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Note:

This work was essentially completed in the summer of
1992 and hence only the published sorption data available
to the authors up to this time have been taken into ac-
count in the writing of this report.







ABSTRACT

Approximately 95 ‘weight per cent of the material in the L/ILW repository for
short-lived low- and intermediate-level wastes consists of concrete; the remain-
ing approx. 5% consists of steel (4%) and high molecular weight organic waste
components ('l %). Radionuclide sorption onto concrete represents one of the
most important retardation mechanisms in the disposal cavems. This report
compiles the sorption properties of hydrated cement, the most important sorb-
ing material present in concrete, in the form of data sets for safety relevant
nuclides under repository conditions; these data can then be used dlrectly in
performance assessment. :

in the disposal caverns, the cement is affected by a range of different proc-
esses which can influence the sorption: of radionuclides. Extemnal processes
include the leaching of the cement by-inflowing groundwater, while intemal
processes include dissolution of repository components in the cement pore
water; these. oomponents can react with radionuclides and thus alter their sorp-
tion behawour or they can react with the cement and alter its leaching proper-
ties.

Processes which affect sorption .onto cement .in the disposal caverns are
documented gn dlfferent data sets in thls report. Degradatlon (leachlng) of ce-
ment is descnbed in three charactenstlc degradatron steps and the redox state
of the cement is accounted for by assumrng two extremes (oxrdlsmg and reduc-
ing). The effects of complexants are presented for 10 matenal groups Half of
these groups consist of ‘different’ high molecular werght organlc compounds
which are present in high-concentrations in the waste and' decompose to low
molecular weight compounds in the cavems. Besides these 5 groups, 5 low
molecular weight compounds are considered: these are either: present in large
volumes or have a large oomplexatlon capacrty with- respect to nuclldes

In this report, the dlstnbutlon coefﬁcrents for radlonuclldes .on cement are based
to a large extent on values measured under repository-relevant conditions; this
is true for cement without complexants in partlcular The selection of the distri-
bution coefficients is justified on the basis of the original studies carried out,
thus ensunng transparent derivation of the .data. Where data are lacking, the

assumphons made are cleady documented ln the case of safety relevant nu- ..

ficients were selected on the basrs of chemlcal analogy W|th other elements
'L SUiE. e



PREFACE

Within the framework of its Waste Management Pro-
gramme, the Paul Scherrer Institute is performing work to
increase the understanding of the sorption behaviour of
nuclear waste relevant radionuclides on cement. These
investigations are performed in close cooperation with,
and with the financial support of, NAGRA. The present re-
port is issued simultaneously as a PSI Bericht and a -
NAGRA NTB.



ZUSAMMENFASSUNG

Das Endlager SMA fiir kurzlebige schwach- und mittelaktive Abfalle besteht 2u
ca. 95 Gewichtsprozent aus Beton, zu ca. 4% aus Stahl und zu ca. 1% aus
hochmolekularen orgamschen Abfallkomponenten. Die Sorption der Radionukli-
“de an Beton ist einer der wichtigsten Retardatlonsmechamsmen in den End-
lagerkavemen Im vomegenden Bericht werden die Sorptlonselgenschaften von
Zementstein, dem WIchtlgsten Sorpt]onsmatenal in Beton, fur sicherheitsrele-
vante Radlonukllde unter Endlagerbedmgungen in Datensatzen zusammmen-
gestellt, die direkt in Slcherheltsbeurtellungen verwendet werden konnen.

“In den Endlagerkavemen wirken verschiedene Prozesse auf Zementstein- ein,
welche die Sorption von. Radionukliden beeinflussen. Von -aussen ist dies die
Auslaugung von Zementstein durch das durchstromende Grundwasser. Von'in-
nen ist dies die Aufldsung von Endlagerkomponenten in das Zementporenwas-
ser, welche einerseits mit Radionukliden reagieren und dadurch ‘ihre Sorption’
verandern kannen, andererseits mit Zementstein reagieren und dadurch seine
Auslaugung verandern kénnen.

Prozesse, welche die’ Sorpuon an Zemen'steln in den Endlagerkavemen beein-
flussen, wurden im vorllegenden Bericht durch verschledene Datensatze
berucksnchtlgt Die Degrada’aon (Auslaugung) von Zementstem wurde mlt drei
charaktensuschen Degradauonsschntten erfasst. Der Redoxzustand von Ze-
mentstein wurde dumh zwel Extreme (o:adaerend und reduz:erend) berucksuch-_
tigt. Die Auswukungen von Komplexblldnem wurden im Rahmen von 10 Stoff- -
gruppen wuedergegeben Diese . Stoffgruppen .bestehen zur Halfte. aus ver-
schiedenen hochmolekularen organischen Verbindungen, die in-den Abfallen in
grossen Mengen vorkommen.und in den Endlagerkavernen zu niedermoleku-
laren Verbindungen abgebaut werden. Neben diesen 5 Stoffgruppen wurden 5
medermolekulare Verbindungen beriicksichtigt, die in grossen Mengen vorkom-
men oder ein grosses Komplexblldungsvermogen gegenuber Radlonukllden
aufweisen.

Die Verteilungskoeffizienten von Radtonukllden an Zememstem dle lm vodle-':_ » ) | .
genden Bericht enthalten 'sind, beruhen zu emem wu:htlgen Tell auf Messwer-r_,‘ R
-ten unter endlagerrelevanten Bedlngungen Dles gllt vor allem fur Zementsteln g
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ohne Komplexbildner. Die “Auswahl “der Verte«lungskoefﬁznenten w1rd ausge-



hend von den Originalarbeiten, begriindet und gewahrleistet so eine nachvoll-
ziehbare Herleitung der Daten. Insbesondere wurden bei liickenhafter Daten-
lage getroffene Annahmen explizit aufgefahrt. Bei sicherheitsrelevanten Radio-
nukliden, fir welche gegenwartig keine publizierten Messwerte vorliegen, wur-
den die Verteilungskoeffizienten durch chemische Analogie mit anderen Ele-
menten ausgewahit.



RESUME

Le dépét final pour déchets de faible et moyenne activité & vie courte (DFMA)
contient en poids environ 95% de béton, env. 4% d'acier et env. 1% de déchets
constitués de composés organiques de poids moléculaires élevés. La sorption
de radionucléides par le béton représente l'un des plus importaﬁts mécanismes
de retardation dans les cavemes de stockage final. Les caractéristiques de
sorption de la pietre de ciment, sous conditions prévalant dans un dépét final,
c.-a-d. du matériau de sorption majeur des radionucléides significatifs pour la
sécurité dans le béton, sont présentées dans ce rapport sous forme d'‘ensem-
bles de données qui peuvent étre utilisés directement dans les analyses de
sareté.

Divers phénomeénes influencant fa sorption des radionucléides dans les caver-
nes de stockage final affectent la pierre de ciment. De I'extérieur ce sera la lixi-
viation de la pierre de ciment par la circulation d'eau souterraine. De l'intérieur
cela sera la dissolution, dans I'eau intersticielle du ciment, de composants de
déchets qui d'une part réagissent avec certains radionucléides et de ce. fait
peuvent modifier leurs caractéristiques de sorption et d'autre part réagissent
avec la pierre de ciment et peuvent par conséquent modifier sa dissolution.

Dans le présent rapport il a été tenu compte des processus qui influencent la
sorption sur la pierre de ciment dans les cavernes de stockage sous forme de
_ divers ensembles de données. La dégradation (lixiviation) de la pierre de ci-
ment a été appréhendée par trois étapes de désintégration caractéristiques.
L'état redox de la pierre de ciment a été considéré par ses deux extrémes
(oxydant et réducteur). L'effet d'agents complexants a été représenté dans le
cadre de 10 groupes de substances. Ces groupes sont constitués pour moitié
de divers composés organiques de poids moléculaires élevés qui apparaissent
en grandes quantités dans les déchets et qui se désintégrent en composés de
faibles poids moléculaires dans les cavemes de stockage final. A c6té de ces 5
groupes de substances on a retenu 5 composés de faibles poids moléculaires
que l'on trouve en grandes quantités ou qui présentent une forte aptitude a
former des complexes avec les radionucléides. '

Les coefficients de distribution des radionucléides dans la pierre de ciment
contenus dans le présent rapport se basent pour une grande partie sur des
résultats de mesures faites sous conditions représentatives du stockage final.
Cela conceme principalement la pierre de ciment sans agents complexants. Le
choix des coefficients de distribution tirés de travaux originaux est expliqué,



e

permettant ainsi de retracer l'origine des données. Lorsque les informations
souffraient de lacunes, les hypothéses introduites sont présentées de fagon
explicite. Pour les radionucléides significatifs du point de vue de la sireté et
pour lesquels on manque pour I'heure encore de valeurs publiées, les coeffi-
cients de distribution ont été choisis par analogie chimique avec d'autres
éléments chimiques.
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1 INTRODUCTION

The aim of this work is to derive realistic sorption data sets for safety relevant
radionuclides present in.a cement/concrete based repository for low- and inter-
mediate-level radioactive waste. This report is the documentation to the data
sets chosen. It is important to realise that the sorption databases and the ac-
companying documentation always belong together, otherwise the values in the
data sets are merely a series of "numbers". '

The critical pOint about databases of any sort which are to be used in safety
analyses, is that the values chosen should, wherever possible, be justified. This
is almost lnvanably a rather drfﬁcult task since the information required to justify
the choices i is often lncomplete :

In the vast magonty of cases drstnbutlon ratros are obtamed from batch type ex-
periments on crushed matenal and are represented in terms of distribution ra-
tios, Ry (see Chapter 2). These are empmcal parameters measured under a
specific set of condrtlons and mainly, only “point values" are available. In rare
instances, sorptlon data may be avarlable asa function of equrllbnum radionu-
clide concentrations, usually expressed as a Freundlich isotherm. Isotherms
are also comprised of empirical data. In this sense they are no better (or worse)
than single R, values though of course, they contain more information.

The point here is that the sorptlon behavrour of a radronuclrde in an often ex-
tremely complex system is reduced to a srngle parameter (F{d) The only
chance of berng able fo justrfy fully such a procedure is when .the sorption
mechamsm(s) is (are) known and can be expressed in terrns of models ‘which
have a demonstrated abrlrty to predrct sorptron over the range of condrtxons
which represent the real system (venfied mechamsm(s)/models) At the present
time, and for the foreseeable future thrs is unlrkely to be the case for cementi-
tious systems and therefore we cannot speak of a fully justified sorption data
set.

Despite being unable to fulfil the “ideal® bneﬂy descnbed above there i is, wodd-
wide, a large pool of data, information and experience on sorptlon which has
been accumulated over the past two or three decades and upon which we can
draw. It is of course true that any conclusions drawn from this data pool
(ultimately thrs |s the selectron of an Ry value) are hlghly dependent on the .
quality of the data and lts completeness Judgements have to be. made upon .
which data should be éhosen from which a single distribution ratio is ultimately






selected for the database. This judgement/selection process is carn'ed out in all

cases by individuals or groups of individuals who are generally recognised

"experts” and who, on the basis of their knowledge and experience, offer
“expert judgement®. When carried out properly, this is the best procedure avail-
able to us at the moment; there is currently no vrable altematlve '

However, it should not be expected that the judgement-of experts is accepted
blindly by third parties. In our view it is totally unacceptable that experts present

only the results of their deliberations (in this case in the form of a set of distri-

bution ratios) without describing, in-as much detail as possrble ‘the ‘thought
processes, reasoning and assumptions (i mplrc:t or explrcrt) whrch lie behmd the

choices made. Oné¢ of the major problems with sorption databases comprled in

the past is that the above has not been documented at all or, at best, insuffi-

ciently, so that third partles have not been given the opportumty to judge for:__
themselves the valldrty of, or the uncertamﬁes assocrated wrth the values grven '

(see for example McKINLEY & SCHOLTIS 1 991) Phrases often used in the
documentation to sorptron databases are “itis reasonable that ..... or it is ex-
pected that.....", without further comment.’ If somethrng is “reasonable* or
expected' then any thrrd party readrng the document is entrtled to know why

A further point worth mentioning is that a feature common to most :reports con-
ceming sorption databases is a section on radionuclide speciation. At best such

calculations, which are relatlvely easy to do (whether they represent reality is

another matter), enable the author to estrmate in very general terms whether
the radionuclide is llkely to exhibit weak, moderate or strong sorptron on the
basis of the specres present and their charge The specratron calculahons alone
are not capable of yreldrng any justrﬁcatron for the magnrtude of the value cho-
sen. Indeed, the *standard specrauon sectron |s often a “stand alone* sectlon
and is never referred to agam in connectlon wrth the chorce of drstnbutlon ra-
tios. We are not’ saying ‘that specrauon calculahons are |rrelevant for ‘under-
standing sorpﬁon processes, quite the contrary However when specratron data
are given, they should not be there as a *report filler* or a "stand alone section®

but rather the connection with, and relevance to, the distribution ratios chosen
must be made. lf there is no connectron made then there rs no reason to give

speciation data

One of our aims’in wntmg this' report is to descnbe as fully as possrble the e
reasoning and reasons behind the choices’ made and where necessary to state e
clearly any assocrated assumptrons We already foresee that thls procedure wnll e

TTRE



lead to criticism (constructive, we hope) and to further discussion. We welcome
this as a positive way forward and as a means of improving future sorption da-
tabases and identifying critical areas where our current knowledge is inade-
quate.



2 BACKGROUND
2.1 Preamble

The pool of sorption data available comes predominantly from laboratory batch
tests in which a known quantity of a radio-tracer is added to a known mass of
crushed material in contact with a known volume of solution of known composi-
tion. In principle such experiments are easy to perform and distribution ratios
(Rg) can be extracted from the relation:

_ Quantity of radionuclide sorbed per unit mass of solid (1)
¢ Equilibrium concentration of radionuclide in solution

-GG, |V
1 C, Jm
where C, =initial aqueous concentration of radionuclide
C, =final (“equilibrium®) aqueous concentration of radionuclide

V = volume of solution
m =mass of crushed solid phase present

In practice, batch sorption experiments are difficult to perform properly and the
results obtained can be highly dependent on the experimental techniques used.
Dafferent expenmental procedures can lead to vastly different distribution ratlos

Distribution ratios can also be deduced from dynamic tests e.g. column and
through-dlffusmn type experiments. However, data from such sources are less
frequenﬂy available since the experiments are far more time consuming. Also, it
is important to realise that in order to extract an R, value from an experiment in
which retardation is measured, a model is required. The extracted R, values
are thus model dependent (BRADBURY et al. 1990).

It is self-evident that at any given point in time the pool of data from which se-
lected values can be taken is fixed and that the selected sorption data is a sub-
set of the available data. If important data are missing, or have not been mea-
sured under equivalent conditions to some stage in the evolution of the reposi-
tory, then means have to be found whereby realistic values can be estimated.

Some of the major questions/considerations involved in the selection of the
best available values for a sorption database for safety analysis purposes are:



(1) The quality of the experimental data

(2) Are the selected quality data relevant for our specific conditions?

(8) How can the selected relevant quality data from laboratory experiments
on crushed material be applied to the repository situation?

Points (1) and (2) will be briefly discussed together since they are often consi-
dered in parallel. The discussion regarding point (3) will be treated separately.

2.2 . Data Quality and Relevance

When smrtmg to setup a sorptnon database the most obvious place to begin is
with those which have been compiled in the past. For cementitious material a
number are available e.g. ALLARD (1985), ALLARD ‘& ANDERSSON (1987),
EWART et al. (1988), EWART et al. (1989) NANCARROW et al. (1988),
ALLARD et al. (1991)..In addition, there are various reports which compare the
database compilations, the latest of which is a review by McKINLEY &
SCHOLTIS (1991). Comparing databases is a useful first step in obtaining a
rapid overview of the considered expert opinions of others and to see whether
or not there are any major "discrepancies -in the data sets. McKINLEY &
SCHOLTIS (1991) note that there is generally good agreement between data-
bases for cementitious material. However, this apparently good agreement is,
in itself, no criterion for the acceptance of the values given as being the *best -
available®. As mentioned before,.part of the problem here is the generally poor
documentation of the procedures involved in the choices made. The consis-
tency amongst the different databases can be viewed in two ways. In a positive
sense, in that the consistency is an encouraging indicator that expert delibera-
tion world wide has led to very similar conclusions. On the negative side, the
consistency may be interpreted as being a consequence of ‘experts" copying
from each other. In any event, the values given in existing databases cannot
form the basis for any independent data evaluation. At best they can act as a
guide, at worst they can be misleading. Rather, the original source literature is
the only basis upon which judgements can be made. Here the decisive factor is
"quality*. An evaluation of the quality of a piece of experimental work, and
thereby the quality of the results obtained, lies in the realm of expert judge-
ment. To a certain extent expert judgement is subjective and depends upon the
experience, knowledge, interpretative abilities and biases of the individual ex- -
pert. However, biases and gaps in knowledge which may influence the indi-
viduals choice and judgement can be revealed and corrected by peer review if



the expert states the reasons for his choices. Thus, peer review and feedback
are an essential component and check involved in expert judgement.

