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ABSTRACT

Numerous studies have reported the formation of passivation products of nanoscale zerovalent iron (NZVI) under oxic
conditions. However, inconsistent observations, particularly regarding the formation of magnetite (Fe;O,4) and lepidocrocite
(y-FeOOH), remain unresolved. In this study, the passivation behavior of NZVI under various oxidation conditions was
interpreted from a thermodynamic perspective. Fe;O, was predominantly formed under O,, H,O,, and NO;™ conditions,
whereas y-FeOOH was preferentially formed under HCI, persulfate, and HCO;™ conditions. By integrating pH-Eh
trajectories with Pourbaix diagram analysis, passivation product formation was found to be governed not only by overall
oxidizing conditions but also by pH-Eh pathways influenced by coexisting anions. In particular, y-FeOOH formation is
thermodynamically favored along pathways passing through the green rust stability region compared to pathway involving
Fe;04. Under pure O, purging conditions, Fe;O, undergoes sequential transformation to y-FeOOH, indicating that
intermediate phases influence the transformation pathway and kinetics. Cr(VI) removal experiments revealed phase-
dependent reactivity. Fe;O, exhibitted reduction-dominated removal, whereas y-FeOOH showed adsorption-dominated
behavior. This indicates that additional electron transfer properties of passivation products control residual reactivity. These
findings provide a thermodynamic framework linking phase formation to reactivity and enable improved prediction of
NZVI performance under varying geochemical conditions, although the role of green rust requires further experimental
validation.

Key words : Nanoscale zerovalent iron, Passivation products, pH-Eh diagram, Mineral transformation, Oxidation con-
ditions
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S A73IcH(Bae et al., 2018; Choi et al., 2024; Lee et al.,
2026). NZVI®| =& $Hlee A48t 7171813 (TCE)
(Choi et al., 2024), 543 S5 (Cr(VD))(Yoon et al.,, 2025),
X (NO;Y) (Hwang et al., 2011) 5 T §--57]
Q2R 5o} U(V) E Te(VINe}F 22 Hald B2S
U0z ABte] T4 ATAIIE o A8 4
U= AoZ BIE thkBae et al., 2018; Lee et al.,
2026).

TS NZVEE 4H(0y), R84 (H,0,), 4k
(S:05) %] ¥h3-5 T3l 43t 2ftlZ(-OH) % Sk
(S0, 2 73 418 8 A S 9o,
oI5 B3l 9=, ooFEd B ARAS} 22 R {7
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QA=A 3l BE A= 4 AUt(Bae et al., 2018;
Zhang et al., 2025; Yoon and Bae, 2019). ©]2]¢F 5402
ol3] NZVI= 54 ¥H3- ¥A] (Permeable reactive barrier,
PRB)°} & &7 7|8k 83} 7|ttt o2} 2|5 318k
2F8}(in situ chemical oxidation, ISCO) ¥4 = &g
g e BAE FEI QITK(Sun et al., 2025; Wang et
al., 2025).

I8 NZVEE 789 Yolli w2 984S 7HAe &
Alell wihE 4ksle} AR} 7h -3 (aggregation)®] A=
gHAIE 7HITH(Choi et al., 2024). 53] A7t EAsk=
2+ (oxic conditionPlA= Fe7| Fe?* 2 Fe*'= wi=A] 4+
3l=H, o] Aol|A] A== Magnetite (Fe;0,), maghemite
(y-Fe,0;), & Lepidocrocite (y-FeOOH)2} Goethite (a-
FeOOH) 9} iron (oxyhydr)oxide Al82] F-5E)3} 234
Er(passivation productsy> NZVI 31H-S Ho] Hx} ALS-
AsfsiaL, A oR QHE AA &S HAYIE F
£ 99lo 7 283 (Bae et al., 2018; Choi et al., 2025;
Deng et al., 2023; Hua et al., 2018). |23+ H-FE3}
2 NzvIel F714Q1 R AkE e it
oz}, d% A& Al vk & ¢ A& F83 o
TS A g Aok

53] st A= TR I8 As2 Y
-, 3F o], ¥4 21 T ost Al wet =4
et F Qe A= ¢dulA UthkBae et al., 2018).
Oxic condition?| A= NZVIZ7} Z7] Fe;0.7} EA4E £
aging®ll @2} y-FeOOH # a-FeOOHZ Zols= 7d3fo]
Haugglont, o]2fgh Hole] Ale @Al 5= AIRK-48 h)
HE] AAE 4 D90 dpll ol2717HA] wile- WS W
2 Yehdth(Liu et al., 2014; Liu et al., 2017; Liu et
al,, 2015). TS 7% FE o9 EAlle 1 Rl oet
AE g2 HEest APEZY] AS A= 4 Utk
oS E0] QA (phosphate), 32 (sulfate), E4FY
(bicarbonate) 2! Z4FA (nitrate) 7oA 242} vivianite
(Fe3(POy),'8H,0), schwertmannite  (FegOg(OH)sSO,4-nH,0),
Fe;04/y-Fe,0; 2 Fe;0,9F 22 AJo|gh A3 Eo] JA==
Aol RuE S (Ryu et al., 2011; Wu et al., 2013; Hua
et al., 2018; Reinsch et al., 2010), TF&¥3F 3= o] L0]
X3 AJglg ZHNAE oxic conditionl] 4] y-FeOOH7}
Ao EA|TF anoxic condition®l A= Green rust (GRY7}
T8 BEHskER EAlgto] HalEth(Deng et al., 2023).

olefgt F-EEisl BAES] A F o] Hs NZVIS]
1S 2 A8 58-S AXslke 4] IR AT S 2

o, 53] A== FEehsl el Sl weh 549, 7k A
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9 54 2 A §A ATt 22k 4 O (Hua et
al,, 2018; Dong et al., 2020), ©]= 54 &7 |4 NZVI
o] RigAo] wEA| Aok 7heAdS dSske Hl 8%
RS AFect =3k IF A AsEe 4k vk e
Sl ghol] #AT 5= Qlof, F-sHist AHES] TR
55 0k3- ARo% FEE PIE 5 Ath(Bae et al., 2018).

