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Hg(1D) Hg(ID)
PRB Hg(II) Murphy 7
0.1 mg/L
FeSO47H,0 2 mg/L MgSO,7H,0 3 mg/L NH,Cl
1 0.6 mg/L NaH,PO,H,0O 5 pg/L MnCl, H;BO;
1.1 Na,Mo00,2H,0 CoCly6H,O NiSO46H,0 CaSO,5H,0
ZnSO47H,0 10 mmol/L -1,4- (PIPES)
Fe;0, pH=7.0
2
pH S0C 05 ~ F1 TR Fes0, MEARET LR
1.0 mm Table | Comparison of natural magnetite and commercial Fe;04
Fe;04( ) Fe;04
0.5~20.0 um
76  /kg 2 /kg
1 0.5~20.0 pm 0.5~ 1.0 mm
100 mg/L Hg(1I) Hg(NOs),-1/
2H,0 5% pH 50C
F2 EEMT KR EBEEEFIRE
Table 2 Concentrations of anions and cations in simulated groundwater
Na* 368.1 mg/L BO3 4.8 pg/L
Cr 2.0 mg/L MoOj 3.3 pg/L
NH; 1.0 mg/L Mn** 22 ug/L
SOi~ 819.1 pg/L Zn* 1.1 pe/L
H,PO; 421.7 pg/L Ni?* 1.1 ng/L
Mg** 197.2 ug/L Ca** 0.9 pg/L
Fe** 20.1 ug/L CsH N,0683 10.0 mmol/L
1.2 30 ml 50 ~
(scanning electron microscope 2 000 pg/L Hg(ID) 0.1 mol/L HNO;
SEM)(S-3400N II Hitachi) Fe;0, 0.1 mol/L NaOH pH
X (X-ray fluorescence spectrometer (
XRF)(ARL-9800 ARL) )
Fe(Il)  Fe(Ill) Fe;0,4 0.45 pm
(fourier transform infrared spectroscopy Hg
FTIR)(NEXUS 870 NICOLET) Hg(II) 3
Fe;0,4 X
(X-ray photoelectron spectroscopy
XPS)(PHI 5000 VersaProbe UIVAC-PHI)
Fe;04 Fe Fe;04 30 ml Hg(II)
1.3 Hg(1) Hg(I)
0.5~1.0 mm 30 ml Hg(1I)
Fe;0, 40 ml 60 h Hg(1I)
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120
1.4
Hg
(HJ 694-2014)" Fe(Il)  Fe(III) 4.9%
(AFS-930 12.5% x = Fe(l)/
5% HC1 0.04 pg/L Fe(1I) 0.39 Fe 17.5%
0.16 pg/L Fe XRF Fe,0; 26.5%
(  Fe 18.5%)
2 Fe;04 Fe(Il)
2.1 0.29 ~ 0.50 Pasakarnis %!
Fe;0; SEM 1 Hg(II)
Fe;04 0.5 ~ Fe;0,4 Fe(1I)
20.0 pm Fe;04 Fe;0,4 Hg(1)
=98% FeO 27.0% ~ 29.0%
Fe(Il)  Fe(Ill) 21.0% ~ 22.5% 2.2 pH
48.3% ~ 49.7% x = Fe(Il)/Fe(I1I) Fes0,4 6.7 g/L( 02 g)
0.42 ~ 0.47 XRF 16.7 g/L( 0.5 g) Hg(Il)
3( ) 50 200 1000 pg/L pH 20 3.0
Si 5.0 7.0 9.0 11.0( =+0.02) 48 h
Ca Mg Al Mn Cr 2 Fe;0, Hg(1I)
pH Fe;0, Hg(I)
200 1000 pg/l  pH=2.0~5.0 Hg(II)
pH pH>5.0
Hg(1I) (50 pg/L)
Hg(II) pH
pH=3.0
Hg(II) pH Fe;04
pH=2.0~5.0 pH
pH>5.0 Hg(II)
50 pg/L
visual MINTEQ 3.0
pH Hg(II) 4
1 T Fe;0, iy SEM E{& 2D pH 2.2
Fig. 1 SEM image of commercial Fe;0, pH>4.0 Hg(II) Hg**
3 RAWKT WLZER(%) Hg(OH),  pH 1.0~5.0 HgOH
Table 3 Chemical CompOSitiO)I(l 1{)}5 natural magnetite analyzed by pH=3.0 HgOH+ Hg(1)
20% Fes0,  Hg(Il)
Si0, 50.5 SOs 02 pH
Fe,0; 26.5 TiO, 0.1 Hg(IT) Fe;04 Fe(Il) 1
Ca0 13.6 P,0s 0.1 pH  Fe(Il) Fe(Il)
MgO 5.9 Cr,0; 0.1 Hg(IT) Fe(ID) Hg(II)
ALO; 1.5 V,05 0.03 [15,30) pH=2.0~3.0 Hg(II)
Na,0 0.7 Sr0 0.008 Hg”*  Hg(OH)"
