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Recommendation for selecting the optimal stabilizing agent for in situ
stabilization of metal-contaminated soil at difficult-to-remediate sites
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ABSTRACT : A3} @iA]
dso R, FAENE Fo

W F5%Pb) LHEF A AdAsE QA HA ASA HAH
2 3
phosphate (IP) 2 gypsum)ell thaf &

¢+ 3} A (mono ammonium phosphate (MAP), iron(ll)
| TeFAAY S AN Langmuir 5&F24S A&
koAb 7¢ 01'7“5}11]«] g FHosz AP, IP & gypsumoll A Z+z} 391, 42.4 2 32.2 mg/ge
2 yelsth Freundlich 73<=(KF; &9 = mg(1-1/n) - L1/n/g) T3 MAP, IP ¥ gypsumOﬂ/H zy7y 72.8,
245 3 1435 JehY, HAdFEF 2 F2 135 SHAA MAPZE @ol kA stel /Mg H3Eehs
A3t 3Fo FH AAZ AV AEH P EQﬂECMﬂ i3l fluorescein diacetate (FDA) 7}E3] &4
245 HJrbE AAste] PgA o] Aol Bk A ol vAe dFS AFITt. A
G —g— A&YsHA Fe vz B9 4% FDA 7} Balaie SAS A s EY F fluoresceing]
=7} 0.239 mglg - ha LERRom, MAP, IP 2 gypsum©.2 <bgstel ool A= 2k2t 0.026, 0.135
“‘ 0.073 mg/g - h& YEeEt} HAHsAE X47]—31- B E EQFoA tjZxo Hls| FDA 7IEa 849
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1.M E 2 AT EFede AuA 2 AF G
de 7FstH@LI et al, 2020; Wang et al
dPb2 A4, Ax, 59 &5 F oIt A4 2019), FAAH o2 AZF 1A FAZAJA IFS
22 B3 EJgoz FdHtHHettiarachchi et 2 4 9omg I odEeky AHile= TR
al.,, 2004; Ren et al., 2023; Luo et al, 2016). & o2 g+ ¥Eg(Nabulo et al., 2010).
< 25t FEH LPESFS AHsh] 9
3k Gzl o= EokA A (soil washing), E9F
P ERICA 2whEA B 33} A7 (soil flushing), %7 7](electrokinetic process),
** ghoFr st ERICA A7 A 28l 553} 21 2 4 &) (phytoremediation), <+ /317 3}

##% Slorr) sty ERICA AA3A T 2ws, wAAA
(jsan86@hanyang.ac.kr) (stahilization/solidification) 5] %lti(Jeon et al.,

*
r°"



2 EAEFsE M133 1= 2024. 6.

2010; Li et al., 2011). 1 & A3+ A AA
HAE EY U2 FYstd 559 olsXA
(mobility) % AyEEHo]8d(bioavailability) S =
AoaN FH&o S ARANZE F e '
HA2e oz 4Hz v 9gomUeon et al,
2010; Xu et al., 2021; Huang et al 2021), 1E
sHE, &3 ¢ FxRA F 1
2 A3Hactive remediation)7} < ?'{P 785
83 2= 9lo] Yo waa goFer 224 O
Aol A ff e AZFHE 9l &E&H A
al.,, 2017; Park et al., 2024).

Liu et al. (2013 ml= W Ho=2 o9 &
AE AAY H EYE ddoR A4 FRE
Asts g vt ok ASAE carboxymethyl
celluloseE  ARE3ste] Q134 - A apatite
nanoparticles)g& Azt 0w, 134 Y=YaE
Eg Edtete WAe o]&skith Vrinceanu et
al. (2019)= Frulyole] 91Xk Copsa Micd A
o] $54(Cd, Zn 2 Ph)S U oE 0 EY &
A 7FsRE rkelr] A AdS WSkt ol
A2 BlE FH Tty 3HeE ] B F
F&o] 229 AEdon, 4 mPe] A% A% 13
£ F&3to] "l ELbo] E(bentonite), ,_04 A-&efol
E(natural zeolite) 2 A3|(lime)& o] &3t FE
o} sl <IAFstE FYskch An et al
017 (HAFIAEAE FH HASHEYGS O
Fo g Py ARE BRE IAHIE YA
ot g FA FHe Agsgo® A nds
Haigslr] sl =2e RkelA] ¥ st I
< o] 83 om, slek4 FZ5(chemical extractability)
BWre Fa HA HESAE Adgsta A8 vt
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], A9 dF AHEE 7o) gisu s EF
o] AejgtA gk A(ecological resilience)ol] )&
3| Br}ssokslt(An et al., 2019; Park et al.,
2024). e, 2 HEH) £F T fwg Rz =
el et FYshs Wﬁ}xﬂ«l st
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2.1 32 OPYSHY| MY I H QHEEY oryst

