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Cs Fixation and Leaching Characteristics of High Temperature-Treated
Todorokite

Seongyeop Kim, Yeongkyoo Kim* and Changyun Park
School of Earth System Sciences, Kyungpook National University, Daegu 41566, Korea
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2 o Exailo|E(todorokite)= MnOg BHAZF BAEE F-Fdhs BHE =0 Mg>7F X3 7 hbshs
i o]9] Cs T2 2 yAEAR AP 284S ‘”0}_“%_7] el FHE EXZTIo|Ed] Cs o] w3

e AE B & HAPS T Cso) £EUE % FATE 2 A3l AMg-E EX2Ilo]EE Na-HuAlo]
(blmessne)E— Mg-F-A2}o] E (buserite B 2 4 & O]E AFEA 2 o]gsle] TASIAT. CsS 02034
EXgIlo|ES 2 A3 A, L7}t F7ge] wel BulAle] &, 819-22mho] E (hausmannite) 2 2-E/9)
3p7F Hebgt. Cso] o] 2ughe EXRIlo|Ex S79t 1 M NaCl 843} ik A)7ks dejal 8238 &
ARl 8&5F Wshe 22770 WE F=4 wsh v-gAITE vk 88 6] R wet ol SEHS
Act AW 0 F 1 M NaClh w83 Al FZollA] Naote] o] 2argt yhgol| o] g&o] o] Zlo1} o] =A% Cs¢]
378 Bt e Z0E UeiRth AY 257 2355 Cso] &% It O] Asisled ole 7 &
ToA FAE FESH LS FHo] dom Huklo|EV A A &7 FTIRt HUlAle| EF 1A
et S-S T ZAEhal ALeollx] she-irho| ER JHSIERA Cso] §&7S §438] S8tk ©
AT A= CsS o237 EEZTIOIEL] T2 A& B3t Cs& BHX o2 I3, ks 7t
AR &8 T IdSE HolErh

HMof: ExzTlolE, A2, 4ds), Cs &5, ©12
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Abstract: Todorokite is a manganese oxide mineral containing Mg in a tunnel structure in which MnOj
octahedra share corners. In order to investigate the suitability and efficiency of high temperature-treated
todorokite as a material for adsorption and fixation of Cs, Cs was ion exchanged and the amount of leached
Cs from todorokite was measured. The todorokite used in this study was synthesized by transforming Na-
birnessite to Mg-buserite and used as a precursor. After high temperature treatment, Cs exchanged todorokite
changed to birnessite and hausmannite as the temperature increased. The amount of leached Cs was
investigated for Cs exchanged todorokite which was reacted with distilled water and 1 M NaCl solution at
different reaction times. In general, for the samples reacted with 1 M NaCl solution, the fixation of Cs was
quite effective, although the amount of leached Cs was greater due to the ion exchange reaction with Na. As
the treatment temperature increased, the amount of leached Cs increased and then decreased again, which was
related to the mineral phases formed at each temperature. As birnessite was formed, the amount of leached
Cs increased, but as birnessite decreased, that decreased again. As the mineral phase changed to hausemanite,
the amount of Cs decreased rapidly. The results of our study show that Cs exchanged todorokite can be used
as a material that effectively fixes Cs and prevents its diffusion by high temperature treatment.
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AlA 30 D Az dE R 19799 Bl 2Rkl
A FRHARL, 19861 -Aeto|u; A2 Y- ALAL,
2011 A aE Al 1h2F w4 AR Qlske] v
A DA FERE T AR Bl dzket 2
o] g ol LAsel whel WA A4 2] F
24 o] HF5 AthKovalchuk ef al., 1998; Tazoe et
al., 2012; Beresford et al., 2016). %1t o}l Uz} 35
A€ WA H71E ARGl WA A 5E
S Thekel Y102 Ity dojd = Q7] wiiE]
B AP el gk A 2 A Fol g F