MnO 0.6 cl 0.002 Fe;04 (point of zero charge PZC)
K.0 02 - - pHpzc = 6.61°" pH 2.0~3.0 Fe;0,
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80 - 80 |
v 60 F M 60 |
g 10} Z a0t
o k=)
T 20t = RRWB T 20| —— RIRWE "
—e— % flFe,0, —e— 5 /flFe;0,
) . . . . ) 0 . . . . . )
0 2 4 6 8 10 12 2 4 6 8 10 12
pH pH
100
100
Hg(OH),
g 80 30
Lo S
% =
= 40 = 40
on
= 20
20 —=— KRR
—— % [IFe;0, 0
"3 4 6 8 10 12 2 4 6I Is '10' 12
pH pH
(A~C Hg(ID) 50 200 1000pg/L D Visual MINTEQ 3.0 Hg(ID) pH )
2 F[E Hg(l) #EKRET pH 3 Hg(ID) EMRFHFM
Fig. 2 Effects of initial pH on removal efficiency of Hg (I1I) with initial concentration of Hg(II)
% 4 Visual MINTEQ 3.0 2 A\ S 4] 2.3
Table 4 Input parameters of Visual MINTEQ 3.0
Hg(II) 200 pg/L
pH = 2.8+0.1 48 h Fe;0,
pH 0~14
1.67~166.7 g/L( 0.05~5.0 g)
3 Hg(II)
mg/L
25°C Fe;04 333 ¢/L Hg(I)
Hg(I) 02mg/L NO; 0.12 mg/L 100% 166.7 g/L
78% >333 g/L
pH 333 g/L
(isoelectric point IEP) 100
pHpzc = 5.7°1 pHigp
pH=2.0~42>32 pH 80
Hg2+ g
Hg(OH)" pH Hg(ID) % 60
Hg(OH), K
=
He(IT) pH HgOH, 3
pH Hg(ID) ol —a— KRR
Hg(II) —e— [ TIFe;0,
0 L 1 2 1 2 1 " 1 " 1 ]
0 30 60 90 120 150 180
W B R0 (/L)
3 WHFIAEX Hg(l) EBREMZM
pH pH=2.8+0.1 Fig. 3 Effects of sorbent dosages on removal efficiency of Hg(II)
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2.4
Hg(I) 200 pg/L 100
F6304 33.3 g/L
pH =2.840.1 Smin~48 h Hg(Il) 30
* S
12h FC304 60
He(IT) 97% .
75% 12h = 40
50
2.5 Hg(®I) =
- 20 —a— RARRE
Hg(ID) 50 ~2 000 pg/L o0,
FC304 333 g/L
5 Fe;04 Hg(II) SR i) ()
(@) 4 REMEN HgADEBREHH
Hg(1I) Fig. 4 Effects of contact time on removal efficiency of Hg(II)
100 @) 60 (B)
80 |
S h\l/—\- 40t
s 60r —
& b
K 40l =
=Y S0}
z 20} —a— RARRUD" —a— D"
—— [é“]’mFGJOJ —‘—'F?‘:EJ‘FHF&Q
O 1 1 1 1 1 1 1 1
0 500 1 000 1 500 2000 00 500 1000 1500 2000
He(#IRWRIE (ng/l) He(IH#IEARHREE (ug/L)
5 Hg(ID#EKREX Hg(l) EBRFQ)FIERREB)RIF M
Fig. 5 Effects of initial Hg(II) concentration on removal efficiency (A) and removal capacity (B) of Hg (II)
2.6 - =FeOHgCI® ¥
Cl SO; K' (Ca* SO, Hg—
[33-34] 4 Hg(II)
Hg(Il) 200 pg/L Bl K" ca®  HgI)
FC304 333 g/L
pH = 2.8+0.1 12 h NaCl 2.7 Hg(l)
Na,SO; KNO;  Ca(NO;),-4H,0 Hg() Fe( )
4 Hg(Il) Fe( ) [38-39)
6 Fe;04 Hg(II) Cr(V]) Cr(VI)
Ccr Cr 50 mg/L Cr(11n*”!
Fe;0, Hg(Il) cr Hg(ID)
ClI FC304
cr Hg(II) ( Hg(ID)
HgCl, HgCly) Hg(II) 2.7.1 Hg(II)
Fe;0,  Hg(Il) 135-37) (9) (e
Hg(II) CI Fe;04 Hg(I)
5omgL  CI 0mg/L 20% ( 7A)
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1 Fe;0, Hg(1I) 123

