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ABSTRACT

This study assessed the feasibility of iron oxide nanoparticles impregnated with biochar (INPBC), derived from woody
biomass, as a stabilizing agent for the stabilization of farmland soil in the vicinity of an abandoned mine through pot
experiments with 28 days of lettuce growth. The lettuce grown in the INPBC amended soils increased by more than 100%
and the concentrations of inorganic elements (Cu, Ni, Zn) decreased by more than 40%. As, Cd and Pb were not
transferred properly from the soils to the lettuce biomass. The bioavailability of arsenic and heavy metals in the INPBC
amended soils were decreased by 26%~50%. It seems that the major mechanisms of stabilization were arsenic adsorption
on iron oxides, heavy metal precipitation by soil pH increasing and heavy metal adsorption on organic matter. These
results revealed that the lower bioavailability of the inorganic pollutants in the soils stabilized using INPBC induced lower
transfer to the lettuce. Thus, INPBC could be used as an amendment material for the stabilization of farmland soils
contaminated by arsenic and heavy metals. However, a pre-review of the chemical properties of the amended soil must be
performed prior to applying INPBC in farmland soil because the concentration of the nutrients in the soil such as available
phosphates and exchangeable cations (Ca, Mg, K) could be decreased due to adsorption on the surface of the iron oxides
and organic matter.
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HTe Fa5 LAEEY] ME, S LHEY Hs)
£ 915 SRR 28730 gk A7t el
o]FoAaL Utk HFsh= EY W EAlshs LH@EH]
357} ofd EYGEORY 855 W AA W olF
Ae = FHo T (Kupiene et al., 2008). 2FH3=
E¢TE g A A% ESgAe] EYE 5
AW} Qo mebx HESY EA|HRT T8 $EA
EdS tidoz ske flEid 7Rk Bkl oiA
AH o= 7P et Hijtelel & 4 Uth(Koh et al,
2015). vlo]9xk= GRS g vlo|omz~e] FHdl o}
gt 1 5ol Aok AR, tiAIH R H=2 pH,
CEC, Z5-¢ Ak 3hr Ta719) vIEAAS 7HAaL Q)
o] FTEES AFoE AT F Stk wEp LYE
Foll 28 Al F21(Cu), 'F(Pb), kA (ZnyF 2 Fol
559 o]FHE 9E 4 AY(Bessley et al., 2014;
Enaime et al., 2020; Lehmann et al., 2011).

ohek, ZAAIGA BI2HH,AsO,-, HAsO o]} opH]Ak
(H3As03, HAs057) 58] Sol202 EAsh= Hld(As)el
tieire g3t Edjol] sk F7tell xjol7b k. Koh
et al.(2016), Kumar et al.(2022), Kumar and Bhattacharya
(2022) & 717} SHEQIERE, 23R 4, D3 (wheat
straw) 7[9F] vlo] QA2 ESF HIA9] o)FAS AT
T U RIS olol ¥rsle] Major et al.(2010),
Abdelhafez et al.(2014), Bessley et al.(2014) 52 H]
40 olzAdo] Q3| Friehe A9E A=), ol H
(Fe)™7H(Mn) 2B8l=25E9] @2 == pH B F&Nt
o] Z7tell 7IQ1gk Aoz HAHSIHY. ol HlAie] a3}
Q1 g8t a9 s S8l FEikslEeld 97k (zv
< T vlolexte] A8AS AFe vE ATh(Choi et
al., 2020; Zhou et al., 2014). Hlo]2} ) HE o]83t
HlZo] 2k 9 o5 F3t o5 APaHE fEshe
Z1o|tHKim et al., 2014).
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T2 ASAT)a 571 600°Co] =EE & 1AIZF Bet
FABIIT. B QRS 218 =47 nlo| Qv Ztk nf
ol itk 7|E A (Yang et al, 20195 gk
Aol G| F ulo| e} Akhe} wkgsle] ofak
sl e 2SRkl 4E7] 71s 30 JNE
GE o]F =7} tA] o] & uf 74A] FAh vke
(N2)E 150 m/min®] o2 73E7]9] WHZ FYAA
ok Azt gEE Hle|eAE FRSE AR AlHEHA
a1, 105°CoIA] 2417 B9t AZEINTE. o]F AxE nHjo]
QAKBC, biochar)E A 2HE DX 2] A71A] F717}
E317] o= 870 RAEg)