Ao FEE PAMIIAAE Alofsr] flsle] o]
250 Al tik ols7F SEh 2 2 Cs
= A4S B Aol 52 B B3 2

o
ot

O
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A 710l oo thgt Ekst A7 XY= 9lom
(Bostick er al., 2002; Takahashi ef al., 2015; Wang et
al., 2022), o= EFYt] o) Alojd = o] B
S Ak Ao WAPE 48] Asl gk B A7t
T3 = o] SETHKim ef al., 1996; Kim and Kirkpatrick,
1997; Takahashi et al., 2015). EXS ¥3ale= 225
730 HAMd D47 FAEHAS A A wAE
Akl e FETe] TS v Fate] AMd =
Ho] Aol F IS wh=th
Aae] Aso 7P & S vIA = whgolH, A&
o] E(zeolite)o} 22 WA YAo) RESAJo] FHojut
TheFet FEEd w3 52 A7 Bol FEH &
THLee ef al., 2017; Baek et al., 2018; Belousov ef al.,
2019; Kwon et al., 2021).

olgf3t FE F AT FEL FEo] FHFe| A
3L g0l theh e Fol wisES Hol7| u
off B¢ 4 JHEIM Cs e Yol 259
Els 2 g7 X3 sEo] om A
AV BES X ol2o] =8l Fast JES
3K Goldberg, 1954; Jenne, 1968; Young and Harvey,
1992; Toner et al., 2006; Manceau et al., 2007; Islam
et al., 2018; Min and Kim, 2022).
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I % EXZ7)E(todorokiteys 7R, 3F 7k
Aol Fshibe, 18| B} EAEA EaH| 4t

%5 &5 Z(Tumner and Buseck, 1979, 1981; Turner
et al., 1982), +2, +3, +4 4}3}re] W7ko] o] S3tH

og_ﬂ_ . vk

Ho

-1 o

o

MnO, ZHA| 7} ZA 2 S 3731 3x3(6.9 Ax6.9 A)2]
AxH B TFRE o|FAL o] 72 Yol =3 K,
Ag', Ca*" 59] Fol2S X 4 e At 3
E-9]t(Post and Bish, 1988; Post et al., 2003). E=
2IIO|ES] EAS Bl TEEOIU A H FE
ZNA LGS WA= B2 o8 FET, 58,
7388 59 HopollA Be AUt T o
(Feng et al., 1995; Dyer et al., 2000; Chitrakar ef al.,
2014; Yu et al., 2017; Kim et al., 2022), = A7
wEH MZ e Yo g % EEgTlo|Ee T
gk Cs 53 2 Yol AN A3, o] FE2 Fof
T 7Y Cs FRARE BArshal oleH, Sy, Cs,
Rboll theh £ ST LE Hols Z102 BuE<Q]
THMin and Kim, 2020, 2022).

AAg Ao £5%H Cs& 53 F 24, 4
A= Csol W7 & AR 2|8 & 5
317 Z}go] Qlojof st} FEe] AT o)F

317] 9
7HA Q1
s
W o2 AR A Sglo|Eo) Yiale] & F 1 F
A& Tl Cso] aF oz AE = gldo] B
350 THGu er al., 2000; Liguori ef al., 2013).

2 Ad7e EXRTI0|ES] Cs §3 9 I EE 2
1332 €898 Arsl7] k] CsE o] 2w s Al
Exz7lo|Ed tiste] 22 A F o]9] Cs9] &
WA 2 3 TS Yol izl Y EQTh E A
£ 9319 Cs& o] 2uAZ EERTIOIE AFE
2oM B4 2% PR 71gslal, Uik X gt
HIGHE-S 7131 S 7579F NaCl -8 ol| A AJ7kS:
gejsle] §2A17 & FEsle 9 Csol §5 3

