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SORPTION MECHANISM OF Pu, Am AND Se ON SODIUM-BENTONITE 

TOMQKl SH]BUTANl. MlKAZU YUI AND HIDEKJ YOSHIKAWA, 
Power Reactor and Nuclear Fuel Development Corporation, Tokai Worlts, Tokai-mura, lbaraki-ken, 319-11, 
JAPAN-

ABSTRACT 

1bc distribution coefficients (Kd) were measured for Pu, Am and Se on sodium-bentonite in bentooite-«Juilibrated 
distilled water in a pH range 4-10. Sodium-bentonite includes sodium-montmorillonite and fer:rous minerals such as 
pyrite. The experiments were carried out by usins the batch method under aerobic conditions for Pu, Am and under 
anaerobic conditions for Se. The distribution coefficients for Pu and Am were in the range lo'- lo'm'tlcg on 
sodium-bentonite in the above pH range. The sorption of Pu and Am was modeled by ion e;r.change of these cationic 
aqueous species with interlaycr cations of sodium-bentonite. The distribution coeftkients of Se on sodium-bento11ite 
were interpreted by usina asurface complexation model. The model was based on the assumption that the sorption 
behavior was dominated by ferric-oxyhydroxide, goethite, coating on the surface of pyrite. Sorption behavior of Am 
in compacted bentonite were also discussed by using calion e;r.changc model. 

INTRODUCTION 

The rcseaJdt program for performance assessment of ~igh-levcl waste isolation includes an investigation of the 
sorption mechanism for a number of important radioactive-elements to pn:dict thooir migration behavior. Most of 
previous investigations have been carried out without consideration of the repository geochemical conditions and 
il\\ctpre\edby the empirical methodolocies only strictly val'id under the experimental conditions in which they were 
measured. The distribution coeffiCient (Kd) is sensitive to aqueous chemistry and elecrro-chemical characterislic.s of 
solid surface and it would be possible to establish mechanistic model using these paramete~. SorptionofPu 1

'
1
• Am1

" 

and Se"' on sedimentary rocks has been studied. This paper presents the pH dependencies of the distribution 
coefficients for Pu, Am and Se on sodium-bentonite and goethite in a pH range 4- 10 from batch sotption 
measurements. The applicability of mechanistic model of the ion e;r.ciuu.ge and the surface complexation was also 
discussed. 

EXPERIMENTAL 

The sodium-bentonil£ used in this study is Kunigel VI (obtained from the Kuniminc lnduslrics co. in Japan). 
The mineral assemblage of Kunigcl VI is shown in Table I. The cation uchange capacity (CEC) of sodium· 
montmorillonite is shown in Table II. The composition of the sodium-bentonite-equilibnted water is shown in Table 
Ill. The goethite used in this study is a reagem grade of o -FeOOH. The sorption experiment was carried out using 
the batch method. The pH was adjusted with NaOH or HCI. After 30 days, all samples were filt£red through a 
IO,OOOMWCO (molecular weight cut ofl) filter for solid/solution se~::ation. The blank test was canied out to 
measure sotption on the vessel walls and filter. Analysis of '»ru and ''Am was conducted by a -spectrometry and 
Se was analyzed by ICP(inductively coupled plasma emission spectrometer). Distribution coeff>eicnt (Kd) was 
calculated from the ratio of the tracer clement conecnuation in the solid and solution, and the Kd is given as (!) 

(\) 

Where Kd is the distribution coefficient (m'llcg) , Cb,Ct the concentration of tracer element in blank(Cb) and 
sample(Ct) (moVI), lJS the solution/solid ratio(m'llcg). 

The experimental condition is shown in Table IV. The initial concentration of the tracer element in the solution 
was below the solubility limit. 1bc solubility of the trllcer element was calculated by PHREEQE1

' 1• and 
thermodynamic data were taken from corresponding literatures for Pu, Se1' 1 and Am161171

• 

THERMODYNAMIC MODELLING OF SORPTION 

the distribution coeffiCient of cationic species on sodium-bentonite is higher than the anionic spaies'''. Sodium. 
montmorillonite have a SliUctural permanent negative charge in int£rlayer of telrllhedral silicate. 1bc zeta-potential of 
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Table I. Mineralogical analyses of 
sodium-bentonite. 

Mineral wt% of bulk rock 

montmorillonite 5~55 

QUartZ 3~35 

feldspar S-10 

calcite 1·3 

dolomite <2 

zeolite <2 

mica <2 

pyrite <2 

Table Ul. Composition of bentonite-equilibrated water. 
(solutiontsolid..O . .Sm' /kg) 

Component Concentration(moVl) 

Na 8.696X 10'' 

K 1.282X 10·' 

Ca 3.000X 10"' 

Mg 4.167XIO'' 

Si 6.071 X 10'0 

Cl 8.451 X 10 .. 

so;· 7.292X IO'' 

HCO) 4.918X 10" 

Table II. Cation exchange capacity 
of sodium-bentonite. 

