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Abstract

Long-Term Leaching of Silicate Systems: Testing Procedure,

Actinides Behaviour and Mechanism

High-level waste borosilicate glasses and medium-level waste

cement products have been leached with various aqueous solutions

at ambient temperature. The leach rates of americium and plu

tonium are determined as weIl as the behaviour of the actinides

in the boundary surface glass/leachant and in the leachant

itself. Methods like light-scattering photometry and differen

tial refractometry, molecular filtration, scanning electron

microscopy and a-spectrometry of the energy-Ioss of a-particles

in thin layers have been applied.

From the experimental results a general model for the leaching

mechanism has been established. A critical review of leach test

procedures is accomplished aiming at the improvement of common

tests with respect to the extrapolation of the obtained leach

test data to final disposal safety considerations.

zusammenfassung

Langzeitauslaugung von Silikat-Systemen: Bestimmungsmethode,

Verhalten von Aktiniden und Mechanismus

Hochradioaktive Borosilikatgläser und mittelradioaktive Zement

produkte wurden mit verschiedenen wässrigen Lösungen bei Raum

temperatur ausgelaugt. Für Americium und Plutonium wurden die

Auslaugraten bestimmt als auch das Verhalten der Aktiniden in

der Phasengrenzfläche Glas/Auslaugmedium und im Auslaugmedium

selbst. Angewendet wurden Meßtechniken wie Streulichtphoto

metrie und Differential-Refraktometrie, Molekularfiltration,

Rasterelektronenmikroskopie und a-Spektrometrie über den

Energieverlust von a-Teilchen in dünnen Schichten.



Aus den experimentellen Ergebnissen wird ein allgemeines Modell

für den Auslaugmechanismus abgeleitet. Eine kritische Betrach

tung von Auslaugtestverfahren wird mit dem Ziel durchgeführt,

die bekannten Verfahren zu verbessern und eine Extrapolation

der Auslaugtestergebnisse in Hinblick auf Sicherheitsbetrach

tungen für die Endlagerung zu ermöglichen.

Lixiviation a longue echeance des systemes silicate: methode

d)essai, comportement des actinides et mecanisme

Des verres borosilicate a hautes activites et des produits de

ciment a radioactivite moderee ont ete lixivies par des solutions

aqueuses diverses a la temperature ambiente. Pour l'americium et
pour le plutonium les coefficients de lixiviation sont determines

ainsi que le comportement des actinides dans la couche limite

entre le verre et la solution aqueuse et dans la solution de

lixiviation. Les mesures ont ete faites par photometrie des

rayons lumineux diffuses et par refractometrie, par filtration

moleculaire, microscopie electronique et spectrometrie des par

ticules alpha qui sont ralentis dans la surface lixiviee des

verres.

S'appuyant sur les resultats des etudes experimentales un modele

general pour le mechanisme de lixiviation est etabli. Les tests

courants de lixiviation sont analyses en ce qui concerne leur

amelioration par rapport al/extrapolation des resultats obtenus aux

conditions du stockage final posant la base d'expertises de
securite.
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1. Introduction

The immobilization of radioactive wastes in certain qualified

products aims at greatest possible durability along any altera

tion or attack during long final disposal periods to prevent

from return of radionuclides into the biosphere also for the

maximum credible accident that may happen to the disposal

site. In this context main attention is paid to the leaching

of radionuclides from final disposal products.

Numerous methods are applied for the determination of leach
rates but rather little information is achieved when an assess

ment for leaching over thousands of years shall be carried out

on the basis of these leach test results. For safety evaluations}

for public acceptance as weIl as for geological studies it is

obviously necessary to collect more experimental data on the

interphase behaviour between solidified waste and leachant, on

the mechanism of ~aching and on the chemical form of leached

isotopes. In this context some fundamental results are reported

below to provide some realistic approach to the complex problem

and to stimulate discussion on that point.

In a previous publication {1} an evaluation of questions con-

cerning the safety aspects during final disposal is perfonned. on the basis

of the relative radiotoxicities of solidified waste products

in comparison with naturally occuring 3% uranium ore and its

Ra-226 activity respectively. It is implicated that identical

quantities of the waste productand uranium ore are completely

dissolved in the same volume of leachant, or, that the rate
of dissolution is the same for the two compared radioactive
solids. But, a more realistic way of thinking shall take into

account , that the radiotoxicity of uranium ore does not change

over periods of millions of years while the toxicity of the

radioactive waste constituents is decreasing along the leaching

time because of their relatively short half-lifes.
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In the Federal Republic of Germany it is considered to so
lidify the high-level waste ,arising from the reprocessing
of spent LWR fuelin monolithic borosilicate glass cylinders

(dimensions: diameter 20 cm, height 80 cm, weight 70 kg),

which are placed into underground salt formations for final

disposal. Following that strategy the assumptions mentioned

below aremken for the subsequent calculations on relative
toxicities:

1. A 3% uranium ore of the same weight as the glass bloc

is taken as completely "dissolved", starting from the

principle that most of the uranium deposits are of secon

dary genesis by the interaction with water. Thus, uranium

mining is generally accomplished on ore bodies near the

surface where the ore is penetrated by groundwater since

geological periods. There is every reason to believe that

the primary high-active glasses will undergo similar meta

morphism as the uranium ore if by the greatest credible

accident water should contact the glasses.

