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Adsorption Kinetics of As (III) from Groundwater by Nanoscale Zero-Valent Iron
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Abstract: Artificial synthesized nanoscale zero-valent iron (NZVID) was used in the laboratory for the removal of AsC([l[). The
average BET surface area of particles was 49. 16 m” /g, with a diameter in the range of 20—40 nm. Batch experiments were car-
ried out to study the efficiency of inorganic arsenic removal and adsorption kinetics by NZVI. The results show that As (]l[)
can be removed efficiently by NZVI at pH 7, 20 °C. The removal rate for As ([l[) is over 99% within 60 minutes by reacting
910 pg/L As () with 0.1 g NZVL The As ([l[) adsorption process follows the pseudo-first-order kinetic expression. The
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surface-area-normalized rate coefficient ksa is 2. 6 mL « m™? « min~! for As ([). The equilibrium adsorption data fit Langmuir
and Freundlich adsorption model well, with values of the constants at the regression coefficient (R*>>0. 95) for both models.
The monolayer adsorption capacity of the sorbent, as obtained from the Langmuir isotherm, 76. 3 mg/g is of NZVL 21% As
(Ill> adsorpted on NZVI was found to desorption by sodium hydroxide solution (0. 1 M). The effect of competing anions shows
SiO;*” and H,PO, markedly decrease with the removal of As (III), while the effect of other anions is insignificant. The
mechanism of As removal is adsorption and coprecipitation.

Key words: nanoscale zero-valent iron (NZVD) ; As([ll); adsorption kinetics; desorption; removal rate; groundwater; pollution

control; environmental engineering.
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ring, 1998). SEEBRHE il H 0 (CDO) Hl [ Prfig iE
WFFEHLIG (LARC) $ T iff s 0 26 — R BUm P i, K
ZH0E GO R K & i B A R E | 55 [ 3
P Jm A T AR 20 WHO ZRK i i 4r 1
50 pg/L K&K 10 pg/L(US. EPA, 2001). i {IAEFE
e 5%k — 0 E AL (ER) T pH B% A (- 1D
(Masscheleyn ez al. ,1991). 24 pH 7£ 6. 5~8. 5, %,
EGR JFE AT T RS 5y R A TR Ak, TE 4R AL ok
ﬁ:?sgl pH<6- 9 EH‘?DMEE%U\ HZASOufﬁE?Tf
SRERELHPE ST, EE L) HASOS 275, 7R85
ZMEF L 2 pH<9. 2 B, EE L Hy AsO, f#7E (Mo-
han and Pittman, 2007). #s F /K F1h FesK Hp i 3= 22
PL AsCID A AsCOD IR ZSAFAE 11 AsCIID B3P 1L
As(V) & 60 245

I BRARE it 32 A W B B ae iR
B OB 3 R R FTTTE 2% (Korte and
Fernando,1991; Boddu et al. , 2008; Zhu et al. ,
2009) . TEIXLEHE AR, W FFHEE: PRI 17 B0 A0 TG
HLBRAA R ik iz i . K A e 5 R
B R R v/ ) e = R 7 R (LN L = AR L1 ]
(Huang and Fu, 1984; Diamadopoulos et al. ,
1993; 2006; Sun
etal., 2006; Pratap et al., 2009). {H K ZE 5=
A AsCV) Z AT &k PR #5208 As (D %]
eI AsCV) R TAL B, =4 2k b ki) S84k el Tt
FAR R o ws HEA g 1) R B 2k i LA AR Dl B i
)& I 77 ( Lumsdon and Evans, 1994; Farrell
et al. ,2001; Su and Puls,2001; Lien and Wilkin,
2005; Giménez et al. , 2007 ;Guo et al. ,2007; Syl-
vester et al. ,2007). W5 E B =4 X 2R
OGS (XAS) A X G 4O 7 RE 1 (XPS) 55 I &
TF-BO Mgk 5t Z 18] 5 14 30 7 25 1 R A7
W 4T TS (Farrell et al. , 2001; Melitas et al. ,
2002; Bang et al., 2005a, 2005b), %% % & B4,
AsCIID 2 BRATLEE 3= 221 52 W B A 370 3 4 T CRR
As(lID 5 FeC I gk Fe( D M ALY/ R EYTE
BCAETTIE) . HZ  Z M B i i) 3 S8 AL R A 1
Tt — .

