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Synthesis of Oxidation Resistant Core-shell Nanoscale Zero-valent Iron
by Controlled Air Contact
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ABSTRACT

Experimental studies were conducted to characterize the synthesized nanoscale zero-valent iron (NZVI) which is resistant
to oxidation in the atmospheric environment. XRD, XPS, and TEM analyses revealed that the oxidation-resistant NZVI
particles formed under various controlled air contact conditions (4, 8 and 12 mL/min) have shells with ~5 nm thickness.
The shells consist of magnetite (Fe;0,) and maghemite (y-Fe,O3), predominantly. No substantial differences were found in
the shell components and thickness among NZVI particles formed under the various air flow rates. On the other hand,
shell was not detected in the TEM image of rapidly oxidized NZVI particles. NZ VI particles synthesized under the various
air flow rates showed similar TCE degradation performances (ko= 0.111, 0.102, and 0.086 hr™"), which are equivalent to
approximately 80% of those obtained by the fresh NZVI particles. TCE degradation efficiencies of the NZVI
particles(fresh, controlled air contact and rapidly oxidized) were improved after equilibrating with water for one day,
indicating that depassivation of the shells occurred. The performances of NZVI particles decreased to 90% and 50% of
those of the fresh NZVI particles, when they were equilibrated with the atmosphere for a week and two months,
respectively. The NZVI particles synthesized under the controlled air contact would have advantages over traditional
NZVI particles in terms of practical application into the site, because of their inertness toward atmospheric oxygen.
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1. M =

A AAH SR F&35 AEER Qe 28 AT
ol FEAAG F71sEe] de] ARSEo] ke
o|2 glaf ofrEE AEIAl @A A 22 HFEH
Ry Sk SRAAE f71EREE 5 719404 &
HEZZ=  PCBs(Polychlorinated  Biphenyls), TCE
(Trichloroethylene), PCE(Perchloroethylene) 5] TH3E4
ojH] o5& AT, WI=AITA, 548 5 A
Hhol] de] ARE- Hoisith. 1 3 g@x|e} AgEo] ges)
o tiFoE AxEo] o] 852 AMEIL Y= TCE=
ek EdolH, W54 DNAPL(Dense Non-Aqueous
Phase Liquids) E#olt}. TCEQ} 28 DNAPL @&
HlZo] EXT A3 & thigk a7} vil-9- w7] v
o] Egolut Aalrel =FE=H Tl o) o= oF
alo] A7zl AA gl 2 9 Aol Az 9
TS 7Ae LFdesE AGSIhEHEE, 2003).

olelgt LHEEAEL] AoE flal it EgsiehA,
AE3HA APl #g A7 s AgEo] gt 1
T EY 9 Ak 714 SolA GrFEel og @
FEZHO] ghle HRE dE AREEo] & A
ojch. @7FHe o3t $hlA ©As) kg2 GrFHo] 4b
slEA WSSl AAE o8Bl daA f718AE
Shedukgol ol HA A7 4= U= nonchlorinated
hydrocarbons® Z18A7|= 37golH, th3<l TCES] o)
13 gHis) vhe B2E VERI

'I':'F-‘.it‘_.('l_,[!l“ Ol DOE(C,01,H,) o \':‘:('_.:'|1|:|” Ol

Prae W 99 sk Al A3 T e

ethylene (C,H,)