2. The high level waste glasses are prepared from HLW and

base glass just after reprocessing of LWR fuel (burnup

33.000 MWd/metric ton, cooling time: one year, plutonium

losses to the waste: 0,3%, uranium losses: 0,1%)and leaching

of the glass is starting immediately. The compositions of

typical HLW glasses taken for the following calculations

are listed in table 1 (columns 2,3). The fission product

and actinide compositions are quoted from reference {2}.
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The relative radiotoxicities, Tr, are calculated for each

isotope following the general equation

where

0· = surface area of the glass block (cm2), depending

on leach rate and time of leaching

= density of the glass (g/cm3)
= thickness of leached surface layer per year (cm/a)

= leaching time in years (a)
= initial specific activity of the considered isotope

per gram of glass (s-1 g-1)

= decay constant for the considered isotope

= specific activity of Ra-226 in 3% uranium ore

corresponding to the constant value 10 nCi/g
'or 370 s-1 g-1, respectively

FRa = limit value for the annual ingestion of dissolved

Ra-226 activity being 21.5 s-1 (7)

Fi = limit value for the annual ingestion of the dissolved

activity of the considered isotope (7)
2 -1 5 -1(Sr-90: 7.2·10 s , Tc-99: 2.9·10 s ,

es-1 37: 2. 6 •104 s -1, Pu- 239: 7. 8 •103 s -1 ,

Arn-241: 6.6.10 3 s-1 , Np-237 • 5.6 • 103 s-1)
G = total mass of glass block = total mass of uranium ore

The results for the calculated relative toxicities Tr of f.p.

isotopes and actinides are expressed by a plot of Tr as a
function of the time, t (years), of leaching (see figure 1,2),
when aleachrate of 10-6 g/cm2 • d is assumed. A compilation

of relative toxicities for other leach rates is given in table 2

as weIl as for infinite leach rates or completely dissolved HLW

glass from the beginning.
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It is just to put the question on the most probable leach

rates or mechanism of leaching when long ranges of time

are considered to fed up the hazard evaluation presented

above to a realistic assessment.

From the view of their relative radiotoxicities in HLW glasses
the only isotopes that have to be taken into consideration

with respect to long-term leaching are: Sr-90, Cs-137, Tc-99,
Am-241/243, PU-239/240 and Np-237 (fig.1),whereas the relative

tox~ties of all other isotopes are by some orders of mag

nitude lower, thus, their contribution can be neglected.

2. Performance of Long-Term Leach Tests

§E!2!m!n_~~!E~~~~!2n

The specimens to be leached are prepared on laboratory scale.

The chemical compositions of the glass samples and the cement

samples are listed in table 3.

A larger quantitiy of glass is prepared by mixing the proper

quantity of the base glass frit with the denitrated waste

solution. Evaporation of residual water and melting of the

glass are performed in a platinum crucible. The prefabricated

glass is pulverized, homogenized and molten again in graphite
crucibles at 1150oC. From the cylindrical glass samples with

10 mm diameter discs are cut, that are embedded into Araldite,
grinded and polished to achieve a well~defined glass surface

area in view of the subsequent leach tests.

The cement samples are prepared by mixing an appropriate amount

of cement with the plutonium/americium-nitrate solution neutra

lized by the addition of sodium hydroxide solution. This pasty

homogenized mixture is pressed into Teflon tubes. After the

cement has set the samples are removed from the tubes and in
troduced into a wet atmosphere for hardening of the cement.

The samples are ready for use after 30 days. Well-shaped cy

lindrical specimens are cut from the larger samples for the

performance of the sUbsequent leach tests.
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In figure 3-10 aseries of a-autoradiographs is shown to

demonstrate the homogeneity of the samples before leaching.

The dimensions for the specimens are taken such that the

surface area exposed to the leachant does not change by more

than 5% over the whole leaching time.

The specimen is suspended on a platinum wire, that is fixed

to the cap of the leachant container being constructed of poly

ethylen.

The volume of the leachant is taken such that the value of
the ratio volume of leachant is 10 cm. When

exposed surface area of specimen
the proper volume is introduced into the leachant container it

is closed by the cap with the hanging down specimen assuring

that the specimens surface is completely covered by the leachant

from all sides. The leach test is performed at a temperature

of 23+ 10 C. (composition (wt.%) of carnallite solution:

62.83 H20; 2.04 MgS04 ; 34.3 MgC12;0.62 KC1; 0.21 NaCl) , oorresponds
to an equilibrium solution fran water leached natural rock salt deposits.

§~E!!ng_2!_~~~~h~n~

After certain intervals (see figures 11-15), depending rather

on the sensitivity of analytical instruments for radionuclide

determination in the leachant, the cap with the hanging down

specimen is withdrawn from the first leachant container and

immediately brought to a second one filled with fresh leachant,

an so on.

The first and all further leachant containers are carefully

closed, containing all leached material from the test specimen

taking into account all dissolved as well as suspended or ad

sorbed substances for the following analytical determinations,

carried out on the whole leachant sample enclosed in the con

tainer.
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All analytical determinations for leached radioisotopes are

performed by y-spectrometric and y-counting techniques with

the exception of measurements in demineralized water leachants,
that may be carried out with a-spectrometric methods. But, to

assure that the small sampIe taken for a-counting is represen

tative for the whole leachant other isotopes with similar

chemical behaviour as that measured only by a-spectrometry

shall be determined by both a- and y-spectrometric methods

- if necessary to get any correction factor for the results

from a-counting. The latter method is applied for the deter

mination of Cm-242 (a, no y) and Am-241 (a,60 keV y), see

figure 15.

For calibration of the y-spectrometric equipment the pure leaching

solutions are doped with known proper amounts of the isotopes to

be measured. The volume of leachant and the dimensions of the

container are the same as used for the leach tests.

Plutonium of mixed isotopic composition is determined by the

150 keV y-line of the Pu-241 isotope, americium by its 60 keV
y-line.

From the results of the y-spectrometric measurements the incre

mental leaching rates, R, are calculated and plotted as a func

tion of the time of leaching, t, where

R =
• t n

R =
=

=

=
=
=

incremental leaching rate (g.cm-2 • day-1)

radioactivity (s-l) leached during each leaching

period, t n •
specific radioactivity (s-l. g-l) initially present in

the specimen

exposed surface area of the specimen (cm2)

duration of each leaching period (days)

cumulative leaching time
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3. Actinide Leaching Rates for HLW Borosilicate Glasses

The graphs for the leaching rates of plutonium and americium

from highly actinide doped HLW borosilicate glass specimens

(compositions see table 3) leached by various solutions are

shown in figure 13-15.