T LA AR Bk PRLEA 1 b TR A &7 119 Ji
TR AR 52 AT 19T, 2B 9245 (2009a, 2009b)
B B 2K BR BB 2 W] I 25 B As CIID AT As (V)L JF:
X 50 2 B A P 1) R BRI R AT TSR (H
KT YRR BRI 3l g 27 BRI LI 7 T B 5
if b %5 7 (Manning et al. , 2002; Kanel et al.

Pokhrel and Viraraghavan,
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Bl 1 AE 25 ‘CHI101. 3 kPa Bl AIFAETE XS Eh-pH K&
Fig. 1 The Eh-pH relations for arsenic at 25 °C and 101. 3 kPa

2005; Lien and Wilkin, 2005) ; 4 £ A48 25 (2009) %
T RGO T As(V) G B80T (1 2 BRCR . 75
STV B A 1 mg/ L B FRAS A d R R A
15. 4 mg/g,12 h £RZL 91, 2% . BXF As(V) 1%
BRALEE B AT A 20 T R AR — S A5 T A SR
B T BEUERA [ &AWL A5. AT 5% 32 22 A A 5K
B2 A AR » 25 B R K R As CITD Wi B
By 72 W B AE  2 DA R A AsCIIDD Wiz o
B0 R BE ], X 2 BRALFEEA T HR )

1 ARSIk

L1 #keksl&

¥ 1. 6 mol/L. NaBH, 7K %W 2% 12 A 21 55 {4k
F1. 0 mol/L FeCly 7K W H {5 AT il 45 44 2K 2k ot
$i(Zhang et al. , 1998). Fe' Bl i it 3 4 BT IE »
JN 7 RN R

Fe(H,0)!" +3BH; +3H,0—>Fe | +
3B(OH), +10. 5H,. (D

A3 FH 22 EOK FJCK Bk 270 3 .l I
W RN AR R ITHE , F 100~105 “CHE 4 h, X AR
AT SRAFHET I 10 42 8 0L s DL BT B E B AR
T PEAT. 8 1 1 L BT (SEMD ISR, 3 B A B
YRR, EARVE B R 20~40 nm, BET b3 fi R
49,16 m* /g (B pEl 945, 2009b).
1.2 FENHERIRF
1.2.1 FENFE SHAB R /KHEIRRY
#r . DHG-9070A #1846 , C-MAG HS10 BIRE T4
FEER . TGL-16C 7Y iy 550 ML AT LXT-TIB UG K
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2 B .0HL, MODEL 6010 i #5 X f2 1T, SA-
10 BIAPIE 53 HT L.
1.2.2 &7 1000 mg/L AsCIDARAERE 7 W B
1] % b o S 3 o AR AR 53 e 1R o R R ki A
TeoK 2,15 {8 35 45 2 1, Nay AsO, » 12H, 0, FeCl,
6H,O.NaBH, 1 NaOH 474k,
1.3 #ELWHAR
1.3.1 WHshAFENE HLEAE 250 mL
ST, SOWI PN A — 2 5T T B S A N K
BROMARBWEZ R 1 mg/L, 200 mL i AsCIID
VSR 47 B [RIBAE ) — O RS I A 4 ot
FLVEAT 52 55 CEP 42 AR o 4 B i T 20 &
L CRIKIB IR G o s P37 3 32y 120 r/min, B:FH
—E B RIBURE , F SA-10 JEASAU 2 AsCIID B
1.3.2 WRMIEEMENE RAMIE X
AsCID HEA 70 JfF 3518 S2 50 9. A 0. 01 mol/L
NaCl iy 2 i ¥ 3 2 A 1. 0 mol/L NaOH =
1. 0 mol/L. HCI B pH 8 7. 0, Fe k] 40 mL &
TRUR 4> 3R 1,10,20,40,80,100 mg/L AsCIl Y
SIS A 50 mlL 5 3% ZE /Y BE 11 = FA 0, AR
JE & RSO H A 0. 05 g B E4 Y 4 K 2, B
BV LR 0. 05 g/40 mL ¥ Wi E T 201 C Y
IKTEIR G f s PR R 120 r/min REGNK X
i 2 o 3K ) S 0 s A5 L HR B B RO R R ARy
Bl BUb R BRI R OE Y, TR 12000 1/
min BOHLUEFTE O B EJZ A SA-10 FTESAY
e AsCITD He BE. 5 v 499 K 4% W B e 1) ot £ 38 K
qe s AR T A RS -
¢ — (C—COV

m

(2)

. CoOAC Al AsCIID o B o B TS 4 v
JE om AR B TR (0. 05 @), Vg W IR R
(0. 04 L).