vlo]o3} W P F=l e HileES gAY
ool HAHHNO,)S ©]83t 818H] A8ls B3l Alxd
Hlo] e xke] WS EASFEIATHGu et al, 2019; Jin et
al., 2018; Ho et al, 2014). HNO,S= E3} 337 2k
3h= npo]oxte] HWHo|| 71284 (-COOH), dlo]==4]
(-OH) 153 22 A3 #7188 9471 /-5
7] LEE- g gAS FITIE Aoz A
ATHGu et al, 2019; Jin et al., 2018). H}]3} 10g
S 300 mLe] 25% HNO; &<Hol @il 80°CollA 124]
b B9F wHkste] &A3lE ulo] L XHABC, activated
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3719 ABCO] W =50l e HilslEo] EAd
Biochar/Fe;O,(INPBC, iron nanoparticles impregnated bio-
char)& #2334} 3199E;. ABC 10 g2 FeCl:¢} FeSO,
o] Z¥7} 24.07g, 12.01 g(Fe":Fe?'=2:1)°] 8 £
500 mLoll U3 Fe¥'9} Fe?7} ABC ¥Wd} 3=
o FREEE IXZE 5 80°CollA wrkElHTt. o] % A
& 7R FYE A 91715 248kl 2 M NaOHS:
o83l pHE 1002 -3 & 1M7L B9 vkeS 2
XA ABC ¥l Fe;07F FAHES 313tk ]9k
o] Az EZSINPBCE 33th gatdoz e
INPBCS] M#-& 98l Y41E2]7|(ST-16R, Thermo Scien-
tificy2 o83l 5000 rpmollA] 147t B AEDZ &
s meial, FRTE ¥ £S5 F ] dAlE
g5 BT o 33 ot WS § =
S B3l 70°CoNA 12A1T BRE xS & AL E7]
(IKA, A 11 Basic)s B3l #46I8th. AF4 o= A=
7} k5% INPBCE U3 37K 3717 B3A] &R+
8710 Yol BAsiqct.
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Az7h gh=E INPBCE UVdo= W H fake] 3
g} BC, ABC, INPBCS] HIsEWA B! ¥ 54 &
et d dAke] Fel= XRD(X-ray Diffractometer)
(D8 Discover, Bruker AXS)S ©]83F 244 EHo=7
FePslHa, vixHE 2 F= E44L ASAP 2420(Micro-
meritics)5 ©]-83}] RIS}
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Table 1. pH and the concentrations of inorganic contaminants of the studied soil

Conc. (mg/kg)

- pH

As Cd Cu Ni Pb Zn
| Worrisome - 25 150 100 200 300
Standard)
Countermeasure - 75 12 450 300 600 900
Studied soil (Mean + SD) 59+0.0 28.35+0.01 ND® 25.64+0.55 1588+0.21 56.40+0.57 182.71+0.68

(1) Criteria for agricultural soil from soil environment conservation act of Korea

(2) Not Detected
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B AH F ZE U FREYS oE Ha g9
ol Tus& N T /‘33@( & % (bioavaila-
b111ty)9]r EokslelAg 3]'E(pH S5, Faeal wsky
°k°15l)— 24351990} AESHH fFE%= 1M NH,NO;

FZEH(KS 11SO 19730y, ESSIEHA] e Eus)s)
EATH(NIAST, 20100 wWE AP E F83190

ool HFE B3 AxEt gEE EY B A=A
Y F719€94 A4S [CP-OES(model 8300, Perkin-
Elmer Inc.)Z ©]-&3}th. 53], ICP-OESE ©|&3F A&
AU F71949 s=4F A EHEE A9 Av= 9
Aol AHzko] 753k ICP-MS(model iCAPQ, Thermo
SCIENTIFIC)E F7} o|&3l5tt. ndhd Yol(Ca, Mg,
Ky fFaQlit 53 28 Frldie} dest EUs|e
B4 A 9 53 ICP-OESSF UV-VIS(model Lamda
25, Perkin-Elmer Inc)E ©]-83}¢] 1 =& AL
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3.1. HIO|2X} SM

Fig. 1 INPBC ¥ H o] JeiE Lolrr] ¢
3l XRDE ol&3t 244 Aol Ta-lofA] Rt
nle} o] XRD | EH-& 2-theta 30.13, 35.51, 57.18,
6298014 =27t e As ARG F Ut o=
JCPDS card(01-071-6366)2] &3} AX)hH, whabr
INPBC W] &A= d9] FH= Fe;0,.8S &
ITH(Sun et al., 2020).
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Table 20 YERNRITE. BCH ABCE H|walSS o) BC
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Fig. 1. X-ray diffraction pattern of INPBC.
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Fig. 2. Photograph of lettuce growth at the end of pot experiment
((A) control; (B) INPBC 0.5% amended; (C) INPBC 1.0%
amended).

Intensity (a.u)

3.2. & EEAI%-I
32.1. AEA] 4

(1) 35 448

Fig. 2 3% % 28 27 A9 A5 4g3solrt.
IgeA B 7 Re] thAIFSE INPBC 0.5%% EF
< 7H3136]- zﬂoﬂ)\ﬂ A AF 0| 7].;{} l:—g}jy_ q]zq-
(controlPl|A] 7P 2 Ao Yepth 2 Aejzd
A5 Apgo) Wit FAE U7 2.04+1.25 g, INPBC

Table 2. BET surface area, total pore volume and average pore width of BC, ABC and INPBC

BET surface area (m?%g)

Total pore volume (cm’/g)

Average pore width (nm)

