5 fig
AEXT A Cr (I ) 3 J5t 1 43 53 4 9.18 mg - ¢! 11 24.87

1 ZVI 5 S=ZVI B[] %5 Cr( V1) (25 BRECR
(P 8) AT, WA B4 BHFE HIT 120 min 19 W2 BF 2ok A5 v 35
SR A ) I R R T T I 3k B R
i mR 2P MG SE(R) TG, R e
RS S W 3ok A B il 3k 5 R I, 5 B RE X Cr (VT
PR R B0 T A 2 R R e RO R R A5 2k (18 9) 3R
B, PRI BT A I B 3 A B A5 Langmuir 58S, B &
T Z R, SR SR S S (R 3) Al AL,
T R B 4351 A 12.28 mg - o' Fl131.48 mg- ™', 5 5E

R 1 ZVISS-ZVIM L RER AL R T EHAL TR
Table 1 Surface area,average pore size and pore volume of
ZVI and S-ZVI

ool IR SR LR
mg-g”, A7 Cr( VD) B 5 BR 1 Y 83.00% A182.98% . A Materials  Pecific surface - Pore volume/ - Average pore
\ ) o sa/(m?+g™") (em’-g™) size/

T 38 AR RS2 2V 5 S=ZVT 5Bk Cr (VD) 1 £ 24 - “"334“;8*‘* ‘; Oj 826“‘
| N ] Ahl _ TE",—A f N : : )
il , X AT BRI R T S=Z VI HL ZVEHE iR A L 3 SvI 65.95 0,10 738

%{[19]0
100 T Ca) SR M /IBE M5 2 061 (h)fLEs iz
S0t *
: :
E 80 ;:E’ 031
= S
jmcg ]
g 40 - <
= &
= =
O i 1 n 1 N 1 N 1 n 1 N 1 0 i 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0 0 20 40 60 80 100 120
AEXTFE 7 PIP, fL4% Pore diameter/nm
-7Vl -O- S-ZVI
5 REBH/BMHEREFILES %
Figure 5 N, adsorption /desorption isotherm and pore size distribution curve
1201 w zvi (a) MLl Bl 27 (b)Tafel JiF ik 2%
L @ S-7VI ° I
901 L _at
% . ° i _
= | o n 20 0T
N o ]
| (]
30F o "
| v’. . -8 STZVE | zvi
Yo 80 90 100 110 120 -125 -1.00 -075 -0.50  -0.25 0
Z'/(Q+cm?) i JE Potential/V

6 ZV15S-ZVIH R AL BEHL(EIS) 0 Tafel /5 i i £
Figure 6 Electrochemical impedance spectroscopy (EIS) and Tafel corrosive curves of ZVI and S-ZVI
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FE Materials
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Figure 7 Desorption of Cr( VI) for spent ZVI and S-ZVI

401

0 g @

e Langmuir*ﬁﬁ;ﬂ Langmuir model
---- Freundlich #%! Freundlich model

20

Q./(mg-g™)

PP k|

10

L6 2‘0 4.0 6‘0 8‘0 1(.)0 léo 14;0 16.0 15‘30
C./(mg-L™")
B9 ZVI5 S-ZVIxt Cr( V) By IR i iR B Sl &
Figure 9 Cr('VI) adsorption isotherms and fitted models
for ZVI and S-ZVI

3 ZVIE S-ZVI AR Cr( VD BB SRS B & S5
Table 3 Adsorption isotherm parameters of Cr( VI) by
ZVI and S-ZVI

301 Q
g B L
o 2075 Pseudo—first—order kinetics
b — M Eh
éb Pseudo—second—order kinetics
< - =]
S 10
f
0 0 200 400 600 800 1000 1200 1400 1600
f5 [8] Time/min
B8 WRFsh I EBE
Figure 8 Adsorption kinetics and fitted models
F2 ZVI5S-ZVIEBR (VD KEh hZERESH
Table 2 Adsorption kinetics parameters of Cr( VI )
by ZVI and S-ZVI
HE— B ERAI S H G gh I # R 24
" Pseudo—first—order kinetics ~ Pseudo—second—order kinetics
ZEs model parameters model parameters
Materials ; I ;
E] qe 2 2 qe 2
Ki/min (mg-g™) k (mg+g"*min™") (mg-g™") R
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Figure 10 Effect of pH on the removal of Cr( VI) and the

concentration of dissolved Fe( I ) in solution
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Figure 11 Zeta potentials of ZVI and S-ZV1 at different initial pH
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Figure 12 Effect of HA and temperature on the removal of Cr( VI)
by ZVI and S-ZV1
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