The zigzag variations of the leaching rates with the time
are not attributed to any inaccuracy due to the analytical
procedure. The effect is rather explained by the non-uniform

leaching which is demonstrated by the appearance of the leached

glass surface (see paragraph 5) and will be discussed later in

paragraph 8.

The leach rates for americium (fig.15) in various dilute

aqueous solutions are not very different from one another,

they are in the range of (0.5••• 5) • 10-6 g/cm2 • d, while
the leach rates in saturated carnallite solutions are in the

-5 2range of(0.3 •••• 3). 10 g/cm • d.

As for the plutonium specimensjrather high plutonium concen

trations are molten into the glass in view of the poor sensi

tivity of the measuring device for plutonium determination in

the leachant. The specimens containing 2 wt.% plutonium-oxide
are completely homogeneous whereas the specimens containing

10 wt.% plutonium-oxide are composed of a plutonium saturated
glass matrix and a crystalline oxide phase highly enriched
of plutonium oxide.

Independent on the kind of the leaching solution the leaching

rates for plutonium from the 2 wt.% glasses (fig. 13) are in

the range of ( 2 •••• 3)· 10-7 g/cm2 • d, and from the 10 wt\%

glasses (fig. 14) the leaching rates for plutonium are in the
range of (1 •••• 6)· 10-7 g/cm2 • d. There 1s no significant

difference between the single phase and the second phase glass
products.
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A prolongation of the long-term leach tests may be considered,

but as demonstrated for the americium lixiviation by deminera

lized water (fig. 15), the leach rate becomes virtually con

stant after about one month and no benefit derives from the

eight months test.

4. Actinide Leaching Rates for Simulated MLW Cement

Products +)

On the cement products listed in table 3 the leaching rates of

plutonium and americium are measured and the graphs plotted

in figures 11, 12.

It is striking that the leach rates of americium and plutonium

are of the same order of magnitude and are at the same time in

dependent on the sodium nitrate content of the cement products.

For dilute aqueous leachants the leach rates are in the range

of (2 •••• 11) • 10-7 g/cm2 • d. In saturated carnallite so

lutions the leach rates are decreasing to values lower than

5 • 10-5 g/cm2 • d. Obviously the leaching time has to be extended

for leach tests in saturated salt solutions.

It has to be noticed that the leach rates of the actinides are

in general somewhat lower for the cement products as for the

glass products.

+)idealized products, in which the medium level waste is only

represented by sodium nitrate and actinides
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5. Glass/Leachant Interphase Investigations

After being leached the surface of the glass specimen is ob

served with the scanning electron microscope. Prior to ob

servation the freshly leached glass is cleaned with deminera

lized water and sUbsequently carefully dried at 23± 10 C in

wet and later on in dry atmosphere for more than three days.

The appearance of the surface of the different glass specimens

leached by different leaching media is just as strikingly dif

ferent, looking at figures 16-24. It shall be mentioned that

the pictures taken are in any case reproducible.

It seemsaudacious to bring forth an explanation for these sig

nificant differences. But, obviously there are layers of the

silicate matter which are withdrawn from the glass matrix as

more or less small particles. Blasting of the surface layer
may be accounted for the swelling of the vitreous silicate

structure due to the attack of water that is chemically intro

duced into the polymer silicate system. And undoubtedly it

takes some time of leaching until the surface layer bursts

and the leachant will get access to the fresh virginal glass

below.

Kind and velocity of surface attack and cracking is dependent
on the leaching temperature and on the nature of the leachant.

Obviously the mechanism seems different for dilute aqueous

leachantsand for concentrated salt solutions as shown for

the attack of saturated carnallite solution in figures 18,

21, 24, although the leaching rates for plutonium and americium

are not significantly different. It is therefore, that either

much more smaller particles are withdrawn from the glass sur

face with increasing salt concentrations in the leachant or

the attack of water molecules and its ions is forced back by
ion exchange mechanisms comprising the saline components in

the leaching solution. As for carnallite solutions, it is

known from common literature that magnesium ions are replacing

alkali and earth alkali ions combined to silicate structures
like those occuring in cement or concrete.
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6. Behaviour of Aetinides in the Boundary Surfaee of

Glasses

The working basis for the evaluation of the behaviour of aeti

nides in the boundary sufaee of leaehed glass is established
by measurement of the energy loss of a-partieles in the solid
matter. A standardization of the energy loss values and of the

shape of energy speetra of HLW glasses with homogeneous dis

tributions of the aetinides is performed on the different

types of glasses {3}.

The leaehed speeimens being measured have a total plutonium

eontent of 2.0 wt.% Pu02 • The ratio of the a-aetivities of

Pu-238 and Pu-239 is 1.85:1, whereas the a-aetivity of Am-241

eontributes only with 8% to the Pu-238 aetivity peak. Thus,

for the evaluation of the seperate Pu-238 and Pu-239 peaks

the eontribution of Am-241 is negleeted.

Corresponding to the measured energy loss values for the non-
-2leaehed speeimens {3} the stopping powers dE/dx (MeV/mg·em )

are ealeulated and eonverted to the relation between the thiek
ness of the absorbing layer and the remaining a-partiele energy

for the different deeay energies for Pu-238 (E =5.50 MeV) and
a

Pu-239 (E =5.15 MeV). On the basis of these results the measureda
values on the leaehed speeimens are eonverted and the graphs

plotted as a funetion of the puo2-eoneentration versus a-energy
(ehannel number), figure 25.