*Quality" is a difficult term to deﬁne; and rather than attempting to do so we will
try to describe, in the context of this work, some of the processes and consi-
derations involved in making "quality judgements". :

The quality of a piece of experimental work has its foundations in the planning
of the work, in having clearly defined aims and, perhaps most important, in the
experimental methodology. For example, in the case of batch type experiments
(the source of most sorption data), certam cntlcal questlons spnng to mmd
when readlng a paper or report: :

(a)
(b)
(c)
(d)
(e)
()

(9)
(h)
()]

@
(k)

®
_(m)
(n)

To what extent has the solid phase been.characterised? . et o s
To what extent has the fiquid phase been characterised? . =+ v |
Has the water chemistry been checked at the- beglnnmg and end of the .
experiment?. .. : Lo
Are there good reasons for bellevrng that the solld and. llqwd phases were
in equilibrium, or at least in steady state, during the experiment.” '

In sorption expenments pHisa paruculady lmportant parameter Was thls .
constant?

Were the experiments performed under controlied atmosphere oondl-
tions? ((f) is strongly connected with points (c), (d) and (e)) '
Were the expenments carried out under controlled temperature oond v
How and in what form was the tracer added‘?

Was the radionuclide ‘concentration definitely below the solublllty limit?
(Precipitation and sorption are often rmpossrble to dlst:ngursh unless ‘an
isotherm is measured) . _ - -
What rdle did kinetics play in the expenmental measurements'?

What methods were ‘used for solidfliquid phase separation? If filtration
methods were employed, what was the filter pore size? Was sorption on
filter substrates considered? For centnfugatlon how was the partlcle size -
cut off determined? - : : R
Was sorption on container walls oonsrdered/corrected for? How‘7 EREPRR
Are errors considered, and, if so, how were they calculated? :- T

How relevant is the expenmentally mvestrgated system to our. partlcular--

system? . o L b oLl e L R L ERERLT



For redox sensitive radionuclides the Eh is cleardy an important parameter
which is not listed above explicitly. In most cases the experimental conditions
are described in general terms as being aerobic or anaerobic which says vir-
tually nothing quantitatively about the redox state of the system.

Depending on the answers to a check list of the sort given above, a picture as
to the quality of the measured data can be formed. Other factors such as inter-
pretation, internal consrstency of the data and comparison with other work are
also taken lnto acoount. : :

In addition, the core of experimentalists working in radioactive waste manage-
ment in a specific area is not very large, and the people are generally known to
one another. Through personal contact, drscussrons at conferences and labora-
tory visits, lmpressmns are formed. wnth time as to the strengths and weak-
nesses of various rnstrtutes and the. rndlvrduals working there. Judgements are
formed as to the oompetence thoroughness and-reliability of the work carried
- out by various investigators and these naturally play a réle in the overall quality
assessment ,proc'edure.' Though this lies on the subjective side of “expert
judgement, it is nevertheless an important factor. :

One final comment; a quest]on whlch is often put to the compilers of databases
is "Why didn't you choose the lowest value for the sorptlon database which has
ever been measured? Isn't that the most appropriate conservative value*? The
answer to this. questron lies in the discussion above. Experts and expert judge-

ment is not required to find *lowest dlstnbutron ratios",-a monkey ora computer :

would be sufﬁcrent.

2.3 Laboratory Sorptron Data and thelr Relevance to the In-Situ
Repository

A criticism often made concemmg laboratory generated sorptlon data is that
some of the oondruons under whrch the measurements are made are so vastly
different from the expected reposrtory condltlons that they are, at worst, not
relevant at all, or at least, must be strongly modified in a well justified manner to
make them relevant. Two of the most obvrous drfferences between laboratory
and “real” condrtrons are that in the former case crushed matenal and high li-

quid to solid ratlos are used whereas in the latter, monolithlc blocks and llqurd -

volumes comparable to the matenal porosmes are mvolved



We will attempt to address this question in this section with specific reference to
cementitious materials. Let us be clear at the outset that the validity of the criti-
cism stated in the opening paragraph cannot be absolutely proven or dis-
proven. Again, like it or not, we have to rely on expert judgements made on the
basis of available evidence and reasoned arguments.

In the case of cementitious materials we are in the rather fortunate position that
the basic chemistry of hardened cement paste, the binding material in con-
cretes and blends, has been the subject of investigation for many decades in-
the burldmg and cement industries and is relatively well known in general if not
in detail (see for example LEA 1 988). Because of its extensive use in ‘the
building industry, the cement powder is produced under well det' ned oondr’aons
and must conform to stringent national standards. Thus, if a certain cement
powder is used to make a concrete to a certain recipe, then whether that con-

crete is produced in fand A or land B the hardened cement paste in'the product o

will be very similar with respect to the quantity and composmon of the ‘mineral -
phases formed during hydration. Also, since’ the pore water composmon in the
concrete is determined almost exclusively by the mineral phases formed in the
hardened cement paste, then the chemistry of the water in *equilibrium® with
the cementitious product will also be very similar. In other words, the basic
liquid-solid system at equllrbrrum" is well def‘ned and wrll not vary ap-
preciably from |nvest|gator to investrgator '

Given that the cement/pore water system is mtnnsucally well defined, let us tum
first to the effect that crushing may have on sorption properttec in batch sorp-
tion tests.crushed materials are most often used in order to speed up the sorp-
tion experiments. That is, crushing is intended to expose the internal surfaces
of a solid which under normal circumstances could only be reached via diffu-
sion through the pore water, usually a very slow process partlcularty for strongly
sorbing species. The critical question with crushing is whether or not niew and
atypical surfaces are created (wrth possrbly dlfferent and stronger sorption
properties) and whether the surface area for sorptron has been mcreased over
and above that available in the ongmal solid. Dunng the hydratlon of cement a
calcrum-suhcate—hydrate (CSH) gel layer buulds up on the outsrde of the cement
powder parhcles and forms an lnterconnected network ona ﬁne scale between
which lies the excess water which ‘has not been used in the hydraton process
CSH gel marnly forms the boundary between the rntemal ﬂurd and the sohd
phases. Hardened cément pastes are ﬁne grarned mrcroporous sollds usually
with porosities in excess of 20% which implies exceedmgly large internal pore.



surface areas. During crushing, fracture is most likely to occur along planes of
weakness i.e. along pores and at junctions where the filaments of CSH gel from
adjacent particles have met. In the less likely event that transgranular fracture
across partly hydrated grains takes place, then the "new surfaces* exposed will
rapidly form a CSH gel layer upon contact with water. Thus the types of surface
exposed as a result of crushing will not differ in any significant way from those
existing intemally in-the cement block.

Does the area available for sorption increase as a resuit.of crushing? ROWAN
et al. (1988) investigated this question by-measuring.the BET :surface areas of
three types of hardened cement paste blends in the form of half inch diameter
disc coupons weighing 3-5 g or similar discs which were broken up and sieved
to create different particle sizes. The BET surface area results were similar for
the three different blends.considered, with values of 55 +5 m2.g-!- (coupons), -
90 £ 10 m2 g1 (0.5-1.0 mm particle size range), 85+ 5 m2 g (125-250 pm)-and
75+ 5 m2 g1'(50-125 um). Thus, the conclusion from this study was that crush-
ing did not significantly mﬂuence the avarlable surface area and by mference '
sorption. :

In the relatively small-number of cases where cement particle size effects have
been systematically studied in sorption tests, few or no significant effects have -
been found, as-would be expected from the above. (See for example the stu-
dies of ATKINSON & NICKERSON (1988) on Cs, Sr-and [: BAYLISS et al.
(1991) on Am; and the results:reported in"ATKINSON et al. (1 988b) on. Am and
Pu. In this context the results reported in ATKINSON: et al. (1988b) and by
BAYLISS et al. (1991) are particutarly interesting. Discs, into which‘Am and Pu
had diffused, were" sectioned by grinding ‘and R,’values ‘calculated for the
penetration depth only. The R, values determined in this manner were very
similar to those obtained in crushed cement batch tesis.

With respect to the effect of liquid to solid ratio, it is somewhat less easy to give
a clear cut answer since all possible influences have been reported at one time
or another in the literature; no effect, increases and: decreases in sorpuon At
the present time, we know of no reliable systematlc investigations whloh have
yielded a plausible general explanation. Indeed, there is- probably no smgle ex-
planation. Under these: c:rcumstances we are forced to- rely on our ¢urrent un-

derstanding of sorption processes and to dedticé whether or not the hlgh llqurd '

Lo

to solid ratios used in the laboratory expenments are most hkely to |ead to oon- N |
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servative or non-conservative distribution ratios with respect to the reposrtory
situation where the pore water to solud ratio is Iow -

Generally speakmg, if the composition of the liquid phase does not represent
that which is in equilibrium with the solid phase, then when the two are brought
together a solid/liquid interaction will occur and the system will adjust in the di-
rection of a new equilibrium state involving not only macro and micro changes
in liquid phase composition but also changes to the solid phase (the former can
be detected, the latter is very much more difficult, if not impossible, to estimate.
or quantify). Depending on the nature and magnitude of the initial imbalancg+:
the liquid phase or the solid phase or both can drive the changes. The sort of
macro effects which may occur are dlssolmon/precxpltatlon reactions.'A minor

phase may change from being saturated to undersaturated if the volumeof fi- - -
quid is sufficiently .great to-dissolve it completely. Sorption/desorption ‘of ions "=
may occur.on and from the solid phase.’If these ions are competitive ‘with the : - -

generally low levels of radionuclide added,.then this-will influence the subse--
quent sorption measurements.. If the solid phase contains soluble-organic mat-
ter, then its concentration in solution will depend on the liquid to solid ratio and
therefore influence speciation and thereby sorption. The above is by no means
an exhaustive list, but nevertheless serves to iliustrate that differences in liquid -
to solid ratios may in fact .lead. to sorption studies on effectively different sys- -
tems. The effects may be-even more comphcated if the systems are evolvmg in -
time dunng the actual sorptlon measurements ' : o

In our view the above IS one. of the two ma;or causes of liquid -to solid ratio ef--

fects in e:q:enmental studies. However, for cement: systems, it is not likely to-be - -

the major effect since the. solid acts as an extremely powerful buffer-and ef- -
fectively determmes the liquid composmon : L

Virtually all of the studies in which a'sdr"ptlon'dependeney on liquid to solid ratio
has been found, have relzed .on isolated .single measurements i.e. in experi-
ments where the initial concentratlon .of radionuclide .has been fixed and the
liquid to solid ratio.varied. Under these circumstances-changes. in distribution
ratio with llqwd to solid ratlo would be expected where the radionuclide is
sorbmg non-hneady since- the equmbnum concentrations. at the. dafferent liquid
to solid ratios are dlfferent. In general,, mcreased ‘sorption would,be. anhcxpated

with decreasing. llqmd to SOlld ratio.-Cause and effect have been confused. The. -. - .
effectis an apparently inexplicable dependency.of sorption.on llquxd to solid ra- ., -~

tio, whereas the cause is the non-linearity of the sorptlon process itself, a well
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known and well documented phenomenon. The confusion has arisen because
of either poor experimental technique (the liquid and solid phases are not in
equilibrium) or because single measurements at different fiquid to solid ratios
have been compared. In the latter comparisons, like has not been compared
with like since the equilibrium concentrations are different.

Our conclusion is that the “liquid to solid ratio effect* often reported is an ap-
parent effect and is not due to the liquid to solid ratio per se, but has other
causes, predominantly those listed above. (See also. BRADBURY & BAEYENS
1992). In the relatively few cases where the ‘non-linearity of sorption has been
taken into account and results at different liquid to solid ratios plotted as part of
a sorption isotherm (AKSOYOGLU et al. 1990) or where attempts have been
made to keep the equilibrium radionuclide concentration constant at different
liquid to solid ratios (for example ATKINSON et al. 1988b) no significant effects
have been found. The only circumstances under which the liquid to solid ratio
may have a real effect on measured distribution ratios is when the conditions of
the experiment are such that sorption site saturation occurs. If this is the case,
then the measured R, should decrease in direct proportion to the inverse of the
concentration measured in-the solution at the end of the experiment. Where
isotherms are measured, this effect would be evident. Unfortunately the deter-
mination of sorption isotherms is the exception rather than the rule.

24 General Conclusions

On the basis of the discussions given in section 2.3, we have drawn three gen-
eral conclusions for cementitious systems: .

()  The crushing of cement, at least for particle sizes > 50 um (ROWAN et al.
1988), does not in any significant way influence sorption. Crushing makes
available surfaces for sorption which already exist within the bulk material
and which normally could only be reached by diffusion. Distribution ratios
obtained from properly performed laboratory batch tests on crushed ce-
ment (see sections 2.2 and 2.3) are valid for the in situ bulk cement.

(i) The liquid to solid ratio has no effect per se on sorption. If the non-finearity
of sorption is taken into account, and like is compared with like at different
liquid to solid ratios, then the Ry values measured are the same.
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(iii) The corollary to point (ii) is that it is incorrect to scale up distribu-
tion ratios from laboratory experiments to the in-situ conditions on
the basis of the liquid to solid ratios in the two systems. '
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3 DO DIFFERENT CEMENTS AND CEMENT -MIXES HAVE A
SIGNIFICANT INFLUENCE ON SORPTION? -

The different cements and cement mixes which may eventually be present in a
Swiss low-"and intermediate-level waste repository are summarised in Table 1
(NEALL 1994). '

The majority of the sorption data présented later in this report were not obtain-
ed on these particular cement/concrete types. Most of the data were taken from
Swedish and British investigations. In the former case the sorption of actinides,
| and Cs was measured on seven mixes: Ordinary portiand cement, ordinary
portland (French mixture), Sulphate-resisting cement, blast fumace slag ce-
ment, high alumina cement, fly ash cement and silica cement (see ALLARD et
al. 1984 for details of the mixes). o -
The general conclusion from this work was that, "The differences in sorption
between the various types of concrete used in the present study were usually
minor with a few exceptions® (ALLARD et al. 1984, p. 22). The “exceptions"
discussed by Aliard do not materially affect the conclusion.

AEA at Harwell has carried out similar studies on cement blends such as ordi-
nary portland cement + blast furnace slag, ordinary portiand cement + pulver-
ised fly ash (both at various ratios) as well as on ordinary portland cement and
‘sulphate resisting cement. In a position paper (ATKINSON et al. 1988b) they
write, “It may be concluded that the sormption coefficients' of these two nuclides
(Am and Pu)......... are almost independent......of the cement formulations - stu-
died". The evidence from the studies of Allard and Atkinson on a wide range of
concrete mixtures indicates strongly that the cement composition at pH > ~12.5
has only a second order effect on actinide sorption i.e. the dominant sorbing
substrate is the cement itself. For mono- and bivalent fission and activation
products the above statement is also generally valid but each radio-element
needs to be looked at individually. |

In this report we-have tried, wherever possible, to favour the data obtained on
“pure” hardened cement pastes i.e. ordinary portland cement (OPC) or sul-
phate-resisting portiand cement (SRPC).
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Table 1: Summary of cement types and concrete blends foreseen to be pre-
sent in a Swiss low- and intermediate-level radloactxve waste reposi-
tory (NEALL 1994)

Waste BackﬁlI‘- Container C_a",é"‘-.
Walls Lining

HTST — kkg/md *| 550
oPC2 [kg/m3] | - | | | a0 ‘wf_
Sultacem3 kg% | . | . 285 350 :
et et | 18 |
Water - [kg{m3] 300 113 150 . .150
Ballast material [kg/m?] | 1000 1520 | 1950 | 1950
Total [kg/md] 2000 | 1918 2450 2450
W/C5 0.43 0.40 043 O_.43

1 French sulphate resistant cement Ciment Portiand Artificiel, CPA §5, Haute
Teneur en Silice, Ciments Lafarge, France SR

Ordmary Portland cement
Swiss sulfate resnstant portland oement (Sulfacem Oiten, Swrtzerland)

Rhenish volcamc tuffs

L I N/ I 0]

Water to cement ratio
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4 CHEMICAL ANALOGUES AND REPOSITORY CONDITIONS
4.1 Chemical Analogues and Sorption Mechanism

In attempting to compile a sorption database for safety assessment studies, it
quickly became apparent that sorption data for all safety relevant radionuclides
under the different conditions which occur during the lifetime of the repository
do not exist. Nevertheless these data are required for safety analysis calcula-
tions. It is important that the reasoning and assumptions. behind the procedures
for assigning values to "gaps* in the sorption data are clearly stated.

We begin with a list of safety relevant radionuclides for a Swiss low- and inter-
mediate-level waste repository derived from KEMAKTA (1989) according to
their foreseen importance.

