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ABSTRACT

In situ iron (Fe) oxide synthesis is an effective chemical precipitation technique for heavy metal stabilization in
contaminated soils. However, surface-adsorbed metals remain vulnerable to remobilization under changing environmental
conditions. Aqueous Cd stabilization experiments demonstrated that repetitive synthesis progressively reduced the surface-
adsorbed Cd fraction from 68.7 + 1.0% (1st synthesis) to 53.9+2.6% (2nd synthesis) and 23.5 + 0.8% (3rd synthesis),
while single synthesis with equivalent Fe showed no such reduction. Aberration-corrected scanning transmission electron
microscopy (Cs-TEM) with energy dispersive spectroscopy (EDS) line scanning revealed that surface-adsorbed Cd
migrated from edge sites to bulk sites during repetitive synthesis, confirming physical encapsulation by newly
formed Fe oxide layers. Fast Fourier Transform (FFT) analysis indicated lattice distortion in Fe oxide structures,
suggesting simultaneous incorporation mechanisms. Stabilization of Cd in soil experiments revealed that stabilization efficiency
strongly depended on the Fe/Cd molar ratio in soil solution, with ratios >400 achieving 99% reduction in Cd
leachability through single synthesis via discrete Fe oxide formation, while lower ratios (Fe/Cd = 63) required
repetitive synthesis to achieve enhanced stabilization through progressive encapsulation mechanisms. Field demonstration
validated the practical applicability, achieving complete suppression of Cd leaching in most soil depths after two
synthesis cycles. This study establishes repetitive in sifu Fe oxide synthesis as a viable remediation strategy for Cd-
contaminated soils.

Key words : In situ Fe oxide repetitive synthesis, Surface adsorption, Sequestration, Incorporation, Encapsulation, Field
demonstration
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AR HAkeE A (in situ Fe oxide synthesis)S
Sas Egslell aA” S5k A 7ol Zhou et al.,
2023). o] HPHE A g (eg., FeCls, Fe(NOs)s;, Fey(SO,))
7} F3}89%(e.g., NaOH, CaCO,;, KOH)S FUste] 24k
s S T EN FE5S s Ao
(Martin and Kempton, 2000; Zhou et al., 2023). & o] 22
FE&A WA 7H=Eslie 5, F3AY FAol wet
3 J e AA a0 ierlE Z271e] EiskE
A= AP Comell and Schwertmann, 2003; Weatherill
et al., 2016; Zhu et al., 2016). ©]213} 53] (coprecipitation)
HANA FEHe dAsEe] FHol| =23 os
=AY Aglgo2X oPgslEtiLiu et al, 2019). 53]
A (sequestration) ZA %= 32 3] (incorporation)
E 38 MAS vEhiH, 84 23 wigldxe
A3 7FsAo) W FEE H7FAtH(Zhou et al., 2023).
71& A= 105 (Wang et al., 2020), Se(VI) (Manning
and Burau, 1995), Cr(VI), As(V) (Martin and Kempton, 2000;
Park et al, 2020) 5°] A2 HsE S S3l
aHog Hgshe AR BarEleh ey 93]
AsE NS FUFES 78 VIR ¥l
o], 874 Fz19] Wistel wet F3E FEEe] A=
g 7FsAo] EAlgth. EHE
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ol gty o} ekl ARFE R EAst=], o]t
Fele iAo o]sAo] =aL E9MFEs o= dA
ST (Komarek et al., 2013; Ledingham et al., 2024).
A 19 S TEES BHo ARl A e
Agsh= Ao] Ao, FikslEe] wkEA A4S 3
olF TEE F Ut HITde TEES P8 itk
sted S FHHeRE TR AT, AR A4
AIZE ot viekellA] FakskE sEHo] FtE o s A3}
=, o] HAolX FAFHE FaHo] FXRAHOE 19
%9} (incorporation) $Fg/30] == 712t T E AT
(Ledingham et al., 2024; Perez et al., 2019; Schoepfer et
al., 2021). =3+ Contin et al., 2008 EF ] wkE-Z
AEE IS Bl olRudy Feo) ol FEso
|25 AR ARIE RSkt 1y o
AePAT= 271 7IRE HLEES wEA o E 3Adste
ZTE59 Fx4 XEF(incorporation)S FE=3= H4o
SHE Folstth oleidt WS 27pdo] WA R
AR & JHehke 7 WA S AREE 2AHSE 9l
274 pH 2 §E A 5 do] dpAoln}, 53], 7Fd
Aksl= pH 7-8 270X 4= o AIREE 88kl (Millero
et al., 1987; Morgan and Lahav, 2007), ©] Z}°g¢] pH,
BENE, 25 Tl M| ofEsle] A Aakge] &5
Agt SAZ 8oz A A8 A 3 HJ3A8H
ARHA Aok gt