Element CEC{mo:qlg) 

Na 1.078 

K 0.012 

Ca 0.183 

Mg 0.031 

Total 1.305 

Table IV. Experimental condition. 

tracer clement ''"Pu '"Am Sc 

conccmration(moVJ) I X Hl'' I X l o·• I X 10·• 

solid sodium-bentonite 

(Se ; a -FeOOH) 

solutionlsolid(m'tltg) 0.5 0.5 0.05 

pH range 

temperature 

atmosphere 

lime 

(a -FeOOH ; 0.5) 

S-9 S-9 4-10 

room temperature 

air air N, 

30 days 

sodium-bentonite derived from the s~aming potential measurement is negative, -20 through -IOmV, in the 
experimental pH range, and the anionic species is not likely to be adsorbed on the sodium-bentonite. 'The 
zeta-potential of •odium-bentonite is shown in Fig. I. 'The sorption site of surface complexation for anion are 
decreasing with increasing pH, and anionic complexes such as carbonato-complexes m increasing with increasing 
pH. Sorption experimental results and pm!icled speciation of Pu and Am rue shown in Fig.2. According to this 
figure, it is suggested that the sorp1ion behavior of Pu can be concerned with Pu(OH)1' and Pu01', the sorption of 
Am with Am", AmOH'' ard AmCO,'. ard the sorption of Se with SeO,". 

··~~--~--------~--~--~----~ ,. 

., 

... '----~------------' , 1() 11 

pH 
Fig. I. Zeta-potential of sodium-bentonite in bentonite-equilibrated water. 
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Fig.2. E•perimental result and predicted speciation of Pu and Am. 

Catjon exchange model 

The cation sorption m<chanism of sodium-bcntonite can be considered two types of sorption mechanisms, these 
are calion exchange belwc:en inlerlayer cations or sodium-montmorillonite and swface complcxa~ion of the edge 
silanol and alumino! groups of aluminosilicates included in sodium-bentonite respectively. In this sodium
montmorillonite, it can be considered that the effect of cation exchange is more signifiCant than lhc surface 
comple .. tion of silanol and alumino! groups. because CEC of ordinary clay minerals increases with increasing of pH 
owing to edge site increase, but its contribution to CEC is less than 15%191

• The aYailable cation exchange model 
was studied" 11 ' 01• The schematic view of the cation exchan"' model is shown in Fig.3(a), in this model, the ion 
exchange reaction is shown as (2). 

nZNa + M~ - Z,.M + nNa • 

The equilibrium constant(K) C. described as (3). 

K_[Z0M](Na+]n 
[ZNa]"!Mn+] 

where z· is a reactive site in an interlayer and M- is a cationic species present in the solution. 

(2) 

(3) 

In this model, cationic species(Am", Am0H 1
', Amco,·. Puo,· and Pu(OH),) were assumed to be dominantly 

adsoroed on sodium-bentonite. The cation exchange constants were preliminarily estimated by best fining from 
experimental results and the Jiterature$'0""1• This approach is adolll"d in <Xber srudy1

'
1
• These constants are shown in 

Table V. The distribution coeffocients from the cation exchange model were calculated by using PHREEQE1
'
1
. 

S!!rface CO!!Ul!tntion model 

The dominant aqueous species of Se are pr<dicted to be Sea,•· and HScO;. The dom·,nant sorption mechanism of 
Se was inferred to be the surface complexation between solod surface and aqueOU$ species of Se. In this study, 
generalized two-layer model1111 was selected to interpret Se sorption. The schematic view of this model is shown in 
Fig.3(b). The solid/solution int...-face is described in tenns of two layers. All specifically ads<l'btd ions are assigned 
to the surface layer and counter ions assigned to a diffuse layer. The equilibrium constants for the surface reactions 
include an electrostatic term relating to the adsoriJed ions in the surface plane(SOH). The concentration of surface 
species is related to the bulk concentration by using the Boltzmann distribution. The required 'mput parameters a.rethe 
concentration of the surface sites, the specific surface area and equilibrium constants for the surface reactions. Anion 
sorption site in sodium-bentonite can be considered edge silanol and alumino! groups, but these site are loo many 
amount ~o explain the Se sorption. Sorption mechanism of Se on fenic-o•yhydrol<ide can be considered slrlace 
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complexation. Tile femc.oxyhydroxide was not observed in SQdium-bentonitc from X-ray diffraction, but fonnation of 
ferric:- oxyhydroxide was supported by our ob~"'ation of the altered surface of pyrite by using Electron SpectJOscopy 
for Chemical Anatysis(ESCA), as shown in Fig.4 and literature1" 1• Tile model for Se sorption on sodium-benronitc 
was based on the assumption that the sorption beha•ior was dominated by small quantities of ferric-oxyhydroxide 
(goethite), coated on the surface of pyrite, which is lwt% of sodium-bentonite. The surface complexation co