Table 2: Radionuclides listed according to their foreseen importance for
safety assessment. : '

H, COz2, Cl, Ni, Se, Sr, Zr, Tc, Sn, |, Cs,

High Priority:
: Ra, Th, U, Np, Pu, Am
Medium Priority: Mn, Nb, Mo, Pd, Ag, Pb, Pa, Cm
Low Priority: Be, Co, Na, K, Ca, Fe, Co, Sm, Eu, Ho, Po, Ac
' (sorption for these elements is briefly discussed in
Appendix D)

We have taken the _éb0ve_ radionuclides (high a‘;&nd, medium priority) and té; |
grouped them according to their position in the periodic table of elements and

according to their major chemical characteristics (SMITH & MARTELL 1976),
Table 3. The bracketed elements are ones which have no primary relevance fo
waste disposal but whose chemical behaviour is expected to be similar to those

which do. The major Chemical characteristics considered are redox sensitivity,

hydrolysis and ion pair formation. .
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Table 3: Radionuclides grouped according to their major chemical

characteristics.
Groups . Elements _ . Major characteristics
Alkali metals ] Cs " | » not redox sensitive

Aliclli-earth m etal s | Mg).(ca).sr.Ba).Ra . no tendency to hydrolysns

T ) S e Iow tendency to form ion palrs

Lanthanides + Am,Ac | (La),(Ce),(Nd),(Sm),(Eu),Am,(Ac) | « not redox sensitive
Cm | Cm o - .| *tendency to hydrolysis
{o tendency to form ion pairs

Group IVA elements Zr,Th

Transition elements | *Ni ' " - ~ *}eredox sensmve
Pd,Ag o tendency to hydrotysrs
*Nb,*Mo ' | » tendency to form ion pairs

-Mn,Tc

Group {VB elements Sn,(Pb)

Actinides Pa,U,Np,Pu

Halides | ci@) © - leredoxsensitve o]
"Anion species® .- | -C,Se- FE . | redox sensitive

* Stable oxidation states for éxpected EhpH ranges

Table 3 gives a first broad overview of groups of elements having chemically
similar properties and which would therefore also be expected to exhibit simitar
sorption properties. The table IS lntended as a gurde only Amenc:um cunum_.
and thorium could equally well be grouped together W|th the actlmdes for ex-
ample, but, because of thetr msensrtMty to redox condmons they have been
included with the Lanthamdes and group IVA elements respect:vely

Are there other “indicators® of méans of classrfymg groups of elements whlch'__

should exhibit similar sorption properbes and which could help in assugnmg'
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realistic distribution ratios and/or ensuring con3|stency in the sorption data-
base? .

In non-cementitious systems there are strong indications in the open literature
that sorption, particularly at pH values above 8, is correlated positively with the
tendency of radionuclides to hydrolyse. ALLARD (1982), in an extensive study
of the sorption of Am, Np and Pu on 40 different minerals as a function of pH,
concluded that, *for all systems the sorption is drastically increased when hy-
drolysis starts. Sorption maxima are generally obtained in the pH range where
neutral hydroxy complexes would dofninate in solution".

in the metal (hydrous) oxide literature, where sorption data have been interpre-
ted in terms of surface complexation models for the past 20 years or so, a lin-
ear correlation between cation surface complexation constants and the first hy-
drolysis constant has been found (see for example SCHINDLER 1984, BUFFLE
1988, DZOMBAK & MOREL 1 990) ‘

Though the examples given‘ abdve. are not directly relevant to cement systems,
and there are no investigations of which we know where attempts have been
made to investigate sorption mechanisms on cement, we believe that surface
complexation is most probably a major sorption mechanism in cementitious
systems. Many of the predominantly amorphous phases formed during cement
hydration, and included under the general heading of calcium-silicate-hydrate
gel, have large surface areas rich in surface "SOH" type groups, where "S* rep-
resents for example Si, Ca, Al (see LEA 1988). The high pH, favouring .hy-
drolysis in the liquid phase, and the above characteristics of the gel, constitute
favourable conditions for surface complexation. On the basis of this assump-
tion, it would then follow that the readiness with which a radionuclide forms
surface complexes | may be related to the first hydrolysis constant.

There is an lnteresting plot (reproduced in Figure 1) given in BAES & MESMER
(1986), where the first hydrolysis constant (K,4) is plotted against the ratio of
charge to bond length (z/d) for a wide range of metal hydroxy species. The z/d
value can be taken as a "bond strength® indicator i.e. large z/d ratios represent
*strong" bonding and vice versa. The reason that this plot is interesting is that
for those radionuclides where sorption has been measured (see Chapter 5), the
magnitude of the sorption qualitatively correlates with the position occupied by
the radionuclide in Figure 1. That is, a strong tendency to hydrolyse (high K,
value) coupled with a high value for z/d is associated with high distribution ra-
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tios measured on cement. Low K,, and z/d values correlate with low sorption
and intermediate values with intermediate sorption.

Though this is all rather empirical, it does make sense in terms of a surface -
complexation sorption mechanism for cement. Table 3 and Fi igure 1 will be
used later in this report in the sections describing the selection procedures for
radionuclide distribution ratios. :

e T8

Fig. 1:  The linear dependence of log Ky, on the ratio of the charge to the

M-O distance for four groups of cations (From BAES & MESMER SR

1986, Fi gure 18.4, page 408)

[IEQNTS V13 SRR e
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4.2 - Redox

For many radionuclides, in particular the actinides, the redox state of the sys-
tem can have a significant effect on speciation and SOlUblllty limits and thereby
on the sorption properties

. We believe that it is fajr to say that there are no reliable sorption data existing in

the open literature where measurements have been made under well defined
and constant redox conditions for cement systems. Almost all measurements
have been made under oxidising (aerobic) conditions. Sometimes the condi-
tions are reported as anaerobic (which often means "in a glove box") or reduc-
ing; both of which have litle quantitative meaning. Here is neither the time nor
the place to discuss how and why this situation has arisen when strongly reduc-
ing conditions (Eh ~ -300 to ~500 mV) are expected to develop relatively rapidly
after repository closure nor is a discussion on the difficulties of establishing well
defined redox conditions in the laboratory appropriate. The fact of the matter is
that-effectively no sormption measurements have been made under the appro-
priate redox conditions... ‘

In order to estimate what the sorption of redox sensitive radionuclides is likely
to be when they are in a reduced state, we have to rely on measured sorption
data available from oxidising conditions and chemical analogy. For example,
under oxidising conditions the valence states of the actinides are:

Element Expected valence state under oxidising conditions
Pu 5+
U 6+
Am 3+
Th 4+
Np 5+
Pa 5+
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Their valencies in the reduced state together with their respective analogues
are taken to be:

Element Expected valence in the reduced| Analogue element
| ~ state

Pu 4+ Th (4+)

u a Th (44)

Am 3+ Lanthanides

T -
Np .4+ -Th (4+)

Pa 44 “Th4+) -
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4.3 Evolution of the Cement Pore Water Composition:
Degradation of Cement

Over long periods of time in contact with ground water, cementitious materials
are unstable. In broad general terms the evolution of the pore water composi-
tion during leaching can be characterised in terms of the pH into three regions
illustrated in Figure 2. ’

pH Lple
128F "

124 A

120 [

116

112}

Experimental data ) ‘ -
10.8-_:_ Modeled curve }Atkiwsonetal(1988)

104 -

100 L ! L -
1 10 102 10° 10*

Total volume of water per unit mass of anhydrous cement (itre kg™1)

Fig.2:  The pH of the aqueous phase in contact with SRPC paste during
leaching with water; after ATKINSON et al. (1988a). (See also
BERNER 1990)



Region |

The pH lies between ~13.3 and 12.5. The pore water composition is dominated
by (K, Na) OH. The solution is saturated with respect to portiandite (“Ca(OH),"
~2-10° M). The major solid phases present in cement have already formed,
though hydration may be continuing.

Region !

Contact with “ﬂowmg groundwater has removed wrtuauy all of the hlghly so-
luble (K, Na) OH. The pore water composition is now dominated by porﬂandlte'
("Ca(OH)," ~20-10< M) which fixes the pH at ~12.5. The portiandite is also be-
ing slowly removed by groundwater flow but the quantities.contained in the ce-
ment are so large that this phase buffers‘the system over very long periods of
time. There are no significant changes in the major solid phases present in re-
gion | and Ii. '

Region Ill

The removal of *Ca(OH)," has become significant and the pH falls continuously.
The CSH gel is no longer stable and begins to dissolve incongruently. The Ca2*
concentration decreases continuously to ~1 to 5-103 M at pH ~11. -

The overall plcture given above is supported by some experimental (see Figu-
re 2) work by ATKINSON et al. (1988a) and references: therein. -BERNER
(1990) and NEALL(1994) have carried out an extensive modelling study on

different cement types and groundwater chemiistries: directly relevant to Swiss -

disposal concepts. These reports are recommended for more detailed desctip-
tions of the processes occurring during cement degradation by groundwater.
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44  Material Inventory of a Low- and Intermediate-Level Waste Re-
pository and Perturbation of the Near-Field Influencing Sorption

A LALW waste repository is not a "clean* system made up only of cementitious
materials and radionuclides. Rather, as indicated in Table A-1 (Appendix A), ta-
ken from ALDER & McGINNES (1994), it is a complex system comprising many
and varied components arising from the different waste sources and reprocess-
ing waste streams :

We have chosen an approach whereby we first consider the sorption properties
of the ‘unperturbed" system i.e. cementitious material in equilibrium with its
~ own pore water in contact with radionuclides. The majority of the measured
data available are for this “unperturbed* case. Using the procedures outlined in
Chapters 2 to 4.3 we have produced a sorption data base for the radionuclides

listed in Table 2 taking into-account the degradation of cement and redox ‘con-

ditions, Table 4.The distribution ratios given in Table 4-will be influenced to a

greater or lesser extent, depending on the radionuclide, by certain perturbation

effects present in the near-field. repository environment. The source of these
perturbation effects can be found in the waste inventory (see Table A-1) e.g.
complexation of radionuclides with the degradation products from cellulose, or

in the cement/concrete mix formulations e.g. organic cement additives (plastici-

sers/retarders) complexing with radionuclides, ‘or in the temporal evolution of
the repository e.g. possible re-crystallisation of the CSH gel leading to a reduc-
tion of available sorption. sites. The influence of these and ‘other processes
identified as major perturbation effects are evaluated in Chapters 6 to 12 with
respect to thelr potenual mﬂuence on sorp’aon
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5 SORPTION DATABASE
(“unperturbed” cementitious material)

5.1 introduction

In this section we will give what we consider to. be the best available realistic
distribution  ratios on the basis of the existing data for-an “unperturbed" near-
field. In making these selections we will rely heavily on the discussions given in
the prev:ous four sections and it should be "taken as read' that the factors
listed there have been taken into consideration. : o S

The term ,_(ealisti_c;' is somewhat_ undeﬁned. F.rom the discussions. given in sec-
tion 2.3 with reference to section 2.2, we are of the opinion that-laboratory
sorption measurements on crushed cement/concrete -are -directly -relevant to-
monolithic cement/concrete existing in a repository. in this sense, the laboratory -
data represent “realistic* distribution ratios for the repository.:The.term “best
available® is a matter for. *expert judgement* and this has been discussed in -
section 2.3. In many.instances, particularly for the actinides, where a range -of
very high distribution ratios-have been reported, we have tended to make se-
lections in the lower half of the range i.e. to select-conservative values even
though the larger values may be valid. Where radionuclides sorb very strongly -
the exact magnitude of the sorption parameter is exceedingly dependent onthe -
phase separation method. Where precipitation effects.can be- ruled out, the
better the phase separatlon techmque the hlgher the sorptlon (genera!ly)

In section 2 3 where the l|qu1d to solld ratuo was dlscussed we argued that lt; :

was an ‘effect rather than a cause. No “effect” would be expected for linearly
sorbing radionuclides whereas an “effect* would be expected for non-linearly
sorbing tracers. In the latter case, if the equilibrium concentrations measured in
the laboratory are very much less than those which may actually be present in
the repository then it could be argued that laboratory sorption data are too high.
However, the maximum possible aqueous concentration which can be present
in any waste container may be strongly dependent on the particular inventory.
Some recent calculations, which took into account the waste specific invento-
ries of radionuclides and their sorption on cement, indicated that the aqueous
concentrations expected are very low (in general much lower than the solubility
limits) and of the same order as the equilibrium concentrations in laboratory
experiments (see Table C-1, Appendix C). Also, if it is accepted that the most
likely sorption mechanism is surface complexation (section 4.1) and that hard-
ened cement paste has a high surface density of sorption sites per unit mass

S- S
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(BET surface areas > 50 m2 g1, section 2.3) then the above conditions i.e. fimi-
ted inventory of radionuclides, large masses of cement with high surface densi-
ty of sorption sites, are those which lead to linear (Langmuir type) sorption (see
for example BRADBURY & BAEYENS 1992). Under these circumstances the
selection of a single R, to represent sorption at low concentrations may not be
a bad approximation of reality.

For those radionuclides which are redox sensitive (see Table 3), distribution
ratios for the reduced state of the nuclide are derived according to the.chemical
analogy as outlined in section 4.2. The calculations of SHARLAND et al. (1987),
based on the anaerobic corrosion of steel, indicate that reducing conditions in
the cement pore water in the repository will exist after relatively short times fol-
lowing closure (of the orders of 100 years). The evolution of the cement pore
water chemistry with time was briefly discussed in terms of three regions in
section 4.3. The solid phases present in regions | and Il are not significantly
different and here an influence of degradation on sorption is only expected for
those radionuclides where pH variations in the range 13.3 to 12.5 have large
effects on speciation and/or where the cations Nat, K+ and Ca2* are anticipated
to have strong competitive effects on the sorption of the radionuclide in ques-
tion. In terms of time scales, the repository will be in region [l for very much
longer than region |, (NEALL 1994), and from this point of view reglon H sorp-
tion behaviour is far more important.

In region {ll the CSH gel begins to dissolve incongruently and additional mineral
phases begin to form and become significant depending on the composition of
the groundwater (see BERNER 1992 and NEALL 1994). No sorption measure-
ments are available in this region, therefore estimates must be made.

We have made one of two assumptions depending on the data available:

(i) When the major pad of the CSH gel has been removed, the baliast re-
mains. We assume the ballast to be approximated by a quartz sand and
the distribution ratio taken is that on pure quartz at pH~10.

(i) Where no data for the sorption on quartz at pH~10 are available we have
assumed a linear decrease in sorption with decreasing CSH gel content.
An average value for region lil is given based on the removal of 90% of
the CSH gel, i.e. the average sorption in region [ll is taken as being a
factor of 10 less than that in region II. The exception to this is the alkali
and alkali-earth metals where the major sorbing substrate is likely to be



the ballast and not the cement. The removal of the CSH gel and decreas-
ing levels of competing ions in solution are likely to increase, rather than
decrease, sorption in region lll. The latter is somewhat academic since,
on the timescales involved in reaching region lil, such radionuclides will
have either decayed or disappeared from the repository due to their low
sorption in region | and Il.

As is evident from the above, we are not taking into account, at this stage, any
"disturbance effects® such as the influence of organic compounds or the degra-
dation products from organic materials. These will be discussed in subsequent’

. chapters.
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5.2 Selected Sorption Data
5.2.1 Actinides
5.2.1.1 Pu, Np, Am, Th, U

The main sources of sorption data for actinides were the reports of ALLARD et
al. (1984), ALLARD & ANDERSSON (1987), EWART & TASKER (1987),
EWART et al. (1988), ATKINSON et al. (1988b), BAYLISS et al. (1991),
ALLARD et al. (1 991) EWART et al (1 991) and references contained therein.

All authors report hlgh distribution ratlos for ac’anldes For example EWAF{T et
al. (1988) state that: *Pu(4), Am(3) consistently showed sorption ratios be-
tween 10 and 60 m®kg'". The Pu and Am_ concentrations in the above de-
_ terminations were “set to be approxlmately five to ten times lower than the so-
lubility limits...." (ATKINSON et al. 1988b). The equulxbnum concentrations were
~1-2-10-1* and ~3-6-10-1' M for Am and Pu respectively. BAYLISS et al. (1991)
report an Ry(Am) ~12 m?3 kgt obtained from diffusion experiments on discs of
cement which were subsequently sectioned. The reservoir concentration in
these diffusion experiments on intact cement samples was held constant at
~2-10-11 M. -

Distribution coefficients for Th, U, Np,-Pu and Am measured by ALLARD et al.
(1984) after long contact times (> 100 days) on a variety of different cement
mixtures under “oxidising". conditions. were all generally > 1 m3 kg'. Approxi- -
mate equilibrium concentrations in these experiments-were:

Np(V) 410° M

Pu(v) 110 M

Am(lll) 11017 M

U(vt) 410° M

Th(IV) 3 10-12 M

The pH range covered in these experiments was ~13.4 to ~12.7. Some tests
were made with Ca(OH), saturated solutions (pH~12.5). If anythlng, the sorp-
tion measured at pH~12.5 was larger than at the higher pH values.”

