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[. INTRODUCTION

Nowadays numerous studies have been performedder ¢o identify new waste
forms and disposal strategies because of largetitpiahhigh activity radioactive waste
which requires treatment prior to final disposalstorage. The application of inorganic
sorbents such as ferrites and crystalline siliantites is one of the alternative
technologies which can reduce the costs assocwitbdwaste disposal, minimize the
contamination risk of the environment during preteg and disposal of the radioactive
waste. This issue is an especially hot topic nowsda Lithuania because of the
decommissioning of the Ignalina Nuclear Power Plaftie necessity of a highly
efficient treatment forced studies in this field.he application of selective inorganic
materials for the removal of harmful radionuclidesm the bulk waste solution can be
one of the possible solutions because they armglisshed for high efficiency, ionizing
radiation resistance, their thermal stability anchpatibility with the final waste forms.

Performance assessment of radioactive waste disppares modelling of long-
term migration of radionuclides through the engiedebarriers and the geological
environment. The chemical complexity of sorptiorsai@tion processes is usually
reduced to integrated parameter — distributionfaoents (Kj). There are a great number
of publications on K determination, however, the existing data gnoK radionuclides
on different geological materials are for genematlerstanding only and are not very
useful for performance assessment since changt® ajeological conditions result in
variability of Ky values by two orders of magnitude. In order taaobtealistic sorption
data sets for safety relevant radionuclides preiseatcement/concrete based repository,
preliminary studies were carried out. The developneé sorption database for the near-
surface repository was started with measurementesiim, plutonium and americium
Kq4 values. Samples of loam available at the Galidasike (Quaternary deposits) and
Triassic clay from industrial Saltiskiai quarry seted as a candidate for the engineered
barrier of the Lithuanian near-surface repositogyavtaken for laboratory investigations.
Cs, Pu and Am K values were determined under a wide range of geodal
conditions. Changes in the geochemical conditi@ssilted in the variability of Cs, Pu
and Am Ky values.

Kinetic sorption experiments indicated insignificavariation of sorption

parameters depending on the chemical compositiograindwater and clay minerals.



Speciation studies showed the high content of exgable cesium up to 70% in
experiments with high cesium concentrations. Resfitkinetic tracer experiments and
sequential extraction studies reveal differencesonmption mechanisms depending on the
Cs concentration. Data obtained from sorption-degmn experiments were used to
model sorption process by applying the kinetic #-boodel to describe the cation
exchange processes at three sites of clay mingitdsdistinctly different selectivity. The
obtained forward and backward exchange rate coisstegre used to calculate apparent
equilibrium constants which ranged from 1 to 26 #mel highest ones were found for
reversible sites.

Oxidation—reduction reactions are of the top imgce in the environmental
chemistry. Plutonium redox chemistry is also coogiltd as speciation strongly affects
its environmental behavior [1]. Many previous sagdindicated transformation of Pu
oxidation state through interactions with surfacésvin(lV) — bearing and iron oxide
minerals [2, 3, 4]. Recent publications have shdolat Pu oxidation states can also be
strongly affected by natural organic substances@5,0On the basis of lysimetric
experiments with well-defined solid sources of RYfPuCl), Pu(lV)(Pu(NQ), and
Pu(GO,),, and Pu(V)(Pu@NOy;),), it was concluded that Pu(lll) may have a wide
natural occurrence, especially in acidic environtadii]. Influence of biotic processes
on transformation of redox speciation of radiondes has also received considerable

attention [8].

The main aim of doctoral dissertation

The aim of the work is to evaluate equilibrium akidetic sorption parameters in
heterogeneous systems as well as to investigafi@ormechanisms and processes
responsible for radionuclide removal from liquiddnem and retention by artificial and
natural barriers.

The main tasks

The main tasks of the dissertation are:

1. To investigate the sorption ability of inorganigahium silicates and iron oxides)
sorbents for Cs, Pu and Am elements and to evatbate equilibrium and kinetic

sorption parameters.



2. To investigate Cs, Pu and Am sorption dynamicsatoinal clay minerals and kinetics
in a wide range of pH values under conditions maXyn close to natural
environment expected at radioactive waste reposgor

3. To evaluate the influence of Cs and other competorg concentrations on the
sorption and desorption process in heterogeneowstersg: natural clay -
groundwater.

4. To determine the sorption ability of minerals natlyr present in clay coatings
towards studied radionuclides.

5. To evaluate the oxidation reduction ability of matuclay and iron minerals using

plutonium isotopes as an indicator.

Novelty

1. The sorption parameters of Cs, Pu and Am for nesyhthesized inorganic sorbents
(distribution coefficient (k), kinetic coefficients) have been evaluated. & baen
determined that the magnetite/hematite compositiésitnguished by better sorption
ability towards plutonium isotopes as compared wilre magnetite. It is a
promising sorbent for plutonium removal from contaated solutions due to its
better sorption parameters and because of applicaii magnetic methods in
separation technologies.

2. It has been determined that the variation of sonpgiarameters (e.g., decrease in K
values at high pH) in heterogeneous natural systent®mplicated and does not
correspond to the simplified laboratory experimedtge to the effect of various
factors.

3. Different Cs retention mechanisms by Saltidkiayateinerals have been determined
for various Cs concentrations. At low concentratiba illite minerals having high
selectivity for Cs eliminate this element from wars media but with the increase in
its concentration and/or of competing ions the mmortionite minerals of lower
selectivity but larger sorption capacity take thide due to the lack of selective
sorption places.

4. Iron and calcium minerals found in SaltiSkiai cegatings play an important role in
sorption of Am and Pu isotopes but the role of Mnerals in retaining the actinides

by this clay is negligible.



5.

Existing solvent extraction methods were appliedd averified for Pu(lll)
determination in the liquid and solid phases otiratclay and goethite systems with
0.1 and 0.01 mol/L NaN©The reductive ability of the Saltidkiai clay apodethite as
a natural component of its coatings has been detedmsing plutonium isotopes as
an indicator of oxidation reduction reactions. Bihutim was found in the Pu(lll)
oxidation state which is important for the predatiof its sorption and migration

behaviour.

