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ABSTRACT

This paper presents the feasibility of using different iron oxides (microscale hematite (HT), microscale magnetite
(MT), and nanoscale maghemite (NMH)) in enhancing nitrate reduction by zero-valent iron (Fe(0)) under two
solution conditions (artificial acidic water and real groundwater). Addition of MT and NMH into Fe(0) system
resulted in enhancement of nitrate reduction compared to Fe(0) along reaction, especially in groundwater condition,
while HT had little effect on nitrate reduction in both solutions. Field emission scanning electron microscopy (FE-
SEM) analysis showed association of MT and NMH with Fe(0) surface, presumably due to magnetic attraction. The
rate enhancement effect of the minerals is presumed to arise from its role as an electron mediator that facilitated
electron transport from Fe(0) to nitrate. The greater enhancement of MT and NMH in groundwater was attributed to
surface charge neutralization by calcium and magnesium ions in groundwater, which in turn facilitated adsorption of

nitrate on Fe(0) surface.
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et al, 2008; Tang et al, 2012). I T YF ATl
£ kel g ANgAs A2 B w7 919
ofe) 714 FR) FAANE MBS A8 AR 2tk
(Liao et al., 2003; Ruangchainikom et al., 2006; Cho
et al, 2010; Zhang et al., 2011; Xu et al, 2012; Xu
and Wang, 2013). 21 5 Y=UA} =719 vlaveElo]E
(magnetitey= G7Fd Wkl REAZ H7IE 739, 97}
e WS S ZoE HAHITH(Wu et al,

2009; Lv et al., 2012). Wu et al.2009y= 7|5+ vl
Hglo|EZ} d7Fd 319 Aol ZA; HEA| s ke

2ZH G716 gt o7 AEe] FAS FINTIE Al
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2 7RI A8 Aelde G7HEE 3l P A
AFSFE (Granulr ferric hydroxide)S T3t &
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A AAES FA SFIANFTHSong et al., 2013). 12}
E} A8 AFAe Xsk 0] ofd =F< ZA0NA
€ et rldEllE RS 7 Wkl & ks
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Aol AREE H ABESS vlolaR F7|(YA 271
<5 pum, 95%)°] SIFFERIEMT), FlolA= A7I(IAF A
7] <5um, 95%)°] FlEE]EMT)R Wie =73
7] <50nm, >99%)2] PSRl E(NMH)E Sigma-
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Aldrich(USA)YZ¥E] T915}e] ALE3IATE. 9471 (Fe(0)
= 125-150 um 7|12 YE-2] Junsei(Japan) F]A}A]
Tsle] ARgsiih. Aol A8E & T sl @

A ABFGW)= tHERl= S Ad0lM A58t
STREE 87000 BRlste] Al 7ot A8t
GW 89 "2 2w ol 107, vkl ol 35, 4
EF o2 10, ZF ol 5 BRI o]l 121,

o] 138, &4t ol 32, ArMddA 32mg/L<>]111 &
o pHE T30l 5 HE 8 § el S AR
(AAW)= ZHgdaz o de HeE 7Hgsie A
zsiglon, AxE LNJEF Ak SRl 834
Zl & IN HCl 89402 g pHE 328 ZH3 5
%@H AXAAALS =02 GW _&oﬂ_g] ANA =5 =

o =2l o=

I} FARE 29.9 mg/LE 23

::4’
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HE ARe A Ao gEHeH, wke- 871
= VAT E2)o R (HDPE) HH-3ZE ©
B3tE. GWoF AAW 8l = 71R] 230l b A
e 3RS A 3 Wk S8 Blash] Sls)
20mL §H4E 02¢g G7HET 0.1g H AEESMHT,
MT, NMH)Z- 33 ¥h8- 871590 FUst] d3s 3
St 24417F Bt Gl ARkl wep AE st
0.45 ym PVDF EE{(Whatman, USA)Z 314}, 4

7R A ABEEe] &3] e AN AAE vistE
s 98 97k 872 0.02-1 g, MT2} NMH
2 0.02-0.4 g7HA] WSIAA 2443F v & UER
Aot ¥R 8705 23+2°C L% Z7904 150 rpm
T2 w7 vRAIF I, rERTIRE AR A7)
et M5 sto] ARtk & W Ba4°C)sHt OE]TJr
H w8 —11_-4 pH= Y¥2] Horiba 3} AIES A}
83 At FEE ol &= C-MAC ﬁw A
Z9] 1,1] E}(Nessler) vl gol=o whalr]zl & DR/
4000 23 X712 St 1 el ol fie
A3 Zekznp 2334549 7] (inductively coupled plasma-
Atomic Emission Spectroscopy)®, <022 o] FZn}
ET3]Z (ion chromatography) =5 =43} c}. ¥
T rrEA AslEEe] 1 Utk e AR 9
3 24712 Bt RESAIZ] RESEE(QVHE, F7HFE/MT,
T3l GZ7FE/NMH)S &HoM 2eAA SHTE o
g W AH & ARAF A2 9eEES A
Al FALA A U] Z(Field Emission Scanning Electron
Microscope, Sirion, YE#H=)2 A4 B2 F8)s199t).
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3.1. HHS0iRIEe| 4 24