There is no doubt that the actinides Pu, Np and Am (partlculariy Am) sorb ex-
tremely strongly on cementitious material. The sorp_t;on data for Th is some-
what less extensive, but nevertheless clearly show a vety similar magnitude to

N
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that for Pu and Np. The (limited) results available for-U indicate high sorption
but slightly weaker than for the other actinides (see Table 7 in ALLARD et al.
1984). There does not appear to be any major influence of pH for values > 12.5
and at the low levels of actinides expected in the repository (see section 5 1)
concentration variations will have only a second order effect.

On the basis of the above we see no compelling reason to change the dlstnbu-
tion ratios given in ALLARD (1985) for Am, Py, Th ‘and Npin the pH range
>12.5 i.e. 5m3kg-. Indeed, the bulk of expenmental evidence mdlcates that
this is a rather conservative value. It should be remembered that for such hlgh
R4 values, where precipitation can be excluded, phase separatlon plays a criti-
cal role. Less complete separatlon wrll lead to Iower (conservatlve) Rd values

As stated prevrously, u appears to sorb less strongly than the other actmrdes
and we therefore feel that it is justrﬁed to downgrade the value glven in NTB
85-21to 2 m3 kg-1 e

From the arguments given in section 4.3 the values given above are taken as
being appropriate for regions | and il (Figure 2) under oxidising conditions. Va-
lues for reducing conditions are derived according to the method given in secti- -
on 4.2 (see the summary table, Table 4).

The situation-with respect to region iil is more complex and less clear. Though
the pH has fallen, it is still generally high (> 10) for most of this region. The cal-
cium-silicate-hydrate compounds (CSH gel) have been depleted and’ produetséi

such as brucite and calcite formed (see BERNER 1990) through reactions with '

the groundwater. The ballast (e.g. quartz sand) in the concrete will remain. Be-
cause of the high pH, low levels of carbonates in solution and the presence of
the ballast, the degraded concrete may still have a significant sorptlon capacrty
Also, for most of region Ill some CSH gel will still be present.

We take a conservative view of sorption in this region and assume that the up- -
take of radionuclides by the solid phases is only occurring on the ballast
(assumed to be sand). The data given by ALLARD (1982) for the sorption of

Am, Pu and Np on quartz in a groundwater containing relatively high carbonate - -
concentrations are used. The dlstnbutlon ratios measured at the highest pH -

values in this work are taken

Am (pH-98) | "Ry (Guarz)~1 kgt
Pu (pH-9) " Ry(Quariz)~1’ mikgt
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Np (pH-~7.5) Ry (Quartz) ~0.1 ms kg
(The trend in the data for Np indicates increasing sorption with pH)

Hence, in region lil for oxidising conditions, a (conservative) distribution ratio of
1 m3 kg is selected for Am, Pu and Th (Th is taken to be similar to Pu) and a
value of 0.1 m3 kg-! for Np and U.

The redox is treated as described in section 4.2 (see Table 4).

52.1.2 Protactinium

Only one study of Pa sorption on cement is known to the authors (BERRY et al.
1988). The solubility and sorption experiments reported in this work were beset
with wall sorption, filtration and possibly precipitation effects. Sorption appeared
to increase with increasing initial Pa concentration and decreasing filter size.
The filtration effect was explamed in terms of the continual formation and
disaggregation of 'large size specres with little or no discussion of potential
sorption on CSH gel colloids suspensrons in solution. Also no satisfactory ex-
planation was ‘given for the rather unusual observatlon that sorption increased
with increasing concentration (precrpltatlon'?) Dlstnbutlon ratios between 0.1

~and >30m2kg"' are reported dependmg on the expenmental method and

conditions used in the tests. The ‘main lmpressmn generated from this work i is
that the Pa/cement pore water/ cefment: system is experimentally extremely '

difficult to work wrth and the effects" observed are pooﬂy understood

Given the uncertainties in the one sorptlon study on Pa‘and an otherwisé total
lack of data, we choose to select a distribution ratio based on chemical analogy
and particularly the dragram from BAES & MESMER (1986) given in Fgure 1,
section 4.1. C

From Fi gure1 Pa4+ has a htgh first hydrolys:s constant and a hugh Z/d ratio.

Following the discussion in section 4.1 it would therefore be expected to exhibit
significant sorption at high pH. In addition Pa is closely grouped together with
U#, Pu* and Np*. Pa may exist in the 5+ and 4+ state under oxrdlsmg and re-
ducing conditions respectively and in this respect is similar to Np. The analogy
with Np is therefore taken to give 'best estmate dlstnbutron ratlos of 5 m3 kg-1
for this element in Table 4. : '
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6.2.1.3 Curium

No data are available for trivalent Cm. The analogy with Am3+ is taken to esti-
mate the distribution ratios for Cm.

5.2.2 Zirconium

No sorptlon data for Zr could be found The Zr4+ ion exhibits a high first hy-
drolysus constant, a high 2/d ratio and is closely grouped together with Th#;.
U4, Pu“+ and Np#* in Figure 1. For these reasons, and since Zr is redox condl-
tion insensitive, we assign it the same distribution ratios as Th+ in Table 4.

5.2.3 Nickel and 'llllan'gﬁanese

Very little reliable and appropnate sorption data for Nl on cement is currently _
available. The sorption data for Ni given in Table 4 has been taken from a well
documented study of Ni sorptlon on cement/concrete by PILKINGTON &
STONE (1990). Agam there appear to have been problems w1th Ni. sorp’aon'
onto container walls, ﬁltratxon effects and llqmd to solrd ratio effects in most ca-
ses filtration was performed wrth an 0.45 um membrane (Such a Iarge pore -
size is likely to produce relauvely conservatlve R, values because of colloidal
material in the soluhons in cement batch ‘sorption tests). Distribution ratios.in..
the range 0.5 to 1 m? kg-1 were measured (The method used for wall sorptlonm
corrections to yield the most pessumlshc dlstnbut:on ratios given is considered
to be fa_r too conservative.). PILKINGTON & STONE .(1990) give a best esti-
mate value of 0.1 m3kg-'. We accept this.value as being a realistic best esti- .
mate from their results and also because of the inbuilt.conservative factor intro-
duced by the filtration procedure chosen. The composition of the different con-
crete mixtures used had litle or no effect on the distribution ratios measured.
From this it would appear that the main. sorbmg phase is the hardened cement :

In a Finnish report (HIET ANEN et all 984) Ni distrlbution,latios.measured':on -
crushed concrete (< 4 mm particle size) were in the range,0.5-3 m3kg'..They -

conclude, on the basis of radiographs, that the Ni is equally distributed between : - o
cement phases and sand ballast. (This is in contrast to the deduction made - . . & -

above. The type of ballast material may have been important in these experi-
ments). :
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For region lil, section 4.3, we have assumed, somewhat pessimistically, that Ni
sorption decreases in proportion to the quantity of CSH gel present. We give an
average value of 0.01 m3 kg for this region corresponding to a 90% removal of
CSH gel.

No sorption data for Mn on cementitious materials have been found. In order to
estimate a distribution ratio for Mn we again rely on Figure 1 where it can be
seen that Mn lies grouped with Ni2+, Co?+, Fe2+, Zn2+ and Cu2+. The sorptlon of
Mn is taken to be the same as for Niz+ and therefore we assign a value of
0.1 m3kg (region | and If) and 0.01 m3 kg-'-(région 1ll). It is also apparent from
Figure 1 that the above group of elements lies below and to the left of the acti-
nides. The selected value for Ni2+ and Mn2* is 0.1 m3 kg and those for the ac-
tinides lie in the range 1-5 m3kg-. This is qualrtatrvely consrstent wrth what
would be expected from Figure 1.

5.2.4 Caesium

Caesium is the major radioactive alkali metal of importance in Nagra safety as-
sessment studies and is probably the rmost studied of all radionuclides. There is
no doubt that the sorption of Cs on hardened cement pastes at pH > 125 is
weak. Cs diffusion measurements on hardened HTS (see Table1) cement
paste discs by SAROTT et al. (1992) 'yielded distribuiion rat:os of
~3-10° m3kg! -at pH~13.3 in the: equrlrbnum concentratlon range 1010 to
108 M. ATKINSON et al.’ (1 984) give a“similar- value for hardened sulphate-
resisting cement paste. In the concentratron range >105M, EWART t ‘al.’
(1985) give a value of ~2.104 m?3 kg In regron 1, provrded Cs concentratrons
do not exceed ~10-5 M, a distribution ratio of 2-102 m3 kg is selected. At hlgher
concentrations, a reduction in R, by a factor of ~10 would seem appropriate i.e.

practically no sorption.

In region ll, the concentratlons of (Na K) OH have decreased by orders of ma-
gnitude and their competmve effect on Cs sorptron has been correspondrngly
diminished. Many authors have reported increased sorptlon at pH~ 12,5 and
noted that the ballast, and not the cement paste is'the factor which determmes .

the magnitude of the sorption (e.g. ANDERSSON et al. 1983; HIETANEN etal.
1984; EWART et al. 1985). Various values from ~0.01 to ~0.2 m? kg-1 have

been reported but it should be stressed that the type of ballast will be the de- n

ciding factor here and also the concentration ‘of K (and Na) The sorptron of
caesium appears to be non finear and EWART et al; (1985) suggest the follo-
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wing FREUNDLICH equaﬁon for-the equrllbnum concentration range ~5-10% to
5-102 M:

X = 1.6 [mg9-2 mio-8 g-1] Co-8

where: X = amount of solute sorbed per unit mass of solid [mg/g]
' .C = equilibrium concentration in solution . ‘[mg/mi]

In view of .this‘evidence, we consider that an increase in' the distribution ratio for
Cs for-region Il and Il compared with region I, by one order of magnitudesis:
justified.

525 Strontium and Radium

EWART et al. (1985) report Sr distribution ratios for hardened cement paste
and concrete between 1 and 4-10° m3 kg-! with very litle dependency on con-
centration. ATKINSON & NICKERSON (1988) summarised the results from
different types .of tests.(batch, ‘through' diffusion, -infout dlffuswn) and give a

best estimate range for.Sr of 3 to 6:103 m3 kg-'. |

A value of 10-3 m3 kg-1 IS chosen to apply to. both hardened cement paste and
concretes. Most of the above results were obtarned at pH~12.5 where Ca2+ .
concentrations (and hence the competitive effect on Sr sorption) is greatest.

The value is therefore consrdered to be conservatlve and fo. apply to all three.»_-_
regions. As wrth Cs the type of ballast chosen for conerete can potentially in-
fluence the- sorptlon of Srina posmve way (The most llkely sorption mechan-
ism for Sris lon exchange hence the potentlal dependence on the ballast ma-
terial). '

BAYLISS et al. (1989) have measured distribution ratios for Ra on hardened
sulphate-resisting cement paste at low concentrations. .(The equrllbnum con-

centrations were certamly << 10® M but could not be calculated from their data

since the llqwd fo SOlld rauo was not grven) The sorptlon is srgnlﬁcant, Ry .
ranging in value from 5 10-2 to 5 10-1 m3 kg, There appears to be a slight, but

by no means conclusrve ooncentratlon dependency These results whencom- = .
pared with those for Sr seem at ﬁrst sught to be rather surpnsrng since from a :
chemical pomt of vrew Ra and Sr are expected to behave very srmllady and o .. ..
sorb by the same (catlon exchange) mechanlsm We can offer no deﬁnmve ex, R
planation for thls dlfference in behawour except to note that the equrllbnum,ﬁ,,_ o
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concentrations in the two cases are very different. In EWART et al. (1 985), the-
fowest equilibrium Sr concentration measured was 2-106 M -compared with the
highest concentration for Ra of < 108 M. Low initial concentrations for Ra were
used in the sorption experiments because of its limited solubility in cement pore
water: ~107 M. (Precipitation effects can be ruled out in these tests. ) It may well
be that in cement, as in many natural minerals, there are a range of sorption
sites with different capacities and affinities. At very low concentrations, as in the
case for Ra, sorption may be occurring on the more active sites (which may be
“impurities* in the cement) leading to high R, values whereas at higher concen-
trations these-sites become saturated:and: ;sorption:is occurring predéminantly
on the low. afﬁnlty sites leading to lower Rd values (the case for Sr) ‘

In addmon to, or mstead of, the above hypothesus the hydrolysis behawour of
Ra may be _playing a role. Alkali-earth metals show less tendency.to hydrolyse
in the order Mgz, Caz+, Sr2+, Ba?, Ra2*, If indeed the main sorption mechanism
is cation exchange then the formation of hydroxy species would tend to de-
crease sorption, and since Ra hydrolyses less than Sr this could explain the
higher sorption of Ra.

Although we can only speculate as to why Ra and Sr appear to exhibit marked-
ly different sorption behaviour, we consider that the experimental data presen-
ted by BAYLISS et al. (1989) are genuine results, and not due to artefacts or
poor technique. We err on the conservative side and choose an R value for Ra
across the three regions of 5-102 m3 kg-1.

526 lodide and Chioride

lodine is assumed to be present as I- under oxidising (Eh < 400 mV) and redu-
cing conditions. Many studies on the sorption of I- on cement paste at high pH
indicate that its sorption is low but finite (see for example ANDERSSON et al. -
1983; ALLARD et al. 1984; HIETANEN & ALALUUSUA 1984, ATKINSON &
NICKERSON 1988; the review of LIU & von GUNTEN 1 988 ATKINS & GLAS-

- SER 1990).

In most of the above, comparable experiments with I- and Cs were carried out
and almost invariably a higher sorption for I was measured. Also the resulits of
ALLARD et al. (1984) indicate that I- sorbs predominantly. on the hardened ce-
ment paste phases. In view of the experimental evidence we" ‘consider it to be
unreasonable to assign zero sorption to I-. We assign a (conservative) value of
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2:10° m3 kg in region | and II. In region Il we assign a value of zero since I
sorption appears to take place mainly on the cement phases whrch are drsap- '
pearing. - : : : '

In some recent Cl- diffusion experiments on hardened HTS cement discs

(SAROTT et al. 1992), the diffusion curves were analysed to yield distribution

ratios for CI* of ~2.5-102m3 kg within the -concentration range 3-10% to

3-107 M existing across the thickness of the disc samples. It is not yet clear

from these tests whether CI- is sorbing or being bound in phases such as alu-
minate imonochloride. However, in these long term experiments a steady stafé -
diffusion condition was reached. This implies that the sorption or phase forma-
tion within the available pore space within the sample must also have reached
a steady state. Under these conditions the retention of CI-in the ‘cement ‘matrix
can be treated as sorption.. Provided the mventory of Cl-inthe’ waste packages '
does not lead o pore water concentrations greater than ~10 M, the above *
data can be applied directly. (For Swrss waste types Cl‘ concentrauons of less
than 10-5 Mare anticipated). ‘

Since the HTS cement type used by SAROTT et al. (1 992) is drrectly reIevant

to the Swiss case we have selected 2-102 m3 kg~1 for the sorptron of Ct'i rn re-

gion | and Il, and an: order of magnitude less in regron lll (see sectron 5 1 )

5.2.7 Carbon C L e

The main sources of C-14 in a low- and intermediate level repository arise from
activation products in the steels (from *reactor internals® waste and decomiiis-
sioning waste), from %CO,2 on ion exchange resms and from organrc waste
streams (see, for: example JEFFERIES 1 990) b ' ' '

C-14 in steel wrll be present predomlnantly as elemental carbon or-as refractory
metal carbides. Both of these forms of C-14 are’ -éxtremely stable under the

foreseen repository conditions (see for -example 'SAMSONOV. 1974) and are” -~

not expected to undergo any chemical reactions which would release C-14 into

the aqueous phase. This source of C-14 will therefore not be considered fur_-

ther. T . 'J- T T U P
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C-14 in organic -waste streams ‘will be incorporated in*‘organic :compounds

which can potentially dissolve into the cement pore fluid-of the near-field, dl--‘-?i-'"*'fii?-'.

rectly or after degradation. A plurality of such organic- compounds is expected. -
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At present, no statement on their sorption is possible, although there are indica-
tions that at least some of these -organic compounds can sorb onto cement
(see section 6 2.2). -

The %CO4?* on the anion exchange resins can of course be released to the
aqueous phase and it is this inventory of C-14 which is discussed in the follo-
wing.

A number of sfudies e.g. ALLARD et al. (1981), BAYLISS et al. {1988), have:in-
vestigated the “sorption*® of C-14 as. 14CO,2 in cement/concrete systems. Gen-
erally, very high “sorption” values (~10 m3 kg-1) ‘have been reported. A charac-
teristic of such experiments is the long times required to reach a steady state
“sorption* value. For instance, BAYLISS et al. (1988) carried out tests for times
in excess of 200 days and even after this time 140032 was still being removed
from solution. McKINLEY ‘& SCHOLTIS (1 991) make the comment that precipi-
tation rather than sorption is probably being measured BAYLISS et al. (1988)
suggest isotope exchange with inactive CO.% in CaCO3 whereas ALLARD et al.
(1981) consider a mlxture of precxpttatlon effects and isotope exchange.

