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ABSTRACT

The improper management of radioactive waste or accidents caused by natural disasters can result in the release of
radioactive materials into the surrounding environment, potentially leading to soil and groundwater contamination by
radionuclides. In this study, adsorption-desorption behaviors of the radionuclides (cobalt and strontium) in natural soil,
montmorillonite, Mn-PILC, Fe-PILC, and fishbone were investigated. Several models were used to predict adsorption
isotherms of radionuclides on various absorbents. Adsorption isotherms of cobalt and strontium in several adsorbents were
examined at pH 5.5. The amount of sorbed cobalt and strontium were represented fishbone > natural soil > Mn-PILC >
Fe-PILC > montmorillonite and natural soil > Mn-PILC > fishbone > Fe-PILC > montmorillonite, respectively. Adsorption
datas were fitted with several models such as Freundlich, Langmuir, Sips, Redlich-Peterson, Khan, and Generalized
model. The results of curve fitting showed R*>0.98 in all of adsorption models, except Sr** adsorption onto
montmorillonite. For modified clays (Mn-PILC, Fe-PILC), it is suggested that, unlike natural soils and fish bones, there
are not only single adsorption mechanisms but also adsorption mechanisms based on chemical adsorption and surface
charge. In the case of fish bones, due to the relatively higher adsorption capacity than modified clays and its characteristic
of significant desorption, it is expected more suitable for the removal of radionuclides in aquatic environments than for the
immobilization of radionuclides in soil.
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o] T2 T F WAMIEAEAY BEHE, vY), AL
defld=]e] Faks e o) A} T AR
Aol S, Co™, Cs', I 5°] Sirh 2t 3 iRl
FAAAE SrPe] 739 Potassium Titanate(K,TiyO,), Co?
9} Cs'e] 7% Ferrocyanide compound(Prussian Blue,
Fey[Fe(CN))3), T2 749 Ag impregnated AC, Cu/Cu,0
impregnated cellulose, Acid treated Activated Carbon
ol ATHE7IE, 2018). oIAH AFH ils S2AA
of tigh d7= &3] XeiElo] IR e AlFEE EA
Eo] Qlo] YAk WA - 9 Al T Al Ak
|E3L YA, Alaret 22 E5 v 29 o
A L3l vlE- A&7 2 o] Sl

EY FHA FE50 2o 9 T dinA
IRZE oA, Yol Sol, 18al 7] 2zt
(ligand)2] EA|AAH-, 8H9] pH, SN FTFE T&=
o] ar, 71 2ol o FIRIAE 25, o, EUF/
H 5% ok F71EE F 3R] HE(clay)y= ©]
d EAEA olel st F25 ol wd, F5
do] A1 FWAo] Yo FEES AR oE Ay &
T v FHE 7 o, AR montmorillonite,
smectite, kaolinite, bentonite 5o 3F F7& &3 A
T7F A= e Dzombak et al., 1995; Kraepiel et al.,
1999; Tsai et al, 2001). HES] XS 4F, G7], Fo
< ARLPA S5 o83t sEhEl WHe R JiE
(modification)& <= .01, o|& F3)] FES F38aS
TAANZ 4= Q31, 7IEE montmorillonite’} 7224 543
¥} o]t 22 38k 54402 Qlaf -89 el
Cs? Sroll thal] A folo] SAlsitele =& 8%
F45S e Aoz Ut Karamanis, 1997;
Karamanis, 2007). 7FE-HE(PILC, Pillared clayy= HFE
o] Z3 FAtoldl FEBlES o83l 7)E(pillarys
FHAA T2 A5S Nske ZeE 53] montmo-
rillonite®] 7% AE 7]1& AxJo EAlst= AP 1/6
AE7} Fe?' e Mg™ 5 53 3o HE 71 4
Z}e] Aol G 5-%18H(permanent negative charge)sS-
el Folol gk zlskert Frigitiar Barslo] 9}
th(Sparks, 2003). ZL2]3l manganese oxide T+ iron

oxideZ 7}2% montmorillonite®] 73-%- =& #
g

i
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£ o
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S
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WA H™(Murray, 1974), ©12 s} &FZF=

chemisorption ®== nonexchangeable Jejo] &3S

H o
=12~
K=

('
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U= Ae2 BuslckShin, 2005). 3, T4 A
Aol natural apatite24] fishbone™} crab shell®] A=
o]ZH =, fishbone®] apatite 2T} 7FA|Ho]1 X 7
ol theh AA BE&E ol 8 FollM 27F g5
AA) el EpAolZkar ANFAL, crab sheltS- ©]-83)
T84 o] Ccust Cooll gt F2F A3S 78l S5
& AAE S35 apatiteZAH Q] 71543S HATHAdmassu
and Breese, 1999; An et al., 2001; Raicevic, 2005;
Amerkhanova et al., 2018).