Statements presented for defence

1.

It has been determined that titanium silicates rsgized using TiOSO
(NaTi,Si0,-2H,0) are the most suitable for Cs isotope removahfamntaminated
solutions. The best results for actinide eliminatiom liquid radioactive waste were
obtained using iron oxides (magnetite s®g goethite -a-FeOOH, hematite e-
Fe0y).

Complicated physical-chemical conditions, cementoncrete degradation and
rainwater - cement water evolution in the heteregeis environment of the cement -
concrete based repository determine sorption behaviradionuclides. Gradients of
various ions released into solutions, changes invaldes and formation of various
complexes have a great effect on the radionuclideption behavior in this
multicomponent system. Such complicated systemst ieisanalyzed as close as
possible to natural ones to ensure reliable priedict

Different sorption dynamics, kinetics and seletyiviowards Cs, Pu and Am
radionuclides determine the existence of variouptsm sites, their concentrations at
the Saltidkiai clay mineral surfaces as well amnges in the Pu oxidation state during

its interaction with Saltikiai clay mineral compsons.

[I. OBJECT OF THE STUDY AND USED METHODS
Synthesized sorbents (both titanium silicates aod bxides) and natural clay

minerals were used in sorption experiments. The B&Tace area and pore volume of

studied sorbents were determined using the nitragisorption/desorption method at the

liquid nitrogen temperature by means of a surfaea analyzer NOVA 2200. The pore

size distribution was determined according to thiHBmethod using the desorption



branch of the isotherms. The X-ray diffraction s&sdof the prepared Ti-Si sorbents
were conducted with an automated diffractometer QDIR-4-07) using Ni-filtered Cu
K, radiation. Synthesized iron oxides were charaztdrusing Moéssbauer spectroscopy
[9].

Samples of loam originated from the Galilawite (Galilauk clay) and Triassic
clay from industrial SaltiSkiai quarry (SaltiSkialay) selected as a candidate for the
engineered barrier of the Lithuanian near-surfamository were taken for laboratory
investigations. X—ray diffraction analyses show w@whd4% of montmorillonite in
Saltiskiai clay. The mineral composition of Saliéikclay was estimated as follows:
SiO, — 45.51%, AJO; — 13.49%, F#s; — 5.17% MgO — 2.99%, CaO - 12.88%, ,Na-
0.28%, KO — 5.02%, TiQ — 0.43%, total S — 0.16%, loss on ignition 13.999.
Samples of the natural groundwater (GW) from wedl Nof the Galilauk site and the
synthetic rain water (SRW) (filtered through thé®um membrane filter) were put into
contact with the solidified locally available Partld cement (from “Akmers
cementas”) to obtain the extracts of groundwatament water (GWCW) and synthetic
rainwater - cement water (SRWCW) solutions. Thetiglas of different sizes of
solidified cement were used in the experiments. ditemical composition of rainwater,
groundwater and the cement water solutions wagrdated by the AAS and the ion
chromatography techniques (Table 1). The compasitd rainwater was estimated
taking into account the long-term studies perfornmeldthuania [11].

The presence of Eé lepidocrocite {-FeOOH), siderite FeCQ Fe hydroxides
(Fe(OHY)), ferrihydrite (Fe(OH) -nH,0O), hematite ¢-Fe0s), maghemite ((-F&0,)
goethite {-FeOOH) and the trace amount efFe,0; mineral which is rare intermediate
between maghemite and hematite was determined bgshb&bier spectrometry in
Saltiskiai clay [12].



Table 1. Chemical composition of solutions usesdrption experiments.

so?, | ClI, Na', K*, | c&, | Mg*, |HCO;, b len my %

mg/L | mg/L | mg/L | mg/L | mg/L mg/L | mg/L P ' mS/cm
Grog\‘/sr’ater 948 | 829| 590| 690 250 404 473 7.81 -60.1 1.09
Groundwater-

cement water| 109 206 49.0 370 183 0.01 45|13 126 -335 8|04
GWCW
Groundwater
GW4
Groundwater
GW6
Synthetic
rainwater SRW
Synthetic
rainwater-
cement water
SRWCW

403 | 224 10.4 1.90 139 39.7 517 7.16 -71.7 0.86

228 | 5.20 5.20 1.60 89.6 249 37 7.47 -69.8 054

122 | 0.75 0.58 0.14 0.42 - 90,0 4.89 108 023

2.90 | 345 22.6 545 96.8 0.03 5316 116 -283 215

The laboratory batch method was applied to detezritie distribution coefficient
(Kg) values of Cs, Pu and Am radionuclides. The ptotthe standard method used at
Pacific Northwest National Laboratory for measuriafporatory batch Kvalues was
applied [13].

The total concentrations of cesium in solutionsex2B8010° mol-L™*and 6.8010°
mol-L* (the solutions were labeled BYCs). A mixture of Pu(lV) isotopes was used in
sorption experiments. The oxidation state purityaf(IV) stock solution was analyzed
by solvent extraction at pH 0.5 using 0.5 mdl-thenoyl-trifluoro-acetone (TTA) as
extractant. Typically 96 £ 3 % of the total plutom was found in the tetravalent state.
Starting concentrations of Pu(lV) arfd’Am were 1.10-18 and 3.20-18" mol-L?,
respectively.

13%Cs activities were measured with an intrinsic getima detector (resolution
1.9 keV/1.33 MeV and efficiency 42 %). Plutoniumdaamericium in the solution and
the solid-phase were determined after radiochensiephration using the UTEVA and
TRU (Eichrom Industries), and/or Nglprecipitation and activities were measured by
alpha spectrometry*®Pu and***Am were used as tracers in the separation procedure
Precision of radionuclide measurements by gamnpdtaalspectrometry was: @s2%, Pu

<5 %, Am< 7 %.
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The association of sorbed Cs, Pu and Am in geddbgaterial was determined
using the sequential extraction procedure [14, EXthangeable and carbonate bound
Cs was extracted using 1 mofNH,C,H;0, pH 5 CHCOOH extracting agent.