It is our view that sorption, within the usual meamng of the term, is not bemg v
measured in these experiments and that the extent of removal of 1“CO 2 is very
dependent on the particular cement/concrete system in .question. Once the
mechamsm behmd lhe removal of 1“CO 2 has been understood, then it is, in
principle, poss:ble to calculate an “effective sorption parameter* for 14CQ42- for
each particular system.

Most cementitious systems contain some CaCO; (HTS cement, for example
contains ~0.6 wt-%, BERNER 1990). Because of the finely ground nature of
cement powder, the CaCO, is also present in a finely divided form, more or less
homogeneously distributed. The pore water in a hardened cement paste or
concrete will be saturated with respect to CaCO, (albeit at low levels). The con-
centration of CO,2 ions will be pH dependent and influenced, via the solubility
product, by the Ca2+ concentration’ arising from other saturated phases pre-
dominantly "Ca(OH),". This is the situation which 14CO42 from the anion ex-
change resins will "see". , :

In the long term, the dominant removal mechanism of 14CO 2- from solution is
isotope exchange with the finely divided solid CaCO, phase. We propose that
an effective’ sorption parameter for 14C0O,2 can be calculated in the following
manner.
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Consider a cementitious mix containing Q kg of cement which in tum contains
Z mol/kg of inactive carbonate, present, as mentioned earlier, in a homoge-
neously distributed finely divided form.

Let the inventory of C-14 from the anion exchange resins be “X mol of 14CO,2-
and the inactive CO42- component, Y mol.

Let the concentration of CO,2 in the pore water be S mol I (determined by the
solubility limit of CaCQ,). -

In such a system the:v fotal quéinﬁty of CO,2 present is”therefore:
2O moes g

of which SVmolaremsoluhon, where V is ﬂf_l_e pere volume .i'nilitres-.

Assume th%it the eyste_rh ls vcl_o'ee:d _anq, in 'ﬁme? beoomes well mlxed |

Given sufficient time the 14CO,2- will distribute itself between solid ‘phases con-
taining 003 - and the liquid phase by isotope exchange such that the ratio of
14CO.2 to CO3 - m both phases is the same.

In equation (2), ZQ will normally be much greater than 14X+Y. The total car-
bonate inventory can then be approximated by ZQ and thus the ratno of actwe

LT

carbon to inactive carbon in the system is:

“CO: X !
c0F "z ®

At equilibrium, the same ratio will exist in the llqwd phase and the concentra-
tion of 1"CO 2-in soluhon is therefore
S--X  molesI™ (liquid phase) (@)
== - ase : L
'Za. mo es _ (liquid p - |
In almost all.conceivable cases the quantity of “C in the solid phase is much
greater than the quantity in solution i.e.
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Therefore, to a good approximation the quantity of 4CO,2 in the solid phase is
14X mol. Thus, the quantity of 14CO,2- per kg of cement is simply:

14
FX moles kg™ (solid phase) (6)

Hence, using equations (4) and (6) an effective sorption coefficient for 14C as
14C0O,2 can be calculated i.e.

14X

Effective R ("coz-)- kg o

"IN

X
ZQ

Given the assumptions stated, the conclusion is that the effective sorption para-
meter for C-14 as “CO,? in any system after long times is simply the ratio of
the quantity of CO,2 contained in the cement (Z mol kg*) to the solubility limit
of CaCQ; in the pore water solution. The effective sorption parameter for C-14.
(as 14CO,2) is fixed by the system itself and is independent of the 14CO42- inven-
tory. . :

Justas a mirzor_ illustration of the above, BAYLISS et al. (1988) present the fol-
lowing data: -

The solubility limit for CaCO3 (S) in their pore water at pH 12.2 1o 12.6 was
8.5 105 mol ' and the stable carbon content (assumed to be present as car-
bonate) in the samples ‘was given as 7.4 wt-% which yields a CO,> content of
~37 wt-%. i.e. Z ~6 mol CO.2 kg-T. (Note that the large quantmes of COz2 arise
from the limestone aggregate).

Hence, by applying equation (7), the effective R,(14CO,2) is predicted to be
7-1041 kg (70 m3 kg-).

After ~100 days BAYLISS et al. (1988) measured an R, of ~104lkg-
(10 m3 kg') and the R, vs time plot showed no indications of levelling off.

Equation (7) assumes that the whole of the solid COg is avallable for ex-
change with 14CO,2- which, when the carbonate is present |n a very ﬁnely di- .
vided form and. sufficient time:is available for equulrbratron may be a reahsuc
assumption. However, for effective’ sorption parameter calculations for 1“CO 2-
for safety analyses we suggest that the result from equation (7) should be re--
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duced by a factor of ~10. (The suggested reduction implies that about ten per-
cent of the mass of solid COg42 is available for isotope exchange).

No distribution ratios for C-14 have been given in Table 4 since they will be sys-
tem dependent and can be calculated by the method shown for each individual
case. In Appendix F distribution ratios of CO,? as a function of pH are calcu-
lated for the degradation of HTS cement in both NaHCO, and NaCl type
groundwaters.

With réépect to the degradation of cement by a marl pore-water it should be
noted that BERNER (1990) has predicted an increasing- CaCO, solid phase

content in the cement throughout its lifetime. This will influence the sorption of
-14 in a positive direction. :

5.2.8 Niobium

Only one study on the sorption of Nb on cemenﬁt_i_ous_"r’riateria! was found
(PILKINGTON & STONE 1990). The range measured for R,(Nb) was 0.5 to 80
m3 kg-' with a best estimate value of 1 m3 kg'. Because of the experimental dif-
ficulties reported to be associated with these measurements, and the rather er-
ratic sorption results as a function of liquid to solid ratio, we select the minimum
measured distribution ratio for Nb of 0.5 m3 kgt as a conservative value. The
solubility of Nb,O; may be quite high (see-PILKINGTON & STONE 1990) and.
Ry measurements were made at “trace" concentration levels. The above cons:.
servative value was chosen to allow for possibly lower sorption at higher con-
centrations. Nb-exists primarily as Nb(OH), across the whole pH/Eh range of
interest (see BAES & MESMER 1986). Following the discussion in section 5.1
we assume that sorption is occurring predominantly on the CSH phases and a
distribution ratio of 5-102 m3 kg-t is estimated for region Il

529  Tin

As with Nb, only one sét of sorption data for Sn was found (BAYLISS et al.
1989). The d_is_tn'bution_ ratios measured depended very. strongly on, amongst
other factors, phase separation. (Unfiltered, R,(Sn) ~0.5 ms kg-' 0.45 um filter,
~36-44 m? kg-; 30,000 MWCO filter, 50-62 m? kg-). In.the same paper, solubil-

ity data are reported for SnO, Sn0, and Sn metal as solid phases. The solubili-

ties were high, ~104 M and similar for all of these solid phases, which suggests



39

that the same solid phase in each case was ultimately determining the solubility
limit. Sn solubilities were not affected by the range of redox conditions examin-
ed. Solubility results presented in a later paper (BAYLISS et al. 1991) suggest
that cassiterite (SnO,) may be the solubility limiting phase with a solubility limit
in the range 109 to 106 M, i.e. a different, and lower solubility limit than in their
eamer paper.

It appears from this work that tetravalent Sn is stable under repository conditi-
ons. By analogy with the tetravalent actinides and Zr, plus the tendency of Sn#+
to form very strong-hydroxy complexes; significant sorption for Sn on cementi-
tious materials is to be expected. On this basis and the measurements of
BAYLISS et al. (1989), we have selected a conservative Ry(Sn) of 1 m3 kg1 for
regions | and Il falllng to 10‘1 m3 kg-1 in reglon Il (see sectlon 5 1) thh no redox
dependency. - . -

5.2.10 Technetium

- Sorption data for Tc on cementrtlous matena!s are sparse. Under oxidising
conditions, distribution ratios of TcO,- in the range 103 to 102 m3 kg have
been reported (see for example ALLARD et al. 1985). We have selected a
value of 10 m3 kg-' for regions 1 and 1l and zero for regionlil.

Under “reducing® conditions technetium is. present as hydrolysed Tc (IV) spe-
cies and the solbility-limit over: technetium: dioxide: has been measured to be
~107 M (PILKINGTON 1990). In some recent work, - ‘using-Tc (IV) attrace levels

(<10 M) and sodium dithionite as reducing agent, distribution ratios 6f ~5 -

m?3 kg-! have been reported (BAYLISS et al. 1991). For similar reasons as those -
given for Sn, Tc might be expected to sorb strongly under reducing conditions
at high pH. As a conservative value we select a distribution ratio under reducing
conditions of 1 m3 kg-1 for region | and I, fallmg to 10" m3 kg-1 in regnon Il (see
section 5.1). :

5211  Selenium, Palladium _anﬂ Molybdenum
No sorption data at afl could be found for Se, Pd and Mo in cement syétems.

Under the redox and pH range appropriate to the repository Se and Mo are
likely to exist predominantly as anionic species (Se0,2/Se0O,2/HSe- and
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MoO,2). Because no somption data were found, a nominal value of 104 m?3 kg1
was assigned to both across the whole range of conditions for reglon land II,
and zero for reglon . -

‘The currently. avajlable thermodynamic data (see for example BAEYENS &

MCcKINLEY 1989) would predict relatively low Pd solubilities at high pH for PdO.
Thé major aqueous species is likely to be Pd(OH),°. For the sorption of Pd we
take its behaviour to be analogous to that of Ni2+ and assign the same values.

B

5.212 Silver. .

No sorpton data are avallable for Ag We assume that Ag is present predomi-
nantly as Ag+ In region | the competitive effect of Na and K will be extremely
strong and therefore weak sorption would be expected. in region Il and Iil such
a competitive effect will diminish and sorption is more likely to be determined by
the ballast material rather than the cement paste itself (c.f. caesium). Because
of the lack of data, we assugn a nominal value of 102 m3 kgt across the whole
range. a : :

5.213 Lead

BAYLISS efal_. (1988) have measured the sorption of Pb on crushed sulphate-
resisting portland cement (SRPC) and ordinary portland cement/blast fumace
slag (OPC/BFS) pastes in the concentration range from 109 M to ~10< M and
within a (reported)-Eh range of +50 to -500 mV. The main findings of this work
were that the-sorption-is -concentration and cement. composition dependent.
Phase separation had a strong influence on sorption (Pb colloids suggested)
but no Eh dependency was reported. From the data presented in this paper we
have chosen a conservative R, value of 0.5 m3kg-! measured at Pb concentra-
tions near the solubility limit on SRPC based cement blend using a 0.45 um
filter for phase separation. Higher values would be expected at lower Pb con-
centrations and any filtration action by bulk cement would also increase the re-
tention of Pb. The sorption in regions | and I is considered 16 be the same
whereas a factor of 10 reduction is proposed for region lll.

Lk e
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5.2.14 Tritium

Tritium will predominantly be present in the aqueous phase as a dissolved gas
or as tritiated water. Tritium, in the dissolved gaseous form, will not sorb at all,
whereas tritium as tritiated water can undergo isotope exchange reactions with
bound protons, OH- ions and water. The "sorption” resulting from isotope ex-
change will, to a first approximation, be dependent upon the ratio of *bound
accessible® water to free water (c.f. 14CO4% behaviour in section 5.2.7). Al-
though a considerable quantity of water is *bound* during the hydration of ce-
ment, it is an open question as to what proportion of this water is accessible.
Although some (low) sorption of tritium is likely, we set the distribution ratio to
zero over the three regions.

5.2.15 Summary of Sorption Data

Based on the information and discussions given in sections 5.2.1 10 5.2.14 we
present in Table 4 a summary of distribution ratios for the radionuclides listed in
Table 2 as a function of cement degradation (sections 4.3 and 5.1) and redox
(section 4.2) for an “unperturbed® repository (see Chapters 6 to 12 for estima-
tes of the influence on sorption of various “perturbance* factors).



I\
~

"o [‘;bomy o
Qy\ ALY
42 ;i
Table 4: Sorption Database.
| State of Cement Degradation (see Fig. 2)
Element Region | Region Il - Region il
Oxid. Red. Oxid. Red. Oxid. Red.
H(HTO) | © o (R 0 0 0
Cog* s .np//j‘,v ¢ 5 7 fptha seb section5.2.7
cl 2102 2102 2102 2102 , 2108 210%
“Mn 101 107 1071 107 102 102
Ni 101 | 10 10° 101 102 102
. Se 10 104 10 104 0 0
Sr 103 103 103 108 103 103.
Zr 5 5 5 5 |1 1
Nb 51071 510 5101 5107 5102 5102
Mo 104 104 104 104" 0 0
Tc 103 1 108 1 o 101
Pd 101 101 1071 107 102 102
Ag 109 103 102 108’ 109 109 .
Sn 1 1 1 1 107 107
' 210% | 210° [ p10S [ 2705 | | o 0
Cs 210 2103 2102 2102~ | 2102 2102 -
" Pb 510" 510" | 510 5.10-1 5102 5102 |
Ra 5102 5102 | 5102 5102 5102 5102
Th 5 5 5 5 1 1 |
Pa 5 5 5 5 101 1
u 2 5 2 5 101 1
Np 5 5 5 5 101 1
Pu 5 5 5 5 1 1
Am 5 5 5 5 1 1
Cm 5 5 5 5 1 1

The elements are listed according to increasing atomic number. All distribution
ratios are in units of m3 kg'. Data selection procedures are described in the

text.



43

6 INFLUENCE OF CELLULOSE ON SORPTION IN CEMENT
6.1 Introduction

A low- and intermediate-level radioactive waste repository (L/ILW repository)
may contain a large proportion of solid organic matter of various types (ALDER
& McGINNES 1994) (see also Table A-1, Appendix A). Under the high pH
conditions existing in the repository, this organic matter will undergo degrada-
tion thereby releasmg organic molecules into the aqueous phase..Such soluble
organic degradation products have.the potential to complex with radionuclides
and hence fo influence radionuclide speciation, -solubility -limits -and -sorption
processes. The Cen_tra_l p(cblern with which we are concemed here is the latter,
and how this may be estimated/quantified. ,

The only relevant source of expenmental data on lhls toplc is the ongomg work
of AEA at Harwell Wthh was started in the mid eighties. Havmg to rely on the
data produced from one source is intrinsically undesxrable but in this case there
is no choice. =

Broadly speaking, the research of AEA at Harwell has shown that the degrada-
tion products from cellulose containing materials (e.g. wood, paper) have a far
greater influence on radionuclide chemtstry/sorptlon than those from other or-
ganic materials such as plastlcs which are also present. Consequenﬂy we will -
discuss the potentlal influence of cellulose degradation products on sorption
first and the effect of "plastics” and other organic complexants in the following
chapter.

6.2 The Influence of the Degradation Products from Cellulose on
Radlonuchde Sorptlon in Cement

6.2.1 Background

It is not the intention in this chapter to review the many tens, if not hundreds, of
experiments which have been carried out by AEA at Harwell. However, a very
brief description of the general types of tests whlch have been camed out may
be useful. -

Basically, they have performed accelerated chemical degradation tests, at 50 to
80°C, of cellulose materials incorporated in various cement mixtures for times
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as long as ~500 days. Cellulose loadings in the range 0.1 to 10 wt-% have be-
en used and the influence of y and « radiation on the degradation process has
been investigated at dose rates far higher than expected in the real L/ILW re-
pository situation. (An important general conclusion from these lnvestlgatlons
was, that chemical degradation was by far the most lmportant process under
repository. conditions.) The leachates from such experiments were used in fur-
ther tests in which radionuclide solubility fimits and sorptlon were measured.
The bulk of the work was performed wrth Pu though there are data avallable for
Am, Th uU Np, Tc and Ni.

.....

lncreases in solubility limits by several orders of magnitude have been’ reported

in these leachates ‘(for Pu in particular). Relatively fewer data are available for = -

the effect on sorption, where decreases of two to three orders of magnltude (for
Pu) have been reported i.e. the influence of cellulose degradat:on products on
solubility limits appears to be far greater than on sorptlon EWART et al (1 991) ,'
These results have been’ mterpreted by AEA at Harwell rn terms of a powerful

complexation reaction between the ‘radionuclide ‘and ‘an ‘organic’ degradatron '

product from cellulose. It is important to realise that this organic molecule has
not, as yet, been identified. In srmulatlon tests it has been shown that iso-sac-
charinic acid, for example, has an apparenﬂy srmtlar lnﬂuence on Pu solubiliies
to “ingredient X* in the celiulose leachates. The degradatlon mechanrsm of

-cellulose under alkalme condmons and the possrble end products are known in

general but not tn detatl (see GREENFIELD et al 1990; ALLARD & BOREN

Though the above work has indicated that there is a strong effect" on solubllrty
and sorptlon of cellulose degradation products, there are still many open ques-
tions. To our knowledge no general principles from the “‘measured effects” have
been distilled 6ut of these investigations. Though the expenments themselves
are relatively simple, they are virtually rmpossrble to interpret because many
(unquantified) factors are influencing the end result e.g. kinetics (short experi-
mental time scales in sorption, precipitation/dissolution tests), dilution effects,
sorption capacities of the cement for organics and radionuclides, saturation ef- -

fects, identity and concentration of the complexing organic molecule, whether =

this organic molecule is the end member of the degradation chain or whether
degradation continues further, fack of thermodynamic complexation constant
measurements/data.
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The message which we wish to convey is that though AEA at Harwell has re-
ported a strong effect of cellulose degradation products on radionuclide solubil-
ity limits and sorption behaviour in their tests, for the experimental proce-
dures used, the origin of these increases’ (decreases respectively) has, in our
view, not been unambiguously identified and there is no convincing model, with
the associated thermodynamic data, which is capable of describing the data.