B AToliE = =% B A WA A
QEY Bel slke] ALe B B0 AN
Sz 9 Eoko] 91x] 11743}(in situ immobilization)
Ed7e /e dlole gRE 93k 712 IFE st
Aot FAAeE ) AAEUT montmorillonite, 7HZ
¥ Mn-PILC®} Fe-PILC, A31uo)] thgh sEQ} ~EE
o §/2% A5 9 SAS A7 9 ARl sl
B715}993L, Freundlich, Langmuir, Sips, Redlich-Peterson,
Khan, Generalized 222 &2 4 &2 &4 7|5 4

Hai5cy.

% o

2.1. A8 AXY

2.1.1. A EY

hTBIA A AR W ORI eEA] e
A EFe AHD F 32 B4 ADAZ AT, HE

5

70 mesh A= A AS (sieving)st & ZEfg 7] Ho}
Feo A Bkl ARSEITE A EFe] pH, BET,
TEEE, YA 58 53l 71 5 dolEsy

oW, Table 19 YeERASITT.

21.2. 34 2 /1R HE

B AFoMe dA FEZH Montmorillonite-KSF
(Aldrich Chemical Co.)5 AFE3I3t}. AH8-E montmo-
rillonite= AZHFANA F71EHD TY EEo] IHH
B3 olg AAN] Al FRTE o83t oMl MHS
AAEAT. 555 1 Lol montmorillonite 30 g& %3l
’Fo A A 1E o]83te] 300 rppmOZ A1 W &
3AIRE AHAAT FeHS sk 0.2 pme] 2HedEEA]
(Whatman, Cellulose Nitrate Membrane Filter)Z &]3}A|
71 &, UV-visible spectrophotometer(SHIMADZU, UV-
170)5 o83l A g olx BeEe EA) FHE &
Qlskar, FsHell EFHE B2 peak’t ARFE W7hA]
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Table 1. Characteristics of natural soil

o
o,

o

Measurements

pH 5.69
BET 16.27+0.0183
Total carbon (weight %) 225
Hydrogen (weight %) 1.27
Oxygen (weight %) 12.71
Nitrogen (weight %) 0.93
Organic carbon (weight %) 225
Carbonate carbon (weight %) <0.02
water content (%) 3.73

sandinine (K(AlSi;Og))(%) 29
Particle distribution quartz (Si0:)(%) 32

hematite (Fe,O3)(%) 3

albite (Na(AlSi;0s))(%) 36

7-935]e AA FA AF HAHES wHEIT AHE
montmorillonite= 60°CoNA] 48A|17F AZRAIZ] & 204

o ¥ol Basiqict.

W7E AFsEES ©]8-3F montmorillonite®] 7H =
MnCly(Shinyo chemical Co., <98%)2} NaOH7} AL&-%
At 6 M2 NaOHO| montmorillonite(15 g)& =%3%F
(90°C, 2hr) & ©] EFES HLollA 2.5M2] MnCl,
(pH 1-2) 100 mI#} 10 hr & EF5FTH(Khraisheh at
al,, 2004, Al-Degs at al., 2001). &&E<)A] montmorillo-
nite®} FsNS Feletal SRS A7) flet
o EENA £2]E montmorilloniteE 2ol 10 hr
&2 NaOH(6 M)9} &8st & AF5dS Wil mont-
morilloniteS 37 FoIA trays o83l ASAIZ. &
7] Z9l AFFAIZ]l Mn-montmorilloniteS /7= 18
AR & AAA Feds #Ear, 60°CollA HEAIA
¥ 70 mesh A2 sievingdt & ZERAE] 2710 Hus}
o] ARg-SFAT