From figure 25 the total plutonium eoneentrations are ealeu-

lated from the peak areas measured at the surfaee of the leaehed

speeimens. The ratio of the areas for both peaks showing plutonium

enriehment in the surfaee layer shall be 1.85:1 for the Pu-238

and Pu-239 peaks aeeording to the aetivity levels in the glass

matrix mentioned above. The values measured (figure 25) are in

the range of 1.6:1.
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All the peaks are showing increasing partial areas with in

creasing energies, which points out that plutonium enrichment

is highest at the contact surface glass/leachant and de

creases rapidly in the surface layer until the plutonium

concentration of the glass is reached.

In table 4 the approximate values for the average thickness of

surface layers and the average plutonium concentrations are

listed. The thickness of the layer is in the order of 1~m and it

decreases slightly with decreasing alkali content of the glass.

A similar trend is indicated by the drop of plutonium enrich

ment. For HLW glasses leached with saturated carnallite solutions

no plutonium enrichment can be detected.

From the preceding experimental results it can be concluded:

1. The maximum average thickness of the surface layer that

adheres to HLW borosilicate glass after being leached by

dilute aqueous solutions is in the order of 1 ~m.

2. The apparent plutonium enrichment in the surface layer

can be accounted for the virtually rapid Lbdviation of

sodium ions from the glass'with respect to plutonium lixi

viation. The measured increase of the plutonium concen

tration corresponds to the feasible release of sodium as

well as no plutonium enrichment occurs in saturated salt

(carnallite) solutions where sodium lix1viation is either

suppressed or where sodium is exchanged for other metal

cations like magnesium ions.

3. Very probably the plutonium goes with the remaining sili

cate system or still bonded to silicate polymers into the

leaching solution.
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7. Chemieal Form of Aetinides in the Leaehant

From the portrait of the experimental results deseribed so

far it ean be supposed that the aetinides apparently dissolved

in the leaehant are still bonded may be ehemieally or physi

eally to silicate polymers in the leaehing solutions,too.

It is of predominant interest to get knowledge about the

properties of those aetinides dissolved in leaehing media as

a basis for the evaluation of pathways of the aetinides in geo

logie formations or soils. In this eontext an attempt at the

experimental determination of the moleeular size of aetinides

leaehed from HLW borosilieate glass produets by demineralized

water has been made.

Two independent methods have been applied for partiele size

measurements:

1. Filtration of the leaehants over moleeular filters, mem

brane Pellieon Type PTGC, with nominal permeability for

organie maeromoleeules of moleeular weights up to 10 000

whieh are eorresponding to spherie partieles sizes of 32 R.

2. Light seattering measurements on the leaehants with a

Briee-Phoenix light scatteringphotometer model 2000 and a

Briee-Phoenix differential refraetometer model BP-2000-V,

using unpolarized light with a wavelength of 546 m~.

Two glass speeimens No.A 2/5 and No.P 2/2 (eomposition see

table 3) are leaehed with demineralized water at 23±1 Co. At

the end of the leaeh test (100 days) the leaehants are ana

lyzed on the partiele size of leaehed material by the two pro
eedures mentioned above.
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Procedure 1:

The activities of the apparently clear solutions (leachants)

are determined by alpha-spectrometric and alpha-counting

techniques as wel~ as the activities of the solutions that

are obtained after filtering the original solutions over

Pellicon Type filters.

The results are shown in table 5.

Procedure 2:

Light scattering measurements were made on the leaching

solutions using a Brice-Phoenix light scattering photometer

{S}. The increase in refraction index (An), due to dissolved

material was measured with a Brice-Phoenix differential refrac

tometer {4}. The value of An is needed to estimate the average
molecular weight of particles. The turbidity is calculated follo

wing the procedure explained in operational manual OM 2000 for

the Brice-Phoenix light scattering photometer and the theory

from reference {S}. Similar measurements on solutions of ce4+

in HC104 are reported in reference {6} in more detail devia-

ting only by a filtration step preceding the measurement.

The turbidity, T, the refractive index, An (An = n-no ' n:

refractive index of the solution, no : refractive index of the

solvent - water-), and the concentration of dissolved material

is presented in table 6.
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As the actinide content of the solutions is too low to con

tribute considerably to the scattering polymer silicate mole

cules are taken for molecular weight calculations.

Molecular weights can be estimated using the equation

Hc/. = 11M + 2 Bc. The molecular weight M is determined by

measuring and calculating Hc/. for various dilute solution

with H = 6.18 • 10-5 n2 ( ~cn )2. Following these procedures,

the molecular weights shown in table 7 are estimated as well

as the corresponding particle sizes calculated from silicate

lattice parameters.

From the results listed in table 5 it is demonstrated, that

all the actinides are predominantly bonded to high molecular

particles with a diameter exceeding 0.32 • 10-2 ~m. The average

particle size determined by light scattering measurements is

in the range of 10-2 ~m (see table 7). As the actinide content

of the solutions is too low to contribute considerably to the

scattering it is evident that the actinides are tightly fixed

to silicate polymers occuring in the leaching solutions.

8. General Model for the Leaching Mechanism in Silicate

System~

The performance of a general model for the leaching mechanism

from glass and other silicate systems shall be based on the

results of the investigations, reported above, the main topics

a~e summarized as foliows:
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1. Generally, the order of magnitude of the leach

rates for actinides is 10-6 g/cm2 • d for boro

silicate glass products leached with dilute aqueous

solutions, and 10-5 g/cm2 • d when leached with sa

turated carnallite solution.

The leach rates for actinides leached from cement

products are slightly lower compared to the glass

products, except those values obtained for saturated
car~allite solutions, which are higher for cement pro

ducts.

2. The interphase of the glass exposed to the leachant

is attacked by water and its ions to form siliceous

gels, when the leachant is pure water or a diluted salt

solution. Otherwise, at high salt concentrations in

the leachant the corresponding metal ions are involved

in the corrosion process occuring to the virginal sili

cate products.