As stated previously, the results of AEA at Harwell are the only data available
on this topic. In order to develop a procedure for estimating the influence of
cellulose degradation products on the sorptionof radionuclides on the basis of
the limited data avallable we are forced to make certain assumptlons

Assumption1' o

We assume that the. data from AEA at Harwell are. valid and that the effects
measured are pnmanly due to an extremely strong complexation reaction be-
tween radionuclides and an “organic molecule X* which results from the degra-
dation of cellulose. (There oould however be more than one strongly complex-
ing organic molecule )

Assumption 2

We take iso-saccharinic acid to be the model end member of cellulose degra-
dation i.e. we assume that the complexation characteristics of the *organic
molecule X* are very snmllar to that of |so-sacohanmc acid (see. GREENFIELD
etal. 1992).

Assumptions o ' ¢

We assume that the data given by GREENFIELD et al."(1992) in F gure 5 of
their report, and partly reproduced in Figure 3 here, represent the increase in
Pu solubility through oomplexatlon by lso-saochanmc acid ("organic molecule
X").
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Assumption 4

It is known from literature that, in general, the alkaline degradation of cellulose
can cease due to a competing reaction called a "stopping reaction*-(see VAN
LOON 1993 and references therein) leading to a product which is stable under
alkaline conditions. However, the degradation of cellulose under the conditions
in a cementitious repository near-field is not yet completely understood. For this
reason, and because we have not seen any reports which indicate that cellu-
lose degradation product concentrations may be solubility fimited in the repo-
sitory environment, we assume, as a starting condition for the calculations:gi-
ven later, that all the available cellulose in each sub-system will ultimately de-
grade completely. Following assumption 2, we further assume that cellulose de-
grades to the equivalent quantity of iso-saccharinic acid and that no further de-

gradation occurs. I

It should be recognised that many of these assimptions are particularly
stringent, and in all 'prob'ab‘ility i'epresent an é&&éme_wbrst caSé sit_uatioh. |

In the following we first consider the sorption of iso-saccharinic acnd ('orgamc
molecule X*) on cement. This will influence the free concentration of- -organic
complexant available for complexation with radionuclides as a function of the
cellulose loading in each waste canister. The effect of cellulose degradation’
products (iso-saccharinic acid) on sorption is then discussed for the general ca-
se. :

6.2.2 = Sorption of Iso-Saccharinic Acid ofi Cement

In GREENFIELD et al. (1992) an experiment is described in which a 102 M so-
lution of iso-saccharinic acid is contacted with a cement mixture at a very low
liquid to solid ratio of 3:2. Aliquots of the solution were taken from this experi-
ment as a function of time and the Pu solubility in each aliquot was measured
as an indicator of the complexatlon capacity (concentra’uon) of lso-sacchanmc
acid (the actual concentration of iso-saccharinic acid was not measured) The
form of the curve, reproduced in Figure 4, suggests that iso-saccharinic acid is
either degrading to a less powerful complexant or a precipitation process is oc-
curring or it is sorbing on the cement. The former two possibilities are con-
sidered to be unlikely since previous experiments (also described in GREEN-
FIELD et al. 1992) showed iso-saccharinic acid to be stable in similar solutions.
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However, they cannot be ruled out. With the aid of Figure 3, Pu solubility lim-
its in Figure 4 can be converted to equivalent iso-saccharinic acid concen-
trations. From such a cross plot, and under the assumption that the decrease in
iso-saccharinic acid is indeed due to- sorption, an R (iso-saccharinic acid) of
~1 m3kg! can be estimated at a iso-saccharinic acid concentration of ~10-5M.
The curve in Figure 4 has not yet reached steady state, so the value of
~1 m3kg-' is probably an underestimate of the sorption.

Assumption 5§

These experiments were carried out on an OPC/BFS blend cement and we as-
sume that the distribution ratio given above can also be applied to Swiss ce-
ment blends (see also section 3). :

From the data available it is not possible to deduce how the sorption of iso-sac-
charinic acid varies with concentration. One approach would. be to make very
conservative -assumptions .i.e. to assume that the sorption of iso-saccharinic
acid is- constant up to concentrations of the order 105 M with a value of
~1 m3 kg (see above) and thereafter that the sorption capacity of the cement
remains constant at ~1-102 mol kg-1. The sorption capacity is obtained from the
product: distribution ratio x-equilibrium iso-saccharinic acid concentration, and
represents the maximum amount of iso-saccharinic acid which can be sorbed
by the cement (sorption capacity = R+C = 1-103 (| kg-‘) - 105 = 1-10-2 mol kg-1).

The question of sorption capacity can be approached from another point of
view. If a cement surface area of ~80 m2 g is taken (ROWAN et al, 1988) to-
gether with a conservative estimate for the s:te density of ~4-10°mol of
sites mr2 (DAVIES & KENT, 1990) this would give a site capacnty for cement of
~3.2-10-' mol of sites kg'. (The site density could easily be a factor of two lower
and two to three times higher (GRAUER 1990)).

The initial very conservative estimate of the “iso-saccharinic acid site capacity*
of ~1.102 mol kg1 is only ~3% of a conservative estimate of the total site ca-
pacity. Although we have no direct supporting evidence, we would propose that
a more realistic estimate of the site capacity of cement for iso-saccharinic acid
might be of the order of 10-' mol kg-'.
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Assumption 6

The above implies that, for calculation purposes, a constant R, of 1 m3 kg-! is
assumed up to an iso-saccharinic acid concentration of 1-10 M. At equilibrium
iso-saccharinic acid concentrations above this level, a constant site capacity of
101 mol kg1 is assumed.

The relevance of the above is that each waste canister, containing different
cellulose loadings, can be treated separately, and under assumptions 1-6, the
maximum concentrations of iso-saccharinic acid in the pore solution can be es-
timated. (As will be shown later, the concentration of iso-saccharinic acid will -
effectively determine the magnitude of sorption for many radionuclides).

As an example of how this functions, consider a waste canister with total poro-
sity € which contains X kg cement, Y kg cellulose and has a volume V litres.
(Note, in the cases where trass (Rhenish volcanic tuffs) is present, this mass - -
can be included with the quantity of cement to yield an average cormnposition for
the cement + trass mixture, which is not far from that of the cement alone;
BERNER 1990). - :

If all the cellulose present degrades to lso-sacchanmc acnd (assumptions 2 and
4), the number of mol of lso-sacchanmc acid present in the system is: :

Y-10° . - L
. | 8) -
165 ®

(165 is the approxnmate molecular weight of |so-sacchann|c ac1d) If we repre- '
sent the equilibrium concentration of iso-saccharinic acid in the pore water after
sorption by C,,, two mass balance equa'aons can be written from which Corg
can be calculated. ‘

Under the condition that Corg < 1-104M then

Y100 | ©)

V-e:Coq +Ry - X-10°-Cypy =

where Ry = 1 m3kg-
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If Coy > 1-10+M then the capacity of the cement (101 mol kg-') has to be used
instead of Ry and the equation becomes:

102
Y-10 (10)

V-e.C_ +107"-X=
Yoy 165

Which of the two mass balance equations is the appropriate one for calculating
Cor for a specific system can only be seen by carrying out the calculations.

In general, but depending on the particular conditions, it will be seen that for
cellulose loadings in the region of 1.0 wt-% or more, the calculated iso-sac-
charinic acid concentration will rise very rapidly to large values. Whether these
large concentrations have any meaning in reality is open to question, but in
practice calculated values > 103-102M effectively mean that for many ra-
dionuclides the sorption is zero (see next section). :

6.2.3 Effect of Cellulose Degradation Products on Radionuclide
' Sorption

in the previous section we have outlined a means of estimating the concentra-
tion of iso-saccharinic acid corresponding to complete degradation of ‘all the
available cellulose in a specific waste canister. Figure 3 (taken from GREEN-
FIELD et al. 1992), relates the increase in Pu concentration to the (effectively
free) concentration of iso-saccharinic acid in solution. The slope of this plot is
~1.5 and cannot be interpreted in terms of a single Pu-erganic complex of the
general form Pu, L. The results, as presented in Figure 3, do not alone allow
any predictions to be made regarding Pu sorption. They can however be used
to make such predictions, based on the following procedure.

Assumption 7

We assume here, and in what follows, that (in géheral) the very low concentra-
tions of radionuclides expected in the individual canisters in a radioactive waste
repository (often inventory limited) fall within a concentration range for which
their sorption is linear i.e. independent of concentration.
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Consider an experiment in which the sorption of a radionuclide, B, is measured
in a system where organic ligands are absent. The distribution ratio, Ry(B), is
then given by:

R,(B)= Quantity of B sorbed per unit mass of solid (11)
d Equilibrium concentration of B in solution
- e (12)

Bl...

The term [Bl... is the sum of all inorganic B species existing in solution.

Consider exactly the same experiment as above except that the sorption of B is
measured in the presence of an organic figand, L, which forms complexes of
the form B L, with radionuclide B. The concentration of such complexes in so-
lution at equilibrium after sorption is simply:

ii[Ban] | " (183)

n=1m=1

If the B L, complexes do not sorb, it is easy to show that (Appendix B, equa-
tion (9-B)): '

[B];ot +22n B Lm] I

n=1m=1

Bl

R,(B) = -

where R'y(B) and [B]',, are, respectively the sorption of B and the sum of all
inorganic B species in solution in the presence of a complexing organic ligand
at equilibrium.

The term

Bla+X2n-BL,] Bl

n=1 m=1

BL. Bl (15)

is the factor by which sorption is reduced in the presence of a complexing li-
gand concentration [L] i.e. the sorption reduction factor ([Blryiaq, is the total
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concentration of B in solution). The aim here is to deduce such sorption reduc-
tion factors for the safety relevant radionuclides given in Table 2 in the presen-
ce of different concentrations of cellulose degradation products.

These data do not exist. The only information available are plutonium solubility
limits (S.L.) as a function of iso-saccharinic acid concentration, Figure 3, i.e.
[Pu(org)]s, = [Puls, + X [Pu organic complexes] in the presence of a plutonium
solid phase.

In Appendix B, equation (22-B), we show that, in general, the value of the ratio
(Bhrotaqu/IBl'so. (€quation (15)) for 1:m complexes, at a given water chemistry
~and ligand concentration, is not dependent on the absolute value of [B]'., . This
means that we can calculate the ratio [Pu(org)]s, [Puls, ([Puls, ~ 5-10-1° M,
Table 6) using the data from Figure 3, and the value of this ratio is the same, at
the same free ligand concentration [L], for other [Pu]',, concentrations i.e. for
situations where no Pu solid phase is present. This can be summarised by
writing:

t | [Pu]'l‘ot u.
[Pu.,. +§[PU1 Lnl= W
(16)

_Puprg)l,,
- [Pl

[Pu(org)ls, /[Puls, . is defined as the solubility enhancement factor for Pu at a
given free organic ligand concentration, [L]. From the above, this is also equal
to the sorption reduction factor, equations (14) and (15). Equation (14) can
therefore be rewritten as:

R,(Pu)
[Puforg)],,
[Pu]SL.

R}, ( Pu, organics) = (17)

[Pu(org)ls L/[Pujs L can be calculated at different iso-saccharinic acid concen-
trations using the data in Figure 3.

In order to illustrate how the above works in practice, we have used the data in
Figure 3 in conjunction with equation (17) to construct Table 5.
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Table 5: Calculated solubility enhancement factors? and distribution ratios for
Pu as a function of iso-saccharinic acid concentration.

Measured Ratio - R'd(Pu, organics) in
Free Pu solubility limitin | [Pu(org)s.L /[Puls.L. | presence of organics
iso-saccharinic acid | presence of organics at concentration [L]
concentration [L] [Pu(org)is.L. (solubility enhance- .see equation (17)
ment factor)*
(M) (M) (m3kg™)
- : (linearly extrapolated i
value)
10 ~5-10-10 -1 | ~5
105 - ~10% ~20 ~2.5-101
104 | ~25-10‘7 ~500 B ~102
103 ~10'5 ~20'000 ~5-104
102 ~5-104 ~108 . -0

* [Pulg .= Pu solubility limit in an artificial cement pore water at pH~12.5 = 5-10"10 M (see
Table 6)

** Unperturbed distribution ratio for Py (Table 4, region I, reducing conditions)

Results for iso-saccharinic acid, of the sort presented in Fi gure 3 have only
been reported for Pu. Consequently, it is not possible to deduce equuvalent data
to those given in Table 5 for other safety relevant radionuclides using a similar
method. Nevertheless such data are required.

Given this situation we are forced to adopt a different procedure. Consider the
data given in Table 6, taken from GREENFIELD et al. (1992). Here the solubil-
ity limits for five actinides, including Pu, and Tc are given for experiments in
which the measurements were made in solutions with the same levels of cellu-
lose degradation products.

" Note that the solubilty enhancement factor has the same value as the
sorption reduction factor, see equation (17).
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The Pu solubility limit, in the presence of cellulose degradation products, is
given as ~10°M and from Table 5 this corresponds to an iso-saccharinic acid
concentration of ~102M. This iso-saccharinic acid concentration is taken as a
point of comparison between Pu and the other radionuclides. Solubility en-
hancement factors are calculated for each radionuclide at 102M iso-saccha-
rinic acid from the data given in Table 6. The respective solubility enhancement
factors are then expressed as a ratio with respect to the value for Pu, column 3,

Table 7. '

Note that GREENFIELD et al. (1992) assign valence states to the actinides and
Tc (Table 6). This implies, that the redox conditions were either mea-
sured/known in their experiments or that the conditions were sufficiently reduc-
ing to produce the valence states given. From the leve! of experimental detail
provided, we could not make any judgements as to whether the assigned va-
lence states were likely or not. We therefore reproduce their data "as given".

Table 6: Actinide and Tc solubility data taken from GREENFIELD et al.
(1992), Table 2.

:’Badipnuclide Solubility Limit (M)

Radionuclide " Cellulose | None

Plutonium (IV) 1 0'5" 51010
Amenc:umall) N o ; 0-10_____._

Thorium (IV) 10 < 8-10-10

Uranium (Vi) 5-104 _ 5.1 0%

Neptunium (IV) 106 108

Technetium (IV) 10 107
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Table 7:  Solubility enhancement factors and their ratios with respect to the
value for Pu (1048 M iso-saccharinic acid, valence states as given in
GREENFIELD et al. 1992).

Radionuclide Solubility enhancement Solubility eﬁhancement fac-
. : factors (from Table 6) tors compared with Pu

Plutonium (IV) 2.104 | -

Americium (Il 104 ~1

Thorium (IV) ~2.104 o~

Uranium (V1) | o102 | | o '> ..5.1_04%

Neptunium (IV) ' 102 - .5.10

Technetium (IV) 10 ~5-10+4

in Table 7 the ratio of solubility enhancement factors with respect to Pu are
given for an iso-saccharinic acid concentratlon of 103M. In order to widen this
comparison to other concentratlons S0 as to enable the distribution ratios given
in Table 4 to be modified as a function of iso-saccharinic acid concentration in a
similar way given previously for Pu (Table 5), a further assumption is requuredw

fhai

Assumption 8

We assume that most radionuclides (see later) behave in an analogous manner
to Pu with respect to solubility enhancement as a function of iso-saccharinic
acid concentration but the curves are displaced from one another by the factors
given in column 3, Table 7. We further assume that the solubility enhancement
factors calculated for Pu are the same for oxidising and reducing conditions.

Solubility limit enhancement factors for Pu can be deduced from Figure 3 and
are given in column 2 Table 8 as a function of iso-saccharinic acid concentra-
tion. Equivalent factors for the other radioelements in Table 8 are calculated by
multiplying the value for Pu by the factor given in column 3, Table 7.
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Table 8: Calculated solubility enhancement factors as a function of iso-sac-
charinic acid concentration (valence states of actinides and Tc as
given in GREENFIELD et al. 1992).

Iso-saccharinic ..
 acid Solubility enhancement factors

concentration

M) Pu(tv) | Am(lil) | Th(IVv) ) Np(lV) | Tc(lv)

10 1 1 1 1 1 1
105 20 20 20 1 1 1
104 500 500 500 ~2 ~2 1
103 2104 2104 2104 ~102 ~102 ~10
102 108 106 106 | -5108 | ~510% | -5102

As an illustration, consider a waste canister containing cellulose, which, when
fully degraded, leads to an equivalent iso-saccharinic acid concentration of
102 M.