d AR}E-S ©]83F montmorillonite®] 7§&ol= mont-
morillonite 15 gol FeCly(Duksan Chemical Co., <98%;
7.8 g, 28 mmoly#} FeSO,(Duksan Chemical Co., <98%;
3.9g, 14mmol)®] &3 & 400 mLE FYskL, 5M
NaOH(100 m)E 3+ W24 HoEHA iron oxideS 3
XA AZFTE. o714 iron oxide= HHZACZ I
™, NaOHE FOJEY wi= 70°CE 7MAIATH wxls}
FGH(Oliveira at al.,, 2003). AlZF Fe-montmorillonite=
trays ©l-83l 37] FollA AL, FRTE 13 Al
2k & JAA A WAl 60°Colr AXRAIA £
& 70mesh A= A AHE(sieving)dt § ZefE] £7]0
Haste] ARgsIAT
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2.1.3. A4 (Fishbone)

A 9 NE HE9} vwE 9s) ARE QJAEA 3t
FEEA AdmE g A] 2A) BIIFCIA 3k
AREEIATE. 3 A= 30% H,0.2 7182 AlA
SlaL(Wu et al, 1999), Wgke2 AHsh= ZYS 33
R3] §718-8 AARI, 297 LX)l E4 A))
% 60°CollA S AFRAZTE Az AxwE ssiar
X 70mesh AZ AAE(sieving)dt & Sek~H £7]

of Hobx ALEsIITt

2.14. 95 £

F2A1Y] pHE YA FA8H] <18 0.05M MES
(2-[N-Morpholino]ethanesilfonic acid) bufferS AF&-3}AT}.
Strawn(2000) 59| el WEW MESE T3 vhe-S
S| ot F& ol S vIXA| e AR dHA
AT} 0.05M MES $H5-8<1¢] pHE 5.500& 7] 9]
3 0.1 N HNO; =t 0.1 N NaOHZ o]-&3le] 2431
a1, o] AEE IS FAlE] A dd EA=E

0.01 M2} NaNOs(Sigma-Aldrich, USA)S AH&3153T}.

2.1.5. 9 £4 52 & 2d
e 240 sl DAgF 259} = 2] At
fHo] Hrel Al 849 wro] 73S Yeh)

L=
£ E% Wye Qurow §Au FHA Aolel F3
=

el 7] $J8le] 5282 Fdo] o]&x=d|, ¥ A+
e 5L &5 43 Z3= Langmuir, Frundlich, Sips,
Redlich-Peterson, Khan, Generalized 2ol th3le] #-&
AlA BT},
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(1) Langmuir model

Langmuir B2 19¥ F2HA E218 Sy
5 AW 9ls) ALEIgom, FHvo] SYdol i

A, 4ol gk Wstert Zom, 8 ol g5t
go] gltk= 7H 3SlollA vhEoizl BdlaA 212 2
o] L}

e 0

o714 0°(mmol/g), b(L/mmol)= 22}
ANUAE Yehll= d5olal, C= S5 oA -84
o] FE% FE(mmolL), g= FEEFAA EdiA L]
5% F=(mmol/g)s YERITE Lamgmuir 242 $+2
FEAAE Hem‘y«] tHxLQ. Hzvug o o:lo:lzﬂ-x-l Z108 =
= HReME ekt 3k 7HAAl H
o] A% x}ﬂﬂ' IX|8lA] = 7357t Bk

(2) Freundlich model
Freundlich 2d-& §&A9] A5S vlnsl=s Zo] AL
|ET 2og 227 o] xHHTH

g=K.C" @)

1714 Ke((mmol/g)/(mmol/LYNy= Freundlich 541 A}
T2 ojd 5% 78t 840 FRAA AL
E2F58 YeRar, AN F2 oA dyz|e] =
719k B dAdS vERdTh N> 19 3 type 19] &‘EIH

T2ME 7R BE JURE TR & 51te°ﬂ

o] dojt & e R FF sitedl A FHol 010114
< ujgth N< 1Y€ 9 type 39] T2 7}1157— 1A
2dol] oln] FatE]olxl gdo] 1AFe] HHS WSIAIA

(3) Sips model
Sips E&l2 {3y F25 VY] 218t ZdEA Lang-
muir®} Freundlich S 352 Zdol),

g wL) (bC) 3)
1+(bC)

o] BIE g(mglg), bUme). T3 NS T i)
4S9, T B el g Aoz o
Aol FFssle] TR F2E HHl] £ melolw,

