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Abstract Sorption of Cs, Pu and Am on natural clay of campiomposition was studied
to better understand the effect of the clay coatiog the sorption It was found that
cesium sorption to natural clay was affected bycdatings and by the ionic strength of
solution. The sorption of Pu and Am on the clay wampared with that on synthetic
goethite, hematite and magnetite, representing ooemds of the clay coatings. The
sorption was quantitatively interpreted using medaksuming ion exchange and/or
complex formation on the so called layer sites afige sites of the clay and its coatings.
Constants characterizing properties of the sitelssamnption equilibria were determined.
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I ntroduction

Natural clay minerals are locally available low tcagaterials which are often used as
engineered barriers. The complex composition ofinrahtminerals can be considered as
their advantage since radionuclides with a widegeanf chemical properties can find
appropriate sorption sites on their surfaces. @nother hand the sorption processes are
also complicated in these heterogeneous system$ecaffected by many factors and for
this reason they are difficult to predict. The kihesge how the mineralogical

composition of clay minerals and their coatings cdluence retention of radionuclides



are important issues for the performance assessHi&,*!Am and Pu isotopes belong
to radionuclides whose sorption and migration fn@dwaste repositories is most often
studied. It is generally recognized that”@s strongly and selectively sorbed by the
phyllosilicate fraction of soils, sediments and prreled particles and its selective
adsorption by mica-like minerals, such as illitanaonsiderably reduce its movement
and adverse effects in the environment [1,2]. Miagor sorbents for cesium are the layer-
type silicates that bind Cs either through eletat@sattraction of hydrated Cby negative
charges within the basalt plane and dissociated bgidroxyl groups forming outer-sphere
complexes or through electronic bonding at theeftlagdge sites (FES) external basalt sites
or within the interlayer forming inner-sphere coaxgs [3]. The high selectivity FES sites
were determined in many studies and it was fouatitkiey constitute only a small part about
0.02% of the total cation exchange capacityf&sium adsorption by layer-type silicates has
been often described as a cation exchange processcoor more sites with distinctly
different selectivity.

The most important components of natural mineraifase coatings affecting
adsorption of radionuclides are manganese oxides, oxides and organic substances
[5]. The retention of Cs by iron oxides such astlite, hematite and magnetite was found
negligible [6]. Naturally occurring organic substas (humic substances, polysaccharides
and proteins) can affect various adsorption sitedifferent ways: by preventing clay layer
collapse at frayed edge sites, resulting in enlth@sesorption, or by inhibiting Cs sorption
to clay minerals via modification of the propertie$ regular exchange sites [7].

Complexation ability of natural soil organics todsiCs was found to be rather weak [8].



On the other hand, humic substances (HS) are widetpgnized as important
complexing ligands for actinide in aquatic envir@nts [9]. However, quantitative
description and prediction of the complexation Wi are rather difficult due to the
complex character of HS, represented by a variadik¢ure of molecules with a number
of carboxylic and phenolic functional groups. Ipt@tation of the interaction of
tetravalent actinides with HS was improved whenseient sets of hydrolysis constants
for the actinides were taken into account [10]. Timportant role of natural organic
substances in the transformation of Pu oxidaticmtestvas corroborated in recent
publications [11,12].

Rather contradictory data have been published erstmption behavior of plutonium
and americium in the environment [13-15]. In saidabottom sediment samples, Pu
isotopes were found associated with carbonatesgnBeMn oxides as well as organic
substances [16-17]. Short time sorption experimantsgeochemical modeling indicated
that sorption of Pu showed that Pu sorption wadrotied by a competition between
complexation with iron oxyhydroxides and the préeigoon of hydrolysis products [18].

In order to contribute to the knowledge of the nagtms of radiocesium, plutonium
and americium sorption on natural clays and theatiogs, we studied the sorption in
laboratory conditions. The experimental data wemdeed using ion exchange and

surface complexation models.