Hog 248 EY U & 7Med o £&
AZAZI7] A% A A sA Y A S sl
ATE F3Jh Kastury et al. 2019+ =
Fo] doz 29d¥x EUS mono ammonium
phosphate (MAP)E &-&3le] 4 3gk 3 ol A
SSAPIA HUHE fE A A RS
EARSE W == solubility bioaccessibility research
consortium  (SBRC) %]  ©Al(gastric  phase;
SBRC-G) ¥ & A(intestinal phase; SBRC-I) &
= A¥Es T st asS WUte H} °‘°U1
gt PP EHIE AL8ElA <HAs
Pb:P E1H] 1504 F& = & 7"31: Td-%l'?'&
vl 2T} Liu et al. (2007)= v=e] go2 0%
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TS HHEelr] 9lsted sodium carboxymethyl
cellulose (CMC)E ¥+ ¥ iron phosphate (vivianite)
nanoparticlesgE AF83F% .95, physiologically-
based extraction test (PBET) #Z A3 E3|
g3t = EF U go AETHAH Tl 31-93%
7V AES stk Koralegedara (2016)&
Adsd 52 W F LPYESS dFO = flue gas
desulfurization gypsum-S ARgste] <FA s} wf
Rom, SBRC F& HAFS T3l Fefvst A&
AHTAAY ALE &g vt Ak

A7) R zA 23S vhgh o 2 phosphate AlE
kA4 3}A¢l mono ammonium phosphate (MAP;
NHH,PO,, 98%, Daejung), iron AlE <-4 3kA1l
iron(Il) phosphate (IP; FePOy 2H,0, Fe 29%,
Sigma Aldrich), sulfate Al g A<l gypsum
(CaSOy + 2H,0O, 99%, Duksan)2 %X <rA3IA| =
Agskth AxE o 3 EYES 2 mm AE A
&3t AAE SIRAHITEANHEE Hrtd EF
Ul @ 5% = 111.9 mg/kg-Pb). EF A5 50 goll
7y 31 kHSHA 0.5 g H EY FRERfs(Water
holding capacity) 70%2] =82 H7}3h
a1, Ao A 48A17F TRt BEEAIA kA ET) 218
HEE gk

EQSXIAIG]
orE =20

F R ABAMAP, P, gypsume &
A8l T2EAAEE T3
213 & (Pb(NO3)z, 99.5%,
10, 20, 50, 100, 200 =
500 mg/Lel™, pHE 0.1 M HCIS 83} 5.0
(£ 0.DE2 =A3F. o]F 50 mL polypropylene
tubeoll Z+ ¢+A3kA 0.1 g3t 40 mLe =¥ ¢
SHg 53Hsle], 200 rpmel Al 48 h &9+ wwks}h
3 0.45 um syringe filter (H-PTFE, Whatman,
UKE S8l dAaslen, o34 f 3o s+
inductively  coupled plasma-atomic  emission
spectrometry (ICP-AES, Spectro arcos, Spectro,
DEUE &85t 220.353 nme| oA £33}

TEEAAE AAE Hrlsly]l A% kA A
949 =% ¥ F ANFHH G (mg/g)
Freundlich 4<Kr (mg""™ - L'/g)= Langmuir
2l Freundlich &-&%&22(4] 1-2)& o] &3t 4k