A, 37HE S o] &g HilslE e Akt 9AE
Akl 23 7o) 7FssiM, pH 2.5 o] Z3oM=
w2 A A ETH Weatherill et al., 2016). 53], pH 80114
1.6 x 10" M's' == 4.1 x 107 M"'s™" (Pham et al., 2006;
Rose and Waite, 2003)%] &2 I &5 45 714,
HEESE] Al AlEA FAEE alskeo] 71E dilslE
ol $HE™(Dai et al., 2016) A T2 549
224 A¢](encapsulation) 7|¥+2 =8 4= ATH(Zhou et
al,, 2023). 12} o]2iet 2% A (encapsulation) 7 |HH]
W ol tigk A= obF] Hard wh glom, 53
st 2 d 58S 7] AA| EYS oo R g A8
ARElE vl AlgHE ol

2 d7e HEETIN] A9 s RS TS
o, 71& HisHE 39l 3 TEES B K8
291 A2 Fe= Hekshs 7S AjtekaL, L 28439
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HAY F3HAIE A e A oE Flske v
A& AR, 8 B EREAS Tl F49
HsE W 559 £33 A (encapsulation) 7|2t
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AHE 318 = 2 FAHAAR] (Cs-TEM; aberration-
corrected scanning transmission electron microscopy)=
B3l sk, £, ASE 09 EFS pgos
AP L @Y 200 HgHe FPHow
B7hsic.

AR TS 02 M AT EER(CA(NO;),4H,0, 555
98%; sl 0.2 M ZAH (Fe(NOs):-9H,0, &5 99%;
ogska)S 2 Sl U8t Fe/Cd =017} 5:10]
F =% 39 tK(Yan et al., 2022; Liu et al., 2019; Tokoro
et al., 2020). A7} 7l=F E3A] 5 M FBUEFS
o] 83l pH 8- 9= AAg & 16AIKF Bt wHkHAT
ARE Al diwgste] It & SRR 39
A1) o]F 40°ColA 24113t AZx, Bafsle] AAE
(75 pm) IS AR} o)1= 12} HAKE(1st Cd-Fe oxide)
2 gysiuct Filsls MEAe 13 4 8o
TYS xHoF LA (ENE 2 IBUEF)S
BAl FHsl wEEIAgetaL 12} HalelEa) e Wi
07 343190t} o= 2}, 33} HABME-(2nd Cd-Fe oxide,
3rd Cd-Fe oxide)Z 8783ttt e A8E -80°CoIA
Hol 257 BASITE 9 2wk 3y Foll &4
OS2 AT 7lEH FEE S, 7] F%(0.01 M
Cd) ¥l 0.11% "Rk FXI8kAT

H7PH (ex situpt LR - (in siy2] 7V=H st
BES o= vlush] 9@ pH 72 2389 Jl=F
=80 (Cd(NO3),; 10 mM MES $F289 AR 4-Morpho-
lineethanesulfonic acid, <% 99%, Sigma-Aldrich)l] AP
St AxshE 25,0 g Fe/Cd BH1E: 5)S 718k
28217 B9 Aol A wHsFtH(Liang et al., 2018).
AR 34t FakslEe SRGE AlE F 40°C
o Az

H7PHo 2 FI=F-S QPgelst AkslE (24,000 mg Cd/kg
Fe oxide)™} 1st Cd-Fe oxide (175,000 mg Cd/kg Fe oxide)=S
Ao 2 =833 (USEPA AT AJSHeh HIE-RALEZA]
3 (SPLP; Synthetic Precipitation Leaching Procedure) (USEPA,
1994)yS 251 Sulle Akl 34k E3190(60:40, wiw,
pH 42)8 AMg3le] 19n] 120(wivyt HEE3le] AL
Z00A 18A1ZF &<t ZHOJEI(30 rpm)E ©]8-3l 1k
SISt e 5,000 gollA SR AR ¥ 02 pm
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W AEE SEChpnE FEARE A7)
(ICP-MS; Inductive coupled plasma-mass spectroscopy;
Agilent 7800 ICP-MS, Agilent Technologies)s ©|-83
sttt H4sE9] H (Fereoxiae ™ 7FEHE (Cdreoxiae R
10 M 4L 1 M 3 E9kg-ellol] 36A%E &< vhSAIA
F=3IAHLiu et al., 2019). F=HLS 02 um HEE
el AR-RAE Fal e, e FEe d3t
7FEH-2 ICP-MSE ©]8-3t] A&t} Cdsprr/Cdreoside
U8} Fepeige/ Cdreoxise EHIE AP35 W9 F43)
28 Wl W