Materialsand M ethods
Triassic clay selected as engineered barrier forcément (concrete) based near surface

low and intermediate level radioactiwaste repository was obtained from the industrial



exploitation site SaltiSkiai in North Lithuania. &hical composition of the clay is SIO
45.51%, A}O3; — 13.50%, FgO3 — 5.17% MgO — 3.00%, CaO - 12.88%, ,0a- 0.28 %,
K,O — 5.02%, TiQ — 0.43%, total S — 0.16%, loss on ignition 13.96%riassic clay is
composed of micro-aggregates of clay particlesh(\wé-71% of smectite, including 14%
montmorillonite, 20% of illite and from 1 to 9 % dahlorite minerals) which are
cemented by limonite FeO(OH)-pB. Two samples of the clay were used for the
sorption studies: sample S(1) contained sideré€® — 1.6%), hematiteofFe,03 — 2.3
%), goethite ¢-FeOOH — 0.1 %), calcite (CaG® 19.8 %) and Total Organic Carbon (
TOC - 0.034 %) in surface coatings and sample S(®yiginally S(1) from which
surface coatings containing carbonates and irodesxwere removed by leaching with
2M HCI and then by citrate-dithionite treatment][19

In addition, sorption experiments were conducteth wynthetic iron oxides for better
understanding of their role in the sorption proesssn the clay. The iron oxides were
synthesized using procedures described in litexd®20-22] and characterized by means
of Mossbauer spectroscopy [23]. Details of the mlaysand mineralogic characteristics
of all the solids used in these studies were repaqgpteviously [24]. Surface properties of
the solids (point of zero chargeH,.c), acid-base characteristics of their surface site$ et
were determined by acid-base titrations using ghslmodification of the technique
described by Wanner et al. [25].

In all experiments ACS reagent grade or higher grallemicals were used. All
solutions were freshly prepared using deionizedx(BWilipore) or Milli-Q (Millipore

Milli-Q Synthesis A-10) water.



The standard laboratory batch method was used Ifasogotion experiments [25].
Sorption was studied from 0.01 or 0.1 M Naj\$dlutions, which were mixed with the
solids at solid to solution ratio 1 g/L in polypsdene bottles. pH of suspensions thus
obtained was adjusted with nitric acid or sodiurdrioxide and repeated wash with fresh
portions of the working solutiowas performed until required pH remained stabler ove
+0.1 pH units for 48 hours and then Cs, Pu or Aikes were added to achieve their
desired initial concentration. pH was measured puMrwW pH-electrode SenTix 41or
SenTix 81 before and after sorption experiments.

The initial concentration of cesium in solutionssW&8010° mol/L. A mixture of Pu
(IV) isotopes was used in sorption experiments. Okiglation state purity of Pu (IV)
stock solution was analyzed by solvent extractionpld 0.5 using 0.5 M thenoyl-
trifluoro-acetone (TTA) as extractanfTypically 96 + 3 % of the total plutonium was
found in the tetravalent state. Starting conceiomatof Pu(lV) and*Am were 1.-13°
and 310" mol/L, respectively.

Suspensions were shaken for time sufficient foaldsthment of sorption equilibrium
and then the solids were separated from solutioceyrifugation at 10,000 — 20,000 G.
Plutonium in the solution and solid phase was datexd after radiochemical separation
using the UTEVA and TRU (Eichrom Industries). Pul km activities were measured
by alpha spectrometr{*Pu and®*3Am were used as tracers in the separation procedure
134Cs activities were measured with an intrinsic gerima detector. Adsorption losses of
the radionuclides from solutions to polypropylerattle walls varied from 0.1 to 1% of
total radionuclide present and decreased with erease of the sorption time. They were

taken into account in calculations.