=1¢ W Langmuir 293} T

(4) Redlich-Peterson model

Redlich-Peterson model> Redlich®} Peterson®] &4}
Al 7P F2 tigk AFE 53l Aoz ARFIEC.
™, 2le] /S A= Langmuir Z¥= €3 3
Nl w4, b, 2RI ne E3eeE AEA T2
&= mdojg},

aC
q= “
1+bC"

dukzo g f7HSy N 0<N<1 ARl ZES 74|

3, N=1¥¢9 Langmuir

B U3 FElE 7HAA
.
(5) Khan model
Khan modek> Khan®] ukele &2 S AR8-5)

KeX
Ak B2 tEe] 4(5)9F Zo] Fddh

- qubGC]‘v 5)
(1+b50) ¢
A7 qua(mglg), bo(L/mg)et No= Tds F2ol tigh
o] vj7fHazolct N=1Y w, Langmuird] 223} 5
At e S 7HAA Ha, N=0Y wl, A3 (linear) =2
I FLg FEE 7 Bk B8, 2 w5 e
0l tialixe A3 Edo] o] R F2 wAYUS
S VERIAl Ha1, 8B5S (o) 1 s A
522 Freundlich Fdlo] o] vy F3 WAUSS

LERHA ETt,

(6) Generalized model
Kargi®} Ozmihci7} A3 Generalized E@-2 Khan
modelS WA BHER TR3o] 2(6) o] EHET

GniC

- (©)
K+C

7N guamgers F2AI2] o) §2F $32 e,

Nge 2% 55 JeH, K(mgLye %3} 35 |
Epdt}, T8k Khan Rl vHE2 B FRo] C(Cc—
0%} =& T (C(C—) BF| e A5
Freundlich 2dlo] Fo] ¥A8 &2 wAYSS UehiAl
2=
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2.2 AE 4

2.2.1. pH ¥ ¥o)2 W¥5¥(CEC)

E Ao AFEH A ES montmorillonite, AJZE
montmorillonite, Mn-montmorillonite, Fe-montmorillonite,
A dmol] thek 27] pHE #7I= 34 Al o8l =
a3k AR 10 g2 50 ml YAETE wheoll HaL, &

5 25mlE FY E37](voltex mixer, Wisemix,

VM-10)2 ste] 308 WG 7 detele] pHE =3
st
3k, AlZE montmorillonite2} 7§&E  Mn-montmori-
llonite, Fe-montmorillonite®] o] w3522 EPA
(Method 9081) W'H21 sodium acetate *Hol 23l =3
31tk 4 g2 AlEel 1N NaOAc 33 miE FUsl] 5
WZE 2k & A4 ReEjete] s W I3 3
AL 338 ¢ wHES} I8]3l 99% isopropyl alcohol
A Eesl s
Hejal 593 A4S 23] ¢ whEgit) vpREe g 1N
NH,OAc 33 mt5 513t 53t wwkslar 94l Eejst
o] FeHS 100 ml B ETke] Hal FA3 S
28] o HHESE & N NH,0ACE #H7F8ld 100 mis 2
Zt}. o5 0.2 um®] 9F3}X](Whatman, Cellulose Nitrate
Membrane Filter)Z ©]-8-3}¢] 73t & Inductively Cou-
pled Plasma Optical Emission Spectroscopy(ICP-OES,
PerkinElmer, Optima 2100 DV)2 £413}9t}.

222. 94 AE 52§ € €%

T2 Agel AJAAA pH FFS FHAslsr] A3l
0.05M MES buffer?} 0.01 M NaNO;= F3s}] pHE
5500 % A|xS 5 SHoF |~F3lof| AA AHS
PalAct. S2A] AIFA] 50 ml2] centrifuge tubedl]
A AIAESF, montmorillonite, Mn-PILC, Fe-PILC,
Ay 2 & 247t FYPslal Alx3 95 £AL 715 A
$-31, wHE7)(Shaker, DAIHAN LABTECH)AIA 244]7F
AHH23°C, 200 rpm) ol 3000 rpmoll A 208-7F AR
25 & s pHE 45t pHYt 552 18"
7] HHE egsidtt.