=i}
=~

o] ebgats olgt AlK obgsin] Mol Tt Al 3
zact
111
L + 4 D)
q  ba, G g,
Ing, = InKp+ %mc@ 4 2

oJ7]4, n Freuundlich “¢<(dimensionless),
et A S9 TH¥ T FHE do &
(mg/g), b= Langmuir &2 “44(L/mg), Ce=
FAEHAA & W Fo| F=mg/L)E YERIT

3

-

1S
=

23 EY Od=

aa 2@y

n

EY 84 4 A4¥2 MAP, IP, gypsumS ©]
S5 g LPESY] g3t /5o A fluo-
rescein diacetate (FDA) WHS %3 3zt
(Green et al., 2006; Park et al., 2024). EoF U
EA5= T E2] 90% ©]%o] FDAE fluorescein
o2 7RI g e 2Eh E4E Y=
Ao g dHA dom(Adam et al, 2001), wbA
FDA W& EY W vAESY 24E AZFsstr]
A o RN, Eeke] AuEtd 7|e s Hrist
71 $13) &8 & Utk

Fluorescein diacetate (CoyHyO7, Sigma Aldrich)
0.125 g& acetone (CsHgO, 99.8%, Daejung) 100
mLe} &3tsted 1000 pg/Le] FDA &S A =3}
Rom, chloroform (CHCl;, 99.5%, Daejung) 20
mL2} methyl alcohol (CH30OH, 99.8%, Daejung)
10 mLE £33ty 7Hris] $5 89 A=xst
At} Potassium phosphate dibasic (KoHPO4, 99%,
Daejung) 4.35 g3} potassium phosphate mono-
basic (KHoPO,, 99%, Daejung) 0.65 g& ZFol
£35ked pH 7.691 60 mM A4HZEF 5 500
mLS A|Z3 %, fluorescein sodium salt (FSS;
Sigma Aldrich) 0.113 g& <AFZE <FH 100
mLe} &35t 1, 2, 3, 4 H 5 mg/l ¥=9 &
|AE A xstHTh FFEAL UV/Vis £3FEA
(DR3900, HACH, USA)E ©]-8-3te] 490 nm T2l
Al FREE SASAT