Results and discussion
Cs(l), Pu(lv) and Am(lIl) sorption on clay samplesxd model solids representing
components of the clay coatings was studied frold@asolutions as a function of pH.
The data obtained, presented in Figs. 1 and 2, wésepreted using suitable sorption
models assuming three kinds of sorption mechanismmely ion exchange on layer sites
XH and ion exchange or surface complex formatiordeprotonated edge sites S
order to facilitate further discussions, terms 8agites” and “edge sites”, common for
clays, are also used for clay coatings, composedxafes with different structure of
crystals. This distinction facilitates evaluatioh acid-base titrations. Assumption of
existence of the layer sites on magnetite alreadypled modeling of Cs and Sr sorption
on this mineral [27]. Best fitting of the experintehdata by the model was sought and
parameters (equilibrium constants) characterizimdjvidual sorption mechanisms were
determined. The models consisted of sets of equatiodescribing
protonation/deprotonation of the surface sitesegochange and simple sorption reactions
shown in Table 1, together with corresponding massnce equations. Choice of the
sorption reactions was based on the calculatediamec of studied radionuclides in
solution. The corresponding computer codes werestoocted in software product
Famulus using the Newton-Raphson multidimensionalinear regression method.

The first step in the modeling was determinationtted mass concentration (in
mol/kg) of the layer siteEXH, of the edge siteSSOH (all forms) and their characteristic
constants (KX1, KS1 and KS2) in each solid by dmade titration. From the data

obtained (Table 1 and 2), changes in the concémtraf individual forms of the sorption



sites can be calculated, as shown in Fig.3 for 86}). Such visualization facilitates
discussion of the sorption process. The data demgeinput data to the sorption codes.
The fitting of sorption data proceeded in the tieracycle, from which it was possible to
determine the sought parameters when the differehd¢be sum of relative squares of
deviations after two successive cycles (i"eandi™?) was less than 10 As a fitting
criterion, reflecting the agreement between catedlaand experimental values, the
WSOSDF (Weighted Sum Of Squares divided by the Degreds@édom) quantity was
calculated [28]. Generally, the agreement is aatdetif WSOSDF < 20.

In the surface complexation modeling (SCM) of Cs,dhd Am sorption on edge
sites, three types of SCMs, namely two electrastag. constant capacitance (CCM) and
diffuse double layer (DLM) model, and one chemiegjuilibrium, non-electrostatic
model (CEM), were employed. The best fit was fowrtth CEM. lon exchange of Cs on
layer sites was modeled with IExM model. The resglivalues of equilibrium constants
are summarized in Table 1 and 2. According to thtained values of the fitting criterion
(WSOSDF varied from 0.05 to 20.3), agreement between thaulzaed and experimental
sorption values was very good. Only in the casémif sorption on goethite resulted
WSOSDF 29.4. The goodness-of-fit is also demonstratedigs.FL and 2, where curves
calculated using the constants from Table 1 reptee best fit of the corresponding
sets of experimental data.

In the case of cesium sorption on clay samples &{il) S(2), the results shown in
Fig.1 indicate large effect of the removal of sogfacoatings from the clay and of the
ionic strength of the solution. The sorption frorBDmol/L NaNQ on the untreated clay

S(1) can be quite well modeled assuming two samptieechanisms. At pH < 6, ion



exchange on the layer sites predominates, whetsasam exchange on the edge sites
takes place at pH 7 — 10. The edge sites are psobatated on clay coatings. That is
why ion exchange on the edge sites practicallypgiears when the coatings are removed
(clay S(2)). The large deviation of the experimedtta from the modeling results at pH
4 - 6 can be explained either by experimental eoroby some unaccounted sorption
mechanism. It can only be speculated that Cs cassooeed at pH 4-6 on organic
substances not removed from the surface by thailegof the clay during preparation of
sample S(2). The effect of organic coatings waenttg reportedor Cs sorption on soil
[29]. It was even found that organic matter coatingn have larger effect on Cs sorption
to clay minerals than mineral coatings and higima¥f sites can be blocked by organic
substances. Cs interaction with humic acids wasdao be negligible at higher ionic
strength [5,29].