Oxidation state distribution analysis employs atnafiltration/solvent extraction
technique. TTA, HDEHP and DBM were used as desdrilve literature [6-8]. In
experiments with Pu(lV) and natural clay a liquitage from solids was separated by
centrifugation and Pu(lll,1V), Pu(lV polymeric), ) and Pu(VI) were extracted from
the aqueous-phase using TTA and HDEHP. Pu was lde$drom the solids with
3 mol-L'* HCI for 1 h. Solutions were filtered using 10 kBntrifugal filter devices
(Amicon, Millipore). An aliquot of the filtrate wasemoved to determine oxidation state
distribution by solvent extraction, and fractions Pu(lll,IV), Pu(V), Pu(VI) were
separated using TTA and HDEHP as well as Pu(I\Vilaexibn was performed in parallel
by TTA from a pH 0 solution. In experiments with(Wyand goethite all samples were
separated from solids by centrifugation followed birafiltration prior to solvent
extraction. Analysis of oxidation state distributian the solid-phase was carried out
using TTA and HDEHP solvent extraction as discussealve, whereas for analysis of
the liquid-phase both TTA/HDEHP and DBM extractitechniques were applied.
2Am(N), #8,Th(1v), #Np(V) and®U(VI) as oxidation state analogs for Pu(lll), (V)
(V) and (VI) as well ag*Pu(IV), *%Pu(lll) were used to establish effective leaching

conditions of Pu from the solid-phase, and to \&&doxidation state analysis procedure.

. EXPERIMENTAL RESULTS AND ANALYSIS

3.1. Sorption of Cs, Pu and Am to synthesized inorganic sorbents

Some studies were performed in order to determive dorption ability of
synthesized inorganic sorbents towards Cs, Pu amd Phe highest Kvalues were
found for the system groundwater - TiSi ion excleaBsgCs I for the inorganic sorbents
and 0.1 mol-I* NaNG; solutions varied from 40500 to 30 mL/g and decdas the
following order: TiSi 59(Cl)> TiSi 20(Cl)> TiSi 5&)> TiSi 17(SQ)> TiSi 30(SQ)>
TiSi 32(SQ)> Clay > TiSi 57+58(Cl)> TiSi 82-1> TiSi 86-1>TiH4-3> TiSi 86-4>
TiSi 82'-1> TiSi 84-4> TiSi 40> TiSi 82-3 > Magni. Pu K; varied from 4600 to 200
mL/g and decreased in the following order: TiS{S@,)> TiSi 55(Cl)> Clay> TiSi 84-
3> TiSi 30(SQ)> TiSi 57+58(Cl)> TiSi 59(Cl)> TiSi 82-3> TiSi 86> TiSi 82'-1>

11



TiSi 40> TiSi 32(SQ> TiSi 82-1> TiSi 84-4> TiSi 86-1, whereas Amy Kanged from
12000 to 50 mL/gnd the following sequence was determined: MagetiClay > TiSi
84-3> TiSi 84-4> TiSi 82-3> TiSi 82-1> TiSi 86-43S 57+58(CI)>TiSi 32(SQ).

Sorbent TiSi-17 showed the highest Py uélue for 0.1 mol-I* NaNO; solution
which is usually used to model fuel pond water wiie pH of about 7. The obtained
highest K value can be explained by the methyl group intctida into the Ti silicate
structure. As was mentioned above, sorbent TiSi4F synthesized using the potassium
methyl silicon and the hydrogen peroxide as congieX hus, the formation of sorbents
with a mesoporous structure suitable for sorptidnlange size ions was expected.
Preliminary data have suggested that Am Mgalues are quite close to the Pu ones.
Studies of Am sorption are in progress.

Preliminary data on Pu sorption to iron minerals presented. Kvalues ranged
from 4750 1016260 mL/g and 9000 to 257620 mL/gAor and Pu, respectively, and the
found values were in the close range as deternfimedatural clay. An increase in the
Pu Ky value by a factor of ~7 was found for magnetiteibite composite in comparison
with that for pure magnetite. Thus, synthesized meéige/hematite composites possess

magnetic properties and better sorption abilityaoyg Pu.

3.2. Kinetics of Cs, Pu and Am sorption to synthesized inorganic sorbents

Data on Pu sorption kinetics have indicated th#terashort time is required to
reach equilibrium (Fig. 1). Equilibrium was reachafier about 2 hours of sorption.
Kinetic data were fitted to the pseudo-first-orélzretic model:g=0qe(1-€ *"), whereq,
andde are Pu concentrations (mol/g) at tin@nd equilibrium ones, respectively, as well
ask, (min?) is the pseudo-first-order rate constants. It barseen from the obtained
parameters that iron oxide kinetic data fit wek ghseudo-first-order equation, whereas
TiSis data require additional analyses. Py dgquilibrium ranged from 2500 to 4130

mL/g for studied sorbents TiSi-17(9QTiSi-32(SQ), TiSi-55(Cl) and TiSi-59(Cl).

12
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Fig. 1. Kinetics of Pu(IV) sorption to TiSi sortisrand Fe oxides (0.1 mol*LNaNG;
solution, pH 6.08 — 7.02 +0.06, solid: liquid ratio1000 g/mL).

Sorption kinetics is an important parameter of eatb reflecting their efficiency
and cost. Kinetics data for four sorbents are el in Fig. 2. Better sorption
parameters were found for sorbents TiSi-112 and-T08a when 90% of Cs was
removed in the first 10 minutes. It can be expldibg their structure. Cs kinetics data of
sample TiSi-55(Cl) indicated that there is limiteti on Cs ion diffusion into the
mesoporous sorbent matrix. Studies of plutoniunptsam kinetics indicated faster

plutonium sorption to iron oxides in comparisorrtsi.

100 1001
o 2 2 El
o® iud 98- o 0 0o ©0 0000
96 o aA g " m " EEEE
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o
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° = — i
P o A P——— PR = TiSi-112
£ o % o] ® o TiSi-100a
5 884 A TiSi-55 2
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A
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0 20 40 60 80 100 120 140 160 180 200 0 2000 4000 6000 8000 10000 12000 14000
Time, min Time, min

Fig. 2. Kinetics of Cs sorption to TiSi sorberfisl(mol-L* NaNQ; solution, pH 5.6 —
6.2 £0.1, solid: liquid ratio 1: 1000 g/mL).