From Table 5, column:3, the. solubility enhancement factor for- Pu at 102M iso-
saccharinic acid is ~106. For U, the enhancement factor is 5-10 times that of
Pu, (column 3, Table 7). Therefore, at 102M iso-saccharinic acid the solubility
enhancement factor for U is, 106-5-108 = 5-103, i.e.

[Uorg))s,.

~5.10%
[Uls,

at 102 M iso-saccharinic acid.

Equation (17) states:

Rd(Rn) .
{Rn(org)],,
[Rn]g,

Ry ( Rn, organics)=

where Rn = radionuclide.
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Let us assume that we are interested in region Il under reducing conditions.
From Table 4, the "undisturbed" distribution ratio for U under the above condi-
tions is given as 5 m3kg-1.

If these conditions are disturbed in a particular canister by the presence of cel-
lulose degradation products equivalent to 102 M iso-saccharinic acid, then from
the preceding discussion and equation 17),

. ey Ra@)
Ry (U, organics)=——9"4—
’ Uerg)],, -
U
_5m3kg-1__ R T
=5.10% =10~ m’kg

i.e. low sorption for U would be expected provided assumptions 1 - 8 hold.

6.2.4 Comparison of Predictions with Experimental Sorption Data

EWART et al. (1991) make the remark that *..... solubility is a far more sensitive
indicator to the presence of organic degradation products than sorption* which
implies that solubilities are infiluenced to a greater extent than sorption proper--
ties. In the same report (Table 11) Pu solubility enhancement factors in the
range 10° to 106 for cellulose degradation products appear to result in reduc-
tions in Pu sorption by factors of 200 to 103 in their expenments (No organic*
concentrations given). )

On the basis of the above observation from batch tests, the arguments put for-
ward here leading to an inversely proportional relationship between the in-
crease in solubility in the presence of organics and sorption (equation (17))
may appear to be very pessimistic. In fact we believe that the batch sorption re-
sults for Pu sorption in the presence of organics may yield overly optimistic re-
sults. The essential difference between the two cases is that we have taken the
situation in which the cellulose inventory is sufficiently large to fix the level of
organic complexant in solution, whereas in the batch tests the organic com-
plexant is inventory limited i.e. the input organic concentration is fixed and the
final concentration is not. The final concentration of organics in these experi-
ments will depend on their sorption properties with respect to the cement (see
section 6.2.2) and it is this final organic concentration, and not the initial con-
centration, which will determine the ratio,
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[Pu organic complexes]
[Pul...

for the sorption of Pu in the presence of organics as expressed for example, in
equation (17).

On the basis of the data presented in Table 11, in EWART et al. (1991), the
solubility fimit of Pu was measured to be 1.9-104M in a leachate from a cement
containing 10 wt-% cellulose. From the arguments presented previously and
Figure 3, this Pu’ concentration corresponds to ‘an equivalent iso-saccharinic
acid concentration of ~5-108M. At this organic concentration we would predict
virtually no sorption for Pu (Tabie 5) whereas the measured value is 0.06
m3kg' compared with 45 m3kg* in the absence of organiés (Table 11 in
EWART et al. 1991). The experiments were carried out at a liquid to solid ratio
of 50:1 (I:kg) and if we assume an R,(organics) of ~2-1031 kg! as calculated in
section 6.2.2, we can estimate the final concentration of organics, at equilib-
rium, from the mass balance equation:

Moles of organics sorbed + moles of organics in solution = initial inventory of
~organics, i.e.

m-R,(organics)-C,, (eqbm) +V-C,, (eqbm) =Q
m = mass of cement present (kg)
R4(organics) = distribution coefficient for organics (I kg-')
Corg(egbm) = Equilibrium concentration of organics (M)

Vv = Volume of solution ({)
Q = Moles of organics present (V-Copg (initial))

1.2-10°-C,, (eqbm) +50.C,, (eqbm) = 50-5-10"°
Thus C,, (equilibrium) ~1.25-104M
and therefore from Figure 3,

[Pu(org)],, - 900
[Puls,
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Substituting the above value together with the R,(Pu) in the absence of organ-
ics (experimental value given as 45m3kg?) into equation (17) vyields
~0.05 m3 kg-'.

The calculated value of 0.05m3kg" is close to the measured value of
0.06 m3kg-. Of course, the agreement in this one case might be fortuitous. If a
slightly different approach had been taken, and the conservative cement capa-
city for iso-saccharinic acid had been used i.e. 10-' mol kg-' (section 6.2.2) then
the organic concentration calculated after sorption would have been ~25 times
greater, and the estimated Ry value about the same factor lower than the
measured value i.e. poor agreement.

The processes occurring in such tests may be far more complex than sorp-
tion/complexation of Pu coupled with the sorption of organics. Only a more
thorough understanding of the processes and mechanisms combined with bet-
ter defined and characterised experiments can sort out the actual situation.

One process which has been ignored here, for example, is that the radionu-
clide-organic complexes could themselves sorb. If the organic ligands can sorb
then why not the complexes? This could be an alternative explanation for the
relatively weak reduction for Pu sorption in the presence of organics measured
by EWART et al. (1991). Another, is the competitive effect of Ca complexation,
particularly in the sorption tests, where cement is present.

6.25  The Infiuence of Cellulose Degradation Products on Sorption:™
. General Summary

We believe that the sorption of alkali and alkali earth cations will not be signifi-
cantly influenced by cellulose degradation products. Cs will probably not form
complexes at all. Cations such as Sr and Ra (at low concentrations) will not be
influenced because they form weaker complexes than Ca and this, coupled
with the high Ca concentrations will cause Ca to be extremely competitive. To a
first approximation we assume there to be littie or no effect on the sorption of Sr
and Ra.

The weak sorption of monovalent silver is not expected to be influenced by
cellulose since any tendency to form complexes would be blocked by com-
petitive effects from the high concentrations of Na and K present.
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For the actinides, it appears from the limited data available that Pu, Am and Th
behave similarly with respect to cellulose degradation products, as do Np and
U, Table 6. These groupings are not entirely understandable on the basis of the
respective chemistries of the actinides within each group.

Because of the arguments given in section 5.2.2 we assume that Zr and Cm
belong to the plutonium group.

Since we have taken the behaviour of Pa to be similar to-that of Np (secﬁon
5.2.1.2), the sorption reduction factors calculated for Np are taken to apply to
Pa also.

We assume that there is no effect on radionuclides which exist in solution pri-
marily as negative species i.e. carbonate, iodide, chioride, pertechnetate, sele-
nite/selenide and molybdate.

PILKINGTON & STONE (1990) report increases in Ni solubility of ~10 in
leachates similar to those used in the Pu studies. i.e. 10 wi-% cellulose loading,
80°C, leaching time ~750 days. In the same leachates Ni sorption was reduced
by up to an order of magnitude. Comparison with Pu measurements leads us to
propose that the influence of cellulose degradation products on Ni sorption is a
factor of ~5-10 times that for Pu. Because of chemical similarity we take the
same reduction factor for Mn. No data were found for Pb. We propose the
same value as for Ni. '

Nothing at all is known for Pd and Sn, but because they form stronger hydroxy
complexes than Ni at high pH, the influence of cellulose degradation products
may be weaker than for Ni. A rough conservative estimate is that the effect is
also a factor of ~5-10+ times that for Pu. On the basis of the data given in Ta-
ble 6, the same factor is taken for Tc(IV). Nb is treated similarly.

The above factors have been estimated with respect to Pu for the simple rea-
son that the solubility enhancement factors with respect to cellulose degrada-
tion products are only *known* for Pu as a function of ligand concentration. A
summary of estimated sorption reduction factors for cellulose containing waste
is given in Table 9.

We wish to point out once more that the sorption reduction factors in this
table are based on an extremely pessimistic treatment of the influence of
cellulose degradation products on sorption. indeed, it is difficult to think of any
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additional assumptions which could make the situation worse! The values given
in Table 9 should be viewed as resulting from an absolute worse case analysis.
In reality, the influence of cellulose degradation products is, in all probability,
considerably less severe. How less severe we cannot say, since, in our view,
our understanding of the cellulose degradation process at high pH is poor, the
products remain unidentified and it is uncertain what the end products are. An
apparent effect on radionuclide solubilities of cellulose degradation products
has been demonstrated but what exactly is happening in such experiments with
respect to processes and mechanisms is very poorly understood.
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Table 9: Reduction factors* for the sorption on cement in the presence of
cellulose degradation products. The elements are listed according to
increasing atomic number.

Element Oxidising Reducing
H (HTO) 1 1
COoz2 1 - 1
cl 1 1
Mn 5104.Py 5104Pu
Ni 5104.Pu 5-104.Pu
Se 1 1
Sr 1 1
Zr Pu Pu
T o o
Mo 1 1
s : | i
Pd 5-10%Pu 5-104-Pu
Ag 1 1
Sn 5-104-Pu . '5104-Pu
[ R ' 1
Cs 1 | 1
Pb 510%-Pu 5104Pu
Ra 1 1
-------- Th Pu _-__ Pu
Pa ' 5103.Py 5103.Pu
T - 105, - siosPa
Np 5103.Pu 5-103.Pu
Pu see Table 5 see Table 5
Am : Pu - Pu
. B R ~

* All sorption reduction factors are given with respect to Pu. Therefore the no-
menclature *5.103-Pu”, means that the reduction factor is 5-103 times that

- for Pu. Note that a calculated sorption reduction factor of <1 has no physical
meaning, and in such cases the factor is unity. Pu sorption reduction factors
have the same magnitude as a function of iso-saccharinic acnd as the solu-
bility enhancement factors given in Table 5.
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6.2.6 Estimates of Uncertainties

The results of the procedures described in sections 6.1. to 6.2.5 for determining
the influence of the degradation products of cellulose on radionuclide sorption
on cement are summarised in Table 9 as sorption reduction factors. As can be
seen from this table and Table 5, the calculated reduction factors are, in most
cases, large, implying severely reduced distribution ratios for cementitious ma-
terials. Low distribution ratios for the near-field can have very important conse-
quences in safety—studies. For this reason, we believe it to be only right and
proper that we attempt to place some uncertainty levels on the values listed:in
Tables 5 and 9.

At appropriate points in the text we have tried to indicate where the data are
limited, where the data used may have been of uncertain quality and, ‘in parti-
cular, where we were forced to make assumptions, due to lack of data/ under-
standing, in order to derive a required result. We will now try to summarise
these "uncertainties"” in this section.

Practically the only source of data on this topic was AEA at Harwell and the

main thrust of this work was concerned with the influence of cellulose degrada-
tion products on solubility limits and not sorption, though limited sorption data
sets are available. Increases in solubility of several orders of magnitude were
reported for Pu, the most studied radionuclide in these investigations. The inter-
pretation given by AEA at Harwell was, that complexation with an unidentified

degradatlon product, “ingredient X", was solely responsible for the enonnqus,

increases in solubilities reported. In our view, this is by no means proven. Ttie
rdle played by expenmental method, and other factors briefly discussed in sec-
tion 6.2.1, is not clear. Nevertheless we took the interpretation and data of AEA
at Harwell as being valid. (A conservative view of the system is implicit in this).

Although some "point sorption measurements* for a limited number of radionu-
clides in the presence of cellulose degradation products were available, we saw
-no way in which we could justifiably extrapolate these isolated sorption data to
different conditions and other radionuclides. Consequently we were forced to
derive quantitative relationships between organic ligand concentrations, com-
plexation and sorption on the basis of solubility limit data. This procedure is de-
scribed in Chapter 6 and Appendix B. Many assumptions to critical and open
questions were required in order to derive the sorption reduction factors listed
in Table 9. Because answers to open questions were not known in the majority
of cases, many conservative assumptions were made. For example that all the
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cellulose present degrades fully to a single product which complexes strongly
with virtually all radionuclides, that this degradation product is stable for all time
at high pH, that the redox conditions have no influence on degradation prod-
ucts, and that any complexes formed do not sorb. Indeed, it is difficult to envis-
age another set of assumptions which are more conservative and which would
lead to higher sorption reduction factors than those given in Table 9. A direct
codsequence of this approach is that the system becomes extremely sensitive
even to low cellulose contents. Above ~1.5 wit-% cellulose, the sorption of many
radionuclides tends rapidly to zero (it almost comes to the point where one A4
piece of paper determines the radionuclide' distribution ratios within a'200 |
container!). It must not be forgotten that the approach taken and in particular
the assumptions made determine this situation. Slightly different assumptions
could radically revise the sorption reduction factors downwards. From an ex-
perimental viewpoint (see EWART et al. 1991), measurements indicate that
sorption reduction factors are 102 to 103 times less than the corresponding
solubility enhancement factors. (For the treatment described in Chapter 6,
these two factors have the same value ) -

In summary we would say that the influence of cellulose degradation products
is, in all probability, less severe than presented here. How less severe is diffi-
cult to say since our undersmndmg of the cellulose-cement-radlonucllde system
is very poor. The limited and relatively poorly defined sorption tests indicate that
we could have overestimated sorp'aon reduction factors by as much as two to
three orders of magnitude. The answers to key questions remain unresolved
and further researchin this:critical areais clearly required. A programme of
work has begun at PS| and it is anticipated that a revision of.the data in a posn-
tive sense for sorption is a likely outcome of the research.
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7 INFLUENCE OF ORGANIC MATERIALS DIFFERENT FROM
CELLULOSE ON SORPTION IN CEMENT

7.1 Introduction

The intention in this chapter is to suggest general procedures whereby the in-
fluence on radionuclide sorption of organic materials different from cellulose
might be estimated. Topics such as degradation processes (chemical and ra-
diolytic), degradation products and thermodynamic properties of organic com-
plexants have been discussed in, for example ALLARD & PERSSON (1985);.
ALLARD et al. (1987), PILLAY (1986), ALLARD & ANDERSSON (1987),

GUEST (1987), DUDDRIDGE (1987), WILKINS (1987), WOLF (1989), VAN
LOON & KOPAJTIC (1991) EWART et al. (1991), ALLARD & BOREN (1991),
HUMMEL (1992), HUMMEL (1 993) and will only be referred to here where ne-

cessary.

For convenience, we will divide the organic materials into two broad categories:
"low" molecular weight organics and *high* molecular weight organics.

7.2 "Low" ﬁéieeular Weight Organics

The types of organic compounds "inclq'ded_ here are NTA, _EDTA_, DTPA; oxalic,
citric and tartaric acids; alkyl sulphbhic acids and substituted phenols.

Formation constants for actinide complexes with many of the above organic li-
gands have been listed by ALLARD & PERSSON (1985). For those fission and
activation products where the constants have not been measured, the ap-
proach described by HUMMEL (1992) provides a potentially powerful tool for
deriving defensible estimated constants.

The effect of even very powerful complexing ligands such as EDTA and DTPA
can be severely reduced through competition between the organic ligand and
major inorganic complexing ions (OH") and the competition between the trace
concentrations of radionuclides and Ca2+. The source of OH and Ca2* ions in
the cement system is effectively infinite and their free concentrations will remain
constant and be determined by the solubility of *Ca(OH)," in region Il (see for
example the calculations reported by BERNER & BRADBURY 1991; HUMMEL
1992 and the experimental results for Am sorption on cement in the presence
of EDTA and DTPA, ALLARD et al. 1987).
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Provided that the appropriate complexation constants have been measured or
can be estimated, speciation calculations for specific radionuclides under the
specific conditions appropriate to individual waste canisters in the presence of
organic ligands can be performed. Following the argument presented in section
6.2.3, the influence of specific organics on sorption can be calculated using re-
lations similar to that given in equation (14).

HUMMEL (1993) studied the influence of the organic ligands EDTA, NTA, ci-
trate and oxalate on the speciation of Cs, Sr, Ra, Ag, Mn, Ni, Pb,-Pd, Tc, Sn,
Zr, Th, U, Np, Pu, Am and Cm in cement pore waters. Chemical equilibria were
computed within the range of pH 11 to 13 and a range of Ca concentrations
from 0.001 M to 0.1 M. EDTA complexes predominate only in the cases of Mn,
Ni and Pb. In all other cases Ca-organic or metal-hydroxo complexes success-
fully prevent any significant influence of EDTA, NTA, citrate or oxalate on the
speciation of radionuclides.

The consequences of Hummel's work for radionuclide sorption are expressed
as sorption reduction parameters for each radionuclide. These data are sum-
marised in Table 10. For Ni, Mn and Pb sorption reduction factors as a function
of EDTA concentration are given separately in Table 11.



Table 10: Sorption reduction factors for radionuclides in the presence of ox-
alate, citrate, NTA and EDTA at concentrations <0.1 M. The ele-
ments are listed according to increasing atomic number.
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Element

Oxalate

Citrate

NTA

EDTA

H (HTO)

1

1

1

1

COz

1

1

1

Cl

1

1

1

2102 EDTA™

3-102 EDTA"

Table 11

Ni

1-102 EDTA™

5-102 EDTA™

Table 11

Se

Sr

oh | ad | ad | md ] k| ed

Zr

Nb

(1

a

Mo

(1)

ay

Tc

ay

Pd

("

Ag

Sn

.