e, BEAE 249 AT T TRk 29E49
el sl A=} SEHAGE, 2002; 1AL 5, 2005;
FH4E 5, 2007; Alowits and Scherer, 2002; Amold and
Roberts, 2000; Blowes, 2000; Keum and Li, 2005).
Fzoli Wpeztzle] el Bl tlde] H §)
=H 247t Wemr] QrHEet AR 498 coresshell
22 71 Ao Fela thezy) G718 Kubn et al,
2002; Nurmi et al., 2005y 7|&2] wlo]a32 7] J7}t
Aol vl Aoz oF 30-40u) P Z wlEHH
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ezt 579 WS ol 83l edEd Eelaat
A EE FoE GeAEA 2 JRRe] STl
FEAE Eallol gk A57F Eds] 8 Foll UArk(Liu
et al, 2005, Liu and Lowry, 2006; Sun et al,
2006). W==7] Q7rEe des] 2 HIsEEAS o8
H3ls PRt ofdet 7129 mlolag grhdo] sl
SHA| k= AoZ &edR perchlorate, PCB 52 2%
EEE TR Feladrt e FoE dHAAL §
tWang and Zhang, 1997; Xiong et al., 2007). %3k
Zh2 PR whel] BEke] AR Fdole Bo #Eg
Ao defA Al dad gl AHEAA] 55 ol-8st
of EFo] 8oldk FeiEo] /faS S e e
34l =31 QTHFarrokhpay, 2004; Lee et al,
2007; Phenrat et al., 2007; Sun et al., 2007).

SN Wie=17] Q7R 22 dAb 27] wieel] Ak
S} 9kS A FASH AtslElo] ShelsS Al SelvEl=
B0 Qe Alx, B#, o, AL 59 TAlA
TP} A7) srom ulg = Ee) AmErhe BEe
AL QI ol themy] e 2 EEA 1)
Fol Uehhs B0 w43 358 Asieleis 4, ©
e BN 7T ek Ao I esi7] o
71 FOME NaBHE o83 89S Ba) §4T
=327] PHEE LEEE Al o8 A borond]
@t 27} 29 Qo & Ui VAHE Axun gt
(Chen et al., 2004).
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7] & 47 EAEAY EAIEIA e B o 34
2303 We=r) G7rEe] 3 Wl Wl FeOOH,
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< T W) HE dAe] 7=2F EAuietold AR
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g APAel tig AT rR|Ek el vk
2t H Sohn et al, (200600 28] mEe] F7] HE
< B3l W) G7HEe w53 Ak SAe S5
730 GEAHA Wemr) 7o A BE
shellel] Tgt A7} =511 QITHLI and Zhang, 2006;
Li and Zhang, 2007, Martin et al., 2008; Sarathy et
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sk, XPS 42 22 TRY YAEolR: O dAkE
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2.1. A|2F 2 X2

2 Ao A8H BE B2 gol24E A3 o,
TCE(99%, HPLC stabilized, Acros Organics)= UH-=
Methanol(99%, HPLC grade, J.T. Baker) &0l 3]2A]
A stock &NS AFSP ARSSIAL, et Wis 7]
%7FE (RNIP-10DS, Toda kogyo Corporation, Japan)<
gz AlEEE RS U3 3714 FH(Bactron
1.5, Shel Lab, USA) ol B3 2 A% & A3

Table 1. Characteristics of Fe nanoparticles

ok Freshdh West7] G7pde Alzd & 8719} 155
A & w5 W] G rlsid, Bl 5

e T Zth(Table 1).

2.2, 2191¥ 37| &HZF Mo{E S&t shell 4 AE

We=7] G7Fde) shellGlshd =) 842 S1st] <
Hog F7IE 4, 8, 12 mL/mim, F5@7] oA
wEsho s HEAZeH, 7] HE Alol= 250 mL
schlenk flaskol] freshdt Wie=17] G7FES 5 g¥ @&
% MFC(mass flow controller)s ©]-83f] 2zt 4, 8,
12 mL/min®] 02 Alojate] 2443 &1t 3715 A
SAFHCH, S5E7] T S538hY Be 8714
AHA 5 oS Gl Dagt & Lt tiy] FollA
S HAl floll Zar 5zt wHks B Ak gE5o=
ASAZAS. 7] FF Alo] 1A Ajde] ¥ HEe
vialel gol dE3le] 9714 Aol A B3ttt Shell
A B2 Fig. 13 2t}