3.3. Ky values of clay samplestowards Cs, Pu and Am

To obtain cesium Kvalues for the natural clay based on soil matarainated
from the Galilauk site (Galilauk clay) and montmorillonite clay (Saltiskiai clay)
selected as a candidate for the engineered baofiethe Lithuanian near-surface
repository, SRW, GW, SRWCW and GWCW solutions waesed (Table 1). Kvalues
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are in good agreement with presented ones in vapablications and ranged from 9700
to 450 mL/g. The highest values were detected &unal groundwater. The Saltikiai
clay exhibited the high retention capacity towardssium. During interaction of
precipitation and groundwater with cement and ocetecthe leached NaOH, KOH and
later Ca(OH) result in increase of pH (up to 10-13) and conegiuns of K, Na', C&*,
NH," ions in the surrounding solution. The retardat@winCs can be decreased by
competition with the dissolved cations. The lowJalues were expected under alkaline
conditions (pH 11-13), however, comparatively loyklues determined in experiments
using SRW indicated that acid rainwater can affeetcesium retention. fvalues as a

function of pH and ionic strength of contact salus are presented in Fig. 3.
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Fig. 3. Variations of Cs Kvalues depending on pH and ionic strength of SRWCW

solutions.

It was supposed that the pH and the chemical coimpo®f rain and groundwater can
vary under natural conditions depending on themtact time with cement material
and/or different dissolution. Two sorption experimgewere conducted. These studies
showed the gradual decrease in Gsv&lues due to an increase in concentration 6f K
Na', C&*, NH," in aqueous phase. Desorption experiments indictitadfrom 25 to

37% of reversibly sorbed cesium can be releasé¢ket@surrounding solution during the
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first week of the sorption experiment. The amount@esorbed cesium correlated with
concentration of Kin initial solutions used in the sorption experitserit seems that K
ions can compete with Cs for the FES and in suamaaner can reduce the portion of
irreversibly sorbed cesium.

The retardation factor ¢Ris the ratio of the pore-water velocity,(m/hr) to the
contaminant velocity v cm/hr): R = v,/ v.. Retardation factors of Cs (for rainwater
experiment) versus the pH values and the concenraf K', NH," ions which are able
to compete with Cs for FES are plotted in Fig. heTvalues of Cs Rdecrease
exponentially with an increase in the pH values #mel concentration of NA (for
Saltiskiai clay). In other cases the more compéidadecrease which corresponds to the

Sigmoidal (Boltzman) fit was observed.
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Fig. 4. Cs Rvalue variations depending on different chemicahposition of rainwater-

cement solutions.
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3.4. Kinetics of Csand Pu sorption to clay minerals

Data of sorption experiments using the clay samaeés and groundwater samples
GW4 and GW6 (Data: 6_4 and 6_6) as well as the stagyple No 7 and groundwater
samples GW4 and GW6 (Data: 7_4 and 7_6) are pexteint Fig. 5. Very fast
adsorption of Cs to clay minerals was observedlifoar cases with residence time of

Cs in the aqueous phase of about one day.

6.8 Model: y=A " +y, | Data: 6_4 Data: 6_6

R = 0956 R’ = 0948

i y, 663 002]y 664 003

Y 1 A 033 .04 A -023 005
t, 092 #042)t -101 0.77

1 1

I
id

6.4

Data: 7 4 Data: 7_6

R'= 0,985 R = 0980

6.6 v 660 002 || Y% 659 003

7.4 0 N -

76 A 056 004 /A 03B 2006
t 138 073

t 130 032 |

Cs 107 mol/g

o
N
h
°
N

<« > o m
|

6.0

,,
|

Time,days

Fig. 5. C$adsorption on clay minerals (Saltidkiai clay sarapho 6 and No 7
groundwater samples No 4 and 6) as a functiomu# t{C(Cs) = 6.80*1®mol-L™).

3.5. The association of Cswith geological material
Sequential extraction experiments pointed out thallsamount of irreversibly sorbed

Cs in the residual fraction (Fig. 6).

100~ 100+

R 8017
[ IF2
B F3
F4

N F5

80

604

Cs,%

Cs,%

40

204

49 6 7 8 9 10 11 116 7 8 9 10 11 12,6
pH pH

Fig. 6. Fraction distribution of Cs as functionpti after 10 days contact (a) Saltiskiai
clay-SRWCW and b) Saltikiai clay- GWCW), F1 excheable and bound to
carbonates, F2 reducible, F3 bound to organicandtd, F5 residual.

The decrease in the Cs amount associated with #grgioned fractions was observed
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after 45 days of sorption (Fig. 7).

SN F1
C1Fr2
B F3
Y Fa
XY F5

10 15 45 - 10 15 45 Days
GW, pH 7.8 GWCW, pH 12.6

Fig. 7. Fraction distribution of Cs as functiontiofie, Saltiskiai clay-GW and GWCW,
F1 exchangeable and bound to carbonates, F2 réeluE®bound to organic matter, F4,

F5 residual.

Sequential extraction studies indicated that viamat of cesium concentrations in
the groundwater affected the partitioning of Csley. The main differences deal with
an amount of cesium sorbed to sites from whiclaiit lbe easily desorbed (exchangeable
fraction) and to sites from which it cannot be absd (acid soluble and residual
fraction). Average values of Cs in both fractiansexperiments with low and high
concentrations are presented in Fig. 8. The deermathe Cs amount in exchangeable
fraction (exchangeable (2)) and the decrease inGkeamount in residual fraction
(residue (2)) were determined in experiments watv ICs concentrations, while no
changes (exchangeable (1) and residue (1)) werengdsb in experiments with high
concentrations. It can be explained by sorptiortedium to sites of different affinity.
Generally, FES of micas and illites act as the hagfinity sites, while basal and
interlamellar regions of expansible layer silicatesch as smectites act as lower
selectivity sites. The studied clay consists maiolysmectite type minerals with the
small amount of illite. Thus, the selective sorptgites of FES were available for Cs at
illite and were capable to bind Cs at trace corred¢ions. In experiments with high Cs

concentrations, almost all cesium was sorbed tast@en sites of lower selectivity.
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Fig. 9. Fraction distribution of Cs (Salti3kiai glaamples No 6 and No 7 groundwater
samples No 4 and 6) as a function of time. F1 diggavater, F2 - exchangeable and
bound to carbonates, F3 reducible, F4 bound tonocgaatter, F5 residual (C(Cs) =

6,80-1C° mol-L™).