Tepy o]Hgk REEis) AdES] 8 2 Mol Ase

e =
S ol g QIS B, B Sol0] HEelE) ANE
F4gell PR o] oW whg MAVES Bl et

=7, 283 pH B ORPS} 22 8 QIAP} olejgh
Aol oAfGA 7]sk=Alel A= oFF] Fis] 1
A ko Ao th(Bae et al., 2018).

Pourbaix diagrame pHS} F9(Eh)el w2 5 59
A PSS e ==, 54 3 Z0lA
gtz o= PgelA EAE T Ae FEY TFRE
oS3l ol €82 4 ot 53] Y 49 oSt iron
(oxyhydr)oxide 719] H& FAE Yepd 4= qlof, F-24
A A 7Fss AGES E9t A SiA
sk o -85t

olof] & Aollrl= NZVIE ©]83t 34 & 2T &
U= oksk 4ksl 27 (0, NOs, H,0,, HCI, persulfate,
HCO; )0l 4] NZVI suspension®] pH 2 A $] W3l w&
23} AEa Hoseist AdES] HelE vl FA8kih
w3 #EE HET AHEY AolE @98y P
B3] $8Fd Pourbaix diagram #2443 F3ighe
A, olefgt BAE B el gt e=r
A 7hsshA] Hrkskarat it

r
H
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2. 947 HHH

2.1. A3 X2

g7 (NZVI) 73S <181 iron(IlT) chloride hexahydrate
(FeCl;-6H,0, Sigma-Aldrich)?} sodium borohydride (NaBH,,
Sigma-AldrichyE A8}t NzVI9] F-5H8 FA4S
et 2kAZ hydrochloric acid (HCI, Daejung), potassium
nitrate (KNO;, Sigma-Aldrich), potassium peroxodisulfate
(K5S,0s, Sigma-Aldrich), hydrogen peroxide (H,O,, Daejung),
potassium bicarbonate (KHCO;, Sigma-AldrichyS A8}
Ack. ohdet A8t 2ol v dEd Eal AsH
FEE Tzt APES] WSS Hrretr] #s)
acetaminophen (Sigma-Aldrich), Potassium chromate (Sigma-



28} 221 Wstel] whE NzvI F-sHist BAaE B =2

AldrichyS 249 QHEAZ ALSsIon, RE S
182 MQ-cm?] gol2= (DIW)E Ag3le] A)=313T).

2.2. NZVIQ| Cigkst Mst =Z40AM 2] BtS

NZVE= A8 A7ollA Harg whHe Farste] 3714
W (Anaerobic chamber) Woll4] FeCl;-6H,05 NaBH,= 3+
Q3] 3481 THBae and Hanna, 2015). 4] FeCly:6H,0
2.7 g& Ar gasZ purging ¥ B°25*(Deaerated Deionized
water, DDIW) 100 mLe]l 833t 0.1 M 84S A|=3t
%, 1 M NaBH, &4 HZsle] NzVIE ATt
3 NzVI PA= vltE AHS o]&3le] EeElgh
%], DDIW= 33] A&slgen, o]& DDIW 50 mLol
AEksle] 1hg- 217 E71d Aol A ZAujo] A3
HES-A1%S 915 acetaminophens EE WIS
12 AL8-3193.9 ™, HCl, KNO;, H,0,, KHCO; % K,S,0¢7}
23hE W 8 950 mLE AZEATE o]F F7A
AN THE1R NZVI d8 50 mLE RES- 89
FYPst] F wke RuE | LE 2R HF vks
SN A] acetaminophen®] FEE 10 mg/L, 2+ Aks}A| <]
ETE 2 mM, NZVI9] £ 10 mM7}F 52 443}

(oY B w

iy

55

of

=

p
of
32
lo
=
oo
2
iy
o
N
5
> o
N
o
[0
i)
[-'E
oo
oo
S
rr

Fnom, vks- = pHe} ORP W3k= pH/ORP/Temperature
Combo Tester (HI98121, Hanna Instrument)S ©}-83] 5=
71402 S8t Hhg- B3] 5= 24 ~ 26°CE A
= At

48713t Bg- 3 FAE FEEst e diliEE
ol Fgrale] ST ARS S8 sAAxs A 1z
FEHSHE 0.04 ¢S A4l ¥ 7 AHE &30
o}, DDIWZ AZ38E Cr(VI) £2(0.3 mM) 40 mLE
27Vt o]F 3 W] (rotator)S ©]-8-51] 48417k
B2t Wk Syt
ol 2 OV HIE-S 371817 18l NaOH &
< o83t G AFS ATk 482K ¥k 3, 8-
AESh= Cr(Viye 3871 218l 1 mLe] A2S A4
%, 2 M NaOH €9 1 mLE #7Isl] 123 5 &
sho2a) F2HE Cr(VDe] B2hs fssiant. of% 23
Cr(VDE Hsle] F2ol| 2J8t AlA 7|5 7513t

12

% roh of

)

23. BN gy

E Nzvish FsEst s EA

Z= XA

Ql5ke] EhpH SH21T- 29

3 ™R 7] (X-ray diffraction, XRD; JP/MAX-3C, Rigaku,
Japan)g ]85 A8t 31 S 20 = 10 — 80°]
X S43193.27, 3%min sacn speed2} 0.04°9] step sizev= 3271
ol S35} T2 7(TEM, Transmission Electron
Microscopy) 418 3F NZVI Al §A 34 231
Hastalr] 3l okl ATl & 53t et A
et en, Aetel-S 200-mesh Cu TEM gridll 2)5}3}
of B4 Ao AxAA B8 8 Ul Fe ¥
Cr(VD)e] &E+& UV-Vis #3333 =7 (GENESYS 108,
Thermo Fisher Scientific)S o] g3ty Z+Zt Ferrozine
method®} carbazide method® 233}t Bae and Hanna,
2015; Yoon et al., 2025). NO; <} NH, 9] &&= WH3l= o]
23 Z2vlE 129 (Ion-Chromatography, IC; 883 Basic IC
Plus, Metrohm)E ©|-83}] #2433139t). ool FAdll=
Metrosep C4-150/4.0 AHS ARSI oM, S0l 4
o= Shodex IC Anion Sep No. 82504 A ZAHLS A-83}
At ol A8 015/ 3.5 mM Na,COs9}F 1.0 mM
NaHCO; €% 8 &, dole 48 o4 34 mM
HNO;%} 14 mM dipicolinic acid’} E3F 8= A18-3}
At