1.3.3 FEIRSKIGITE  fifp I A0 8BRS 5] 1 A A
RS WSRO B 0] R G 5 i RS T
F 8 B AL B AR B AT N B BIF 9 48 06, G R R
NaOH ¥ HAF 9 Ge ol T As CID A (Cum-
bal et al. , 2003; Guo and Chen, 2005; Kundu and
Gupta, 2006) , [H b, A 5258 3% H NaOH 1E 4 ik
VL.

TRAN AR AN R 4 W 2 1) As CHITD 325 381 W52 b
SIS K SN — I AR 100 mL
AELLE T 3000 r/min B0, FE 5 BREWR
B EDE T IYURER 2 50 mL =AM, 451

[a] AN N E A 40 mL 0. 1 mol/L ) NaOH,
PR, BT ARIR B 201 °CL ik 3%
120 r/minfy 45 e i 18 h.
1.4 AsHINE

As ik EiE T SA-10 B 2 43 Br AR 254 7 0
T » B B — B (R IBURE , A v il 2 g 3 R 7
TEEATHRAE. AL AsCIIDFI As (V) I J5 I 461 11
B 51R 2 pg/L F1 8 pg/L AR T DA H AU
YR FHZKARIE (10 g/ L) o PRHIZAN A 58 2 REAE 16 2
SR R A I EOK.

2 HPRHIE

2.1 As(II)MRMizhH 2

FI 0. 10 g A A5 1 40 K 8k 0l ikt vk
B 910. 7 pg/L ATy 200 mL AsCIID #E47 W
S, BPER L 0. 10 g/200 mL, S28e 45 5L 0LIA 2.
Pl 2 2B, RO RITT B s KIS As CIITD e B Rk
BAR . 76 5 min Z P, AsCID 2B R ik 79. 2%
20 minf AsCIID Z3BRZE Ky 9320, M 7E 60 min J5 Il
KW As CIDARF 9 pg/L, B2 B 2R 35 5
996, 58 A A T L T A 41 4V SR AR K b v
(<10 pg/L). M InCo/p) —t HIZ (8 2) %
74 T kot AsCID WL s F125 )5

InCo/py) = —0.064r — 0. 942, (3)
o FIRTE ¢ 2R AsCHID PR EE 500
AsCIID # If J o e B W 3 2R 5 2L ko =
0.064 min ' A 2 R H R? = 0. 877 (n =6, R =
—0. 936 4, BIFF S HE— BN B 1% 2 A R b

120 0.0
100 f -1.0
o
S s0f a 4-2.0
I In (p/pi)=-0.0641-0.942
& . R*=0.877 2
#H 60 > 413031
=) E
< 40F —o— As(II % B % 4-4.0
o In(p/po)
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Fig. 2 As (IlI) removal versus time
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Fig. 3 Langmuir isotherms for adsorption of As ([l[) on NZVI
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Fig. 4 Freundlich isotherms for adsorption of As ([[I) on NZVI

HEAL B Bk R UK EE 1 m’/mL RS 15 0
AsUID AR HEAL Eb 26 T AR EE ksp o 2. 6 mL/(m®
min).
2.2 As(1II) %P <EIR Lk

BT JOT A K R R A ) I R e 1E R g (mg/
) s qe 553K 3 W B P-4 i R A A B C (mg/
ALK R HIVE Langmuir, Freundlich Wz [ff 2815
£k, Langmuir TN«

_ Q.