The main C§ exchange reactions in the multicomponent system bea expected as

follows:

=X -Na+Cs"'= X -Cs+Na"
X-K+Cs"=X-Cs+K"
X —1/2Ca+Cs" == X —Cs+1/2Ca*

The cation exchange of Tk layer silicates and soils is usually represgig a mass

action equation of the following form:

1 : A A
AX(1), =CsX(i)+—= Ay,

— 1
u u

CSig) +
whereu is the valence of ionic speciés AX(i), and CsX(i) are the exchanger phase
species oA andCs'; andCs' 5y andA™ ,; are aqueous species. The Cs distribution
coefficientKy is defined as:

~[esx(i

Ky = " 2
CS(aQ)

The rate of exchange of Cis:

d [Cs(gq)

N 1 1 .
- — —k,[Csiu [AX (), Ju + ko[ A Jo[esx (i 3

aq)

assuming a first order reaction kinetics and @eady state or equilibrium:
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kA bles<()]

Kpp == . ()
ks [esy Tax(),

whereKy, is the apparent equilibrium constark; andk-; are forward and backward
reaction rate constants, respectiveGs’,y is the concentration of cesium in the
aqueous phase (mol/ml) ar@@EX(i) is the concentration of adsorbed cesium on the
exchange site (i) (mol/g).

The Cs sorbed to the first type of sorption sitesx(2, concentration of radionuclide
C,) can be defined as reversibly sorbed Cs to deyatnount of which was determined as
the exchangeable fraction of the first step of eatjal extraction (F2, Fig. 9). The Cs
sorbed to the second type of sorption sites (baoB¢entration of radionuclidés;) can be
characterized as slowly reversible Cs, the relezfsevhich into solution is strongly
dependent on oxidation-reduction processes in {ete®. The slowly reversible Cs was
determined as Cs amount extracted during the seguexiraction analyses (the F3 and F4
fractions of which usually contain radionuclidesubd to oxides and organic matter,
respectively) (Fig. 9). The Cs sorbed to the thype of sorption sites (box 4, concentration
of radionuclideC,) can be described as partly or/and fully irre\sysisorbed Cs, the
amount of which was estimated as the residualiract the sequential extraction (F5, Fig.
9).The definition of sorption sites is quite comial because of heterogeneous origin of the
natural geological material containing the varisagption sites of different selectivity. The
sorption sites were defined on the basis of demorptapabilities and on the general

knowledge about sorption of cesium to clay minerals

s

ks ky
k.1 k—S

Cz Cl C4

kg kg

[

Fig. 10. Schematic representation of the kinetim®-model.
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The kinetic equations of 4-box model are:

% =-k,C, +k,C, —-k,C, +k,C, - k.,C, +k,C,
dC

dt2 =kC, -k,C,

dC

d_t3 = k3C1 - k4C3

€©, =k,C, —ksC,

dt

®)

(6)

(7)

(8)

whereC, is the concentration of the radionuclide in solaficC, is the concentration of

reversibly sorbed CsC; is the concentration of slowly reversible G0S; is the

concentration of irreversibly sorbed Cs dqd- kg are forward and backward exchange

rate constants.

Table 2. Apparent equilibrium constants for Cs edrbto

reversible (1), slowly reversible (2) and irrevbtsi(3) sites.

Site Clay No6, Clay No6, Clay No7, Clay No7,
GW4 GW6 GW4 GW4
1 18.6 26.4 18.2 23.4
2 5.3 6.7 4.5 6.1
3 2.6 3.0 1.3 3.1

We tried to describe complicated Cs sorption preegso the natural clay minerals

which include sorption on reversible sorption sitexl frayed edge sites as well as

sorption sites containing iron and organic mattaatings (slowly reversible sites). The

kinetic equations of the 4-box model were integtaded fitted to experimental results

obtained from the kinetic tracer experiment using least square procedure. The set of

kinetic equations was integrated applying the Badet Deuflhard method [16] which

allows obtaining high accuracy even for stiff im@&gequations. The obtained forward

and backward exchange rate constants were used@ltalate apparent equilibrium

constants which are presented in Table 2. The eppaquilibrium constants ranged

from 1 to 26, and the highest ones were found émersible sites.

The reversible

fraction indicates the possible radionuclide redei@m$o surrounding solution and, hence,

the amount of cesium available for transport.
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equilibrium constants is important since thgualues are very complicated functions of
many parameters.

3.6. The association of Pu and Am with geological material

The sorption behavior of plutonium isotopes wasdiswl using a sequential
extraction method for better understanding theidlig to geological material (Fig. 11).
Large amounts of plutonium (from 10 to 62 %) weoerfd to be associated with the
reducible fraction (F2) and it decreased with acrease in pH. Pu removed with this
fraction is usually interpreted as Pu bound withalke Mn (hydr)oxides. Pu f&values
correlated (R=0.88) with the amount of Pu assodiatéh Fe/Mn oxides measured in

reducible fraction of sequential extraction (Fid@, A and C).

704

—n—A -+ 40000
60- L] BN _’_g
./ ] —»—D 35000
501 \ o
m, > h 430000 =
» =
< 40+ o
5 > 425000 3
30 4 S
r—p—p > ] 420000
20
. 4 15000
10 ‘__’_/‘/ ~ N Lo
- 4 10000
O+——F—7T 77T T T

Fig. 11. Variations of plutonium J&alues (A) and percentage of sorbed Pu to various
geochemical phases (B — carbonate, C — Fe/Mn okidetesidue) depending on pH of

solutions.