The increase in NaNQoncentration to 0.1 mol/L brings about pronoundedrease
in Cs sorption on both the clay samples and dirhadsscatter of sorption values. The
decrease is due to competition of'Nans in the ion exchange of Cs. The exchange on
the edge sites of the untreated clay is virtudilpieated and the exchange on the layer
sites is strongly suppressed. If there is an unadea sorption mechanism at pH 4 — 6, it
is also eliminated. Nevertheless, the modelingltesuggest that edge sites exist on the
pretreated clay which can exchange Cs at pH > 8.

The effect of Naions on Cs sorption to clay S(2) is smaller whin indicate
existence of two kinds of layer sites with differeelectivity for Cs. It can be supposed
that the sites of a low selectivity are locatedntyaon the surface coatings and therefore

sodium ions strongly suppress Cs sorption on theeated clay S(1). Removal of the



coatings changes the effect of'Nans since the layer sites of higher selectibiggome
accessible. However, this explanation is not stppdoby the data on the effect of the
ionic strength and coatings removal on the coneéotrs of layer and edge sites in the
clay samples (Table 1) which can be due to theepies of organic substances in the
coatings.

Description of sorption of Am and Pu and as@\of its mechanism is more difficult
due to hydrolysis of both the elements (see FigBrolysis of trace elements often
results in an increase of their physical adsorpind chemisorption as well as formation
of their colloidal forms [30]. This may complicadég@plication of sorption models based
on simple sorption equations and is probably resipda for the imperfect fitting of
experimental data shown in Fig. 2, particularlyhe case of Pu and Am sorption on the
clay. Nevertheless, the curves of solid speciatepresenting changes in the speciation
(bonding) of the elements in the solids give atstea good picture of possible
mechanisms of Am and Pu sorption.

The calculated solid speciation suggests thakwa pH values (3.5 — 6) Pu is
predominantly sorbed on all the studied solids dry €xchange on layer sites. At the
higher pH values bonding on edge sites also talke=s pwith the exception of the clay.
From the comparison of the calculated and expetiahafata for the natural clay with
those for the potential coating minerals it candoacluded that the studied coating
minerals play a minor role in Pu sorption on theycht the low (<4-5) and high (> 8 for
goethite) pH values. Probably other coating mirseepaesent in the clay (e.qg. ferrihydrite
[23, 31]), and/or organic substances (unpublished)dcould enhance Pu uptake to clay

particles.



It can be seen that the ion exchange reaction qf Rable 2) can significantly differ
from that of Cs and Am due to the sorption of hyglrted Pu species. In addition, the
difference in Cs and Pu concentrations can affest sorption behavior.

The modeling of Am sorption on all the solidsulted in a more complicated picture
of sorption mechanisms (Fig.2). In general, ionhexge on layer sites predominate, with
Am*" and AmMNQ?* sorbed in different proportions and pH ranges. 3érption of Ani*
is the highest at most pH values except for Am tsampon the clay from 0.01 mol/L
NaNGs. Formation of Am surface complexes on edge sites galculated as significant
only at the higher pH values: SOAMOH at pH 5-8 aagnetite and pH > 7 on hematite,
SOAM(OH) at pH > 7 on hematite and pH 7-8 on the clay. &hwesults indicate that ion
exchange on layer sites of iron oxide coatingshefdlay can play a certain role in Am
sorption on the clay but the importance of the imnde coating sites is different.
However, results of the modeling of Am and Pu sorpimust be interpreted with caution
and further studies should be made to elucidatehamesms of the sorption and the role

of other coating components of clay not considenetlis study.
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Table 1 Input data for the codes used and values of équiin constants (all
corrected td=0) — modeling of Cs sorption

Reactions on edge sites Mineral S(1)Clay S(1)Clay S(2)Clay S(2)Clay

(SOH®, SO°, SOH,") Constant  1=0.01 1=0.10 1=0.01 1=0.10

0O + HY & SOH° KSL, 424E+9  3.80E+9  2.26E+8  1.23E+9
[L/mol]