[0

Lo

N

B e AL

Mg-EE2710|E &

Ex2710|E A Z ok ATEF] Na-HuA}
O] E (birnessite)s 373317 181 Ma et al.(1999)
HE ARSI e, F 7ol Nag B3 HUulAfo] EQ]
e 23l BE A E ] KMnO, A19FE NaMnO,
(Sigma-Aldrich, 40 wt% in H,OA<ko. 2 th|sle]
38t 300 mL 0316 M NaMnO, 58918 300 mL
0.3 M NaOH$} 100 mL ol &-2(C,H;OH, Samchun,
99.9%), 100 mL S/t E§ate 30 & 5t 5712
W A1 F 60 TN 20 U7+ T 91¢] Fgoz
FAE EFES 60 Tollre o] vkl & 5
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A3} JAES 0.2 pum WEH Q) DE (membrane filter,
Advantec, Mixed Cellulose Ester)olA]2] o3}
(vacuum filtration)s 53l E2|3tt). o] 13} 7/
T2 o8 W A3t pH 72 FHAIA Na-#u|Ake]
EE AT

Na-HU|Alo|EoA ExXgTlo|ER ] & HAjo] o
A7) fElM = & olFTE Hole FA gl E
(buserite) 7-3=2] FAJo] Aot} s 72 &
o] 23} HJAlo| E F: 7k ofol29] o] 2w $ho 2 o]
7Vsl710] 24 FAE Na-BdAl| ES AxA 71X
& e el 2 1 M MgCly,-6H,0(Sigma-Aldrich,
>99.0%) & 1Ll gol nfzvl g ulE o]&3t
24 A7} 300 rpme =2 wHF AT 9] HH LS 55t
HUALO|E & bl &Rl Na' o] 28 Mg™ o]
S & AFNA B 24 o]5F2] Mg-TAlEte|E JEE
FEsinh sl S vkl E9E-2 0.2 pm PWEH
2l oA ] 2F ARE o] &3t 8} FA2)
O|EE FEIBL, A At AAARQI o] 2wdtAd-g
3 REESle] Mg o]2o] $dstA wdhd 4 A==
3R, o] F o] WS Wikl Mg-FAEo|EE 33;
ZH5 119 2olE 5 0.2 pm HEH Q) e o)A 9
F A= 3 AR B s AFsle Mg ol
A AR

2% 7S vRl Mg-TAIZfe| ES /-7 300 mLo
Hol FFY7HE 500 mL FeAE A4 B &, 7t
d ZHO|EE o|8a}e] mi|E w2 wnk 5 100 T
of|A 72 AIZF 71 EIGAT) sk rh T RsE S
Lol M AEE T 0.2 pm WE Q] HEjo WFez}
3 3 o] T4 AxIE S AA ds] S Al
Azttt ©]F XRD 48 B3 Ex27lo|EV} 9
AEREA] Folalth. XRD 242 HE Exgs)
C|EE B FHIZ vrE F AEUgy FsATAE
o] XA 3HEA 7] (Rigaku, D/IMAX-2500V/PCYE
0] &85 2™ Cu-Ka 40 kW, 20 5-60°, FARS 0,02/
sec 2702 FAS 3Tt

ET27I0[E°2] Cs Ol2uEt

CsClF ExE2710|E AJ8E 72} 12,0 g 500 mie]
Faroll Yo 271014 25 C, 180 pme] HE=
T St FERAAL 7)E0 FE Al 2
T FE FA SlM BEERIIO|ET} (o=
B3] o2k g 4= Itk B 7519ItHMin and Kim,
2022). o3} Aol e EE2TRO|E R FAEA] o

I

N Q1o o

]
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H
Uoki) Sls) FHRskL FEAPAGHe] FFY-

7] 38 4% 20 mL/min, $& £% 10 C/minlE
2-2-800 C HlellA S5t CsS o] 3hAZ
ETZIlolE A|EE A4 500-1100 T 77+ o
100 T 202 | g¥ vhro] B2 5 4 AZF 53 7}
AL UM YT XRD A4 7 FL T 2719
XRD #41& 53l & 4 Hss sk
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I} oM 9 8F 58S Lot

s o] WA 2 e 7t ExR2T}
|5E NaCl 1 M 50 mI®t -7 50 mlell 0.1 g%
O] AESE AT ME Cso] §&%F st &
Fao) Slsel 25 Co] Gzl B2,
HE HESAIZL 3 o el o gk 8-
Csol FE= 7|2 A7 A
o] ICP-MS(Perkin Elmer, Elan DRC )& &
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EX2IIE &Y