=8N 1} acetaminophene®] F%=+= C18 Z = (Shiseido)®]
k) WA =g e 12l (High-Performance Liquid Chroma-
tography, HPLC; Agilent 1200 Series)$} UV AZ71&
o]-gate] AT 2 AFHE R AlEE AFHT
i) ol oJgh ¥g F4S 913 1| M methanolo] 23
QA SA] FU3IL vortex E551STHPark et al., 2023).
olF Ag= YRS, A5 1 mLE F8to] HPLC
auto-sampler vialZ $7] F-2490)] AL&-3199T] o542 0.01%
CH;COOH7} ¥3F8 DIW(30%)2} acetonitrile(70%)2] &3}
LHS ARSI CH, 45 1.0 mL/min 27104 254 nm
ol A A4S st

2.4. pH-Eh diagram

£ AFelxe NZVILF thefst d 31815 (Fe species)?]
dosky oby H9YS Hr18l7] $180 pH-Eh (Pourbaix)
diagrams 28It BE Ak 25°C 2 1 atm 20
71Fo 2 s o, =8-alate] Fe(ll), Fe(l M)
Fe(0), Fe;0,, y-FeOOH, Fe(OH), & green rust?} 2 Q.
AVEE x| BAS sl

Z0 weAo] Ui EE A9 (B 2 FRES (log
Ky= 7€ 23 dolgmo]las 7Rke s dAgsiglon,
A 9ol ek BRI ATE DG ARE v}
gox B Aol 27 BRITE Al 488
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2 wgo] Ut EhpH A4S eishd HRE 714

st st om, Aksh-gh BRSO 79 Nernst 2=
ol-gst ALkt IuQl Aksl-Sh ¥l T3]
Eh= 2] (1) 2o] xd.

En— £ 005916l 0g0 M

7N E= ¥E LAYV, ne AAAY £ Qe
HEgA|grolr, WA WEgol] Fofshe EA=e}
F8Eo TE oz Aoy, 1A H,09
= 12 7Pgsk] AtollA ALJsidt. B3 log K
o} Eeo] BAl= 4] (2)¢}F o] Ao

50 _ 0.05916

logK 2)

Pourbaix diagram 7% Al
ZHQ=K)= 7}7‘4 sl TTE%}??\QUJ]
¥ghE ¥h3-2] 739 Nernst 2ol pH &S ¥ F3}] Eh-
pH IA2ES At 2H-47] H3 vk AR} o5
S FHKEIA] E0 =2 Henderson-Hasselbalch (2] (3)) 21

olg3le] pH 2L ARSI
PpH = pKa+log[[H A]] 3)

E A4 Pourbaix diagram Akl ARSSE Fe 3=
W 5 A Bodel EAlshs 8 Fe w57} OME}
NzVIe] 27| 4310 mM)S 71502 3 3 Fe 3%

(a)

300

(110)
250 |

(200) (211)

200 o

Intensity (cps)
2

100 4

50 4

2-Theta

10 20 30 40 50 60 70 8O0 90

ixgte® Aalon, gol 9 7] 7Y @ §=
2 mM) 7[E2 & A831Att. S04 7B, 2 mMe| PS7}
B34 4 mM] SO 71 AAE]7] wiiEdl] o] Wikl
ARl e B diagrame QU eJuje] 5 HI-S-
Ao AAs] fAg HHRu=, TYg Z7] Fe
Z79A pH ¥ Eh Wl W& & Fo] g <

BT A W3} FES Hla 9 sidstr] 21k E:FLE
g8ttt T3 £ AqollA 545 ORPE Ag/AgCl
7 S ARESl S8 BolBE, 35 4 A5
(SHE) 7|5= 9= H3ksl7] 98] +200 mvE R43HY
o1, °]& Pourbaix diagramel] F33led 34T

10

3. 431 # E9
3.1. NZVI2| &5t =Z40] e 2P EE| HH §Y
Fig. 1= 34€ NzvIe] W 545 Yehdtt. XRD

-‘:M# A3} 44.6°, 65.0°, 82.3°04 Al WY F& =7}

TP #EEon, 11 29 £4A Ha= E4l

HA] FSITHFig. 1(a)). °1& 22t o-FeQ] (110), (200),

(211) 2730l 3FsH= 20 FHICPDS #06-0696)7} Y=}

= Aotk NzVIQ] TEM ©|u|A= 2F 50-100 nm 7]

o] 78 YAFEo] w2 FH ouR|e} Aol el A= &

ol A& 725 S Ao YeRITHFig. 1(b))(Liu

et al., 2021). E TEM o]u|z|o| = NzVI YA}

core-shell T+2E UEE Ao] #&Eon, EDS
mapping ¥4 A3} core FHol= Ferl, shell FHoll=

07} A5 B¥5l= Aoz Z'ZLO]Q ok o3 =

= NZVPIA getdog Hy EXozn BBA A}

sl ofaf] Y} Al FAdH %ji Ak e sk

ol 7118k Ao =E deA th(Yoon and Bae, 2019).