Variations of Pu speciation in clay under differesdrption conditions were
explained by Pu redox speciation found in groundwanhd cement-water solutions and
different iron oxide ¢-FeOOH anda-Fe03) coatings were identified by Mossbauer
spectrometry in the initial samples and after défe steps of sequential extraction. The
amount of leached Fe and Mn from the studied sanplas determined by AAS.
Comparatively similar amount of Mn found in all ¢teons can be interpreted as a trace

amount of Mn oxides distributed almost equally kesw other minerals. Mn-oxides
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were not identified by the X-ray diffraction anabyslue to the small amount present and

could not be taken into account in the explanatibthe Pu sorption mechanism.
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Fig. 12. Fe and Mnufnol/g) leached during the extraction proceduredkdhangeable
and bound to carbonates, F2 reducible, F3 boundganic matter, F4 residue).

Rather different behaviour of Am was observed, wp@% of Am was found in
exchangeable and carbonate bound fractions. Weosapfhat sorption to carbonate
minerals, coprecipitation and incorporation intécita are responsible for higher AmyK

values in comparison with that of Py.K

3.7. Plutonium oxidation state distribution in natural systems

Sorption and desorption tests using Am(lll), Np@fd U(VI) as oxidation state
analogs for Pu(lll), (V) and (VI) were conducteddetermine appropriate condition to
remove Pu from the solid-phase. Results indicatatl Pu can be quantatively desorbed
(up to 96+6 %) from solids, they are in good agreetwith data obtained in different
laboratories using Pu oxidation state analogs agiential extraction procedures [16,
17]. Additional experiments performed usifigPu(1V), 2*Pu(lll) indicated that Pu(lll)
and Pu(IV) remain stable during the desorption edoce using 3 mol:LHCI.

Pu(lV) oxidation state distribution in the systefmatural clay (0.1 mol-t NaNO;

after 7-day contact time) is shown in Fig. 13.
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Sclay, 0.1 mol/L NaNO,, liquid phase S clay, 0.1 mol/L NaNO,, solid phase

TIOIO0T) (TIITII w i 1004—— -
) | L]
80 o0l
/ ] Hl Pu(il)
B Pu(lll,Iv) . 601 Pu(IV)
[ Pu(IV) polymeric B Pu(V)
Pu(Vv) & 204 [ Pu(vr)
[ Pu(v1y [ JPuRr
486 498 556 576 713 722 821 3.9 422 486 4.98 556 5.76 7.13 7.22 82
pH pH

Fig. 13. Dependence of Pu oxidation state distiaioubn pH in the liquid-phase (L), the
solid-phase (S) and the residue (R) of natural €@l mol-I* NaNOQ; system, [Clay]
=64.2 nf/L, initial [Pu]= 1.10-10° mol-L™.

It can be seen (Fig. 13) that comparatively highteot (up to 75%) of Pu(lll, 1V)
was observed at pH 4.86 — 4.98, while polymericsseof Pu(lV) were found to be the
dominant ones at pH 5.76 — 8.21 in the liquid-phade formation of Pu(OHJ and
Pu(OH)" species may explain this distribution [18].

Analyses of Pu oxidation state determination in $béd-phase (Fig. 13) were
performed after the desorption step using 3 mbIHCI, and Pu(lll, IV), Pu(V) and
Pu(VI) as well as Pu(lV) at pH= 0 were analyzegamallel. The content of Pu(lll) was
calculated from the reaction balance. Pu(lll) was found in the system at pH (5.76 -
8.2), while 4.9% and 10.7% of Pu(lll) were foundp&t 4.86 + 0.11 and 4.98 + 0.08,
respectively. Iron-bearing minerals such as moniiooite, siderite, goethite and
hematite determined in the studied clay to a gegtnt account for 10.7 % of Pu(lll) in
solids, because these minerals possess a redueipaeity and can cause the abiotic
reductive transformation of plutonium [19]. It shdube noted that adsorption
experiments with clay and 0.01 mof-LNaNQ,, where oxidation state distribution
analyses were performed using the DBM extractioocg@dure, also evidenced the
presence of Pu(lll) in the system. The observedh Isigbility of Pu(lV) in the system
may be attributed to two factors: a rapid adsorptm solids, and a strong hydrolysis at
near-neutral and high pH.

Sorption behavior of plutonium in natural clay €yss can be affected by a variety

of reactions, including surface complexation, okmaand reduction. Since iron oxides
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and minerals found in Triassic clay coatings caaltér the plutonium redox speciation
in a different way, experiments were conducted wtire phases, and as the first
approach with synthetic goethite and 0.01 mdINaNG; (at pH = 4.89-5.01).

Goethite - 0.01MNaNO,
100-

Pu(R)S
Pu(llls
XN Pu(IV)S

........

Pu(V)s
> [ JPu(vNS
i I Pu(inL
I Pu(V)L
E= Pu(V)L
CE Pu(vIL

Pu,%

-
5000 10000 15000 20000 25000 30000
Time, min
Fig. 14. Pu oxidation state distribution in theuidrphase (L), the solid-phase (S) and the
residue (R) of synthetic goethite - 0.01M Nad\&ystem, ¢-FeOOH]=172 rfiL, pH
4.89-5.01, initial [Pu]=2.50-18 mol-L™.

The oxidation state transformation of Pu(V) ovardiin the liquid- and solid-phase
for the system containing Pu(V) is presented in By The obtained data revealed the
complicated oxidation-reduction behaviour of Pu(w)}he system. It seems that Pu(V)
after adsorption was reduced to Pu(lV), while alsmpartion reduced to Pu(lll) was
later oxidized to Pu(IV). Furthermore, a higher amoof Pu(lll) was found in the solid-
phase (up to 15%) in comparison with the liquidgehavhere it varied from 1 to 3%. It
should be noted that the reduction of Pu(lV) tolPuin the natural clay - 0.1 mol-L
NaNQ; system was expected because of rather high cooitaiderite determined in the
studied clay coatings. Probably a long contact &me oxidation of Pu(lll) in the system
resulted in the low concentrations of Pu(lll) measuin the solid-phase. However,
Pu(lll) concentrations found in the goethite sokdier sorption are rather surprising and
require additional studies, whereas minor concéatra of Pu(lll) in the agueous-phase
are probably due to the absence of any ligand dadistabilizing it in the system. We
suppose that Pu(lll) was quantitatively desorbeainf the goethite solid since the
amount of**Am found in the residue after the desorption stép ribt exceed 5%,

however, the Pu amount in the residue has beeeasitry with contact time (Fig. 15).
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Fig. 15. Content of Pu and Am in the goethite rasidfter desorption.