EJe 2 mm AE AHE3te] AAESI, 05 ¢g
2 EoFol FDA &9 0.05 mLe} 425
3.75 mLE #7¥ste] 30 ° ColA] 100 rpm
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o8 IANZF wfFstATE Wi F, UHEEE s S8 o33k & UV/Vis EFFEAE o] &3
& 3.75 mLE H7lsted EYF Wl fluoresceing 490 nm oM FFE=ES =AY
FE39Y. FE2HL 045 pxm syringe filterZS
(a) Langmuir isotherm fitting
b L ir_mono JLangmulr |ron(|||)phosphate i Lizmgmulr_gypsum
60 {R*=0.8838 0 {R?=0.5649 60 {R”=0.8298
g0 |¥=147x+ 0376 \y 180x +4.244 * - o YT I8Bx1207
£« . % ul ' % w
& . & A &
T 20 T, T 20
10 : o 10 R
0 loan ® 0 lee | 0 less e
000 005 010 0415 020 025 0.30 000 005 010 045 020 025 0.30 000 005 010 045 020 025 0.30
1/C, (mglL) 1/C, (mglL) 1C, (mglL)
(b) Freundlich isotherm fitting
3.0 . . 3.0 —___ 3.0 :
Fi dlich_mono Freundlich_iron(lll) phosphate Freundlich_gypsum
2.5 |R*=0.9064 2.5 |R*=0.8021 2.5 |R?=0.7242
y =0.787x +1.862 é ¥ =0.279x + 1.390 y = 0.753x + 1.155 .
3 20 - 3 20 R 3 20 R
5 15 z . E_ 15 . /f//// i 15 //:/
8 1. 8 1. o 8 1. —
g 10 5 g 10, g 10 P 7
0.5 ¢ 05| ® 0.5 [
0.0 0.0 0.0
20 45 10 05 00 05 2 1 0 1 2 3 45 40 05 00 05 10 15
logC, (mg/L) logC, (mg/L) logC, (mg/L)
Fig. 2. oMYt & o S2F2AE &1l (a) 1%? HEtE Langmuir S2S&4IE &8l TAlE dno[H, (b)=
M8 HEE Freundlich S2&&4lg Sl TAE ZTE LIEld . WA (=), Z2ti(712d), d8M(2) 4
M2 S2EFAUH AL 2GS ER % o|o|3tey, 2§zt MAP, IP & gypsumS LIEHH
Table 1. SFNSH & ol SREEME F Langmuir ¥ Freundliich S2&%H4A2 &3 MEE oyt YA F(RY)
Langmuir Freundlich
/ b (L/ R? Kr R?
dm (mg/g) (L/mg) (g -V n
MAP 391.270 0.3760 0.8838 72.7780 1.2715 0.9064
1P 42.410 4.2440 0.5649 24.5471 3.5881 0.8021
gypsum 32.150 1.2070 0.8298 14.2890 1.3273 0.7242
3. 41 U 9] Z4eFo] =2 Ao = Yehgtt %3 Freundlich &
2FAAE T AEE 4 HHEA H Kegke
3.1 OIMEHN H SLEXAS 2T} MAP, 1P, gypsum Zt7t 72.7780, 24.5471, 14.2890
(1-1/n) Injy0 :
. - N m - LMge WoHFig. 1; Table 1). Kggk
Langmuir &2 T3 A&d 24 A3 & 8 \%E}f%_q & = _ i
= o o] 5 FFAG g2 1 M=t =55
A W HEREHq)S MAP, 1P, gypsum Z+z} !
39127 melg, 42.41 mglg % 3215 melg® vhekl o oo e etal, 201D, Langmuir SEEA
o vi(Fi glg’T ble D gi sphat ﬁl@gagl ey F FA 4ER AdEAw ddel susbl
=2 1g. 1, lable , ospnate i
s oS e phosphate 1G] A EA MAPIA 714 7

Q1 MAP7} sulfate Alge] <Hg3tAIQl gypsum 2
Fe A9l orAgatA2l [Pol Hla] doll thak A&

UeRste.

phosphate Alde] MAP7} @& <-4 3sl=

ol#gt Ay= IP % gypsumel HIS|

o o



AT F dos Uitk VE3HEERSA
(United States Environmental Protection Agency;
USEPA)2 Ho & 4% AMAAe] #2 #eE 9
3+ best management practice (BMP)ZX phos-
phate Age] HAsA ] &8-S AIE vF Uk
(Chrysochoou et al., 2007; Zeng et al., 2017).
Halim et al. (20052 doz odd
o= Hoh AFg kst wHS @<lsty] s
TENE AWNES F83 Ao} A
s

9] calcium dihydrogenphosphateZ 2
£ vl vk ok 2 g3t AEjd Edkel dis)
O E4HO.05-0.6 M)S o]&3l] & 23 A4t

A AL kA o] XE E
g A el HE &=H deo v&E
AAAA A E%} W ge Hgssted o A%
3 EYS gt =3 Brownet et al
(2005 Pb, Cd % Zno % 29¥ ESS thido
= hydroxyapatite, triple super phosphate, phos-
phoric acid, red mud, limestone, biosolids, cy-
clonic ashes, steel shots& o] &3 E W F5<%
g3t Ads 7S v vk AAI T EF o
55 ‘aLQI F% O¥] PBETE 01%611 E=H 99 ¥
+ triple super phosphate % phosphoric acid2]
7§-°r of 30-40%, WA H8stAl &2 oF 54-85%
o @ &=29 Yehd o, phosphate Alge] <+
AA7E e dASA S v B W Eo A
ERAH IS TarA i EG -3t Al
phosphate A€ol <HHsAE E8st= zlo] O
AgeE gl v ok

>

3.2 FDA 7t2dllga &g 4 Zut
Bk AHEZ Tlsol mAls dAsAe]
FE Bristr] A7 HAS A/F EF vAE &

o A AYE HHsAE HUeHA ¥ dilE=T
I MAP, IP @ gypsum-g o] &3k g3l Tk

P

il Al FAEAT 2T A, FDA 7hr&38
a4 gA4L AA = fluoresceing HE== 0.239

mg/g - hE Uehdom, MAP, IP ¥ gypsumo 2
A E EF)AE zHzE 0.026, 0.135 2 0.073
mg/g - hE JERATHFg. 2).