3. The surface layer affected by water is swelling, and

when the swollen layer has arrived at a certain thick

ness in the range of 1 ~m it burst open and is subse

quently withdrawn from the glass into the leachant.

When saturated salt solutions are involved in the

leaching process, no swelling is observed.

4. The particles that are actually dissolved from the

glass by water are composed of high polymer siliceous

matter with an average particle size of 10-2 ~m.

5. The actinides are still bonded to the siiicate polymers

within the leaching solution.
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Now, with respect to the experimental results briefly listed

above, the following conclusions are verified:

Silicate systems like glasses build up a swelling boundary

surface when attacked by water or dilute aqueous solutions

in the course of which the virginal silicate matter is screened

against lixiviation up to a certain thickness of the adhering

layer. When the layer bursts the attack starts or increases

again on the unaffected matter. Thus, the leaching mechanism

is characterized by successive periods of decreasing and in

creasing lixiviation. The sequencies are not uniform in their

extension and amplitude with time, as indicated by the graphs

of the leaching rates versus time and by the inhomogeneous de

tachment of swollen particles from the surface, respectively.

But, nevertheless the average leach rate remains constant when

being measured over a long range of time.

As a consequence of that leaching mechanism the leach rates of

all components of the silicate system, in particular for homo

geneous systems like glass, are expected to be identical. It

is shown by the graphs of the leach rates for americium and

plutonium that the leachability of plutonium is lower by a

factor of 2 to 6. These deviating results may be attributed

to experimental errors but the more to the fact that competitive

ion exchange or adsorption reactions are taking place: these

effects can be neglected when the leaching time is considerably

extended. That means, the 80 or 240 days tests reported in

paragraph 3 are corresponding to an average thickness of the

leached glass surface of only 0.3 to 1 ~m, approximately equal

to the mean one-layer-lixiviation. If better statistics are de

sired the leach tests have therefore to be extended to several

years. In support of the proposed leaching mechanism long-term

leach tests are started for the determination of the leaching
rates of alkali ions. Up till now the results indicate that

the leach rates are decreasing with time apparently sloping

to values in the range of those measured for the actinides.
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Unless there are still some questions on the mechanism it

has to be pointed out that the measured leach rates are in

any case the highest or most conservative one's in view of

the fact that the mentioned ion exchange and adsorption effects

interfering at short-term leach tests (~100 days) are pro

ducing increased leach rates for ions with more ionic character,

higher mobility and greater solubility as is to be expected

for the values of the leach rates from long-term tests (years)

according to the overall mechanism.

At high ionic concentrations in the leaching solution as in

the case of saturated carnallite solution ion exchange pro

cesses and cation induced break of linkages in the primary

polymer silicate systems may be considered as the main driving

forces for the lixiviation. From the available data it is im

possible to make an attempt on the description of the mechanism.

But it seems to be reasonable to hold the following subjects in

mind:

1. The leach rates of the actinides from glass as weIl

as from cement products are significantly higher in

the beginning of the leach test. The shape of the

curves, leach rate versus time, is quite different

from that obtained for dilute aqueous solutions:

there is no more the typical zigzag line but a rather

straight sloping line that leads to decreasing values

of the leach rates at increasing leaching times.

2. The leached surface layer of the glass specimens

looks quite unaffected in spite of the fact that

a considerable amount of material is leached. This

curious behaviour may be explained either by an inte

grated ion exchange process taking place without any

significant geometrical alteration of the compact

glass system or by a homogeneous separation of very

small particles from the whole surface area or by a

combined advance of both mechanisms.
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The fact that the concentration of actinides in

the boundary surface does not change during leaching

supports for the second or the combined mechanism.

Finally, it can be supposed that the leaching mechanism

studied on borosilicate glasses is to be applied to other

silicate systems which are microscopically homogeneous. Similar

considerations may be suitable for the evaluation of cement
products.

In figure 26 and 27 the appearance of a cement product ob

served with the scanning electron microscope before and after

leaching is shown. Upon leaching the relatively dense product

turns to a microporous matter accounting for the low leach

rates of the actinides in comparison to the leach rates of

actinides immobilized in glass: Obviously, the formed macro

molecular siliceous particles containing the actinides are

retained to some extent within the remaining porous system.

9. Extrapolation of Leach Test Data to Final Disposal

§afety Considerations

As the greatest credible accident which may occur to the final
disposal site the intrusion of water is considered fol-

lowed by the lixiviation of the immobilized radioactive waste

products. From the considerations outlined in paragraph 1 the

most conservative advance to the calculation of leached radio

isotopes over long periods of time and of their relative radio

toxicities compared to 3% uranium ore will be performed on the

real solidification products when leaching starts with depo

sition.

In this sense the extrapolation of leach test results has to
be done taking into account the following marginal conditions:
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1. Evaluation of the temperature/time curve for the

water-penetrated disposal site.

2. Chemical composition of the penetrating aqueous

solution

3. Measurement of the long-term leach rates according

to paragraph 2 with regard to item 1 and 2 (tempera

ture and composition of leachant)

4. Dimensions of solidified waste products

With respect to the experimental results which have shown

that more or less extended flakes are detached from the si li

ceous solidification products by the attack of dilute aqueous

solutions in the run of relatively short-term leach tests

(~100 days, ambient temperature), it can be assumed that

over long periods of time a quasi homogeneous leaching of

the solid matter takes place as the average of successive

layer detachments.

The determinat~on of leach rates has to be performed on larger

samples (conditions see paragraph 2) with regard to the mecha

nism of leaching (paragraph 8). The smallest specimen diameter

shall be at least 100 times the average thickness of the leached

surface layer(s) or more for the whole leaching time. According

to a 100 days leach test with R = 10-6 g/cm2 • d the specimen

diameter shall be greater than 0.1 mm, it shall be greater than

10 mm for R = 10-4 g/cm2 • d. If the specimens aresmaller they

probably will burst due to their swelling.