SOH% + H" > SOH," K2, 4.16E+3 3.88E+3 4.68E+3 1.23E+4
[L/mol]

¥SOH [mol/kg] 3.29E-1 9.30E-2 2.72E-1 9.15E-2

SO + Cs" « S0Cs KCs1 1.68E+4 1.08E+2 1.27E+3 4.70E+0
[L/mol]

Reactions on layer sites

(XH or XNa)

XH + Na" — XNa +H" KX1 6.71E-7 6.2E-6 4.18E-6 8.93E-8

EXH [mol/kg] 1.90E-1 2.74E-2 4.50E-2 2.34E-1

XH +CS < XCs+H' KCs2 3.561E-3  3.85E-2 1.62E-2 2.00E-1

12



Table 2 Input data for the codes used and values of d&guiin constants (all corrected [t20)
(pH regions where the constants are importanshosvn in brackets) — modeling of Pu and

Am sorption

Reactions on edge sites Mineral S(1)Clay S(1)Clay Hematite Goethite Magnetite

(SOH®, SO, SOH,") Constant  1=0.01 1=0.10 1=0.10 1=0.10 1=0.10

0 + H — SOH° KSL, 424E+9  3.80E+9  1.13E+11 4.12E+8  1.85E+7
[L/mol]

SOH® + H" & SOH," K2, 4.16E+3  3.88E+3  1.71E+2  2.64E+4  1.32E+4
[L/mol]

YSOH [mol/kg]  3.29E-1 9.30E-2 2.49 2.66E-1 1.50E-1

SO + Pu(OH), <> SOPU(OH), K1, 7.00E+4" 2.61E+4 1.89E+7 6.82E+1  6.43E+6
[L/mol] (pH=7-9) (pH>8) (pH>5.5)

SO + Am(OH)?" & SOAM(OH)" K2, 4.03E+11 1.48E+11 1.32E+13 2.57E+3  3.18E+5
[L/mol] (pH>7.5) (pH>7) (pH>4)

SO + AM(OH)," <> SOAM(OH),? K3, 1.51E+14 6.02E+13 5.69E+12 9.44E+5  4.68E+8
[L/mol] (pH>7) (pH>7)

Reactions on layer sites

(XH or XNa)

XH +Na" < XNa +H" KX1 6.71E-7 6.2E-6 1.60E-5 9.69E-6 3.48E-4

TXH [mol/kg]  1.90E-1 2.74E-2 5.64E-2 1.44E-1 4.59E-2

XH + PU(OH);" > XPU(OH); + H* K4 4.40E+1 8.76E+1 6.02E+0 7.97E-1  3.69E+1

(pH=4-8)  (pH=4-8) (pH=4-7) (pH=4-8) (pH=4-6)

3XH + APt <> XzAm + 3H" K5, 2.33E-8 4.44E-6 6.18E-5 1.50E-7 1.73E-4
[kg%L?  (pH>5) (pPH>3.5)  (pH<8) (pH4-10)  (pH<6)

2XH + AMNOZ — XAMNO; + 2H* K6 2.05E-1 1.11E-1  1.83E-1 4.77E-3  3.88E-2

(pH<8) (pH<6) (pH<6) (pH4-10)

" corresponding reactions play minimal role
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Diagram of Pu{lV) aqueous speciation Pu(IV) solid speciation, S clay - 0.01 mol/L NaNO,_ Pu(IV) solid speciation, S clay - 0.1 mol/L NaNO,
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mol/lL NaNQ; and on the solids. [Clay] = 64.Ffh. [Goethite] = 172 MiL,
[Hematite] = 192 fiL, [Magnetite] = 114 rfiL
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Fig. 3 Mole fraction (F) of active sites on the Clay sud (XH — layer sites;
SOH’, SOH' and SO- edge sites; ionic strength = 0.1)
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