2.3. TCES| 324! 235l A8

TCES] &3l Bt SIsh 32 3
12 mL/min®E F7] FEAZ] Ye==7] 9Gr1Ee] 3%
40 mL ¥F3-ZF(borosilicate clear vial) Woll Z}2t 04 ¢
A, freshgt WWeT7] 97Fd 9 4 mL/min, 5502 &
7] AEAIZ Yez7] 971 A9 05 ¢ = 25 mL
o et &efE] FHlE FYsth TCE 27] $%
= ZZF 0214, 0.167 mME 12743} Teflon mininert
valveE ©]831] L8312 orbital shakers ©]-83
200 rppmO.Z WHISIL A|ZAFH= AZPEE headspace
oll4 gas tight syringeZ® ©|-83l 50 ul¥ F3}H o™
GCE 33l TCE ¥%5 w48kt 523k Matlab &1
W (version 7.1, The Mathworks, Inc.yS ©]-83lo] Hks-
S (ko) S 28I Freshdt Ui==7] F7FE 9]
78F 1 Akaele] HES wiAE] flst] d71d A
HollA] 2E AAS B8 ARSI 8891, o] A
25 2 RS2 = AAE AASHA] Al ARSSEA
o} Shelle] @4E Wemr] Q7S s AT &
I AASHA] 23 EollAe] WkgAdo] Aol FYS AR
ofju] A3S F3l FRI=AT

lo

[e]
lacy

fuA

i

~ (o

4, 8

1

pH (solution in water) BET (m%g)

Density (g/cm’)

wt (%)
Q-FC(O) FC304

11 22.7

1.27 65 35
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Fig. 1. Schematic procedure of air contact for shell formation.

24. 717124

TCE £299ll= FID(Flame Ionization Detector)’} 732+
¥ Gas Chromato-graph(Younglin M600D, Korea)s ©]
43lAh  Injectord] 2% 260°C, detector?] 2%
290°C, column®] &% 57°ColA & FA8HoH,
carrier gas®] flow= 2 mL/min, split ratio= 3: 12 3}
Aot &=3h GC columne HP-VOC(Agilient, 0.5 mm x
30 myE ARESISAH

A E shelld] FAE RI8E7] 91l 2] MEES
Hego] Hol 3083 22uE T3 B4R &
TEM(UEM-2011, Jeol corp.) #2438 3341, shell &S
Rl S8 718 A Wellx] 2k x2AIR 9k
Feljo] Wi==27] 7S ©]83ke] XRD(Rigaku D/Max-
ITA, Japan) ¥ XPS(ESCALAB 250, VG Scientifics) -
A s

3.1. Core/shell = L7130l Salstd S4EHI}

MFC(mass flow controlleryS o83l 2z} 4, 8, 12
mL/min, §4H7] SOl FE408hem 7] HEAX
We=7] 7ol tigh shelle] 54 WHslE H71sIS
I A¥R= Fig. 20 YERARISE TEM &4 235 F3l
A8 Wie=17] GrHEe vl gl ke 3%
S 51 AZ FXF FEHE EAEE AS g 5
AoH, A W B Ao FEE SAlsk= Ao
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Main controller

Fresh NZVI

Schilenk flask

2 RIS TodarllA AlFsh= Akgdl oJshd &
Aol AR WeT17] Q7FEL Bt 9780] 40-60 nm
Azoln HIFHAHL 23 m¥YgS 7HIth B A9 TEM
B4 A} shelld] FAE 4, 8, 12 mL/min® & &7] 4
AR Wem7] g7k dA BT ] ~5 nm Wi
shell AF8F whe] A4E AS IR 5 At 3713
= 3ol W shelle] A H3lE dPdsidon) Sto
2 EE 5 QS A= Wske BEEA 49k WiE
o] HR-TEMS &3 Br}t F4s 248 F3lskAY 1
o] F7HES Bl shelle] ¥slE #AE Hav) ok
a1 e

TEM 45 538l ER1sk ==7] 97 Aol =
o, YA=2] A, shelld] T4 58 Ui g7l
A R 1 2ol wEt A7AERt Aot Ve
AR 2 AFE FxFsle] iRte] Agise] 58 7t
¢ 1Y Yol EAldte 2S¢ AATHLiu et
al., 2005; Martin et al., 2008; Nurmi et al., 2005).
gukzo g HO =53 Fe(0)] AENOME FHd] 4
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Fig. 2. TEM image of Fe nanoparticles contacted with various air flow rates: (a) 4 mL/min, (b) 8 mL/min, (c¢) 12 mL/min and (d) rapidly

oxidized.
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Fig. 3. XRD peaks of the NZVI particles: (a) Particles under
controlled air contact (4 mL/min) and (b) Particles rapidly
oxidized.