115
tanu 

of Se was preliminarily estimated by best fitting from experimental ..,suliS and other parameters w= derived from 
!he titration method. These constant ""' shown in Table VI. The distribution coefficient from surface complexation 
model was calcul~ by using HYDRAQL1" 1• 

Table V. !on Exchange Constants Table VI. Surface Complexation Constants and Parameters. 

Reaction logK 

z· + Na -ZNa 20.0[9] 

Z'+K' -ZK 20.6[10) 

22· + ea''- :Z.,Ca 40.2[10] 

2z· + Mg''- :Z.,Mg 41.8{10) 

3Z' + Am" - Z,Am 61.8 

Reaction 

SOH-SO.+H' 

SOH+W-SOH,' 

SOH-tNa'-SONa+H' 

SOH+Cl' +H' -50H1CI 

logK 

-11.0 

3.4 

-6.2 

9.0 

2z· + AmOH'' - Z,AmOH 43.7 SOH+H'+Seo,'·-soH,seo,· 15.1 

z· + Ameo; - ZAmco, 22.3 Specific surface ...,_,. 10m1/g 
z· + Pu(OH},'- ZPu(OH), 26.3 

z· + PuO,' - zPuO, 21.7 
Site density I.Ssites/nm 

''':/# 
@ ..... ~ 

~ 
Oo !SoH 

qr. d. 

(b) OH•" .... s.o.• ct· 
OH,' ----HSeOi cr 
OH1" cr 

:r o· Na· 
0 OH 
~ o· ......... Na' 
"- No' OH.-····Cr 

OH.-·--·50.' 
HSeOi OHo 

oH," •... s.o.• ~o.-

(!)At,Fetg ,. Si,(AI),~~-~ 
Solid ®ilii.iliiiiJ 

OHo ----HSeO.' cr 
Sohd phase Liquid phase 

Fig.3. Schematic •iew of ion ••change model{a) and surface complexation rnodel(b). 

Binding Energy (eV) 

Fig.4. Characteristics of alte~d surface of pyrite. 
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Constants ami Par:Jm~h:rs. 

·11.0 

·6.~ 

Cl 9 0 

JH,ScO, 15.1 

IOm1
1g 

Cl 
Cl 

Cl 

fl<ll. 

I 
ua· 

HSl'O, 

sec.= 
Cl d ·-----

LIQUid pho~r 

I 
I 

_j 

RESL!LT AND DISCUSSIO;-; 

The dlstrtbution {"Ocfflucnts of Pu JnJ Am were in the: r.mgc IOv ...... lO~m 11 ~.£: L'n sodJUm-bcniOnil(' tn the atovc pH 
r~ngc. The sorbed raloo of Pu was in the r.mge 60- 100'1. Am was 90- 10()", and Sc ""' 0- 20'"< on 
sodium-bcnronrte. The '-Orbcd r>uo of Se on th~ n -F~OOH were in th~ r:~n~c 0- 100<:> ;rnJ these values in<reJ.«: 
with dccrcasmg pH. Cornpansnn of preJicted "'ith "'pt:rimtntal dala "sho"; in Fig. 5. The sorbed ra11o <>f Pu and 
Am can bc predit·l£.<1 b> the <>t11.m e"h:mg~ model. <nJ Sc can be prcd~<:red by the ;urfxt romplc'"tion m•xlel 

(a) fb) 

PJO r-----· ........... -. ... -ca-.-·-·.· 
- 80 i '-, 
~ [ 
u 

" .0 
0 

fJ) 

Hl 
40~ 

I 

2:t~~ ....... ~---'--.........~ 
.. 1 0 

pH 

100 ~ ~~---- ----a~,x,~-" 

~ 
~ 

80 

t 
I ".f,QQH 

"U 
so 

<> I ~ s,)dnJm-bcntolll~l' 

-e -lO . ---" rn:d•ctl('ln 
0 

~ fJ) 

20 .... 
"." .t-" "" 

t 
0 

l--~~__._ __ -

pH 

pH 

'· ' ·' ,, .. ,. . . .. ····· 
, __ 

10 1 2 ,. 