= a+wn”
At Q' (mg/g) 1 b(L/mg) iy Langmuir % 2. Q°
SR B TN B W B L DL 1/ Cl SRR AR AR
1/q. YA FRVER, H 2 & R LI 3. Freundlich
W o 26k A A

q. = kCU" . &))

X T A B — A W R Gk U b R NN R H
He JF Al logg. — logC. il £k [nl 9 J7 F 4K 45 (]
1). logg. —logC. LHERIH I FEH : logg. = 0. 666 X
logCx+-0. 788 (R* = 0. 958), Hy It )5 F Al 1, b=
6.138, n=1. 5. § Langmuir %8 £ 7 N

D

1/q.=0. 113/C. + 0. 013 (R* = 0. 999), Q" K
76.9 mg/ g, Rl AS 52 50 B 4 B 8 AR 47 b 5 Lang-
muir fil Freundlich # &I W4, H Langmuir 5L
Freundlich ¥ H 5 f{ & . % i K W & &
76.9 mg/glt Kanel er al. (2005) 4238 [ 44 K 2k %F
AsCIID W Bt 78 i 3. 5 mg/L & 22 1, AR NS
(2009) % 1A 1y 7 2R AL 9K X As (V) 1 W i 75+
15. 6 mg/g & 5 £, it R WA LI A i A5 1 24
KR ELA T e 8 O .
2.3 As(II)fRm%seie

L4 0. 01 mol/L NaCl Ay B i W » Tic il & h v
BE43 58 10.20.40.,80.100 mg/L 19 AsCID 7 »
VR EE R 0. 05 g/200 mlLL, W B 2 B B E) A7 21 b,
W RS- i o OIS 2 3 VR I A5 v BE 43 ) Sk
0.0715,0.019 1,0. 391 8,0. 775 6,1. 001 0 mg/L.
AL L 0. 1 mol/L NaOH ¥ i AE R B, %5 %%
W2 FRH A K 4k 2 1 I B As CTTTD SR 15 100, o A 0 ] Sy
18 h. MW Ji b )2 35 YR A vk B 43 33 A 0. 470 7,
1.572,4.176,12. 530,14. 590 mg/L. AsC[ll) #2 1
FE S RNCRZ M C R UKL 5. i & 5 A, FE R R Tk
FEJERE N 1~100 mg/L B}, 0. 1 mol/L NaOH X} As
CID i 206 Acs CHLD A by v B 338 on i 28 v . >4
AsUIDARLEHE R 10 mg/L B SRR 526 5 1
MR IAR T E 100 mg/L i M A NGRSk 2120,
2.4 HEREFEZM

R T S IAE B N As(IID WR BRCR B 50
439 BE i ¥ BE 4 20 mmol/L #1200 mmol/L f#y
Na,CO;. NaHCO;. Na,SiO;. NaBr., Na,SO,.
NaNO, 1 KH, PO, 3t 7 Fiy it . As (11D 2 44 1k
b 1 mg/L FRECE# NZVI JiiE N 0. 05 g T 50 mL

25

0 1 1 1 1 1
0 20 40 60 80 100 120

As (D 46 ¥ & (mg/L)
5 0.1 mol/L NaOH Xt i 7E A KK A AsCID fif
g
Fig. 5 Desorption by of As ([l[) after 21 h sorption step
on NZVI by 0. 1 mol/L. NaOH
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Table 1 Effect of coexisting ions on arsenic removal by NZVI

2 NZVIRAERLES=E
Table 2 Element amount of NZVI

B W BE
/\ﬁ%%mg HCO; S()127 Br C();;Zi NO;~ H,PO, Si()g27
(mM)
20 99.8 99.8 99.8 99.8 97.5 66. 5 28.8
200 99.8 99.8 99.8 95.5 98.9 18.5 0.0

=, RN R Rl 40 mL, BPE W A
1. 25 g/L. (AR5 R Gk DAIALTE 7 Fisa e 8+
B, B 1 kB N 20 mmol/L A1 200 mol/L I},
HCO; ™ .SO, 2™ . F1 Br™ %} NZVI &t As (11D B %%
RIUF B A AT Anf G018 52w As CTTD 14 W JiF 56y
99. 8% s NO;~ A1 CO* FEAERT, X} As (1D 1) 25 [
W N, 7E B W E N 20 mmol/L JF &
200 mmol/LA},NO, & & As(IID EEHEH97. 5%
T198. 9% CO,* % As(IID BN M 99. 8 %%
% 95.5%. 1 H,PO,~ #1 Si0,*~ Xf As(IID A9 2B
SR M A, As (TTD (14 1% B 25653551 AL 20 mmol/L
i 66.5% P /N & 200 mmol/L B 18.5%. H
20 mmol/LI28. 8 %[ 200 mmol/L B} ) 0. 13X
TRPTE g As (TTD W B 5% ) 55 K1Y ok
SiOs*  Hik oy Ho PO, Hofth 5 Feg 152 /N el
TCREM.