AT Exg2Ilo]Ex XRD #4418 53
Aol &4 EravlolErt FHNSS BA1sS
ThFig. 1). XRD ¥4 A3} Exgyjo|Ee] E4 ¥4
(26-9.27°, 18.55°, 37.35°)7} & LpePaS Elsgit.

g 3=

=0 e &= A2 Hst

Fig. 22 5t EERTlo|E9] FFAIXFALE
Z(TGA-DSC) &4 A=o|t}. Post et al.(2003)> &
E270EE 719 A] X &2 02 Mne $go] wh
=0 0YA7E 0,5 ol Fo] weuiztel wt MnO, 2
A7} o] F= BlETF27F AA 8] B E AL 2ol mE
g7} dojdt} a1t B3 Feng er al. 2004y 630 C
o|A ARt FA s WA sH, AHstE Ehket



°26 (CuKa)
Fig. 1. X-ray diffraction (XRD) pattern of synthesized
todorokite.
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Fig. 2. Thermogravimetric analysis (TGA) curve and differ-
ential scanning calorimetry (DSC) curve for the synthesized
todorokite.

ErzylolE 72 ¢ By} dojdt} 3t
AT wEtA] B Aol 2] TGA-DSC A3} Hojz|=
2600 T 77¥e] AN A2, 25421 0
AR e] E4dol mE FXIAR] EXRIIOIE Hd 72
AR Qg gpol ofgh Zlojgt & = Qv S E
T2701E HaTe] st 53= 625 Tollx 9]
FA S B G0 Q). ol g A o
2 AP F9¥ EXZTlo]E TGA-DSC 4]0
A& go18k 4= 9JtkBish and Post, 1989; Shen ef .,
1993; Duncan et al., 1998; Vileno et al., 1999).

Fig. 32 Cs& o237l EX 2Tl ES 71gs}
Ag wel 7t 2 ¥ FE A HelE YeERA XRD
Holt}, Cs o237 ERZTo|EE 71E &%

¢

(%]

y o

T = Todorokite
B = Birnessite
H = Hausmannite

——1100°C
——1000°C
——900°C
——800°C
——700°C
——600°C
H ——500°C
—— room tem'

\JBLUJ_AJLJU Y] TR

L |
p— o B M
— A

°20 (CuKa)

Fig. 3. X-ray diffraction (XRD) patterns of high temperature-
treated todorokites at different temperatures.

7} Z7Fel wet XRDe] 7= o] vim 7F L%
o|A oFgel FE o= ALH o7 MIgS Bt
Lol Exgslo|ER A8k A8+ 500-1100 T2
T2l A FF$-22mlo] E (hausmannite) 2 LFEFUH |
600-900 C 7kl M= shg-2mho| Evf obd Al =2-¢-
37} YA I o] HZs vhA] L7t 57 ulet
ARFATH 28 3242 12.03°, 24.12°9] 200014 F
935 BT, o] wuAlo|E9] EAAQ] 1A=
a4 7hsshu A28 FE Jd 7T s, dlE
g Eo] WUlAte|EQlS Elslr] sl F7H41 A
L AYsisint. sl 737t 7H¢ & Yt 700 T
7FEAIEE 1M MgCl 883 31F 52t vladlg vz
Rk} FAjglo| ESLE AJAFUL L F o] A|IRE
o2 XRD 4 v A5} 2 0= 4
5 THFig. 4). FA I ES A7 Alge @Y
S B4 HuAlo| ES} vl wetl s o 7 o] =
S HAg Ao EV} HHA wU|rto|EL] 54
A 9359 oFo] # AaE|o] Frt AFA 600-
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H
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H = Hausmannite
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rmror——71T 1T 71T 71T T T 1T 1T T
5 10 15 20 25 30 35 40 45 50 55 60

°20 (CuKa)

Fig. 4. X-ray diffraction (XRD) patterns of high temperature-treated todorokite at 700 ‘C and buserite formed from this sample

by Mg*" exchange.