Therefore, the results of leach tests performed on granules

or very small specimens - above all at higher temperatures

or higher leach rates as in the case of soxhlet tests - are

not suitable for any extrapolation to long-range lixiviation.
The question raises, to what extent these tests are applicable

to the intercomparison of products, in the light of the leaching

mechanism and its consequences mentioned above.
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10. Summary and Conclusions

Aseries of results from investigations on the leaching be

haviour of actinides from HLW borosilicate glasses and MLW

cement products is presented comprising the determination

of leaching rates in various aqueous solutions, the measure

ment of actinides in the boundary surface of leached glass

specimens, the microscopic demonstration of leached surface

layers and an estimation on the chemical form of actinides

in aqueous leachants.

On the basis of the experimental results an evaluation of the

processes which take place during the leaching of silicate

systems is performed and an appropriate leaching mechanism

is established, including a critical review of different

leach test procedures and a proposal for the performance of

long-term leach tests with regard to their extrapolation to

final disposal requirements.

Although something has come to light it shall be noticed

that there are several questions still open concerning the

lixiviation at higher temperatures, the leaching with sa

turated salt solutions and the chemical form and behaviour

of actinides, Np-237 especially, in leachants with high

salt concentrations.
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Average Composition (wt.-%)

component base glass HLW glass HLW glass +
Gd20

3
poison

base glass:

Si02 50.5 40.2 35.1

Ti02 4.2 3.3 2.9

A1 20
3 1.4 1• 1 1.0

B20
3

13.6 10.8 9.5

CaO 2.8 2.2 2.0

Na20 27.5 21 .9 19. 1

fissionproducts 16.68 16.68

actinides 1.06 1.06

corrosion products 2.69 2.69

Gd20
3

poisoning 10.0
- 1----

fission produc ts (wt. -%)

Se02 0.034 Rb20 0.175
SrO 0.498 Y203 0.282

(90SrO ) (0.300) Zr02 2.360

M00
3 2.470 99TcO 0.5262

Ru 1.060 Rh 0.187
(1 06Ru ) (0.039) Pd 0.635

Ag 0.028 CdO 0.045
SnO 0.031 Sb20

3
0.010

Te02 0.346 BaO 0.760

Cs 0 1.360 La20
3

0.710
(l37cs 0) (0.610) Nd20

3
2.2302

Ce 0 1.600 Pr20
3

0.670
(f4Lfce 0 ) (0.080) Pm20

3
0.0512 3

smt0
1

0.455 EU
l

0
4

0.099

( 5 sm20
3

) (0.023) ( 5 Eu20
3

) (0.025)

Gd20
3

0.056 (155EU203)(0.002)
--

actinides (wt.-%)

uo 0.516
23~NPO 0.4122241 AmO 0.0502243AmO 0.04762
242cm02 0.0010
244CmO 0.01622238puO 0.00032
239puO 0.00872
240pu02 0.0035
241 puO 0.00162242puO 0.00062

corrosion products

(wt.-%)

Fe20
3

1.870
,

Cr20
3

0.530

NiO 0.290

Table 1: Composition of LWR high-level waste glass products
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-

leach rate isotope leaching time (years)

(g/cm2.d) 102 103 I

104 105 10610

Sr-90 8.4 .105 9.4 '104 - - - -
Cs-137 3.2 .104 4.0 .103 - - - -
Tc-99 0.5 0.5 0.5 0.5 0.36 0.014

00 Am-241 29.0 25.0 5.9 - - -
Am-243 25.0 25.0 25.0 9.4 0.002 -
Pu-240 4.6 10.0 9.5 3.7 - -
Pu-239 1.3 1.3 1.9 4.7 0.68 -
Np-237 0.95 0.95 0.95 0.95 0.95 0.69

Sr-90 2.5 '104 2.8 .104 - - I - -
2 .103Cs-137 9.5 ·10 1• 1 - - - -

Tc-99 0.007 0.07 0.5 0.5 0.36 0.014

10- l l- Am-241 0.41 3.6 5.3 - - -
Am-243 0.7 7.0 24.0 9.3 0.002 -
Pu-24° 0.065 1.5 8.5 3.6 - -
Pu-239 0.018 0.18 1.7 4.7 0.68 ... -
Np-237 0.013 0.13 0.86 0.95 0.95 0.69

Sr-90 2 2.8 .1022.5 ·10 - - - -
Cs-137 9.5 11.0 - - - -
Tc-99 - - 0.007 0.07 0.36 0.014

10-6 Am-241 0.005 0.004 0.083 - - -
Am-243 0.007 0.07 0.35 1.4 0.002 -
Pu-24° - 0.015 0.14 0.52 - -

"

Pu-239 - 0.002 0.027 0.67 0.68 -
Np-237 - 0.001 0.013 0.13 0.86 0.69

- - ~-----

Sr-90 2.5 2.8 - - - -
Cs-137 0.095 O. 11 - - - -
Tc-99 - - - - 0.004 -

10-8 Am-241 - - - - - -
Am-243 - - 0.004 0.014 - -
Pu-240 - - 0.001 0.005 - -
Pu-239 - - - 0.007 0.007 -
Np-237 - - - 0.001 0.013 0.098__ c-.

Table 2: Calculated relative radiotoxicities, Tr ~10-3, of

significant isotopes leached from HLW glass blocks

with different leach rates
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0 composition of glass specimens (wt.-%)N- of

specimen base glass 1) f.p. oxides2) Gd20
3 Am°2 Pu02 Cm02

+ c.p. oxides

A 1/5 95.07 - - 4.90 - 0.03

A 2/5 78.43 16.64 - 4.90 - 0.03

A 3/5 68.93 16.65 9.51 4.88 I - 0.03

P 1/2 98.00 - - 0.005 2.00 -
P 2/2 80.85 17. 15 - 0.005 2.00 -
P 3/2 71.05 17.15 9.80 0.005 2.00 -
P 1/10 90.00 - - 0.025 9.98 -
p 2/10 74.25 15.75 - 0.025 9.98 -
P 3/10 65.25 15.75 9.00 0.025 9.98 -

~-~-_.~._-----_._.- ----------_..-.-.~--- .~-_ .. .~---~~,._~._.