120 T 120 e
| BNSIAERN (B) | BRI
100 [ I#MFe;0, 100 [ 1 #MFe,0,
S S 80
& 60f & 60
= 40 = 40
55 55
) T 20
0 0
50 250 500 50 250 500
CIkEE (mg/L) SO; #J¥ (mg/L)
1207 ¢ s 120rp) | ENEOTa
|:| f’g‘]AJ:ﬂFBSO4 100 \:I FE"]mFeRO4
S £ 80
& & 60
= = 40
5 =5
jant jan} 20
0
5 50 150 5 50 150
KV (mg/L) Ca™" ¥ (mg/L)

6 HEBEF CI(A). SOF (B). K (C) #1 Ca* (D) ¥ Hg(I) EMERIZMN
Fig. 6 Effects of coexisting ions of Cl (A) SOj (B) K'(C)and Ca*" (D) on removal efficiency of Hg(II)

12r 1.8 ¢
(A) (B)
10F 1.5 F
8r ¥=0.225 7x+0.091 2 12+ yf0.430 4x+0.467 3
S 6L R=09992 S 0o R=0969
Al y=0.175 8x+0.026 6  —
R*=0.999 9 0.6 ?9682362)9(_0'990 8
2r o KARTEKA v
o 7TIFe;0 03 . KRBT
or o o & JTIFe,0,
1 1 1 1 1 1 OO 1 1 1 1 1 1
0 10 20 30 40 50 0.0 0.6 12 1.8 24 3.0
S ISE] (h) 1gC.,

7  Hg(IDEMEE LK 515 (A)F Freundlich %28 (BRI &Ml &

Fig. 7 Linear fitting of pseudo-second-order kinetic equation (A) and Freundlich isotherm equation (B) of Hg(II) removal