22. 7tEE EE 7|1& 722 28 THHE FE4E

T8N JIEFS PYskst HAksE(1st, 2nd, 3rd Cd-
Fe oxide)S OVdo2 ujFEHS o]8ste] U=
A9 7l=Hs SASITE EiskE st ofgk A
718 & 280U outer-sphere complexation® 2 S-2H%
Tose ] flal Sl dgkE EAsHE(3 mL;
1 gL)S 1 mM ZAak §l(pH 3y sl 30837 +
=319t H(Dai and Hu, 2015; Liu et al.,, 2019; Lu et al., 2020).
E4EL 3081 wRE & JAFAPERE Fa 0.2 pm

HEE 92g)R1S o83l HislES 3435151, o]
L FZ2HA FI=Fo] HEHA &S Wr7bA] HhE
St} o|oiA] HakslE-g A 270 83)A1A inner-

sphere complexation?} 72°] 2] (incorporation B encap-
sulationydl 7F=H-S BTt 3t HASHES 10 M
FAHL 1 M A 8- 3643 Et RESAIA

FE3FH(Liu et al, 2019). =42 0.2 um HEE
AEHRl AFAE Fa A, BReE FEH9

7F=H-2 ICP-MSE ©]8-3t] gealddtt. 1st, 2nd, 3rd
Cd-Fe oxideZHE] 345 7f=Ho] ke 27) =gl
W 7l=F 2] 86+0.04, 92+0.2, 130+ 0.2%= LI}
ot

2.3. HitekE OMTE | 7IEE 2 E4(Cs-TEM)

Cs-TEM 45 9fall o788kE, 1st 9 2nd Cd-Fe
oxideZ ollghgol AEsle] 3047t 253} HA2eH Fof
220 74231t} Energy Dispersive Spectroscopy (EDS)’F
A2 Titan Themis 3 Double Cs & Mono TEM=- ©]-85}<]
H2sHE YAe] a1 E3s TEM ©]v] X ¢} high-angle
annular dark-field (HAADF)-STEM ©|v]*|S #2519t}
Gatan Digital Micrograph and TEM Imaging & Analysis

AT EYOIZ o]8sl] 1835 TEM ©]H| R Z5E] Fast
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webd A EYS tidoR vHEAS 3 =24
73 2] (encapsulation) &35 H715}7] 18l F He U
S 1 wi% FeZ 7|208 @ gRAoA 2)F 3 2} 471
A& (A, B, C, DX 13](1 wt% Fe), 23](0.8+0.2 wt% Fe),
33)(0.8+ 0.1+ 0.1 wt% Fe) TS 283t} A5
718 A5 Table S1oll YERNSIT
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<+ 99%; FUJIFILM Wako Pure Chemical Corporation)S-
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Do) Liwiyh SES sk 2 A4F 2
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Fig. 1. Schematic plan view of the radial multi-horizontal injection well system showing the Fe oxide solution injection zone (2 m section of

well A) and corresponding soil sampling locations.
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%WOI daE NEE SHFE 33 AHE I 40°ColA]
AR AZ-E8kaL 2-mm A= A7RE SKTE B W
7} o] eH4d3 &8-S Hrlslr] 918l SPLP(USEPA.

1994y5 Ak

25, 8% HEE SEH s
t

A
AxHo ZHE 2321 (8 my7HA] 2.0 — 1,500 mg/kg
W9l BESch 53] F94 24 4 4 msh 6 m
FHoIME 970 - 1,500 mg/kgoll P8lE AFE =
Fo| AZE. Lol xFol WL 8 WA
0 FEHBAEIHSEAT: 10-2771666)2 D353
29k A183j] ERIE S2HENA 5 m, Dol 115 m)
o AFEATHS B3 AshAZ] T uler ZI7ES g
gale] gpsglch, FA4 U) SRRSRRIE FYs)
o AFHOERE A% 4 m(FAE A), 6 m(FAH B),
85 m (ZF%XJ) 7_0]01] ;G/‘\Ot} Tr;(];{}x]g} 6‘]—7}“ Z,:uﬂﬂr?@
W73 1 m, Z°] 20 m)yS 3l tHFig. 1). FHZA=
BN FEUAE FJal El=2olF A (tar epoxy)= =S
Eofl vIZ7IAA] Z2]183RIE(UPVC; unplasticized polyvinyl
chloride) A}&e] A= (3 m*)2} vFIUE 33 (magnetic
pump)s ARS8 o]FE X (15 L/min) 2 FYF3E(70 L/
min)&2 ko] 2ol 283t
B AZSAIFS tJE3)7](double packer system)ES A