202 FE57] oM 5EitsheRE 37 JEA
70 Uiem7] 97Fd BddlE shellX8kd 2he 18t
4= QIIT}. 9538} A 3% ke S 7]
Ho| o7kl Bo WS mi= HBe Mog Wl Aoy
o} hematite 52 ABFEE AAE R0 o F= It

3.2. Core/shell = L= d7 8ol ZESIH SMTT}

XRD, XPS 42 53| shelld] AAES FH3taA}l &
o, A= 747t Fig. 3% Fig. 401 YERARITH
XRD £4 Z3} J7FEFe0) 2 2F8HH (magnetite

(Fe;04), maghemite(y-Fe,05)) “Fits0] EAES 1
I AT TS Fig. 4 (a), (c)2] XPS E2X4ollA4] Fe2p
AR 7k Jepd A 7107 eV, 724.6 eV peak’t
AZEY] Fe;04, Fe,057F EAI5= o] 1A Fig.
4 (b), (1S Ols9] YF FIIAME 529.8~529.9 eV
peak7}' HEE]0] Fe;0,, Fe,07F SAIGIT= Ao] BRIE]
A}, 530.2~530.3 eV peak™ carbonyl groupS YERH
t}. o] carbonyl group> MES FHISHAY o5k
Aol olikslebh He whelae] ol o3l AdE
Aoz vhdFth mEbA XRD, XPS 418 53| shell
2 ZAZ9] magnetite(Fe;0,), maghemite(y-Fe,0:)5 5+
Aoz sh= qkskd e Aoz vk Liu and
Lowry,(2006)# Sarathy et al.(2008) 5 H,Z o83}
o] goetite & hematiteS TPAA AZI 7] F7H
d(Toda Kogyo Corp., Japan)e =TIl AT shelld
-2 magnetite(Fe;0,)2} maghemite(y-Fe,05)2}al I
3tHOH(Liu and Lowry, 2006; Kuhn et al, 2002;
Nurmi et al., 2005; Sarathy et al, 2008; Signorini et
al, 2003), Li and Zhang(2006), Liu et et al.(2005),
Martin et et al.,(2008)y HH(FeCl; - 6H,0, Fe,SO, + 7TH,0)
<= NaBHE SHIAA AZgE We2r] G7Fde] s

G311 e shelle] 43S iron oxides®} iron oxyhydroxide
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Fig. 4. Results of XPS analysis of NZVI contacted with various flow of air: (a) 4 mL/min (Fe2p scan), (b) 4 mL/min (Ols scan), (c)

rapidly oxidized (Fe2p scan) and (d) rapidly oxidized (O1s scan).
(FeOOH)2}aL 1 iy
BB Y F AP L BB I ofF F Ak
Syale] o ofa) AT S=akA e shellolA
B ATINE Q91K B1F HEAA shelte B4
AR AR 2 el ofel Alxd W] S
Sl JE shelk> 1 AEo] 2o, tE Wi 9
a3l Az 9= shell gl T Zfol7h U, o=
shell AH8}Ee] RS ie=7] Q71Ee] Az Wi} A
2 2R 4, U] B e o 84 =3
geks 1] wiolgl FeE T (Kuhn et al, 2002; Li
et al., 2006; Sun et al., 20006).