900 Collr X = A NZ2L vF9 FEL 1
Al ER SRIEIQL) 7]E] FH ExgTlo] ]
718 Ao = A2-547 C 71A9] ==, 3
T WollA] she-2mpo] ERF FAEofA]= 1 oE
LA O} (Post ef al., 2003), B =& 250 e &
E4 H3lol] W2 vualo|Ee] AL o AFrE v}
7} fitt.

TGA-DSC #4153} XRD F&l-41-8- 53] a4 A=},
CsOZ o] w3E Exaylo|EE 719 A 0¥AL]
EH7 MM 27T 5] 500-1100 T F7HA
she-2uho| EvE FAEH, 625 TE dojie 2%
FEe F438 5ETx 5399 3 600-900 T 77F
oAl F7HH o2 WAl EZF FAEH AT FAFE H
YAtelE et 71 250 ulgl 1 H]go] Fo]EH
FT TFHLE BT SpLrho|ERS] HstE
Bk oA H oA e EoA T F o] A
2 OE FENOE EAste AL ol Ex2lo]
EZ ZA3E MnO, ZHA 149 Mne] theksh A3}
o} 1o w2 F2A Q1 Age] EAsi, Zhzke] b
slro) FRA AT ] Jol wjet TS A
ME o2 G4 S Hole= Ao] 7hesh] W
° 2 AAZETH(Post ef al., 2003). F=3F EXZT0]E]
o] w8k Cso] 745 Ukl B} ool vt
ol yigo] A7)of| 1o wEf 2% wE FEY A
3} o] Aol EANG 5 A& A= g

— Ol
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GMEE EEXZTII0IES| Cs 3= 4

Fig. 55 <%0l w2 JE 2 Hsle} vhSAIZE vk
T8 Ao o Cso] 8EFS YEhd ezolt)
A3 A, WHAIZE, g AR 123 B 250
QP 7} & Afe] Wslo) we} Cso] §& ol W3t
7} DS HAFET UubF o 2wk A7k 74 A
7ko] AojdE Cso] §&%] AZ F7lslsen,
ZHolA A ARl AR S B WA
7 A8 R} oF 1.34]¢] Cso] ] 8& HJAL, g & uk
AR A 8= o HRAIZ] A|lSHT oF 1.58]€] Cs
o] t] 8% 3tk SFTE] A 789 Fof o]
3t 7F5 3t o] &E50] T Qolr] Cso] M3 2
A7 AA WEEE 202 A7t ol Hste]
NaCl §of|A] WH-SAIZ] 7= 3 <k vk
Aot vwel S o, 7Y Wk AlSolA 134, $F
g ke AlEeA = 1.2419] Cso] ] 8F =Tt ol
g9 Uj9] Naste] o] emdlo] SRR 27
2A Fyol meste] A7l Azg Ak

WS- SRl AR mE Cso] S FRFRT
NaCl oA ¢F 1.8 B & kS Ko=), o]+ &
A T2 F=2] Neof| oJ3]] o] 2w8t a3/} 57F|
w0l th. 53] NaCl oA e] el o zo)=
PgE FEG gt YT B x| 2olrt &

A8l R0 g AR,
7 g el WEe) BE Cso $E9L BE EF
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Fig. 5. The amount of leached Cs from todorokite treated at different temperatures, and reacted with different reaction times and

reaction solutions.