F3A] pHE 552 97] 93k AT g
zZF A stk A" F2A 200 Al
0.05M MES buffer, 0.0l M NaNO;$} FHES] 7
1, 2, 5, 10, 15, 20mM, 2E&2F9] 2<% 1, 2, 4, 7,
10, I5mMZ AZE T55 §AS 50ml9 centrifuge
tubedl] 715 A9 wE7)E 48X)7F Bt A FLE &
AS 715 2|9 Head spaces {IM olf= CO.= 2I3H

oz moh o

R

o

Ho r@ Tk
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23etkE FHoR QIgH JFFS Haslsly] et &
o] S5 ¥ AlE= A4S 918 3000 rpm, 2027F YA

9}od 9} 2] (Whatman, Cellulose
Nitrate Membrane Filter)E ©]-8-3}o] «J3}gt & [CP-
OESZ EX3l9lom, RE AHLE duplicate =33t}
52 A3 d AE flal a5 23 4
FaelAtt. &3] 29 AR AFedS AASH
=

2 A3y 5YSHA head space’} HAadl HEE V1S
< REZIOIA 24803F B ©E AFS SsISit

%)
duplicate® 4=3J3)c}.

Al &<, Montmorillonite, Mn-PILC, Fe-PILC, A4
o] gt TYE} 2EEFS §3 AFs ¥ FFS
ol 7] S5l T Al disk T S2 A& &3}
AHE 35, A8 A3= Langmuir®} Freundlich,
Sips, Redlich-Peterson, Khan, Generalized Z9S 2-&
sl rletom b mdle) digh $2F Avte] wizHg
e VRIS

p

Al
=

AN

I

@

oo

21} o

3.1. T8 Hol|M pHO|| 2 WA sFo| =X HEl
&2k A3 2b4 MINEQL(version 4.0)5 ©
pHell W& FHES} ~EEFO] EA| FHE AR

. o
ol
2

3
WES} RERFS S2FF A3 ol A

=
S pH 559014 S8R, pH 5.5 Gl e
735 98%°)d ol AElZ EAsla, pH 7 o) dellA
A<

o= Vel 2EEFS] - pH 5.5 FHelA TLE
9} vEIRAR 97%7) AEEE oloZ EAEIGA|E,
k) ol ZAilsle] sk Fele HolA] dth

3.2. pH ¥ 0|2 weHs3(CEC) 53

Z4zre] FAA| tig 27] pHE S788Is W AR
E%S pH 5.60~5.68, montmorillonite= pH 4.05~4.12,
Mn-PILCE= pH 9.78~9.85, Fe-PILCE pH 9.70~9.76,
AAE pH 5.80~5.912] W= ettt

CEC A3 A7 A EYL 72mmol as Na/100 g,
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—@— TOTAL Co

[o2]
o

g
:é A o2t
% —7— Co(NO3)*
5 40 { —o— Co(oH),
3
g 20
[IIRS33333333333333333398S STV IV VY VY VYV VYT OO0
2 4 6 8 10 12 14

Fig. 1. Molar distribution of Co & Sr species at different pH levels.

70 7] montmorillonite= 75.3 mmol as Na/100 g2
=453, 712" Mn-PILC} Fe-PILCE 27+ 1121
mmol as Na/100 g2} 86.6 mmol as Na/100 g= 7§12 &
] montmorillonite®® T} A YEFtom™, A duwle] 749
15.2 mmol as Na/100 g2 “JtjF oz viA| SH= S}

3.3. Xtod EQt0fl CHEH i ME S2 53 3 =

A Eoo) tigk e} ~ERR] 52 33 &
2z Ay wdlo)] gk fitting AZE Fig. 29} Table 2
of eIt 52 S22 A8 2y IHES] Hu) &3
22 0.292 mmol/go|al, ZEEES] Hf 3k 0.234
mmol/g2 A E] dief ZLEV} ~EEFHT 4
Bo] Sk = o2 vepgth &3 29 fitting A
2E 2o tisl 098 o] w2 R* A B, 5
3 IWNE, AEEF BT Sips?} Generalized FHol|A]
Y 7P =2 R? S BT SHAE, Khan 24
9 fitting 22 EE 2E 59 standard errorgte] ‘¢
g R ZA veRth 3 A3 $ pH 552 24
3 Hald 89%(0.05M MES +0.01 M NaNO;)S ©]-83