Fe;0, Hg(1I) ge(ng/g)  Celng/L)
5.69 ng/g  4.43 pgl/g Ky n  Freundlich
( 5.67 uglg  4.47 ng/g) [43] 7B
R 0.999 Fe;0, K; 1/n 293 043
Hg(1I) 0.10 0.88 1/n 0 1
[16,42] Fe;0,
2.7.2 Freundlich (13, 44-43]
1 (o] Hg(1I) Fe;04 Langmuir
Hg(II) Langmuir
(1) ( 7B) Fe;0, Hg(ID)
1 [46]
lgqg, =1gK; +;lgCe €8
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2.7.3 FTIR Hg(II) 3452 cm!
Fe;0, Hg(II) Hg(1I)
o Hg) ( )
Hg(I) FTIR (surface complexation model SCM) Hg(1D)
[47-48] pH
Hg(I) 8A =FeOHg" ( 23
Fe;0, 573 ecm! Fe-O 4)38 521 Hg(II)
F6304 [10, 49-50] Hg(II) ( )
Hg(II) Fe;04
Fe;04  Hg(ID) =FeOH + Hg?" == FeOHg" + H* )
. . [19] . [29]
Wiatrowski Pasakarnis Hg(II) = FeOH + HgOHJr = FeOHg+ + Hzo (3)
Fe(Il)/Fe(III) = FeOH + Hg(OH), == FeOHg" +H,0+OH™ (4)
FC(II) Fe304
2.7.4 XPS Hg(1I)
Fe(II) (21.0% ~ 22.5%) Hg(II)
F6304 XPS
FC304
5 FO F1 Hg(1I)
) Fe;0, MO Ml Hg(1I)
Fe-o/J ( 9A)
S | FI (ithpH=28, He(T)MIAIRIE0 me/L FesOs fe 0 €
iy F Fe3O4 Fe
& M Si XRF
MO F2 (WriRpH=2.8, He( WA
F3 (0]4fipH=5.0, Hg(H)W #*S5 XPS HITHISRIE K4
L . L L L - L Table 5 Experimental conditions for XPS analysis
4000 3500 3000 2500 2000 1500 1000 500
PEL (em™) Hg(ID) Hg(II)
®) —OH (g/L) pH (mg/L) (mg/g)
- N\Coo FO 333 6.0 0 -
0 Si-0-8i ' '
M1 (W1lhpH=2.8, He( 1 )IHAHKE0 me/L) \/ Fl 16.7 6.0 40 1.67
& MO 333 2.0 0 -
€ N2 P28, He(IIHES02 mek
i M1 16.7 2.0 40 1.83
R
¥ V3R kEpH=2.0, Hg( 11 y#1iAHk BE40 mig/L
(¥ %5ip g( NP IRAREE40 my, He(IT)
( 5) F€304
4000 3500 3000 2300 2000 1300 1000 500 S 9A Fe;04
WA (em™) Hg(ll) FI
8 Hg(l) WMBTEEA Fe,04A) S X RuEH®B) 18 He(ID)
B9 FTIR Ei% Fe;0,4 Hg
Fig. 8 FTIR spectra of Fe;04 (A) and natural magnetite (B) prior -
to and after Hg(II) sorption experiments Ml Hg SiZp Hg4f
(binding energy)
8B Si Si2p Hgaf
3452 cm’! ~OH XPS Hg
[47-48, 51] Hg(IT)
1630 cm™ —-OH 1419 cm™ Fe2p ( 9B)
CO0O~ Hg(II) Fe Hg(Il)
3452 cm’ 9B MO Ml Fe2ps» 710.4 eV
1 630 cm Fe Fe,0;  Fe;0,7°7
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35 >
A) MO 6L® Fe 2p,, Fe 2p;,
30k Ml 724.0 710.7
A —F0
£25¢ = W4 o —F1| ~5f
=2 2 |39 2
20k o = X 4t
i ficd
=15 % 3+ W
= . ol B —M0 S
T 453 2 —M
05 NN » ——F0
1+ —FI1

0.0 . . .
1400 1200 1000 800
Li{THE (eV)

600 400 200 0

ZEETHE (V)

740 735 730 725 720 715 710 705 700

9 Hg(I) WMETEE A Fe;0, 5 X AT H XPS T EILE (A) 0 Fe2p 89 XPS EFHE (B)

Fig. 9 XPS spectra (A) and Fe2p XPS spectra of magnetites (B) prior to and after sorption experiments