(b)

= Stifrane 1}

——Mnm

Fig. 1. (a) XRD diffractrogram and (b) TEM and EDS mapping images of synthesized NZVI.
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8 g 2 3
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Reaction time (h|
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-8~ NO-N
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—- TotalN
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Reaction time (h)

Fig. 2. (a) Removal kinetics of acetaminophen (10 mg/L) by NZVI (10 mM as Fe®) under different oxidizing conditions (O,, 2 mM NO; ",
2 mM H,0,, 2 mM HCO;", 2 mM HCI, and 2 mM persulfate). (b) Concentrations of nitrogen species during the reaction of

acetaminophen by NZVI in the presence of NO; .

Fig. 2= T} 2730014 NzVIel| 2J8F acetaminophen®]
B3l 42 JehlH, Fig 32 ZF 204 wke- = i
3}sh= pH, ORP (mV) ¥ &=+ Fe?'Y X5 (mgL)E
HolZr) Fe'e] 79 BE ZA00A Fofu|§k HEo] HX
eigkom, ofi= Fe*'e] 7% e pHollMHE WA 75
Eal=o] AR wEoz AHHET) Fig 30ZHE,
RE A Z7AAM Z7] ORPE 400 ~ -700 mV HAZ
el st 3k 3o] 39 A ER1 4 dlen,
o= NzVIg] Akl w2 7z} W] 71QIg}. NZVR=
FZFolA Fe(0)7} Fe(INZ 2181EH A4S WEsla
Al @), B=E FA= H09] ol A8l wet Het
A OHE FAETTHA (9)). °1= U3l NzZVIE Fsh=
HkS- 27)olE F4% pH Z7kslaL, AR F50] A
3+ 8h7o] FAlHd wel v ORP7} FAEHE RS

Fe(0) — Fe(Il) + 2e” )
2H,0 + 2¢” — Hy(g) + 20H" )

e, ¥kl el weEl ORPE AR S718tA
oF 200 ~ 300 mV 4=52] Aklg o g AERom,
pH 9A] Zashe AS HRIth ol A4 @ Fe(lyh
AslEm 2SSk (6)), T8 gl EAlsE
0,9} -8 AR} =8A7) 015 &M Witk (7).
3 AAE Fe(ll), Fe(l)E OH = Eaf 7riasf 2
19 = om 2] (8), (9) ol9f B2 dHe] "3l s
2ES %79 S 0N Hxt AkE §He s
S5, SAlo) pHYF ZHAske AEES HO AL o

(

A

=z
¢

)

& = ok
Fe(I) — Fe(Ill) + e (©6)
0, + 4H" + 4¢ — 2H,0 @)
Fe(Il) + OH™ — Fe(OH), ®)
Fe(Ill) + OH" — Fe(OH); ©)

o]#13h 413}-8H9 (redox) 73] W3l = B3
R 2710A 2 WSkt Vel
WA kgkom (CCy = ~ 0.9-1.0) (Fig. 2(a)), °]= NZVI
o o3l FAH redox B AHATOEZE= 7] LEES]
e AR fEsly] olgrhe 2is ARt 53,
Fe(I)2} #H33514] Fenton ¥H8-S B3l &3 Akl s 7t
+ hydroxyl radical (OH)= A48 4= U= H,07F &
Asls 2ANNE AA &89 T3 TV HE=A
23t} ©]x= Fenton Hh3-o] YHFA O pH 3-49] 4Hd =
AollM aFo® == ¥HE (Bae et al., 2013), &
AToIME NZVIel| 28 pH 8-109] 7] fx|=lo] g
Hkg-o] AkE Q7] wjEo 2 FAETHFig. 3(c)). W,
persulfate (PSY} SR 2= v& 279 H]5|
AH o2 =& acetaminophen®] A|A &&o] FHAF]
THCH/Cy = 0.7~0.8)(Fig. 2(a)). NZVIZ} EAI3HA] &&= PS
o= HhS Z7XME acetaminophen®] -2]u|St A|A7}
)R] edokor, o]t A= NZVIE HAE A=A
PSE &443}5}o] sulfate radical (SO4-7 )2 A3 7] W&
o= A = AthA (1))

acetaminophen®] &&=+
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Fig. 3. Variation of pH, ORP, and Fe(II) concentration in NZVI (10 mM as Fe®) suspensions under different oxidizing conditions: (a) O,
(b) 2 mM NOs7, (¢) 2 mM H,0,, (d) 2 mM HCO;™, (e) 2 mM HCI, and (f) 2 mM persulfate (PS), over a reaction period of 48 h.

S20327 + e — SO427 + SO4 ™ (10)

T3, sulfate activation WH3-2 Fe(ID)oll 2JsiA= w7}
g glom, AdE S04-E H0¥ k831l -OHE X%k
i, HE W33 (1),

SO,~ + H,0 — -OH + SO + H' (11)

AAR PS ZHNAME WS 27] pHZ} 23] A
slaL, FAll Fe** 557} 57 Fske o] BEEATHFig. 3(1).
o= NzvIe| 823 3| A} Hdo] &ds] dojutar,
T Az} g YA wkgo] aafFow P 4= o2
oJu|git}. @i} acetaminophen®] AA7} &F 20-30% 5
oM Ak AL, EAI6IE PS =2 mMy At e R
el A2E 88 5 e AT wMEA ARy
J. Soil Groundwater Environ. Vol. 31(2), p. 27~40, 2026

A7) wEo g gekE

3, NO; 9 A%, NZVIERE W& HA7}F NOy
Shdnkgol] ARGEH, o] F7gellA] NO,” B NH, 7 A4
a2 2 Ak (12))(Hwang et al., 2011).