Table 1°] Aol AR&E G7Fd, HT, MT, 181
NMHS] BET HIERA 4 dAE epfliot. o
o7 PAAPE & LS 056 mgle 2 TP A
FHAE 7P AR vEhtoH, nlela=® A71E 7t
A= HT9F MTE 242} 5269 6.05 m%/ge] %3S 7}
A Ao BAFYCE = F7)9] NMHE 7M=&
FHAR] 40.06 mYge] FAE Bk J7FE dE 3
T G7FE/A AFEEMT, NMH) 28 5304 v
HREE9] el uigh AAYAL FARAAEW 7 (FE-
SEM) 4 A#E Fig. 19 YERSIT §h8- & F7Hd
FH A A, 33 JRESe] sH Boldle A
o7 FHEQI ol ¥k Foll Wk 27HEHo] =2

[

Table 1. BET surface area of used materials (a) Fe(0), (b) HT,
(c¢) MT, and (d) NMH

Sample BET surface area (m%g)
Fe(0) 0.56

HT 5.26

MT 6.05

NMH 40.06

CNU 10.0kV 9.9mm x30.0k SE(M)

Fig. 1. FE-SEM images of surfaces of (a) Fe(0), (b) Fe(0) / MT, and (c) Fe(0) / NMH.

oA WMASh= H FAMESCIU ZemiL
AEEEREE, SRkl 5el 971 &
He Qe RHog FHHEKFig la). Fig. b2 HW,
MTZ F== vlo|a= 7719 $248) xfso] 97k

U= Aoz yepdth &3 e F719]
NMH $AE= 97H 39S 127 9a1 = s &
AechFig. lo). B7Hd FHelA e bgd d
2SS AR VMY A ABEE 2T AMS A
yi glo} golsiAl ME Bl e ZeE AlsdEnt
(Bae and Lee, 2010).
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3.2. AAW S LY A7 A MEE

AAW €912 |IN HCl §40= pH7} 322 4™
2 o g AdEA ol9]d] i ool oF 35
mg/L FZFATE. AAW &4 Yol FrHEAE AskE
385 ANkAOR vk 27] AR Ft A v
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TASH AETF 1 o] %2 §hgo] T o) dof
UA &= 38 RATKFig 2a). Fig. 2bE HW,
AAW £ U] G7Fd FAHE BF 9-E 3AI%F 59 pH
7} 32004 9 WA STkl As & F Uk ole
7ol <dt Ak el Wk ol G2 o] &(H)
< ARsp| witoldt, ¢Ae] AT AEHOE o]
& 7Fse i o]2S HEsl 7 TS A
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Fig. 2. Variation of (a) nitrate concentration, (b) solution pH, and
(c) generated ammonium concentrations in Fe(0) only, Fe(0) / HT,
Fe(0) / MT, and Fe(0)/NMH in AAW solution as a function of
time, respectively (Fe(0)=10g/L; iron oxide=>5 g/L; Initial
nitrate-N concentration = 32 mg/L).

o] Azl AeE FHEY. 3 4% pH S7Fe}
A 18l H ke 9 ZdesmidlsAl JAREEC] 9
7Fd S QoA 9gride] nigAdslE 7Hee A
o2 44 AtK(Cho et al., 2010).

Q7FEol ofgt Ak Bkl WhE-2 ol2s ik
B2 AASATHFig. 2¢). AAW £ ] BE gy}
TASONA AAIALY 82.4-95.0% HIEE FE o]
2o] AgEe AoR Yepsitt A8 A5 ZAZH(Cho et
al, 2010; Song et al, 2013)°14 RoX 80-101% W
ghs B iR Aiddas 7ol & b
T o]0 WgtHEr= B AY A7E st

A BES TR wE QUH vES AuEd, o
71 9= FAT G7EMT X5 34 ol Adids
AAE Zpol7t Aol UeRA] ek THFig. 2a). ©l= HT7F
A7F FAl FAFS A FA e AE Lt
HhHol|, AR HIEAAS 71 MTY] 5ol 971
= A gl &F 33% AA &E&0] T AR
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¢