0.35

0.30

0.25 4

0.20

0.15

0.10 T
0.05
T

MAP IP

Fluorescein (mg/g-h)

Original Gypsum

Fig. 3. MAP, IP ¥ gypsumZ &&3lod oFyate
HE2k2| fluorescein Sx(mg/g-h). Origin
al2 eFdspt = X| b2 EAS 2ln|shH,
et ZEHX(n=3)E LIEH.

HAsAE AUk B
¥13] FDA 7}4%311 2
YA HItE Q1% E
2 o ~Eg o dsFo
(2003)& EoFe] AV|A=
TR EA Ao A
Yuan et al. (2007)& %‘Tarﬂ 5
TRl EA o] |
7NAEEe} 7l oﬂ% Atol7) wiulE] AAVE A
g3k #Heth Hong et al. (1998)S EoF U
AFeEe S/ rAEY 55, daed Y 5
VTS 77]78g Bgk bk 9l

rln

oA ozl
Aaglom, o=
FEEY F7ld
A=t) Rietz et al.

ol

¢

e

e By b B

o, SeEAAY Aveld dol U 7

& FA5e e MAPE E9] 488 49
AEse BARE AR Bl a7

%611 3

B T QPgelAlE Mg,
i FeERUYL B F AT 337} L owm

5
A A8 £l DA JIpe s B4 |
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AoR Hrid wbd, o3 MAPS ESf A&
P 2 A Tle AE odn B W
TEE9 olFd B =4S AR 27 A
sho] =2& aHd o, HHF 14131 olF
S50l HET FHE FAE e Fehz &
52 UBile oAF = TasARt 75}%1 TEE
Ee FUAY AEA i 2d 2 F3A Sl
ot BEY Aol 74 9F = wEA AL
g ojof 3h= 4otk

7IE 1Al SfelE A Wb Bk o} B
F AR Bk By 4 5L ANG AHE
7V B7h EF WMEA] FRFofof sn, et
e #5 Jbed =3 WA HESojo Wtk
&F Arolre st A olF 7&71 931 Ayl

A FEHE SHAE ¢ e F7HA dAs
7IME Ndss WFer d7E &HY davt
ATk

REFERENCES

Adam et al., 2001. Development of a sensitive
and rapid method for the measurement of total
microbial activity using fluorescein diacetate
(FDA) in a range of soils. Soil biology and bio-
chemistry, 33(7-8), 943-951.

An et al., 2017. Risk mitigation measures in
arsenic-contaminated soil at the forest area
near the former janghang smelter site: applic-
ability of stabilization technique and follow-up
management plan. J. Soil Groundwater Environ.
22(6). 1-11.

An et al., 2019. Evaluation of the effective-
ness of in situ stabilization in the field aged ar-
senic-contaminated soil: chemical extractability
and biological response. Journal of Hazardous
Materials. 367. 137-143.

Brown et al.,, 2005. An inter-laboratory study

to test the ability of amendments to reduce the
availability of Cd, Pb, and Zn in situ.
Environmental Pollution. 138(1). 34-45.

Chrysochoou et al., 2007. Phosphate applica-
tion to firing range soils for Pb immobilization:
The unclear role of phosphate. Journal of
Hazardous Materials. 144(1-2). 1-14.

Green et al., 2006. Assay for fluorescein diac-
etate hydrolytic activity: optimization for soil
samples. Soil Biology and Biochemistry, 38(4),
693-701.

Halim et al., 2005. Evaluating the applicability
of regulatory leaching tests for assessing the
hazards of Pb-contaminated soils. Journal of
Hazardous Materials. 120(1-3). 101-111.

Hettiarachchi et al., 2004. Soil lead bioavail-
ability and in situ remediation of lead con-
taminated soils: a Environmental
Progress. 23(1). 78-93.