NO;™ + 8¢ + 10H" — NH," + 3H,0 (12)

A AN E s F ol w0l sE =
d3t A3, NO;” F5+v WEA Ay sA
2L NH,7F A EI8lom, NOy 9l 745 F7H4]] 4l
ol oJ3l AEshe AEks HATHFig. 2(b). Alte] A
w2} NH," &% 3+ 74-8HA] & F-7124x(total nitrogen)
7F Aashe Ae® YEhth o= A" NHTE
o A dZe] pH 20 = Qs NHE Xk § 7]

£
J3h

X
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o FuEQly] MEoR siEThA] (13)).
NH," = NHi(g) + H" (pKa = 9.25) (13)
3 HEL pHZ| pKa (~9.25)H T} =& Z70lA 7)A]
7gEe] NH; Fejze] Hgho] -¢Ae SJnlst, &

T X9}l 2o pH 10 o] 24 (Fig. 3(b)elIAE NH;S
Hlgo] Tt 7o gel o] £31dE 4 drh.
ol21gk NH;9] &4 89 f T da w59 i
ojojzl B o2 FATHE}. o]e} e Whgol o3 NO3‘
ZZo| M= NzVI AFstell @& OH™ A4, NOy~ 29

(@)

MWLWLIW.‘MiMM:-
MMW' Wﬂ
EMWMJL»,HJL&“ MMy Mf.
J WLMWWW

Intensity (a.u.)

—— Ps

‘L‘W W\‘\W Q Fh"fMM“ W **"Wmu
Magnetite
. IS SERRT ¥ i
Lepidocrocite
==—l—l‘ E—
Goethite
. s

10 20 30 40 50 60 70 80

= 374 =2l 4% Eh-pH S|4 33
WE H 48], T3 NH; F)do] BiHow gl
T el vlsl 27] £ pHrt FAETE A 2
== A0R SMEThFig. 3(b)).

HCl 2890 M5 Pse} frAFsAl 89 “dell Al Fe(ll)
o] gFo] HEEAKFig. 3(e)). ol =7] 23 =4
(pH ~2.8)9141 NzVIe] &37} ZRH7] gEoz
setEn. whgo] gl wel pHE ofF 46 M=
Z7Neglom, o] ZXE Fe(l)e] 421818 70|

Adr=o] Fe(lly} £ AEIZ 44F 4 A= 370
YA Aoz sMET)

Fig. 4. (a) XRD dlf’fractograms of passivation products formed after 48 h under different 0x1d121ng conditions (O,, NO5~, H,0,, HCO;",
HCI, and PS), with reference patterns of magnetite, lepidocrocite, and goethite. (b) Photographs of the corresponding solid products. (c)
Time-resolved photographs of the NZVI suspension under HCO;™ condition (3 h), illustrating the color transition during the reaction

process.
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3.2. M8 =0 E NZzvIe| BSEiskE Y

71 A== FAF8E oxic conditionsl A= NZVIC]
5 AdEe] tiksA Uelhe &= ee] Baglom,
oleigt H-sElst A4E S Apliske el gk 2
ZA< olsll= 3] AgHA] Aot B Aol A
A, ¥ T FAEE NZVI F5EE S Mo)
Z700) w2} FElelA s A TSI O (Fig. 4(b)),

= & A me} Aolgt FsEst AdEe] 3
2 5 s A 2} Aks} 270l W wk
& T AE FEHsl AHES 7] Slsked XRD +
28 F¥s1om, 11 A= Fig 4aplr HoFE).

0,, NO;™ ¥ H,0, oM<= Fe;07F 8 A==
gelgdon, cIr @ HCO; ZHoXE y-FeOOH7}, PS
Z M= y-FeOOHS} a-FeOOH7} &3+ o] $-A|51A|
Uepdtl. £3] PS 2 HCl ZA00 M= B8 pHE} =& ORP
ANX Fe*'d] 8=} APt FAlol ZISP=HA B} 2k}
H g2l FeOOH Al “do] 34 € Zlo= Avd 4= Q)
ChFigs. 3(e), (f). 124} y-FeOOH7} F-5Est YA EZ
4 ¥ HCO;” A= 0, H,0, 2313 v A2
Fe*'o] 8=o] WASHA] et om, FARE pHEF W& ORP
Z70] FAEISNE (Fig. 3(d)) Fe;047F oFd y-FeOOH
7} BA=ISIL). oge A= 0,, pH ¥ ORPS} & A
AlA AREe 2 RFEst AFES AWEH] oHre
A& oulshH, NzVI 4kst 4ol J== Fseist
Qg0 FE Fol2d &l e W H=o] At
olefl 7118t 7Fs/do] -2 9fm|git. HCI, PS, HCO;™
ZA &A1 = A= CI, SO, 2 HCO; g0
TEZXHOZ Fe(Ill)2} Fe(lll)7} E3+E layered double
hydroxide %21 green rust (GR)S] Aol a3k 50]
Lo7 IEA Atk (14)- (16). T3, GRS 7MY &
o=, ol wiet o Pgst E LlslEE gk
AS-o0] BHTHGénin et al., 1998).

4

4Fe(Il) + CI” + 8H,0 = FelsFe(OH)Cl + 8H+ e (14)

6Fe(Il) + SO,> + 12H,0 =

e 4Fe™, 12504 + + 2e
Fe',Fe™,(OH);,SO4 + 12H' + 2 15

6Fe(ll) + HCO5;™ + 12H,0 =

e 4ke 2C05 + + 2e
Fe',Fe,(OH),,CO; + 13H" + 2 16

olgigt He weid o, CI, SO ¥ HCO;7t EA)
ke ZZME GRI 22 FPdo] dAHeR 3
S3E 7Fe7do] Aer, Fe;0,5 0 GR B35 k=
7427} y-FeOOH 73 840l B% felshA 2&atis
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olgfdt TV AT A Mol #E o= Fvkz
3IcH(Fig. 4(c)).

-—

3.3. Pourbaix Diagram2 &8% fSEist YA 29|
SEUEETE

2 AFeMs A AAGE 98- PR e FF
B3} A= 2olE dYshR o siXstr] ek, 2+
7ol d9shy P A4S vHlaE 4 = Pourbaix
diagramrs 2Pste] E418 T8I Fe(0), Fe;0y, v-
FeOOH, 12|31 A 7}A] 3}8} %}&2] GR (Fe';Fe(OH)sCl,
Fe',Fe'",(OH) 1,804, Fe''sFe'',(OH),COs)ell thsf thojol 1
HE P8I, 72 A= A AHUAE 71
Aol Bard ghs 7IREe R A831tH(Génin et al.,
1998; Pourbaix, 1974; Benjamin, 2014).