3 As W EBRPLELERT

W B S5 L 1D 2 S B 4 R WY A oK gt AsCIID
B8 aE 8 1R 47 19 £F & Langmuir 1 Freundlich 4%
I, H Langmuir tt Freundlich 85 EACFE M, 240
KEBR 0. 999, RUIGEKR XS As D B+
LR I W AR . Dy 03 I i W S B 24 R R B AN
A ERSY As CID B AR (520 ~21%0) , 1 it 7T 4k
W AR ERNT As CIILD o R B st FEAN L T S 4 3

JER  RHIEREIE (eV) ROMHTE (AL Y0 RNJR & (AL 0
Cls 284.8 29. 81 17.94
Ols 530.7 55.93 56. 04
Fe2p3 711. 2 11.51 10. 65
As3d 44.9 0 3.25
Nals 1071.6 0 12.11

W BAF o T LI A7 A Al 2 W B B AR AL T TE 119 52 4%
Fi AEFUK W As 1 )5 19 NZVL g XPS St
TFHEFEAL (HI5- VG Scientific ESCALab220i-XL) g
177 BB 1% 4 #r. &l 6a A1 6b 435l A NZVI Wy Fff
AsCIDHIE #4235 45 R R BLS 19 NZVT £ T
A AsCIDFAAE &8N 3. 25% (3 2) I N As B
B TERR I . AT RETE L FeAsO, ULVE#E L FR. il it LA
AT AT R g KR X As CIID F8 22 B8 J2 W% JF 5T
TESLFVERT X 5 R 2B E MW AR — 2 (Far-
rell et al., 2001; Melitas et al., 2002; Bang
etal., 2005a,2005b). AsCI 7EJ L4 2 P9 4k W [t
TEAPK R, HAEARTERY pH YE N, 29K Bk AR BE
SER N 3t A R 294 DK R S T 1) B I A A 1 T R A R
FHEWRRE Fe(ll) . Fe(Il)/Fe(IDHIREWY) . B,
FeClll) S AL ¥, &AL 9 45 )8 b 7= ) (Farquhar
et al. , 2002).

4 4EiE

Akakxd ki AsCID RESS P Mg B, FLI% B
FEBRALEFTILA 8, 78 60 min Py, AsCID A Bk
KR F 9%, 58 & A £ E EPA R K #r
(<C10 pg/ L) o ] TG 1 — G0 S 3l F1 28 7 FE. 4N
KK As CIID 1) I B 45 3 1 2k i 42 1R 47 b ik 2

1.60E+05 1.40E+05
(a) Nals (b)
1.40E+05 1.20E+05 - L’
Ols

1.20E+05 1.00E+05 |

1.00E+05 o1 8 00E-04 Fe2p3
K Fe2p3 S K - B
= 8.00E+04 ®
- ™ 6.00E+04 |

6.00E+04 -

4.00E+04- o 4.00E+04 - o

p S
— Nls & 2.00E+04 [ L5 s
0.00E+00 L 1 L L 1 0.00E+00 ! 1 1 1 1
1000 800 600 400 200 0 1000 800 600 400 200 0
Hifrfig(eV) Hitrfig(eV)
K 6 XPS #orHrisE NZVIa) , kit As(1ID J5 A9 NZVI(b)
Fig. 6 XPS analysis of pristine NZVI (a), As (III) sorbed on NZVI (b)
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Langmuir fll Freundlich #%Y, i Langmuir #5358
T B2 R OK B 1) e R W B R 76. 9 mg/g. Kk
X As CID B 2 B A2 W B A0 e 3703 () s 7 7 1) i %
i fE COs L HCO; | SiOs* | Br . SO
NO;~ #1 H, PO, X 7 FFHE 7, % As (T1D 0K fft
e K SiI0s*  HChy Ho PO, Hoftlh 5 F
B MR /NS TCR . B2 HA i R N P 0
KNG B B FIEF AR AR e As RBRAEH A 501
W R AL —.
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