Hong et al., 1998. AJAAjn)|=]EQfe] o]3}sl=|
54zl as3shsl A, 40(D), 88-95.

Huang et al., 2021. A state-of-the-art review
of polymers used in soil stabilization.
Construction and Building Materials. 305. 124685.

Jeon et al., 2010. Applicability test of various
stabilizers for heavy metals contaminated soil
from smelter area. Journal of the Korean
GEO-environmental Society, 11(11), 63-75.

Kastury et al., 2019. Relationship between Pb
relative bioavailability and bioaccessibility in
phosphate amended soil: Uncertainty associated
with predicting Pb immobilization efficacy using
in vitro assays. Environment International, 131,
104967.

Koralegedara et al., 2016. Alterations of lead
speciation by sulfate from addition of flue gas
desulfurization gypsum (FGDG) in two con-
taminated  soils. Science of The  Total
Environment, 575, 1522-1529.

Li et al., 2011. #HALE o] &3 AHAA EF
Fos (Pb, Co) <H8st A s 5383]A,
33(2), 71-76.

Li et al., 2020. Experimental Study on Solidification

review.



and Stabilization of Heavy-Metal-Contaminated Soil
Using Cementitious Materials. Materials, 14(17), 4999.

Liu et al., 2007. Reducing leachability and bi-
oaccessibility of lead in soils using a new class
of stabilized iron phosphate nanoparticles. Water
Research, 41(12), 2491-2502.

Liu et al., 2013. Synthesis and characterization
of a new class of stabilized apatite nanoparticles
and applying the particles to in situ Pb immobi-
lization in a fire-range soil. Chemosphere, 91(5),
594-601.

Luo et al., 2016. Investigation of Pb species in
soils, celery and duckweed by synchrotron radia-
tion X-ray absorption near-edge structure
spectrometry. Spectrochimica Acta Part B:
Atomic Spectroscopy, 122, 40-45.

Nabulo et al., 2010. Assessing risk to human
health from tropical leafy vegetables grown on
contaminated urban soils. Science of The Total
Environment, 408(22), 5338-5351.

Na et al., 2011. Applicability of theoretical ad-
sorption models for studies on adsorption prop-
erties of adsorbents(1). J Korean Soc Environ
Eng. 46(4). 199-130.

Park et al., 2024. Effects of in situ Fe oxide
precipitation on As stabilization and soil eco-
logical resilience under salt stress. Journal of
Hazardous Materials, 462, 132629.

Ren et al., 2023. Solidification/stabilization of
lead contaminated soils by phosphogypsum slag
based cementitious materials. Science of The
Total Environment. 857(3). 159552.

Rietz et al, 2003. Effects of irrigation-in-
duced salinity and sodicity on soil microbial
activity. Soil Biology and Biochemistry, 35(6),
845-854.

Sardar et al.,, 2007. Soil enzymatic activities
and microbial community structure with different
application rates of Cd and Pb. Journal of
Environmental Sciences, 19(7), 834-840.

Vrinceanu et al., 2019. Assessment of using
bentonite, dolomite, natural zeolite and manure
for the immobilization of heavy metals in a con-

taminated soil: The Copsa Micid case study
(Romania). CATENA, 176, 336-342.

Wang et al., 2019. Green remediation of As and Pb
contaminated soil using cement-free clay-based sta-
bilization/solidification. Environment International,
126, 336-345.

Xu et al, 2021. Chemical stabilization re-
mediation for heavy metals in contaminated soils
on the latest decade: available stabilizing mete-
rials and associated evaluation methods-a critical
review. Journal of Cleaner Production. 321.
128730.

Yuan et al., 2007. Microbial biomass and ac-
tivity in salt affected soils under arid conditions.
Applied Soil Ecology, 35(2), 319-328.

Zeng et al., 2017. Precipitation, adsorption and
rhizosphere  effect: The mechanisms for
Phosphate-induced Pb immobilization in soils-a
review. Journal of Hazardous Materials. 339.
354-367.



8 EAURSH M133 XM1Z 2024. 6.