GRS Fe;0,00 T3l EJsha 02 =01 (metastable)
ejol] aigst, FUg tholo] a7l HellM F 3 FA
o AT 7Bt M Y siMel] E5o] TS = Tk
(Génin et al., 1998). WehA] B Aol A= Fe(0) = Fe;0,
— y-FeOOH =2} Fe(0) > GR — y-FeOOH HZE
weEste] Z47ke] Hbg ARE FA0 = S)4dS Fe4sisiTt

Eh-pH Tho]o]1sioll A 2t 737144 Table 191 A|A=
318} whgol g5k, ol HEe 7 HE wheo
EF FAE) 2 FE A (log K)E ©1831 Attt
e kg2 F2 A, 2831 log K 3+ Table 19 U
).

Fig. 5= ZF 27104 4% pH ¥ Eh W3} F2Z 3
g 29 grA ZAI3E Pourbaix diagram 9ol S5k
HePd Z1& BolErh WA, GR B40] AlfEE 0,
NO;y~, H,0, 79X = (Fig. 5(a)) Fe;047}F Fe(0)3 y-
FeOOH Ale]ollA] HlA & H98H Fy d9S 714
H, £& A9 M= HGeRE AT & UeS
PRIT F= Aok 7 Akt 2700 == © Akl e
pH-EhE diagramel] 3¢t A7}, 0, NO;, H,0, W&
AE B5F Fe;0004 y-FeOOH 9 Wgko 2 o) 53dl=
AeFs RO g T4 AIA9] FHEE BT Fey04
g FHell X8I o= y-FeOOHS] 3/do] w¥hg-
BRI Thssitels, £ A3 23AE Fe,07t @
AdHow ¢ KA FAIE o e orlgith

HCI (Fig. 5(b)), PS (Fig. 5(c)), HCO;™ (Fig. 5(d)) &7
Pourbaix diagram= BWlwal] HW, CI- ZA90 Hls] SO
9 HCO;” 21194 GRe] FY & <o] t] H-& pH-Eh
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Table 1. Equilibrium reactions, standard potentials (E®), and equilibrium constants (log K) used for constructing the Eh-pH diagram of
Fe(0), Fe oxides, and GR species

Reactions Eh-pH relation E° (V) log K
Fe(0), Fe(Il), Fe(Ill), Fe;04, and FeOOH species

! Fe(Il) + 2¢” = Fe(0) -0.44 -14.88
Eh = -0.44 + 0.02958 log[Fe(I)] (Pourbaix, 1974)

5 Fe(Ill) + ¢ = Fe(Il) 0.771 13.03
Eh = 0.771 — 0.05916 log[Fe(Il)] + 0.05916 log[Fe(IIl)] (Pourbaix, 1974)

3 Fe(OH)y(s) + 2H" = Fe(Il) + 2H,0 13.33

pH = (13.33 — log[Fe(Il)]) / 2 (Génin et al., 1998)

A Fe(OH)s(s) + 3H' = Fe(lll) + 3H,0 32
pH = (3.2 — log[Fe(Ill)]) / 3 (Benjamin, 2014)

5 Fe;04(s) + S8H' + 2¢” = 3Fe(ll) + 4H,0 0.98 33.13
Eh = 0.98 — 0.08874 log[Fe(II)] — 0.2366 pH (Pourbaix, 1974)

6 Fe;04(s) + 2H,0 + 2H' + 2e” = 3Fe(OH)y(s) -0.2 -6.86
Eh = -0.2 — 0.05916 pH Reaction 3 and 5

; 3Fe(OH)(s) + H' + € = Fe;04(s) + SH,O 0.92 15.56

Eh = 0.92 — 0.05916 pH Reaction 4, 2, and 5

q FeOOH(s) + 3H' = Fe(lll) + 2H,0 3.7
pH = (3.7 — log[Fe(Il)]) / 3 Reaction 2 and 9

9 FeOOH(s) + 3H" + ¢ = Fe(l) + 2H,0O 0.99 16.73

Eh = 0.99 — 0.05916 log[Fe(Il)] — 0.17748 pH (Génin et al., 1998)

10 3FeO0H(s) + H" + ¢ = Fe;04(s) + 2H,O 1.01 17.06
Eh = 1.01 — 0.05916 pH Reaction 5 and 9

1 FeOOH(s) + H' + ¢ = Fe(OH)y(s) 0.2 34
Eh = 0.2 — 0.05916 pH Reaction 3 and 9

12 Fe;04 + 8H" + 8¢~ < 3Fe(0)(s) + 2H,0 -0.085 -11.51
Eh = -0.085 — 0.05916 pH Reaction 1 and 5

3 Fe(OH)y(s) + 2H" + 2e~ = Fe(0)(s) + 2H,0 -0.046 -1.55
Eh = -0.046 — 0.05916 pH Reaction 1 and 3

14 3Fe(lll) + 4H,0 + ¢ = FesO4(s) + 8H' 0.353 5.96
Eh = 0.353 + 0.17748 log[Fe(Ill)] + 0.47328 pH Reaction 2 and 5

Cl™-Containing Green Rust

s Fey(OH)sCl(s) + 8H' + ¢ = 4Fe(ll) + CI” + 8H,0 2.57 43.44

Eh = 2.57 — 0.2366 log[Fe(Il)] — 0.05916 log[CI"] — 0.4733 pH (Génin et al., 1998)

16 4FeOOH(s) + CI” + 4H" + 3e” = Fey(OH)sCl 0.463 23.48
Eh = 0.463 + 0.0197 log[CI"] — 0.0788 pH Reaction 9 and 15

17 Fes(OH)CI(s) + e = 4Fe(OH),(s) + CI” -0.584 -9.88
Eh = -0.584 — 0.05916 log[CI] Reaction 3 and 15

8 Fey(OH)sCl(s) + 8H' + 9¢~ = 4Fe(0)(s) + CI” + 8H,O -0.106 -16.08
Eh = -0.106 — 0.00657 log[CI] — 0.0526 pH Reaction 1 and 15