T3 Fig. 3 (a), (b)2} Fig. 4 (a), (b)2] vl AR

wotltt. BF 7ol s

A

oro.
w

B F407 37 AR WWear] G7Fde] 4 mu/

min0 2 7] AEAZ] Lheziz] el i) Fe(0),
magnetite(Fe;0,), maghemite(y-Fe,0s) "3E5°] T A7
AEsdEd), olds dulol tjg s sk 7t
Z]] Aol dad Ao dAgkdrt. 8, 12mL/min®] 73
% 4 mLmin® & F7] FAEAZ] Y=drkdyl vls=sh

235 B3
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3.3. 0{2{71X| 37|™E =70f| UE TCE 35 ot

We=17] G7PEE o838t 4, 8, 12 mL/min®] o]
o2 715 HEAA shelte AR 3 1 Blls
< Frlsloith 1 Ay TCEY] Eaf w2 whe&=nt
Tk AE3t] BEARE A YRRE3IERS-(pseudo-
first-order degradation)® 2 Z T &E= Z oz AAF
t} o]2 B3 4, 8, 12 mL/mind] F7|E HEAA
shello] FAE Uie=7] G7FdS o83 TCEY Kotk
Z}z} 0.111, 0.102, 0.086 hr'02 A Has-s 717l
= 2 & F A%k st vy AdeAe 4
mL/min®] &7] =0 F shello] FAH ==7] I7F
< 3R shell P4 wESHIAE AME3IIT

Freshdt Y==7] 9714 % 4 mL/min, 5502 7]
HEE Wemr) 7R & gE 382 Eads
Fig. 5 YJepIQILE 1 27} I9IF o2 3715 HEFA
714 9 freshdt Wie=7] G97FES kyo/b 0357 hr!
2 oF A7F Hhol] Ae] ¢ By} =Ho] 7P me B
q5S HYoH, 4 mL/min®E 37 FEF WPe7]
F7Fd 3 kb 0280 hr'®2 10A13F wholl Ae] ¢bA
By} Ho] 24 2jo)2 R FA13E Fa)

o
o=
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Table 2. Comparison of kinetics of TCE degradation of various study

27| TCEsE Fe A7k Ea A7t

) &%

ghA] \) 0 T3
(mM) (@) (hours) 3 W (Fe)) (rpm) T4 A7l
003 1.96 13 NaBHel 213t B (FeSO, - TH,0)2] 24 30 Liu et al, 2005
0.03 1.94 45 32(200-600°CrIA Hel 28 2 (Toda corp) 30 Liu et al, 2005
0.15 20 2 NaBHol| ¢]3F < (FeCl; + 6H,0)2] 3k 30 Wang and Zhang, 1997
0.05 10 NaBHol| ©3+ < (FeCl; - 6H,0)°] 24 30 Sun et al, 2007
0.167 20 T2(200-600°CI A Hell 13 311(Toda corp) 200 2 Alg
0.20 0.20
m,x X =
b4 X < v
. = & X
= X
E o5 g S X E 01595 .
E &%, O X € -
c O X o A
g ® E -
£ o0l 0O e 010 O
8 * O Z "
c o O
g - o -
W S 005 | Q
= 005 - =
. o QQ O
O o N O
* o 0.00 . — . : :
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Fig. 5. Kinetics of TCE degradation by various air contacted
NZVIL

ol Aoz RIFI 7] Folr F5ishe =
7] FFAR W=T27] Q7FE] B9 ko 4401 0.056
he ' 254131 ghell 79] & EalEo] freshdt a7
G7F B 4 mUmine® 7] HEAR =7 Gt
Ho| Fall Ay Ao} vlasix 1 wllse] A5 g
ARAE Fall5-S AL e AR FRIFHA

We=7] 97FEE 0183 TCE HalsS H713F &
A7z Ay}= Table 29F 2T} Liu et al(2005y= &
@S NaBH2 39S 53l AR Yez7] g7k
I-2(200~600°C) A Hpol S S3ll A= Toda
(RNIP-10DSY} Yie==7] g71Es o831 TCE &3
283 Ay} WL A=k 242 0.014, 0.003 Lhr!
m2Z 0.03 mM=S 02 go We=r] G7FERE 1.3, 4.5
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