0.4

Co

Single-step sorption
Sequential desorption
Langmuir model

- Freundlich model

+  Sips model

- Redlich-Peterson model
Khan model
Generalized model

qe (mmolig)

0 2 4 6 8 10 12
Ce (mmol/L)

100

®
o

2]
o

—@— TOTAL Sr
—— s
—— Sr(OH)"
—O— Sr(NO,)"

N
o

Molar distribution (%)

N
o

o g3 AL sy, ILEE U 3o
Fe)olal, AEERL 27297} E3lEo] AE
o He o] F2= o] Hol] g3y

3.4. #91 HE(Montmorillonite)0l] LSt EIQ ME S2
3 F

Montmorillonitel] thet FLES} ~EZFS] 52 2
o g2 EAS 9l 98l pH 5.5 Y9 T2 &
2} A 2R AYS s, A% A= Fig 3
7} Table 39 YERAITE. Montmorilloniteol] tjgk 4t
E9o} ~EERFY T2 FF A4y, ILES] HY &
ZFe 0.257 mmol/g, 2EZF-2 0.19 mmol/g® YERE
9 A9 A9 e AU FAF] 393%t €
=T, 2EEFL 28.5%7F BRlEe] A8 Ay} &}
d EY vtk 548 e, ol HE AR §
FAMdo] e EY ARo=E Q1% Ay dAded =
ol 3t fiting A AAA EYH AR Sips$t
Generalized 22 SolA Z& R? 32 EHYARE, njAsk

Rl

0.30

i ,f

® Single-step sorption
(@] Sequential desorption
Langmuir model
Freundlich model

qe (mmolig)
o

)

(=]

oo

Sips model
- Redlich-Peterson model
— —-—'— Khan model
Generalized model

0 2 4 6 8
Ce (mmoliL)

Fig. 2. Sorption and desorption isotherm of Co & Sr on natural soil (pH 5.5).
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Table 2. The parameters of sorption isotherm for Co and Sr on natural soil