S04 — Containing Green Rust

o Feg(OH)12SO4(s) + 12H'+ 2¢ = 6Fe(Il) + SO2 + 12H,0 1.78 60.17

Eh = 1.78 — 0.17748 log[Fe(I)] — 0.02958 log[SO,* ] — 0.35496 pH (Génin et al., 1998)

20 6FeO0H(s) + SO, + 6H" + 4e” = Feg(OH);,S04(s) 0.595 40.21
Eh = 0.595 + 0.01479 log[SO,~] — 0.08874 pH Reaction 9 and 19

21 Fes(OH);,80, + 2~ = 6Fe(OH)y(s) + SO -0.586 -19.81
Eh = -0.586 — 0.02958 log[SO4*] Reaction 3 and 19

’ Feg(OH);,S0, + 12H" + 14e” = 6Fe(0)(s) + SO + 12H,0 -0.123 29.11

Eh = -0.123 — 0.00423 log [SO27] — 0.0507 pH

Reaction 1 and 19
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Table 1. Continued

Reactions Eh-pH relation E° (V) log K
HCO;™ - Containing Green Rust

93 HCO;™ + H" & H,COs 6.37
pH = 6.37 + log[HCO;] — log[H,COs] (Génin et al., 1998)
" CO;> + H" = HCO;~ 10.34
pH = 10.34 + log[CO5*] — log[HCO;] (Génin et al., 1998)

55 Fes(OH);,CO5(s) + 13H" + 2¢~ = 6Fe(Il) + HCO;~ + 12H,0 2.03 68.6
Eh = 2.03 — 0.17748 log[Fe(II)] — 0.02958 log [HCO;] — 0.3842 pH (Génin et al., 1998)

2 Fegs(OH);,CO5(s) + 14H" + 2~ = 6Fe(Il) + H,CO; + 12H,0 222 75
Eh = 2.22 — 0.17748 log[Fe(Il)] — 0.02958 log[H,CO;] — 0.4137 pH (Génin et al., 1998)

27 Feg(OH),CO5(s) + 12H" + 2¢™ = 6Fe(ll) + CO;* + 12H,0 1.72 58.31
Eh = 1.72 — 0.17748 log[Fe(Il)] — 0.02958 log[CO;*"] — 0.35496 pH Reaction 24 and 25
28 6FeOO0H(s) + HCO;™ + 5H" + 4¢” = Feg(OH);,CO; 0.469 31.74
Eh = 0.469 + 0.01479 log[HCO;7] — 0.07395 pH Reaction 9 and 25
29 6FeO0H(s) + HyCO; + 4H' + 4e” = Feg(OH);,CO5(s) 0.375 25.37
Eh = 0.375 + 0.01479 log[H,CO;] — 0.05916 pH Reaction 9 and 26
30 6FeO0H(s) + COs> + 6H' + 4¢” = Feg(OH);,CO5(s) 0.622 42.07
Eh = 0.622 + 0.01479 1log[CO;7] — 0.08874 pH Reaction 9 and 27
1 Fes(OH);,CO5(s) + H' + 2e” = 6Fe(OH),(s) + HCO;~ -0.335 -11.33
Eh = -0.335 — 0.02958 log[HCO;] — 0.02958 pH Reaction 3 and 25

1 Fes(OH),CO5(s) + 2H" + 2e” = 6Fe(OH)y(s) + H,CO; -0.147 -4.96
Eh = -0.147 — 0.02958 log[H,COs] — 0.05916 pH Reaction 3 and 26
Feg(OH);,CO5(s) + 2¢ = 6Fe(OH)y(s) + CO* -0.641 -21.67

33 Eh = -0.641 — 0.02958 log [COs*] Reaction 24 and 31

el 24 == A
=2 F5°l w2t GRE

elat 5 glek. ofs FE 9o

—% = [Sl w1
dejs ebgiol ek 4 9l

0

Fe(I)2} y-FeOOH Ato]9] 53 73] ol $ix|3ell wet,
§Wd Fe(I)= y-FeOOHSt dHstdow & & 9l

oo Uehdtl E3] s0,2 2 HCO, 7} &o]& Fog < BHE fAE 2= s EThFig. 3(e)).

A Al Crell Hlsll GRo] X} {FgsHAl &4 B A2
7Fs23& AAKHE}. y-FeOOH ¢FH 9492 Fig. 5(a)ell Al
—Hi-o:]‘zr% Fe;0,4 7§i°ﬂ HBH E‘]
6~12 Atelell FAET, o= Fe,0,5 ZAfrele A=Kt
green rusts 7313h= 427} y-FeOOH &l o] &Y
s o felge oua. 59 el o] o) A ARSI Fe(ly} A

HCl Z79] pH-Eh W3}= diagramol| 53§ 3+ 23
(Fig. 5(b)) GR A4S AXA] &L Fe(ll) FH2 A3}
y-FeOOH ¥ o= olFsl= A Bt o= CI A+
Aol FEFolepr|Hrks, HCIE Qlsl d4€ 271 w2 pH
Z70] Whg- A=l FFS vzl AHRE M dnt. e

PS ZZ(Fig. 5(c))elM=

2 9 dellA pH

nlLe A

O ‘O

2 e Ao} Z FBeleth(Fig. 3(f)).