Table 1. Field synthesis protocols and operational parameters for
repetitive in situ Fe oxide synthesis using radial multi-horizontal
well system

Fe oxide synthesis
solution

Synthesis solution 1: 0.5 M FeCl;
Synthesis solution 2: 1.7 M NaOH

Step 1: FeCl; solution injection
Step 2: NaOH solution injection
Step 3: Equilibration and monitoring
Step 4: FeCl; solution injection
Step 5: NaOH solution injection
Step 6: Equilibration and monitoring

Field operation steps

Injection flow rate

70 mL/min; 160 kPa
and pressure

6.6 h/solution
24 h
120 days

Injection duration

Injection interval

Synthesis interval
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st U8 A9 2 m7HA] d8lle] FYHES SR
THFig. 1). FAsHE 34389 FAX0-L Table 13} o]
Z 23] S HETE 2 At 0.5 M 9skE 8
1289 1.7 M BIUES 89 1L0ES <= F
A3kt Park et al.(2020)04 = Y= HErkEE A
HOZ FTHES PFEslst & 15097t olofdste] 1%
Hgsl aE g1 vf ok £ AFM= ol9} Ak
sHA 12t g FakskEo] EQF ol FEgt ofo)A
S AA st Aol REIS Be =eF
7] (encapsulation)s &3-S H7}slaiA} 120%] T 27k
S e

Ao Y o 2 F52 IF EYY =93
SAQIE, TR, SR SAHNE B mae
%7191 162 kPa, 70 mL/ming 483} A|ukzlslr
AU DAYSEA] L= Sl TH Yeom et al., 2024).
1=H FeHEEL 712 40 mx A2 2.0 mx Zo] 40 m
A% 8.0 melH, 1% ok 75%°) I 24 m*Y
Eofo] A tid HARTRPEs}t thd EiF: 42 ton;
HAFZYUE, pg: 1.75 ton/m?).

E Ae= @ HA(pre-in situ synthesis), 12} T &
(post-1st in situ synthesis), 22} /3 F(post-2nd in situ
synthesis)l| 212+ AFHSI T AlEE FHAES 7FoR
T2 B AR 1, 2, 3 m AReA, A= 1 m HFoE
Aol 9~10 m7HA] FLgF 20l AR e, 2 FH4d
3|a} Soll= 799 ¥k AIRES Hogt H AHE st
AthFig. 1). AFT A 8= v 7% (USEPA)OIA
A|okel vlo]= 23} F3HH (USEPA, 1996y 483510 71=F
AgFdS 2510, 71=F 8= 573 SPLP(USEPA,
1994)5 53l H7}s813dTt.

JFU

_EL

3. &% o 0@

oFSat 7 (&t 24 BN

3.1, HEEEH EAISIEO| FlE2
E2} % Z2|(incorporation X encapsulation)

71E9] Ak A7V (ex situ)E DSI1X] drkelE g
AR (in siyS S5 QHE3) 7123l ZEZQ 2jol=
A}, Whge F2 HAFHS fwslel A8% 7
o] =L Wl 99X P FFE 127 E_—é:]_'
(incorporationys &3l 2] (sequestration) FEN= 1S
2= Qlth. o]g)3 T P 7t okAE &8 xjo|= A
o2 Hlwaly] Y3l TY3 Fl=F gRS gtoz A
ABE H7PHT Q9% HAEE WS Zed
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A3 Az, A7eE AislEEREE sk J=F
% 3HF i8] 0.19+0.0029] Cdsprp/Creogise Bl = 8%
A 9191%] 4 HASEEREE 0.02+0.005 Cdgpyp/
Clreoice BIFE 825]0] oF 108)) & 8252 VRIS
(Fig. S1). B3} 7} HABFES] Fereoiae/ Creoice & PSS &
25t Az, A91A] HAlo] F7PY oiv] oF 120) B HIES
LERALE o= 991X FalslkE FdHelre 3 F2F
Tk op2} A (sequesteration) 714t0] 3RO 24| 49
A o] =& a8 JI=F Hg3lE ou|dit)