T AT WS 7] 3ARE B HAAX= MTe 9f$h
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F2 MER (0.1 eVl 7IQ1gH Aoz Fg€ct. 47t
Aol el M2 MT YAt G71HdelA Algshe A
AE A o) ollA Agshe Al YA 93-S ke
Ao = AlgEct A7FE/NMHY Aolle & 27 A
Trol AduFog w& HIEWA(40.06 mYe)yS 7HAAL
Aol % Ealal G7HEA/MT AA &8 19.5% A
3k AA G891 19.9%S BTt o= NMH7} 2k 9]
M=) X171 2.0 eVE MTel| HIS| A} Zgo]
Bol3A] eigl] WiitoE ARHECh ZNFHOE AAW &
A YollA H 2slESe o3t T3 g3 AR Fe
Ao ERITE

L
-

3.3. GW 2Y LY A71=/A AMate
AAWS}F GW &4 ] 7 SAE9]
ZRPE @RS 3A)71 24X )7HE G2X] Blal BAEL)
EH FFihkee oFRSF 22

No, —N
n s N 2 h_
[No3 —N]O

[NOs-N]o2t [NOs-N}= 27}
(mg/L)2} HFS- t AN A=
= Wt ©EH ky, 3, AL
2% pHE Table 29 =A18FAT)

AAW &3 2] GW &4 U 7k FASA A
2W3EA SIS HlwA =E)A] YolRth(Fig. 3a). BF
S BAIRIONA ks BES AR AAW -290] Qo=
0.0689-0.0795 1/h°]al, GW EHe] ZH-$-ol= 0.0136-
0.0269 1/h H91] k& YERITE. 12}, AAW &4
Axe= AT olF 1 oPde] J7FA wigo] AL dojut
A SRARE GW EHolM= A&HH o 7 whEol
dou} ¥k 24x7F & AL AA &8o] 21.7-
353%°2 AAW &4 U GUHE IHEY AA &
(16.6-19.9%)HT} =& Ao F VEith T3l AAW &
A} v R Zslg ST F7EE Wl o3
AAE AR LEE 90% oPdo] PEFolo R HE]
Atk GW & e dojue= 7 3AES A&
Q1 HhgAdL Akl EAlshs TR o] (HCO;5)
Z23%F 9gks 3 oz FYH) Fig 3bE HH,
AhFo R =& pH U (7301% B8k S8y
T oS A&EHoE AFshs pH 95 e
ghozx 7/ WS RIS HoE Hlth
Liu et al. (2009 97Fd/67} IF o] WHgZolA F
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Table 2. Nitrate removal efficiencies (RE) and final pH of Fe(0) / minerals in AAW and GW solutions during reaction times of 3 h and
24 h, respectively. (Initial nitrate-N concentration = 32 mg/L; Fe(0) = 10 g/L; minerals =5 g/L)

ks (1/h) RE 3h (%) koan (1/h) RE 24 h (%) Final pH
Fe(0) 0.0689 16.5+0.2 0.0108 16.6+0.2 8.20
AAW Fe(0)/HT 0.0702 16.8 +0.1 0.0110 17.1+0.1 821
(pH3.2) Fe(0)/ MT 0.0795 19.1403 0.0128 19.5+0.1 8.35
Fe(0) / NMH 0.0795 192+0.2 0.0124 19.9+02 8.40
Fe(0) 0.0136 41+0.1 0.0125 217402 8.60
GW Fe(0)/ HT 0.0179 45402 0.0132 23.6+02 8.65
(pH 7.3) Fe(0)/ MT 0.0213 58%0.1 0.0199 32.7+02 935
Fe(0)/ NMH 0.0269 63+0.1 0.0216 353402 9.50
40 ® ® dule THHAEs 2ok o] thigk 2x1FQ ShelA)
a
o | g AgS sk o= d#A Uthk(Hansen et al, 2001;
o 5% N PE&":Q “““ ® Choe et al, 2004). 97} ukgo] o] wiZ® 27Fd
= ~ EEE S _ - - -
g U ol£50] HT HRlo] FH F TII~ET} AAEol
Z 2 4 = HT 30| 2238]1 vkgAl 988 IS 7Fsadol
- " . -0 Fed) ol ARSI G7HAY WheEA BAE
‘1 e romr e raon HERE Rl TResEst YAse] uot we A4t
-A- Fe(0)MT - A- Fe(0)MT ) i ' *
-%- Fe(0)NMH =% Fe(O)NMH A A AASE B A3 I A s FARE

0 10 20 30 0 10 20 30
Time (h) Time (h)
40
- ©- Fe(0) ©)
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- A- Fe(0)/MT
30 | -%- Fe(0)NMH
2
o
E
Z 20
o
=
z
_X
10 gl
!’;{::g’—::_ -
o el -
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Time (h)

Fig. 3. Variation of (a) nitrate concentration, (b) solution pH, and
(c) generated ammonium concentrations in Fe(0) only, Fe(0) / HT,
Fe(0) / MT, and Fe(0)/NMH in GW solution as a function of
time, respectively (Fe(0)=10g/L; iron oxide=35 g/L; Initial
nitrate-N concentration = 32 mg/L).