This strong bonding to the solids can be explaimgthe Pu sorption to crystalline iron
oxides present in the clay coatings, which wasistuth kinetic sorption experiments
followed by sequential extraction and Mdssbauercspscopy. The slightly different

adsorption/reduction patterns observed in this wankn compared with tests performed

by other researchei8] are perhaps due to different experimental conditiand Pu
concentrations used in experiments.
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CONCLUSIONS

. Extensive analyses of inorganic sorbent applicatifor removal of radionuclides
from liquid radioactive waste have indicated thattanium silicates
(N&Ti,Si0;-2H,0) synthesized using TiOSQOhave the best sorption ability towards
Cs isotopes (Kvaried from 610" to 4.1-10° mL g%).

. The largest Pu fvalues (910° — 6.2-10 mL g*) and better sorption kinetics (kinetic
coefficients varied from 0.096 + 0.009 to 0.156.82D mir') were determined for
synthesized iron oxides. An increase in Rw&lues by a factor ~7 found in sorption
experiments using the magnetite/hematite compasiteomparison with the pure
hematite implies that this sorbent is promising Rar removal from contaminated
solutions.

. It has been found that gradients of competitive goncentrations and variations in
pH values can interfere Cs, Am and Pu retentiorefyineered barriers made from
Saltiskiai clay (Cs, Pu, Am Kvalues ranged from 450 to 9@°, from 1510° to
21:10° and from 15L0° to 810" mL ¢*, respectively)

. It has been found that different sorption mechasisme responsible for Cs sorption
by Saltikiai clay at low and high concentratiofiite minerals can provide an
effective immobilization of Cs at its low concertioms.

. The similar geochemical partitioning of Cs, Am, Ras found for Saltiskiai clay No
6 and No 7 as well as groundwater samples GV4 i6 @¥s, Pu, Am K values
ranged from 5.27-f00 6.35-16, from 1.62-16t0 9.40-16, from 1.88-16t0 4.38-16
mL g, respectively, Cs, Pu, Am kinetic coefficientsiedrfrom 4.55-18to0 5.74-10

3 from 6.96-10 to 3.94-10, from 3.29-17 to 2.14-1F min™, respectively). The
highest equilibrium constants (from 18.2 to 26.4xevdetermined for exchangeable
sorption sites for Saltiskiai clay.

. It has been found that plutonium isotopes are gtyonound to iron oxides naturally
present in the clay mineral coatings of Saltiskiy, K, values obtained for the
sorption of Pu on the clay well correlate (corielatcoefficient R= 0.88) with the
part of Pu found in sequential extraction fractiaasresponding to the sum of iron
hydroxides (Fe(OR), goethite ¢-FeOOH) and siderite (FeGPD

. Solvent extraction techniques were verified witepect to determination of Pu(lll)

in the liquid- and solid-phase. Pu(lll) was desdrigeantitatively from the solids, no
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oxidation of Pu(lll) and Pu(lV) was observed duridgsorption procedure. The
reduction of Pu(lV) by natural clay containing irbearing minerals in the pH range
from 4.22 to 4.98 was found, however, no reducti@s detected at the near-neutral
and high pH. In the kinetic sorption experimenthagibethite - 0.01 mol £ NaNGQ;
suspensions, Pu(V) was mainly reduced to Pu(IVYl arsmall portion of Pu(lll)

found at the beginning in the solids (up to 15%% \eder oxidized to Pu(lV).
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SANTRAUKA

Antropogeniniai radionuklidai, tokie kaip’ Cs, %°Sr, 2°?*pu ir *’Am, patek |
aplinka su branduolias pramois nuotkomis bei pojvairiy avariy, Siuo metu sulauk
didelio mokslires visuomeas dmesio. Atlikti tyrimai parod, kad hitina tobulinti
efektyvius bei ekonomiskus vandens valymo metodukiu bidu, apsaugoti aplink
nuo Zzalingo §j atlieky poveikio. Buvo istirti titano silikatai susintetinUkrainos
Sorbcijos ir endoekologijos probleminstitute bei gelezies oksidai susintetinti ir
apibadinti, naudojant Mesbauerio spektroskapkizikos institute. Titano silikat ir
gelezies oksig sorbcie geba nustatyta Cs, Pu ir Am. Didziausios Py M€ris ir
geres@ Pu sorbcijos kinetika nustatyta sintetiniams gekez oksidams.
Magnetito/hematito misinio Kvergs didesis ~7 kartus, lyginant su grynu magnetitu,
leidzia teigti, kad sorbentas efektyvus Pu paZalinir yra perspektyvus jo atskyrimui i$
radioaktyviosiomis atliekomis uzteustirpaly.

Radioaktyviju atlieky tvarkymo saugos anadizeikalauja ilgalaiks radionuklid
migracijos pro dirbtinius barjerus bei geologgnaplinkos modeliavimo. Satingy
cheminiy sorbcijos-desorbcijos vykam apraSymas dazniausiai supaprastinamas,
panaudojant integrupiparamets — pasiskirstymo koeficieat(Ky). Daugelyje duoman
baziy pateikiama informacija apie radionuklidKy vertes skirtingose geologise
aplinkose. Ta&au Si informacija paprastaitiba labai bendro paidzio ir mazai tinka
saugos analizei, nes, kintant geoleégns slygoms, Ky verés daznai pakinta net dviem
eilémis. Siekiant nustatyti realius aktualiradiacires saugos poiriu radionuklidy
sorbcijos betono saugykloje parametrus, atlikti G Am migracijos tyrimai.
Laboratoriniams tyrimams buvo paimti mgliparinkiyy pavirSires saugyklos Lietuvoje
dirbtiniams barjerams,éminiai IS Galilauks aikStets (moreninis priemolis) ir
pramoninio Saltidki karjero (triaso molis).