R3] -89 7l=H g3t 7IRke: ERIsh] 18
3}ed FEHES H8319T) Ist Cd-Fe oxided| M=
oryg3te Fl=H Fo] 68.7+ 1.0%7} EH F2H A
B 1K Fig. 2), K253 2nd <9} 3rd Cd-Fe oxidedl A=

il

N M2

120 4
| 7771 Encap 1 Surface adsorption
g 100
-
[5)
o 80
N
2
g 60 -
s
c
2 40
]
s
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20
0 : : :
P P N o
LA b N
BRI X R S
N @ 2 \\0 -]

Fig. 2. Cd extraction fractions from in situ Fe oxide synthesis by
single (1st) and repetitive (2nd and 3rd) treatments at different Fe/Cd
molar ratio: surface-adsorbed Cd (1 mM HNOj), incorporated Cd
(acid mixture), and encapsulation effect (reduced surface adsorption
vs. 1st treatment).

1st Cd-Fe oxide

Pure Fe @
-Ferrily
B 0502

9 3rd Cd-Fe oxide 47 55U o] H2 AT
AXEE-(10 Fe/Cd, 15 Fe/Cd)e] W&} L2707
3 8] (incorporation)d 7}=F HI-E©] Ist

AR YEh K (Fig. S2), ©<edh 2 F#ke] Svhte.
2E FUSE AT FEEA S GRS A7
o7 vHESEAS- &35 st Cd-Fe oxide THH] 2nd Cd-Fe oxide
9} 3rd Cd-Fe oxidellX] HHFZ 7k=F2] vl&o| 747}
14% 2 45% A3

a0 F2H o7 FE3(incorporation) =W, HAks}
29| 2% =l Mt 2AE 5= St} a8k Cs-TEM
o[RS 7IHEOZ FFT ¥4 33 A3k(Fig. 3), =
H28HE(Pure Fe oxide)e ferrihydrite 731 P6;mc
(901571.cif; Michel et al., 2007)2] Zone Axis([110])Z
HAS 5 A, AR (002) F (110)2] WA (@
spacing)’} 22} 0.497 nme} 0.306 nmo|Fek. 12y 1st9}
2nd Cd-Fe oxidedll M= sl 72igke] 71 B sk
H3LE YRt o]& 7h=He] A4 A U2 Ajle o]
TZE HINZHASS 7IetH, off-zone axis T Al
553t ferrihydrite ZAM} A T2 ¥R spot H4H
& 7Z W EF(incorporation)d 7F=F2] EAE A
SIcK(Fig. S3)(Lu et al., 2020).

HESo] w2 TUEE 7lEFe] X HalE A
317] Yl Cs-TEMY] line-EDS scanning 7"H-S- ©|-8-5131ct
(Hu et al, 2018). XE-°] <F 100 nm&] 1st ¥ 2nd Cd-Fe
oxide YA 2JZ}(edge site; A)ONA WHH-(bulk site; B)
Wegko 2 EDS #4853l 7l=F2] = (intensity)S
Bl W&l TH(Fig. 4). 1st Cd-Fe oxided|A= A4 BZ
22 7= Aert 724810, 2nd Cd-Fe oxide=
23]y F7ksllom, Ad YXAA 7k=Fc] BE A}

2nd ('d-yem
- --' . .

Fig. 3. TEM (top) and FFT images (bottom left) of of pure Fe oxide, and 1st and 2nd Cd-Fe oxide, along with simulated FFT patterns of

P6;mc (bottom right) (901571.cif; Michel et al., 2007).
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B 5t Cd-Fe oxide

2nd Cd-Fe oxide

Atomic ratio (%)
: 4

e
(")

1" Cd-Fe oxide
—— 2" Cd-Fe oxide,

Fig. 4. EDS line scan of Cd intensity from point A to B in the 1st Cd-Fe oxide (red) and 2nd Cd-Fe oxide (blue), measured within the
squared area of the HAADF images obtained by Cs-TEM analysis. The atomic ratio of each metal (Cd, Fe, O) relative to the total
detected elements is plotted against the distance from the edge shown in Fig. S4.

olssle 43S Btk wWebA 2nd Cd-Fe oxide?} 3rd
Cd-Fe oxideollX] A7Fet A 71=H9] &2 vhE
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Fig. 5. SPLP leaching ratio of Cd in soils A-D after single (1st)
and repetitive (2nd and 3rd) in sifu Fe oxide synthesis, compared
to the untreated original soils.
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7 m) before and after 1st and 2nd in situ Fe oxide synthesis.
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