HCO;~ ZA(Fig. 5(d)°lAE pH7F 9F 8~9 LIollA
A=e ¥ Ewt S7Feke AEs Holil, HFHo=R
pH-Eh7} y-FeOOH <AH7doll X34 THpH 8.93, Eh
430 mV). ©]23 ZHNA = Fe(l)d] &=

o
2 %o

27} Fe(II)/GR 9
A A 2Z y-FeOOH P4 FYelln F2%= A
yehdor, 8- $4 AlA (pH 4.37, Eh 445 mV) A
Fe(I)9} y-FeOOH Ale]] H3 77 FLof Yx|at5int.
o]= Fe(ll’} y-FeOOHS} 3E 7Fas 7o) fA1=

o

Exv.sie)
= 11—

1 Al

pH 7°19E Fe)] 8% B ePgAe] $718kaL, GR
Hdoll W pH Z7lo] F53] Fuw=] @) ujito|
GR 3Ao] A=, Aoz Fe(IDS AR F v-
FeOOHZ A%l A7} SIS eht 2oz #
Fok. w3, 9hg- 4 AIK] 387 (pH 4.17, Eh 480 mV)
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5o, AAE Fe(llyt Stz sis] Aol w4
ol A w27 ¥kgol Fdsted GRS A y-FeOOHZ 4t
slEle 39 ¥R Al Aol fAlEHA UERd Aog
SRS

AEH o=, GR Aol AlgtE= 0, NOs, H)0, &
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Fig. 5. Eh-pH diagram of (a) Fe;0,4 (b) GR(CI") drawn for an activity [CI"] of 2 mM (c) GR(SO4*") drawn for an activity [SO,2"] of
4 mM, and (d) GR(HCO;") drawn for an activity [HCO;"] of 2 mM. Measured pH—Eh trajectories are overlaid on each diagram.
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Fig. 6. (a) Photograph, (b) TEM image, and (c) XRD pattern of passivation products formed under fully O, saturated conditions achieved

by continuous O, purging.

A= =2 HY7HA Fe,07F SFAo 2 GA=E b
W, HCL, PS, HCO; X e & Lold 98] GR
o] Hhg- PR FAE, o] 7t BErF Est
o=z o a5 y—FeOOH PHOR olojd F USS
slslAct. 53, ks F4 A1-elA S4€ pH-Eh
¥= 7 ZolA f‘é*éﬂ T8 FEHE A= P8 3
A} 2 GRSk AFES R} oM, o]= pH-Eh 74 3

st} o]y st Azh= NzvVIe| F5
o] G=g-Biko] pH, Q] A|7jEEgt of

Uel, 3 ol o8l 24== pH-Eh ¥He- Aze}
S QA FA 9ETS AR

T3k, 71 AFelA] 0, 2304 Fe;0,9F y-FeOOH
o] o] Aolsh HiH A=, wkgo] s 5
QFe] 4k} Z2(Eh) ® suspension®] % tolof] 71Q1%
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Fig. 7. (a) Removal efficiency of Cr(VI) (0.3 mM) using NZVI, FeEOOH(PS), Fe;04(NO;"), and y-FeOOH(HCO;") (1 g/L). (b) Relative
contributions of adsorption and reduction to Cr(VI) removal, as determined by desorption experiments.

Ao = o= 4= Mt} Fe;042 735k= Pourbaix diagram
’golA] (Fig. 5(a)) EW} =2 JHo2 Z71t 4%, Fe,0,2]
AT Fd Y-S Blolut y-FeOOHZ| FY go=w
FAgH = 1o, Fed] SEA] P3| W97t wisd
7] wEolc}, B Aol NZVI suspensiondl] s
purging 3l £ A3}, suspension®] ¥
o] gt o & W= AS W3 oM (Fig. 6(a)), TEM
A A, Fey0,2 Ad=e vlAl 42k} vl=3 (needle-
like) FENZ L7 y-FeOOHZ FA== JA7} 34| 3
2= THFig. 6(b)). XRD &4 A}, Fe;0,8F y-FeOOH7}
A B A% 725 IRIT 5 AR H(Fig. 6(c)), ol
73 A18E 2NME Fe,07F SR B4, o
T F7HEQ Akt Z8YEo] y-FeOOH o2 #3kd 4=
U BT

\

T

[

3.4. 2SENS MM Eo| UISM HI|
PE FEHs) de] AT BN TS vk
S Frks) 98, (Vi) AA APe F3Eke] HA)

A EA3 vk3-A] 2}ol= B wEltHFig. 7(a)). TH3EZ]

o] XEejsl Ao 2= PS oA FAE mixed FeOOH

(FeOOH(PS)), NOy %7104 FAE Fes0, (Fe;04NO;)),

T18]31 HCO; ZZ1001A B/3% y-FeOOH (y-FeOOH(HCO;))

£ sk
03 mM Cr(VDE ©]&3 vk A3 A7, &5 NZVIE

48717 W 100% AAE elH 7P =& 93ds B

Atk whE, BEeist AAE2] 79 FeOOH(PS)E= 22%

(0.066 mmol/g), Fe;04NO;)= 7% (0.021 mmol/g), y-

FeOOH(HCO; Y= 4.5% (0.0135 mmol/g)e] AA &8-S

e}, F-5Els} o] Fel= U Fe 7|WF F=o] AlsH
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A1 WSS AR FRISHAITE. Fe 7|8k 3320 o
Cr(VI) AAE AZ714 S22 Sedihgol] 23] o]FoA]
= Aoz d#A Ath(Yoon et al, 2025). o]l A|A WA

T2 7o) 98 ¢ S-S o]8st g A
FstRom, A= Fig 7)ol YERANATE NZvI 2
Fe;0,NO; PIAE Cr(VIe] AlgZo] TE=A] o} e
of oJgt Pt T8 AA WAUFORE 283 B0
Uepdt) 9hH, FeOOH(PS)] 745 AA® Cr(VI)2] F 85%
7} 8= =0.0H, v-FeOOHHCO; PIME 100% -8
o] FRlIxlo] F2to] ARl AA HAUZIS AR

o]&3t AI= Fey0.7F Fe(ll)/Fe(lll) 3 L=} A

5 7HAH, Fe(lly} A FAAZ 2483t Cr(V)S]
S-S FEgle-S ou|git). vhd, FeOOH 2 y-FeOOH
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o] 7)1 Fa Aol o3l F2to] Al UEeRt
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9o Shelollofgt AT FAHAOH, o= PS ZolA
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