Cs Ky veris kito nuo 400 iki 9700 ml/g. Malisulaikymo geba zymiai sumga po
kontakto su Sarminiu Portlando cementu ir esargléhas cezio koncentracijoms. Py K
verts kito nuo 15-19iki 21-16 ml/g, o Am — nuo 15-Faki 8-10¢* ml/g. DidZiausios K
verts nustatytos, esant pH 6-8. Esant dideliems pHIVPworbuojasi ant hematito.
Eksponentinis Pu Kveriy mazjimas, didjant vandenias fazs pH, buvo nustatytas

Galulauks ir Saltiski; moliy gruntinio vandens sistemose.
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Platus Cs K veriy intervalas aiSkinamas konkuruofamK*, Na', C&*, NH," ir H*
jony reakcijomis su Csdél sorbcijos vietq ant ilito ir smektito mineral Be to, Cs
sorbcija, esant didains Cs koncetracijoms (6,8®° mol/l), sumagjo (K4 veres iki
500) &l mazos atranki sorbcijos viei talpos ilito minerale. T@au ilito mineralas gali
labai efektyviai negétamai imobilizuoti Cs, esant mazoms jo koncenjoacs.

Nuosekliosios ekstrakcijos eksperimentai parokad Cs beveik vienodai
pasiskirsts jvairiose geochemirse frakcijose, naudojant Salti§kinoli Nr. 6 ir Nr. 7 bei
gruntinius vandenis GV4 ir GV6. Cs daugiausiai bayikta pakaitigje ir susijusioje
su karbonatais frakcijoje (iki 70%). Tariamosiosiawisvyros konstantos kito nuo 1 iki
26, o didziausios nustatytosiztamoms molio mineralvietoms.

IStirta, kad didelis Pu kiekis, iki 62 %, buvo gasisu redukuota frakcija ir mgo
priklausomai nuo pH.

Plutonio oksidacijos laipsainustatymo rezultatai parédkad Pu(lV) dominavo
GVCV tirpale (pH 12,6), o Pu(VI) GVCV ir GV tirpatise nebuvo stékas po 20
valand;. Apie 50% pradinio Pu(VI) buvo rasta penkiavaleiatne vyje GV
méginiuose.

Nustatytas Pu oksidacijos laipgrkitimas naiiraliy moliy sistemose su 0,1 ir 0,01
mol/l NaNO; skystoje ir kietoje fage. Skystoje fage iki pH 5 dominuoja Pu(lll, 1V),
nedidet jo dalis oksiduota Pu(V) ir Pu(VI), kai pH>5, dominuoja Pu(lV) polimeé
forma. Kietoje fagje dalis Pu(lV) redukuojamaPu(lll) dél Fe(ll) buvimo mineraluose:
daugiausia 10,7 %, kai pH 4,98.

Atliekant eksperimentus sistemoje getitas - 0,01/ImdaNO; Pu(V) didziausias
kiekis nustatytas skystoje fge. Jo magjimas vyksta @l jo sorbcijos ir redukcijos ant
getito daleliy. Didziausia valentimi formy kaita stebta kietoje fazje. Pradzioje
stebimas Pu(V), laike stéta jo redukcijai Pu(lV), o laikui kgant, dominuojanti forma
tampa Pu(1V).

Vykdant Pu(lV) ir Am(lll) desorbcijos eksperimentupastebta, kad Pu(lV)

desorbuojamas kiekybiSkai, Am(lll) beveik visaseeaj tirpala.

34



Bibliography

[1] G.R. Choppin.Radiochimica Acta, 91 (2000) 3645.

[2] A. Morgenstern, G.R. ChoppiRRadiochimica Acta, 90 (2002) 69.

[3] M.P. New, D.C. Hoffman, K.E. Roberts, H. NiteghR.J. SilvaRadiochimica Acta,
66 (1994) 265.

[4] B.A. Powell, R.A. Fjeld, D.l. Kaplan, J.T. Ceat, S.M. SerkizEnvironmental
Science and Technology, 39 (2005) 2107.

[5] C. Andre, G.R. ChoppirRadiochimica Acta, 88 (2000) 613.

[6] N.L. Banik, R.A. Buda, S. Birger, J.V. Kratz, NrautmannJournal of Alloys and
Compounds, 444—445 (2007) 522.

[7] D.I. Kaplan, B.A. Powell, C. Duff, D.I. DemikdinM. Denham, A. Fjeld, F.J. Molz.
Environmental Science and Technology, 41 (2007) 7417.

[8] P.J. Panak, H. NitschBadiochimica Acta, 89 (2001) 499.

[9] G. Lujanierg, S. Meleshevych, Kanibolotskyy V., Mazeika K.,ebto V., Remeikis
V., Kalenchuk V., Sapolait]. Lithuanian Journal of Physics, 48 (2008) 107.

[10] Characterisation of Materials suitable for ewgred Barriers of Near Surface
Repository of Radioactive Waste, Ecofirma, Vilnig804 (in Lithuanian).

[11] http://aaa.am.It

[12] G. Lujanier, J. Sapolaé, A. Amulevitius, K. Mazeika and S. Motigjas.
Czechoslovak Journal of Physics, 56, (2006) D103.

[13] EPA Report 402-R-99-004A, USA, (1999).

[14] A. Sahuquillo, A. Rigol, G. Rauretrendsin Analytical Chemistry, 22 (2003) 152.
[15] G. Rauret, J. F. Lopez-Sanchez, A. SahuquitloRubio, C. Davidson, A. Ure, Ph.
Quevauviller Journal of Environmental Monitoring, 1 (1999) 57.

[16] G. Bader and P. Deufhafdumerische Mathematik, 41 (1983) 373.

[17] G. Lujanier, S. Motiefinas, J. Sapolait Journal of Radioanalytical and Nuclear
Chemistry, 274 (4) (2007) 345.

[18] R. Knopp, V. Neck, J.I. KimRadiochimica Acta, 86 (1999) 101.

[19] W. Lee, B. BatcheloiEnvironmental Science and Technology, 37 (2003) 535.

35