Fog.S. Result> <•I the rnmpamt>n of prcdicrcd Jnd c\p.:rnncr.IJI d~ta. where. (a) Am, (b) Pu anJ lc) $c. 

The !iC•lhurn-bcnhJnth.' w1ll hr: um•p;tt.'lcd at l.Rg/cm' 1n the tsoi~Hton \)~tcm nt h;£h-kvcJ f.llhoal..:l•'t: , .... ;l(,lc Thl· 

pnnctp3l rct~dauon pro•.·ns ... ·s of uudhks in the (nmpJct.:d bcntnn•te ~liT CCin!t.iJcrcd w he t\\.O types ~'f 

mcchaJHSm~w•. the..:.~ .1n· rc:'llrlr,:tum llt llllhJIC flO\\,: (t.C , llll'lkt·ul:ir ftltr;ttJOii. ILlll C\I.."IU'h'n) and d!I\'CI upt.I~C ~·mn 
the ~ola.l pha~l.'l1 e .. JOn r~l"11;mgc ph~·stGil adsorption). Tile d1red upr:U.:c l)niO lh~ :mltd f!hJ~C can tx· l'Slirnat..:J h.~ 

d•slnhull;)fl c~ffit·icnt from the hJh.h method. If the tonstrrL"Itvi1)" 15 :1'l.Sumed I. th'-~ apparent dlslnhlHlon c.:t"X'f1-Ktcnl 
of Am fr,•m Lhc: m·Lhffu;;um C\~rrmcnt~ •~l W~lS c~tnn:llcd J~ 6.97m 'tkg. Pnrc wat~r chcrnt~try 1n t:t.llnp.;.h.''t.'d 
stxi!U!II·bcntnnllc could ntll he tn~a .... urcJ at ht~;hly ~,_-umpacl('d ~,)Jtum-bcn(•'lnirc. th~n pnrc w;.ttcr chernrs.l~ "\J:~ 

p~Ju::h.·d by "·akuiJtinn t:'la,~d on t'lcnt(•r,nc water tntcrar110n tnl'lld'f'1. The tllstnbulHln rr-.:ftiu('nt of Alll 111 
comr;.h.:tcd ~\\.hum-t-.cn!IJnH.: 1\ pn.:dtd~J 1 .'2m'Jkg h\ C"'.llon ('\l:hJnr.t: model 111Cruwn..:t.l Jh(I\C. Dlfft"rcnrt"' t'ot.-1\H't'n 
the e\pcnmcntal tb.l:t ;.-J n~t-..kl pn:.I!.:-IJ,)Ii n't;J~ he ~,.-:au ..... ~J t"ly tht: l'tfl't.'!."' of mnlccut\f frltralnln :ru JPn C\rlu'-l•ln ·mi.' 

dtstnhuuon l'l'~.:ffiocnl c~um.ttcd from nl·Jrifu~il•n C\pt"Ont"""nlt~ )::1\C'Il (.l)''t'. 
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(4) 

Where • is the total po.-osity calculaled from the dry and theoretical density, p the dry densily(k.glm~. Do the 
ionic diffusion coeffociem in free WBlel{m'ls}, Da !he appare111 diffusion coelfocient(m'ls), 8 are the conslriclivity 
dependent on chemical fornnula of diffusion species and r ' the tortuosity related to path length. 1besc values were 
cited from ••• excep1 for the conslrictivity( 6 }. 

'The constrictivity( 8 ) indicates the effects of molecular fillration and ion exclusion, and can be dcri\'Cd from 
equation (4). The inpul parameters are shown in Table VII. The derived conslrictivity( tS) is 0.036. 

Table VII. Parameters for Derivation of Conslrictivity of Am in Compacted Bentonite. 

J<d 

CONCLUSIONS 

0.33 

1.32m'lkg 

p 

' T 

ISOOkgtm' 

7.03 

Do 

Da 

1.80X 10'9m2/s 

I .29 X w·" m2/s 

(1). The sorption mechanism of Pu and Am on sodium-bentonite is p...tic~ to be cation exchanp: between 
interlayer cations and cationic species of actinides. (2). The sorption mechanism of Se on sodium-bentonile is 
predicted 10 be the surface complcxa1ion on the assumption that the sorplion behavior was dominated by the small 
quantities of fenic-oxyhydroxide (a -FeOOH), coated on the surface of pytile. (3). From the apparent distribution 
coefficienl of Am in compacted sodium-bentonite and lbe distribulion coefficient estimated from the cation exchange 
model, effective porosity for diffusion of Am is suggested. The effective diffusion porosity of Am is 3.6-. or tolal 
porosity. 
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