(1) composition of base glass, see table 1.

(2) composition of fission Eroduct oxides and ~orrosion

Eroduct oxides ,see table 1 ( f.p. oxides replaced by

the corresponding inactive isotopes, Tc replaced by Mn )

NQ of composition of cement specimens (wt.-%)

specim'en cement3 ) NaN0
3

Pu02 Am02 H20
~--~._-~-- ~-----_._-~----

C 75.7 8.56 0.86 0.002 14.9

C 2 81.2 1.08 0.86 0.002 16.9

C 3 75.9 5.92 3.44 0.008 14.7

C 4 76.8 4.30 3.44 0.008 15.5
"----.- -- . ._" •.. -----.- ._---.',,-, ---."------ .._. _.~._~.,._-._--_ . --_.

(3) composition of cement (wt.-%): 62 CaO, 23 5i02 , 7 A120
3

+Ti02 ,

4.5 Fe20
3

, 2.0 MgO, 1.5 50
3

Table 3: Chemical composition of glass and cement specimens

used for the leach tests
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--~........_._-.

measuring results N2 of leached glass specimen 1)

P 1/2 P 2/2 P 3/2

(keV/fm)2)
Pu-238 144 166 176

dE/dx
PU-239 151 174 184

--~.~

le~c!!a!!.tl

demineralized

thick- water 1.2 1.0 0.4average

ness of the 1 M NaCl-solu-
1.7/2.33 )surface layer tion 1.2 1• 1

-
( f m) saturated carnal-

li te solution 0.8 - -
-

demineralized

average Pu02- water 4 2.3 2.3
.,.---=~ --

concentration 1 M NaCl-solu-

in the surface tion 5 2.3 2.3
-- -----._-

layer (%) saturated carnal-

lite solution 2.2 - -

(1) Composition of glasses N2 P 1/2, P 2/2, P 3/2,

seetable 3.

(2) According to the low value for the thickness of the

surface layer, dE/dx is assumed to be constant.

One channel in the alpha-spectrum corresponds

to 0.05 ~m.

(3) The values are corresponding to the thickness of

two layers (figure 25); the outward layer has

detached from the inner layer by about 2 ~m.

Table 4: Results from the measurement of the energy loss

of alpha-particles escaping from the surface of

leached glass specimens
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activity of leaching isotope in the leaching solution

solution and DF

specimen NQ Cm-242 Am-241 PU tot •
-- ---

original
.104 '104

( -1 1-1) 1.92 1.41 -s .m

2/5 1)
----_ .. ---,----_ ..._--

A after filtration
'10

2
( s -1 .ml-1 ) 1.00 1.26 -

--~.+..._._--
-'~- .._-- ------_._---

DF (2) 1.92 • 104 1• 12 .102 -
----~--~----- --~---

original
• 104 104

( -1 1-1) - 2.04 3.33 •s .m
1--._-------_._-----_.._ .. - ~-_... - ---- .---- -----_.--_. -'-- ---._------_.

P 2/21) after filtration
103

( -1 •ml- 1) - 8.15 3.37 •s
- - .__ .. _.-_.-~----~--~---~- -

DF (2) - 2.50 .103 9.90
-------~~._-~

(1) Composition of specimens NQ A 2/5 and P 2/2,

see table 3.

(2) The DF values shall be considered in a qualified

sense with respect to the filtering technique.
The obtained values are dependent on the geo

metrical shape and the total mass of the filtered

particles.

Table 5: Activity of leaching solutions before and after

filtering over Pellicon Type filters (0.32 .10-2 pm)
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measurement values leaching solution from specimen N2.

base glass 1) A 2/52 ) P 2/22)

'r: • 104 6.218 76.62 35.12

.6.n • 105 4.87 7.70 10.2

"7

c (g/ml) • 10./ 0.20 0.40 0.55

(1) Composition, see table 1.

(2) Composition, see table 3.

Table 6: Turbidity, refractive index increment and

concentration of the leaching solutions
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._..-~~_ .._~-

calculated values 1 ) leaching solution from . NOspeclmen -

2) A 2/53 ) P 2/23 )base glass
--

average molecular
106 106 6

weight ( F1 ) 0.5 • 4.7 • 1.7·10
-

average particle size
.10-2 0-2 -2

( {Am ) 0.96 2.00 • 1 1.43·10

- ----

main radioactive isotope - Am, Cm Pu, Am

(1) The values are calculated from the values measured

and listed in table 6, lattice parameters and

molecular compositions of the glass specimens.

(2) Composition, see table 1-

(3) Composition, see table 3.

Table 7: Molecular weight and particle size of silicate

polymers in aqueous leachants from borosilicate

glasses
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Sr-90

101

10-3 -!---L1..fl--...--+-r-fJ-"-r'-....L-,.----,-L,F-f-:--+-'~___Y_t_r:_-----r---'-,r-r-""T""T"":--.,...,.__'r_+::_____o,----L...,..--,--r>T_;_'_..---r---r-r-l
100 103 rilyears)

- Time

Figure 1: Calculated relative radiotoxicities of

fission products and actinides leached

from monolithic HLW glass blocks (leach

rate R = 10-6 g/cm2 • d)
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l)4.--------------------------- --,

- Time

fission products; =x-x- actinides;

total

Figure 2: Calculated relative radiotoxicities for the

total of fission products and actinides leached

from monolithic HLW glass blocks (leach rate
R = 10-6 g/cm2 • d)
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specimen

No C1

specimen
NO C2

Figure 3: Alpha autoradiographs of cement specimens

used for leach tests
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specimen