Hg Fe
FO Fe2psp 710.7 eV Fe, 05
Fe;0,5%7 Hg F1 Fe2p;.
709.9 eV Fe,0,°"
Fe(ID) Hg(II)
Fe(III) Hg(IT)
Hg(II)
2.8 Hg(IT)
Hg(IT)
Fe;04
Heg(IT)
Hg(1I) 200 pg/L 30 ml
pH = 7.0 48 h
Fe;04 1.67 ~166.7 g/L( 0.05 ~
5.0 g) 10 Fe;0,4
100 -
80 -
?C: 60 -
£
E K
20 —m— RN
—e— 5 fFe,0,
0 R . ! R . !
0 15 30 45 60

W BEE SR (/1)

10 W% Bf 70 F 28 3 AR 40 TS 7k Hg (I A BR R AT R208
Fig. 10 Effects of sorbent dosages on removal efficiency of Hg(II)
from simulated groundwater

Hg(1I) 95%  90%
Hg(1I)
2.9 Hg(II)
Hg(II)
Fe;04 D %)
D(%) = LD 00% (5)
C,-C,
Cy, C. Hg(II)
(ng/L)  Cep) Hg(ID)
(ng/L)
Fe;0, Hg(IT)
Hg(1) 200 pg/L pH =
7.0%0.1 Fe;0, 33.3 g/L
72 h Fe;0, Hg(1I)
76.6%  76.2%
60 h
Hg(II) 12.6 pg/L 2.2 pg/L
5 Hg(1I) Fe;0,
Hg(II) 83%  1.4%
Fe;0,4
3
1) Fe;0,
Hg(II) pH Hg(II)
Ccl
Hg(II)
Hg(II) pH
Fe;0,  Hg(Il)
Hg(II) Cclr
Fe;0, Hg(Il)
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Simulating Remediation of Hg(II)-Contaminated Groundwater
Using Natural Magnetite and Commercial Fe;0,

LIN Na"2, SONG Xin'", GUO Liang’, YIN Penghua*, HU Zhihao*

(1 Key Laboratory of Soil Environment and Pollution Remediation, Institute of Soil Science, Chinese Academy of Sciences,
Nanjing 210008, China; 2 University of Chinese Academy of Sciences, Beijing 100049, China; 3 Nanjing Kangdi Environmental
Protection Technology Co., Ltd., Nanjing 210002, China; 4 College of Engineering and Applied Science, Nanjing University,

Nanjing 210093, China)

Abstract: Currently, remediation of Hg(II)-contaminated groundwater is technically challenging and very costly. It is
urgently needed to develop effective and cost-effective technology and material to remediate Hg(II)-contaminated groundwater.
The efficiency and mechanism of Hg(II) removal from groundwater by two types of iron—based sorbents, natural magnetite and
commercial Fe;O,, were investigated in this study. Hg(Il) sorption and desorption on magnetites were also investigated in
simulated groundwater. The results showed that both natural magnetite and commercial Fe;04 removed Hg(Il) effectively, and
Hg(II) removal efficiency was influenced by initial pH, initial Hg(II) concentration, coexisting ion of Cl", and so on. Sorption
kinetic data were well fitted to the pseudo-second-order model. The sorption isotherm could be described by the Freundlich model.
The sorption of Hg(II) on natural magnetite was mainly due to the complexation between Hg(II) and surface hydroxyl groups and
physisorption, while the sorption of Hg(II) on commercial Fe;O4 was largely due to the reduction of Hg(II) by Fe(Il) in Fe;0,4 and
physisorption. Hg(Il) removal from simulated groundwater by natural magnetite and commercial Fe;0, were nearly 90% and 95%,
respectively, demonstrating the application potential of both sorbents in remediating Hg(II)-contaminated groundwater.

Key words: Natural magnetite; Commercial Fe;04; Remediation; Hg(II); Groundwater contamination
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