BC 254.15
ABC 362.75
INPBC 76.85

0.11 1.71
0.17 1.81
0.21 10.76
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0.5% HEZ7 6.05+029g, INPBC 1.0% &]=Z7A
4.14+227¢0 2 SAHAY. ZF, EFTFAY 0.5% T
opde] A vp=sAt B vlol et EFHE R 2afellA] 3
v 7P7ke AR S7HEAE 11 Holok & A
g mlolexte}l e EAA wlo| ke AEA Sloju F
HIS 7|9k g Alzd vlo|exjol| Hlsl gha vt a1
ol9] At Ql, wEHd Fol(Ca, Mg, Ky} 22 Y
B4 gafo] ke Aoz AHFTKSingh et al, 2010).
O 2 AFeA veRd A= EH e AP
A E4A vlo]at AAl FFAME S BelA &
ek s VHISS UER AeE B ¢ gtk
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1.0%)°] 97l EEX BT ASEA] Skt o] HlA
2 9239 Bl Al sFEolgE 7RI Bla
TET g og v Jehe, 2471719 HESH
o e AR BZHE WE7} EE Oneill
(1990)%] ¥} fALSE Ao|th,
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Fig. 3. Concentration of heavy metals in the lettuce plant (As was not detected in all samples).
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T2 JeRAITE 9 Table 1914 ERIFE0] At
Ege] 7l=F 5= BT ERZoIlth 1HdE 5
A Fl=fe] EAIE 1T 4= =], ol EY U
o ®417]7](ICP-OES) HESH vTte] Asroz EA)
sl 7l=He AEA et ASHCE F57] W
o2 Bt A5 Jl=F TEE tERTolAM 0.032
mg/kge|oH, vlo] e} Aol 2t 63% IRNE
(INPBC 0.5%), 80% ¥2E(INPBC 1.0%) 743 A}
S YeRth we] A4l nlelex}t xg] Al ol
(0.042 mg/kg)et FARIAY F vl ol F71e Ais
B, oluje] 5= 242} 0.087 mg/kg(INPBC 0.5%),
0.039 mg/kg(INPBC  1.0%)°1%0th. oigh, 2 55 =
FV=F3 g AEA seE EQo] ulo]ox} Aol u}
E Hogth a9E AFH o= kst A= ofd 3o
2 AT A AFRRe] A HeA AR 5
o} & FAFS 87k AdFHTES 7I=H 0.2 mgkg
ole}, ¥ 0.3 mgkg olsteltt. £ AR 4% 459
7185 & T ol BIsP 108] 77fo] B
olty. WEbA 3 A8 T3] HF7Fse =Y 7t
THY 9SSk o, BRI mE ozt
A& BYE FHs] 3 Holgmolle & vkl Ao=
Rt ofzd] 21EA] He7} ofd AP Fe] TR
254 Molgha a3E I thh ofgeo] IS
T Aot o= dukFoE EYF ol tifEo] AEA A
o

o H] B2 S5 Hlon, ulo]exle] FYuHls
o] om OntE HoleEr v Yeldth e} of
o J7+o] P4 o]ti(Gwak and Yoon,
2011). WepA] A5 Ul F5 A TE o= JEROE
F& Bou, vle|ea AExAdME 1 w57t WA
vepdth, TEls tETH(1.259 mgkg) tHl 40% ZE
(INPBC 0.5%) ~45% ¥2JE(INPBC 1.0%), o}1& tiz
T9.196 mg/kg) R 51% ZEJAEINPBC 0.5%) ~ 60%
FRJE(INPBC 1.0%)%] HolzAis-S Ho P83} A
g A EF U st 5575 dolih At o 2
Ao = RIS

At B YA FiEEE 16 mgkgE B4 28
mg/kghth SkEAE thzellx] Hal 0.184 mg/ke®] +
& Bt} vle]eat AEANME thET thHl 69%

=
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HlA B ool TEE] AL fake A
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280l wet G T olsAdo] wolxl Ao &
1& 4= o} o}&7] A Fig. 29 A5 W =], YA,
ofl gt nlwsld ES U olsA A7l wet A&
AZe] Holzkh At AMeS S A = ¢
T} INPBC 0.5% H2|Z27olA 71 e 555 H2l
S AlRlehd Bla B S5 AESH FERY v
Z7F > INPBC 0.5% > INPBC 1.0%°2 Pt
=, vlo]al AEEs EITE 7] LEEEY o]
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g ol FEE0E LHE EYY st A Al

=907 HA] npo]Ake] PgSIA|EA ] HEAle
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ot &, FHH olfe] EYpH Ho=E &) H
LeQizte] e et (hE AElE SARME Sl
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Fig. 4. Concentration of bioavailable As and heavy metals in the pot soils extracted with 1 M NH4;NO; (Cd was not detected in all

samples).

{2 99 F = FAETHZhou et al., 2014).
Za5l 7, UA, |, ok H =Szt
=2 vlo] oA} Xz Al T giH] 50% FELIE o)
| ERIFA. o] nloleal AHgo= Qlgh
B pHel 7% Fe] TPt T2 9low, I

FHoE FEo] FQ AoPrIReld Ao R ket
EY pHet 715 ke ol Ty 22 ES Y
H|EEA Ao AEA] Hold] IS vxe A= &
HA UtkPark et al., 2018). 2+ F=¥ INPBC ]
Al BESH fawe] R b 2A8e 7 43%
FRIE HZ(INPBC 0.5% A&Z3] 43% ERJIE, INPBC
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