Co Sr
Model Parameter Coef. Std. Error Coef. Std. Error
Kf 0.0752 0.0074 0.0791 0.0059
Freundlich n 0.6319 0.0514 0.5934 0.0488
R? 0.9887 0.9871
Q 0.4754 0.0286 03517 0.0230
Langmuir b 0.1762 0.0211 0.2936 0.0390
R? 0.9974 0.9958
q 0.3551 0.0128 0.2781 0.0218
. b 0.3188 0.0220 0.4813 0.0747
Sips n 13514 0.0638 1.2880 0.1307
Natural R? 0.9994 0.9972
soil a 0.0673 0.0039 0.0883 0.0104
Redlich- b 0.0362 0.0189 0.1355 0.0861
Peterson n 1.5608 0.1944 1.2939 0.2499
R? 0.9989 0.9965
q 6.8690 29.3828 1.0603 1.5742
b 0.0108 0.0468 0.0884 0.1397
Khan
n 9.0907 37.0488 2.1677 2.5632
R? 0.9986 0.9963
a 0.3551 0.0128 0.2781 0.0218
Generalized n 1.3513 0.0638 1.2880 0.1307
K 4.6883 0.2314 2.5650 0.3217
R? 0.9994 0.9972
Table 3. The parameters of sorption isotherm for Co and Sr on montmorillonite
Co Sr
Model Parameter
Coef. Std. Error Coef. Std. Error
Kf 0.1459 0.0059 0.1370 0.0097
Freundlich n 0.2671 0.0205 0.1821 0.0350
R? 0.9930 0.9572
Q 0.2514 0.0088 0.1786 0.0136
Langmuir b 3.1361 0.6307 21.4503 7.7321
R? 0.9923 0.9540
q 0.3229 0.0151 02574 0.1805
Si b 1.1367 0.2507 2.0769 9.4294
ps n 0.5554 0.0322 0.3700 02723
Mont- R? 0.9995 0.9614
morillonite a 22751 0.2397 7.7895 82727
Redlich- b 12.6544 1.5304 50.8679 60.1505
Peterson n 0.8351 0.0098 0.8870 0.0913
R? 0.9996 0.9595
q 0.1023 0.0078 0.0913 0.0623
Khan b 19.0829 3.1434 73.3195 108.909
n 0.8213 0.0105 0.8822 0.0908
R? 0.9995 0.9591
0.3229 0.0151 0.2243 0.0922
Generalized n 0.5555 0.0322 04510 0.2987
K 0.9311 0.1175 0.4614 0.7489
R? 0.9995 0.9621
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Fig. 3. Sorption and desorption isotherm of Co & Sr on montmorillonite (pH 5.5).
Zlo]Z Redlich-Peterson F&lolA 7F4 & R2 =2 3.5. 74 & E(Mn-montmorillonite)d| CHEF £H
BRIt 2EE2ES 2 Edut FUSHA Generalized S=2 &% ¥ =2F
2doX 7P & R 3 BIARE, Natural soilel] o Mn-PILCO| th3t IHES} ~EZF9] 3
gk Khan 229 fitting 23} vRRPEAIR Sips 2dle] & 293 s 9 , A% AF= Fig. 49} Table
34 b2} Rdlich-Peterson E29] A<= g9} b, Khan & 40 ch. Mn-PILCol| thel ZHES} ~EERFQ]
o] A¢ b, Generalized 229 A5 K7} ZFzre] Al T2 52 4¥Z o] Huj FS(.289
ol I3t standard errorgk® Ut} 2HA| VFERSITE mmol/g, Z2EEF-2 0.228 mmol/gE = } 2EEFH
Table 4. The parameters of sorption isotherm for Co and Sr on Mn-PILC
Model Parameter
Coef. Std. Error Coef. Std. Error
Kf 0.1254 0.0038 0.1117 0.0050
Freundlich n 0.3778 0.0160 0.3940 0.0295
R? 0.9978 0.9919
Q 0.3009 0.0179 0.2610 0.0121
Langmuir b 0.8712 0.2124 0.8573 0.1210
R? 0.9890 0.9950
q 0.8666 0.4187 0.3291 0.0442
Sips b 0.0234 0.0397 04517 0.1868
n 0.4659 0.0562 0.7230 0.0852
R? 0.9985 0.9974
Mn-PILC
a 1.4732 0.5743 0.4068 0.1283
Redlich- b 10.1365 44831 2.3900 1.0819
Peterson n 0.6865 0.0265 0.8009 0.0686
R? 0.9989 0.9963
q 0.0523 0.0130 0.1193 0.0429
Khan b 18.4562 9.0075 2.8476 1.6712
n 0.6686 0.0206 0.7677 0.0742
R? 0.9990 0.9959
a 0.7656 0.3031 0.3291 0.0442
. n 0.4811 0.0561 0.7230 0.0852
Generalized
K 49129 2.4422 1.7768 0.4243
R? 0.9985 0.9974
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Fig. 4. Sorption and desorption isotherm of Co & Sr on Mn-PILC (pH 5.5).
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Fig. 5. Sorption and desorption isotherm of Co & Sr on Fe-PILC (pH 5.5).
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Table 5. The parameters of sorption isotherm for Co and Sr on Fe-PILC
Co Sr
Model Parameter
Coef. Std. Error Coef. Std. Error
Kf 0.1427 0.0089 0.1122 0.0043
Freundlich n 0.3285 0.0335 0.3296 0.0242
R? 0.9865 0.9929
Q 0.3007 0.0108 0.2109 0.0084
Langmuir b 1.2087 0.1821 1.7038 0.2711
R? 0.9950 0.9936
q 0.3400 0.0288 0.2772 0.0322
Si b 0.8626 0.2579 0.7001 0.2997
ips
P n 0.7501 0.0921 0.6374 0.0751
R? 0.9968 0.9977
Fe-PILC
a 0.5810 0.1787 0.7467 0.1889
Redlich- b 2.5588 1.1028 5.0415 1.6053
Peterson n 0.8786 0.0596 0.8128 0.0373
R? 0.9957 0.9978
q 0.2026 0.0619 0.0925 0.0198
b 2.3626 1.2780 6.7117 2.6622
Khan
n 0.8815 0.0768 0.7890 0.0367
R? 0.9954 0.9978
0.3400 0.0288 0.2772 0.0322
. n 0.7500 0.0921 0.6374 0.0751
Generalized
K 1.1173 0.2383 1.2550 0.3119
R? 0.9968 0.9977
0.5 0.30
Co Sr Il
0.4 - e ~- 0.25 i} N ey
= Tl s oze =
[=] o
E - o Single-step sorption £ G Single-step sorption
O Sequential desorption :; Sequential desorption
8‘ Langmuir model =T 010 ‘ Langmuir model
Ffeu"d"eh el 0 TN I R e MR R R R R Freundlich model
............ Sips model ) )
., a:z::::::elrrson mcdal 0.05 EN S :::::mh:;:rson model
Generalized model Conesalised ricdal
0.00
2 4 6 8 0 2 4 6 8 10
Ce (mmolo/L) Ce (mmol/L)