Fol| 9] 749 Ae-800 T F7HoA] A&H o= Z7}
SH= WA NaCl 8982 A2-500 T F7lA = 7ha
Szt 500-700 'C 7l TA] S7tstct. o] et
TRl §&7e] F7h= vvlAlo|E9] A3 Ho]
& ZoZ Belth, HuAle]EE MnO, 2HAI7} &
THrohe F4TERE olFolA don 714
25=7] flEke] HUAfo|E S Aolol] thafst ok
o] 0] Eoi7t &= ATHYu et al., 2017). Yu et al(2017)
L EL 27l ES} HY|Ale|EQ) Cs Bfs A¥ A,
YT A% FEY A F 1M NaCl £90l]A] Hy)
Abo|Ee] S olew3to 2 HA3 Cso] 73% &=
HAOoU, EXZIIO|ES] 739 o] 2w st & B35t
Cs9] 41%7F 8% H0oH, ol ERETIo|ES]
Cs T2 2] & 28 3R oA 9] Csifisol H
YAlo|E BT} 7J5l7] witel] o] wgto] AA do
A0S Bk A s B8l S =0
HUlAl| B BE 720 EXZI0|Eo| HlEly o]
& o] o A o] FoAH, 2o W} Fig. 5914
HUAPo|EZL FAE 2% 77k Cso] §530] 7}
3k o2 s Hc}. o]F 800-1100 C 77He F g9
oA BT &E7o] Fhast SRt vhee AlEel
M Al &&70] 0l 77k AHE HofFEr o)y
3t A= o= 10 A 7HH 9] 3472 HUAle|E(Al-

(o}
Ir

(=TI
ot W,
tlo

Attar. 2007)] o] Zo|E, 3F-2rhfolExt H]
o & AetEn) she-2nho| E 7 9P E 4t
7k FEEA 29l 25 AL e 27
o] 2o] APAA| Apg]o] 12]aL 37} YFol2o] THA| 2}
glof] YIxIgct. ke she-Lrptol ES] 739 AR
Zof| oA AIIHA (pseudocubic)dt AGT2E K
ojx|vk Admx oz 9 wgy|y F7)7F ¢ 2| wlE
ol (Bricker, 1965) Cs E-Ar-5°] 531 37 +322] H
YAtelE Wt} o ZFeh, 2ol W Cs 853 24
7} aAE Ao g AR ET o]23k &3S NaCl &
GAA FHRFEG T =4 e O S04 <]
2o 8552 dF FHME ERETIo|ES] 12
A7 Cso] WES o= AL AAE F U Ko
Zth. B dF AFs EEZTI0|EL] oA 3
4 Wk Csol &= AR dFS vAH, o
A3t Aih= EXRTI0]EQ Cs] B82Q] o] wekat
A E &3 Cs A7t 7S A A g

4 E

2 xg]E ExZylo|EQ] Csoll
2 22 EAS 3013t XRD ¥4
3] AFol AR EX2Tlo|E A Aol walE

o i
o g
ﬁ
off
ol
2
"
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I AHE EXZTPlES] Cs 74 W 85 EA 39

FE S ARISAL, ICP 24 B3 & A
Exg7lolE o] S Cso] $EdE Flsialth
°|& 8l ExRTlolEe] Csof Az 7Fs/dE #Rlst
Aor thast & des =St

ErglolEe 257t 37kl w vulAfel &
Shp-2rhtol ER sgEsdel Mshrt vehtH, 900 C
ol 7t Al, AN Uehs 3R] Ul
o|EZF ARl wet F3E Cso] 8] A 3
axshet, ol P4 shy-Lwhtol BV} vidlAel E
off wial 272 el Cs& 7] el 4™l 4
sb7] wiee] Bep g o8 855 oAlske AR
UERIT. o]2jd 54& o]85e] ERRTIIES F
3l 574 32 BN Cso] 58S adHoR o
Alsk= Bl 7Fs st

NaCl g9jolrfe] 853 571 A& Na®l %2 5
eol] whE o] wet B3k F7kel | whel ARt o

L

A= a7} e A oR Hol s} e &
eI E Cs fred & dAlsks 2l oM &
EIE BT & 4 9lrh

B ATE TR Bkg W Cs o) wEE =
ERTPIES] dAElE o8l EERTIES T3
WAV 9 A2 AL Cso] fe7de B0 R oA
3L Sk vt BER 883 5 9l ZloR V)

A},
AF A

o] A AR SR REAN)] AL
FFATA AQEL Wl FAH ATANo.
2022R1A2C1003884).
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