NO C3

specimen

No C4

Figure 4: Alpha autoradiographs of cement specimens

used for leach tests
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specimen

No A 1/5

specimen

N~ A 2/5

Figure 5: Alpha autoradiographs of americium containing

borosilicate glass specimens



34

specimen

N~ A 3/5

~gure 6: Alpha autoradiograph of americium containing

borosilicate glass specimen



35

specimen

No P 1/2

specimen

No P 2/2

Figure 7: Alpha autoradiographs of borosilicate glasses

containing 2 wt.% PU0 2
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Figure 8: Alpha autoradiograph of borosilicate

glass containing 2 wt.% pU02

specimen

No P 3/2
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specimen

No P 1/10

specimen

N2 P 2/10

Figure 9: Alpha autoradiographs of borosilicate glasses

containing 10 wt.% Pu02
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specimen

N~ P 3/10

Figure 10: Alpha autoradiograph of borosilicate glass

containing 10 wt.% Pu02
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C1., C2., - - -• • CS., • • • •• C6

Figure 11: Leach rates for plutonium leached from

MLW cement products by different leachants
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Figure 12: Leach rates for americium leached from

MLW'cement products by different leachants



41

Ig/cm2'd )
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Figure 13: Leach rates for plutonium leached from F.LW

glasses by different leachants (plutonium

content of the glass specimens: 2.0 wt.% PU0
2

)
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Figure 14: Leach rates for plutonium leached from HLW

glasses by different leachants (plutonium

content of the glass specimens: 10.0 wt.% PU02)
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Figure 15: Leach rates for americium leached from HLW

glasses by different leachants and curium in

demineralized water (americium content of the

glass specimens: 4.9 wt.% Am0 2)



Figure 16: Surface structure of glass specimen No P 1/2

leached with demineralized water

(magnifications: 280, 800, 2000)
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Fiqure 17: Surface structure of qlass specimen No P 1/2

leached with 1 M NaCl solution

(Maqnifications: 80, 280, 800)
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Figure 18: Surface structure of glass specimen N~ P 1/2

leached with saturated carnallite solution

(magnifications: 80, 280, 800)
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Figure 19: Surface structure of glass specimen

N2 P 2/2 leached with demineralized
water (magnifications: 80, 280, 800)
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Figure 20: Surface structure of glass specimen No P 2/2

leached with 1 M NaCl solution

(magnifications: 80, 300, 800)
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Figure 21: Surface structure of glass specimen N2 P 2/2

leached with saturated carnallite solution

(magnification: 80, 800)
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Figure 22: Surface structure of glass specimen No P 3/2

leached with demineralized water

(magnifications: 80, 280, 800)
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Figure 23: Surface structure of glassspecirnen No P 3/2

leached with 1 M NaCl solution

(rnagnifications: 80, 280, 800)
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Figure 24: Surface strudure of glass specimen N2 P 3/2

leached with saturated carnallite solution

(magnifications: 80, 280, 800)
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Figure 25: Measured plutonium concentration and plutonium

distribution in the surface of leached HLW glass

specimens.
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Figure 26: Surface structure of cement specimen

N2 5 before leaching

(magnifications: 80, 280, 800)
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Figure 27: Surface structure of cement specimen N2 5

after leaching with demineralized water

(magnifications: 80, 280, 800)
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glasses containing 2 wt.% Pu02

Alpha autoradiograph of borosilicate

glass containing 2 wt.% Pu02

Alpha autoradiographs of borosilicate

glass containing 10 wt.% PU02

Alpha autoradiograph of borosilicate

glass containing 10 wt.% Pu02
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Figure 11:

Figure 12:

Figure 13:

Figure 14:

Figure 15:

Figure 16:

Figure 17:

Figure 18:
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Leach rates for plutonium leached

from MLW cement products by different

leachants

Leach rates for americium leached from

MLW cement products by different

leachants

Leach rates for plutonium leached from

HLW glasses by different leachants (plu

tonium content of the glass specimens:

2.0 wt. % Puo2)

Leach rates for plutonium leached from

HLW glasses by different leachants (plu

tonium content of the glass specimens:

10.0 wt.% Puo2)

Leach rates for americium leached from

HLW glasses by different leachants

(americium content of the glass specimens:

4 • 9 wt. % Am0 2)

Surface structure of glass specimen

NQ P 1/2 leached with demineralized

water (magnifications: 280, 800, 2000)

Surface structure of glass specimen N~

P 1/2 leached with 1 M NaCl solution

(magnifications: 80, 280, 800)

Surface structure of glass specimen

N~ P 1/2 leached with saturated carnallite
solution (rnagnifications: 80, 280, 800)
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Figure 19:

Figure 20:

Figure 21:

Figure 22:

Figure 23:

Figure 24:

Figure 25:

Figure 26:

Figure 27:
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Surface structure of glass specimen

N2 P 2/2 leached with demineralized

water (magnifications: 80, 280, 800)

Surface structure of glass specimen

No P 2/2 leached with 1 M NaCl solution

(magnifications: 80, 300, 800)

Surface structure of glass specimen

N2 P 2/2 leached with saturated carnallite

solution (magnifications: 80, 800)

Surface structure of glass specimen

N2 P 3/2 leached with demineralized

water (magnifications: 80, 280, 800)

Surface structure of glass specimen

N2 P 3/2 leached with 1 M NaCl solution

(magnifications: 80, 280, 800)

Surface structure of glass specimen

N2 P 3/2 leached with saturated carnallite

solution (magnifications: 80, 280, 800)

Measured plutonium concentration and

plutonium distribution in the surface

of leached HLW glass specimens

Surface structure of cement specimen

No C 5 before leaching (magnifications:

80, 280, 800)

Surface structure of cement specimen

No C 5 after leaching with demineralized

water (magnifications: 80, 280, 800)
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