B o]0] pH g5 8-S B o7 AF ol &
HAFIE G7FE WS B 2= Raslal St
GW & ellx & ks FHdl we 97k 34
9 AA 5858 AHEH(Table 2), HTZF 9F 2% 3
7H REge] X BE VPR e J7FE wheEolA
AT = IUHAE (green rust)e} BHo] 92 4= ATk
BN o], dAa o], Ejal 39 ol § Soleo]
FHIH EABR= Ask #7gellA G7FE whg- Foll A

TH(Cho et al., 2010; Cho et al., 2011).

GW Z71914 MTS} NMHel| 93t 531 53h= HTol
Hlsf wll-¢- 2 Ao® YERdth MT2F NMHe| AApdE
| 9 SXE F AAE AL Ak B EAlS)H

Zy vldlE ol #o] ke & 4 9l
A0 2 7P whgof Qlojx] REEAe] 3 s}
F LAEE AAG F3S T Ao=E gHA ot
(Lv et al, 2012). Potapova et al.(2011)2] A3 A+
Aol o3hH, 10mM NaCl £ oA & A3lE5
3#H APt pH 70014 st A9 28 mV gk BSA
7 33mM FE9 CaClyt ¥ A9 39 st
e FFINE FHslE tidEe AS FEE]
WA W oS 4] st FEvh s AT
713 WP (electrostatic repulsion)el]l 2J3l Wke-0] A3}
a1, e 75oll= 713 o]E € (electrostatic attraction)
o] HkE-& XN = dnt. Tl EAlsks 2w v}
Tl o]&o] MTS} NMH EWS 4] 40 &
= giF=] e AS TR EAN Hhgo] 31
H Hez FHHh

M

e rr

N

34. Q7L H MSIEE ST ME HE

Fig. 49l GW &< Wellq @71 (1-50 gLyt & Aks)
EE(0-20 gL)9] 830l w2 2447 kg & ZrbgEa
AAES YT & ABIES $9Y0] fie 2ddAM 4
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Fig. 4. Effect of (a) MT and (b) NMH dose on nitrate removal
efficiency in GW solution at different Fe(0) loading ((Initial
nitrate-N concentration = 32 mg/L; contact time =24 h; Fe(0)=
1-50 g/L; minerals = 1-20 g/L) *RE : removal efficiency.

7Fd &S 15H 30 g7A SV A 33004
23.9%7HA Z7FsFich. a8y 30 g/l 238hs £50]
FUAEE A 9 oo Zabgda AAE e
ot 1 olfie B2 o el &9 o EEAE
Ax o zH WAlshe gHtslol2o] o] pHE
73] Z7 70l wEl 71 o] wdte] FAlwo] A
ARG 98-8 Ash] wiizolglal AlEEch. MT9] 7
$oll= 10 g/L7HA] HlEIF o2 AAEe] S718k= Ae &
ZFe}3Ath(Fig. 4a). 10 g/L 235 739, T ole] <%
BI7F UeREA] ekt wlela2 A719] MT7F 971
A ZsPJEA] HEE Selle o ol dAlEe] &
A Bl g7k WS wA R} Be=m Y

il

k-2
50 gL G7Hd o= 3] A A AAE 23.9%=
TP, oF 38% AAES H 10gL 77} 20y
L MT &3 34& B3 R 971 848 =493
Ho= MT §385 2dske Aol didda AAE 5
A a8olge RS & 5 Uk F2 &3]
7P 85 gL oT8h) 1ol NMHZE L3128 971
R8-S A= AoE R ol 97HE &3

Hsl 2 §3) NMH QAEe] QM ERe Ygow

A AR s e A7) ATE wjite] GrpdERE A
9E ARES ARsHEle AeE FgHEn) v, o
7 gako] FH3E 10 g/L oQl 9olli= NMHE] A
ARAGA| ogto] ket Ao 7 YEeRt]
4. & 2
B A= GrFdel osk Argas gl ukgoll
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H=S 9oF 2 AejshA olefie} 2t
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