Fig. 6. Sorption and desorption isotherm of Co & Sr on fishbone (pH 5.5).
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Eateko] 50.6%7 EEREAAL,

J. Soil Groundwater Environ. Vol. 28(6), p. 58~70, 2023



68 &

7

o

Table 6. The parameters of sorption isotherm for Co and Sr on fishbone

Model Parameter Co Sr
Coef. Std. Error Coef. Std. Error
Kf 0.2071 0.0109 0.0896 0.0052
Freundlich n 0.3318 0.0328 0.4745 0.0366
R? 0.9851 0.9906
Q 0.3804 0.0079 0.2690 0.0066
Langmuir b 2.0378 0.1728 0.5448 0.0351
R? 0.9981 0.9989
q 0.4113 0.0152 0.2736 0.0164
Sips b 1.6214 0.2085 0.5225 0.0786
n 0.8224 0.0531 0.9785 0.0674
Fishbone R? 0.9990 0.9989
a 0.9987 0.1362 0.1562 0.0160
Redlich- b 3.0500 0.5907 0.6439 0.1530
Peterson n 09173 0.0333 0.9519 0.0633
R? 0.9987 0.9990
q 0.2799 0.0419 0.2194 0.0505
3.3122 0.8371 0.7049 0.2120
Khan
0.9039 0.0404 0.9092 0.0923
R? 0.9986 0.9990
a 0.4113 0.0152 0.2736 0.0164
Generalized n 0.8224 0.0531 0.9785 0.0674
K 0.6720 0.0854 1.8872 0.2082
R? 0.9990 0.9989

l

T R T2 FERS Awske diEAQl =do]
Langmuir®} Freundlicho]al, T} ZHE(Sips, Redlich-
Peterson, Khan, Generalizedy> 27}A] ZdlS- Ho]~2
W= g Jidolel £ 4 Utk 53] Langmuir®]
A5 FEAS 3W 9% S fdsket AdeiaL,
Freundliche 3}8H §33 3 9 3-8 Argshet]
o 83k 2doj}, AAEd} AAIme] - Freundlic
Hr} Langmui1°ﬂ/~1 FEAFRYE A e AR
Kol F2A|9] FHo] wdsial W F2ke] o Ak
Aoz /\}E@:}. 18]31 Montmorillonite?} 71& HAE

(Mn-PILC, Fe-PILC)®] 7-%- Langmuir®T} Freundlichol
Al BABHA FBATFRYE A UEhe B2 Ho}
sieb &2 2w sl oF 2 7IFE Sle A
o Algdr.

7 FAAE 9 AR T SRR S UM g
= v &ol] el Table 70 VFERAICH
Bk 3AoA] 7]Ro] Qb A ESS AR,

montmorillonite®] 73-%- Mn T FeZ 7ZEH S o)
WE 9 ~ERE] FaE] Zylsls AL 30154
ul, 2+ FFAe CEC # +A1¢F dX|tt o

manganese oxide T iron oxide’} HES] FAle]Z

=lo] 715 pillano2 ZE3l], 23+ AYE T WS

aEER

Table 7. The results of sorption and desorption for Co and Sr on adsorbents

Adsorbents
Natural soil Montmorillonite Mn-PILC Fe-PILC Fishbone
adsorption 0292 0257 0.289 0.275 0.36
c (mmol/g)
o -
desg;p)tlon (24.3%) (39.3%) (34.2%) (29:2%) (50.6%)
o
adsorption 0234 0.19 0.228 0.205 0.222
St (mmol/g)
des?:/p)non (27.2%) (28.5%) (49.4%) (37.8%) (54.5%)
0
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