1-10"1 EDTA™

Table 11

b | ch} ek | b | ah | emd

1

1

1

1

("

(1)

1)

1

L IR I S QP G Gy

R B WY

1

1
1
1
1

* No thermodynamic calculations performed. Values based on chemical analogy.

** The sorption reduction factors for Mn, Ni and Pb in presence of NTA or citrate are
calculated by muiltiplying the reduction factors in the presence of EDTA (Table 11)
by the values given here. Example: At a NTA concentration of 0.1 M the reduction
factor for nickel is 100-5-102 = 5. Calculated sorption reduction factors <1 have no

physical meaning and are set equal to unity.
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Table 11: Sorption reduction factors for Ni, Mn and Pb in presence of EDTA.

Total concentra-
tion of EDTA Reduction factor
™M Ni Mn | Pb
107 1 1 1
105 | 1 1 1
104 1 1 : 1
103 2 3 . 1
102 10 20 2
101 : 100 200 - 10
7.3 "High" Molecular Weight Organics

73.1 Polymers

~ In this category we are mainly consrderlng the degradation products of organlc
polymers such as polyethylene, neoprene nylon polyurethane etc.

As with cellulose material, the only source of data for the above classes of or-
ganic compounds comes from AEA at Harwell. Summaries of the main results
from this work can be found in BROWNSWORD et al. (1992), GREENFIELD et
al. (1992) and EWART et al. (1991). Accelerated leaching tests (80°C) were
performed on a variety of cement matrices containing (mainly) 10 wt-% load-
ings of the various polymers for times of up to 500 days, considered to be
equivalent to 50-100 years under repository conditions. Solubilities of Pu were
measured in aliquots of the leachates taken at various time intervals.

In general, the effect of the degradation products from polymers on Pu solubility
limits was orders of magnitude less than in the case of cellulose. Chemical de-
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gradation appeared to be the dominant effect since the additional imposition of
o and 1y radiation fields had no significant influence on the results.

For any of the polymers tested, the largest Pu solubility limit measured in the
leachate was ~107M (an isolated value). In most cases Pu solubilities of <
108 M were measured in the presence of polymer degradation products.
EWART et al. (1991) consider a "best value* of 10€M in their treatment. Ac-
cording to the discussion in section 6.2.2, an increase in Pu solubility to 104 M
from 5-10-1°M implies a reduction in sorption of:

. 10-8

T 20 (see equation 17)

If we take a sorption reduction factor for Pu of 50 to apply whenever polymers
are present above the ~1 wt-% level then this should be conservative since the
experiments were carried out at loadings of 10 wt-% for times which simulated
repository time scales of 50 to 100 years. At values below 1 wt-% we would
suggest a sorption reduction factor for Pu of the order unity. It should be re-
membered that in mixtures containing cellulose matenal the effect of cellulose
degradation products will dominate.

The sorption reduction factors for Am, Zr, Np, Th, U, Cm and Pa are taken to
be the same as for Pu. .

In leachates from various cement mixes containing.~10 wt-% loadings of differ-
ent plastics (degradation time and temperature 750 days and 80°C respec
tively) PILKINGTON & STONE (1 990) measured increases in:Ni solubilities of
approximately one order of magnitude and oorrespondmg decreases in sorp-
tion. Consequently a sorptlon reduction factor of 10 is taken for Ni. The same
value is assumed for Mn, Nb, Tc, Pd, Sn and Pb (reducing conditions). For all
other radionuclides listed in the summary Table 12, no effect of ‘degradation
products from plastics on sorption is expected.



Table 12: Sorption reduction factors for radionuclides in waste canisters con-
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taining polymers (loadings between 1 and 10 wt-%).

Element Oxidising Reducing
H (HTO) 1 1
CO,> 1 1
Cl 1 1
Mn 10 10
Ni o | 10
Se 1 1
Zr Pu Pu
Nb 10 10
Mo 1 1
Te 1 10
Pd 10 10
Sn 10 10
I 1 1
Cs - 1 1
Pb 10 10
= e R -
Th Pu Pu
Pa Pu Pu
u Pu Pu
Np Pu Pu
Pu 50 50
Am Pu Pu
Cm Pu Pu
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7.3.2 Bitumen

VAN LOON & KOPAJTIC (1991) have investigated the radiolytic degradation of
bitumen at pH~12.5. They found that the major degradation products in solution
were monocarboxylic acids (acetic, formic, myristic, stearic acids etc.), dicar-
boxylic acids (oxalic, phthalic acids) and carbonates. Experimentally derived
complexation constants with Cu™, Ni** and UO,* at pH values less that 7
strongly indicated that oxalic acid was determining the complexation behaviour
of the bitumen degradation products. At high pH two factors severely limit the
ability of oxalic acid to complex with radionuclides: R

(i the competitive effect of OH--ligands

(if) the maximum concentration of free oxalate in solution is set by the solubil-
ity of calcium oxalate to ~105M

These considerations led VAN LOON & KOPAJTIC (1991) to conclude that the
radiolytic degradation products of bitumen will have no influence on radionu-
clide speciation in a cementitious repository. As a direct consequence of this,
- there will also be no influence on radionuclide sorption (see also Table 1 0)

733 lon Exchange Resins

Cation and anion exchange resins, comprising of cross linked polystyrene with
sulphonic acid and quatermnary ammonium functional groups ‘respectively, WIII
undergo gradual degradation in the high pH environment of the near-ﬁeld
Since exchange resins will also accumulate a significant radiation dose, radi-
olytic as well as chemical degradation processes will be occurring.

Recently, VAN LOON et al. (1992) subjected cation exchange resins to a dose
of ~1.7 MGy accrued over several days in a solution at pH~12.5 and 50°C.
Subsequent analysis of the solutions showed that the major degradation prod-
uct was oxalate. The comments previously made for bitumen therefore also
apply to cation exchange resins with respect to this degradation product i.e. its
concentration will be limited to ~105M by the solubility limit of calcium oxalate,
and this, coupled with weak radionuclide complexation constants, means that
oxalates will have no significant influence on sorption. However, in contrast to
bitumen, a second unidentified degradation product was present at concentra-
tions approximately one hundredth that of oxalate but with complexation con-.
stants (measured for Ni) three orders of magnitude greater (pH = 5 to 9).
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VAN LOON et al. (1992). conclude from a modelling study analogous to that
performed for oxalate, citrate, NTA and EDTA (HUMMEL 1993), that ligand X
has no influence on speciation (and therefore sorption) in cement pore water
for those elements listed in Table 1. However, a condition on this conclusion is
that the concentration of ligand X should not exceed 105 M (worse case sce-
nario, low CaX complex stability) or 104 M (“realistic" scenario, mean CaX
' complex stability).

In similar studies on anion exchange resins (VAN LOON & HUMMEL 1995) the
most important radiolytic degradation products observed were amines such as
ammonia, methylamine, dimethylamine and trimethylamine.

Mono-, di- and trimethylamines and related compounds do not form stable
complexes with metals. However, although NH, is known to form complexes
with metal cations such as Ni*, Cu* and Pd®, they are posrhvely charged and
may be expected to adsorb.

- On the basis of the available evidence we would conclude that the degradation
products from ion exchange resins do not significantly influence the sorption of
radionuclides on cementitious materials.

7.3.4 Cement Additives

Compounds such as naphthalene formaldehyde, melamine formaldehyde, so-
dium lignosulphonate and sodium gluconate are commonly -added to cement
mixiures as plasticisers and water content reducers. Again, little quantitative
information exists on the influence of these additives on radionuclide specia-
tion, solubilities and sorption.

EWART et al. (1991) report Pu solubility enhancement factors for 1% additive
loadings of ~10 for naphthalene formaldehyde, ~102 for sodium lignosul-
phonate, and ~104 for melamine formaldehyde and sodium gluconate. (Note
that these effects may not be due to the compounds themselves but possibly to
their degradation products). In the same paper a Pu solubility enhancement
factor‘ of 400 is given for solutions containing 102 M glucose at pH~12.

In contrast to this, Pu sorption measurements performed in leachates from dif-
ferent cement mixtures containing 0.5 - 1% additives appear to indicate that
cement additives have no effect on the magnitude of Pu distribution ratios and,
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indeed; in many cases the distribution ratios increased in their presence
(EWART et al. 1991). -

Again, as was the case for cellulose degradation products (see section 6), we
have apparently contradictory observations. A compound which increases Pu
solubilities by many orders of magnitude, presumably because of the formation
of very strong organic complexes, has a considerably less effect or no effect on
sorption. As stated previously, our understandmg in this area is very poor.

Given our low level of understandmg of the_ processes occurring here, all we
can do.is make very general and conservative estimates. For naphthalene for=
maldehyde we would suggest that there is no effect on sorption for loadings up
to ~1 wt-%. For sodium lignosulphonate, melamine formaldehyde and sodium
gluconate with 1% loadings, taking: into account the apparently contradxctory
observations on increases in solubility fimit and litle or no- effect on sorption, we
would suggest an overall reduction factor for Pu in the maximum of 500. The
corresponding reduction factors for other radtoelements can be estimated fol-

lowing the arguments given in section 6.
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8 INFLUENCE OF INORGANIC WASTE COMPONENTS ON
SORPTION IN CEMENT

As shown in Table A-1 (Appendix A) radioactive waste may contain a plurality
of inorganic materials such as metals, salts, ashes and glasses. Of these 4
groups the inorganic salts are of primary concem since they can dissolve in the
cement pore water and potentially form complexes with radionuclides thereby
influencing sorption. The discussion here will therefore be restricted to such
salts.

The major ligands entering the pore water fluid which need to be considered
are: CO;%, NOgZ, SO, §%, PO, CN,, B(OH), and the halogens F, Cl, Br
and I'. The extent to which radionuclides will form complexes with the above
ligands will depend on the radionuclide itself, the free ligand concentration and
the respective complexation constants.

In regions | and Il (section 3.3) the pH of the pore water is > 12.5, hence radi-
onuclide-hydroxy complex formation will be strongly competitive to all other
complexation reactions. Since thermodynamic data are available for virtually all
the ligands listed (PEARSON et al. 1992 , SMITH & MARTELL 1976 ), together
with inventory data for the various waste streams (ALDER & McGINNES 1994),
realistic speciation calculations can be performed. The methodolgy and calcu-
lations are analogous to those described in HUMMEL (1993). These calcula-
tions indicate that under the conditions existing in regions | and Il only cyanide
complexes are likely to be of any significance. The influence of ligands such as
CO4%, PO# and B(OH),, which can form strong complexes, is limited since
their free concentrations in solutions are determined by low solubility solid
phases, i.e. calcite, calcium hydroxo phosphate (apatite) and calcium metabo-
rate. _

The formation of cyanide complexes is not equally important for all radionu-
clides. BUFFLE (1988) states that cyanide has a much greater tendency to
form complexes with ("soft") cations such as Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+,
Pb2+, Ag?+, Cd?*, Hg?* rather than (“hard") cations, such as the actinides. Even
at the high pH existing in the repository, the cations Ag*, Ni2*, Mn2* and Pb2+
(see Table 4) are expected to complex with CN".

As an example, the complexation behaviour of Ni2+ with different CN" concen-
trations in the presence of Ni(OH), solid phase in a cement pore water has
been calculated. The thermodynamic data for the Ni-cyanide complexes was



taken from SMITH & MARTELL (1976) and all other thermodynamic data from
PEARSON et al. (1992). The results of these calculations are summarised in
Table 13 as sorption reduction factors as a function of total CN" concentration

obtained using equation (17).

Table 13: Reduction factors for the sorption of Ni on cement in the presence of
CN’ (HUMMEL, unpublished results).

Total CN" concentration [M]

Sorption reduction factor

10¢ 1
107 1
106 1
10% 1
104 ~2
108 ~10
e B o
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9 RECRYSTALLISATION OF CSH-GEL

The main and most important product formed during the hydration of cement is
the calcium-silicate-hydrate gel (CSH-gel) which can be represented by the
general formula (Ca0),-SiO,y H,O (1.4 <x<1.8, y>x). The CSH-gel is very
poorly crystalline and its importance lies in the fact that it (and portlandite) de-
termine the pH of the pore water solution for most of the lifetime of the hard-
ened cement paste (BERNER 1990). Also its large surface area (~250 m2g-,
EWART et al. 1991) is mainly responsible for the good radionuclide sorption
properties of cementitious materials.. This gel-is generally viewed as being
meta-stable, and on the very long time scales considered for-radioactive waste
repositories, the possibility exists that it could gradually transform to a more
stable crystalline phase with a resulting change in properties, particularly with
respect to sorption (reduction in surface area) and pH. ATKINSON et al.
(1988a) contacted ~0.25 g-quantities of seven natural crystalline calcium-
silicate-hydrates with ~2 m! of demineralised water at 25°C ‘in the absence of
CO, and monitored the evolution of pH in these systems over a 51 day period.
The pH values measured were between 7.8 and 9.6 whereas pH's between 10 .
and 12.6 would have been expected for corresponding amorphous CSH-gels;
depending on the Ca/Si ratio. This work appears to imply that highly crystal-
line CSH compounds do not readily produce the high :pH values associated
with their poorly crystalline counterparts. However, it should be remembered
that these solids were highly crystalline natural materials and that the experi-
mental time scales were relatively short. ATKINSON et al. (1988a) admit them-
selves that they had no evidence to conclude that equilibrium had been
reached. Also, the question as to whether stch highly crystalline phases with
similar properties to the natural materials investigated will ever form in cementi-
tious materials under repository conditions is completely open. Although nu-
merous crystalline silicate hydrates can form in cements, this has usually been
observed only during hydrothermal treatment (ATKINSON et al. 1988a). In
natural systems, CSH minerals have been found in both the crystalline and ge-
latinous forms and the latter are similar in form to the CSH-gels found in ce-
ment, albeit with a lower Ca/Si ratio of ~0.8 (McCONNELL 1955). In a recent
review article on ancient analogues of cement based materials, THOMASSIN &
RASSINEUX (1992) provide evidence from many sources that CSH type hy-
drates have existed for 1'700-1'800 years in cements of Roman origin.

From the information available we would suggest that part re-crystallisation of
the CSH-gel appears to be a possibility over very long periods of time but that
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the consequences for pH are not likely to be as severe as the data from AT-
KINSON et al. (1988a) might indicate. Reductions of pH down to as low as ~10
could be tolerated without any significant adverse effects on sorption.

"EWART et al. (1991) have published sorption measurements for Pu.and Am on
a number of synthetic compounds prepared to represent those: considered to
be present in a mature concrete. Amongst these were crystalline calcium sili-
cate minerals (analogous to re-crystaliised CSH-gels). The distribution ratios
given are, if anything, slightly higher than those for fresh cement. It is unfortu-

nate that no data on water chemistry and pH were reported for these tests -

other than to say that saturated solutions were prepared for each of the
phases. :

The available (limited) evidence leads us to conclude that even if (pa:t) re-
crystallisation of the CSH-gel occurs, the consequences for the pH of the pore
water and sorption will not be significant. This is particularly so in the case of

sorption where a gradual re-crystallisation process, though it may lead to a re-.

duction in the surface area for sorption, will not lead to any sorption site satura-
tion effects due to the generally very low concentrations -of. radionuclides pre-
sent. Indeed, re-crystallisation could have positive consequences in that sorbed
radionuclides could be incorporated within the re-crystallised structure. There
are indications of this in the work of EWART etal. (1991). .

p-c
SRS,
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10 CARBONATION

When a carbonate containing groundwater, such as that present in marl forma-
tions, contacts cementitious material,'CaCO3 will tend to precipitate. BERNER
(1990), on the basis of an equilibrium mixing tank model, predicts that ~80% of
the original *Ca(OH)," present will eventually be transformed to calcite. He
states that “this transformation approximately halves the “lifetime" of the CSH-
gel (compared to the dissolution in pure water) and therefore the CO42- concen-
tration is a very important parameter®. On this basis carbonation would appear
to have a rather negative long-term effect on the performance of the repbsitory
in general and on sorption in particular since-the main sorbing phase, the CSH-
gel, is gradually converted to calcite, which could adversely infiuence the sorp-
tion for some radionuclides. However, BERNER (1990) modelied the system
from the point of view of thermodynamic equilibrium, and this is certainly not the
whole story. Transport processes will also play an important réle but coupled
codes of the required sophistication with acceptable CPU times are not avail-
able.

Recently, SAROTT et al. (1992), for example have shown that the effect of car-
bonation on diffusion rates and permeabilities can be quite' dramatic and rapid.
Even though the amounts of CaCO, formed are too low to be quantified, they
can be detected by XRD. In disc specimens ~1 cm thick, diffusion rates.de-
creased by approximately 3 orders of magnitude in ~3'000 hour tests and per-
meabilities fell by ~2 orders of magnitude in ~1'000 hours. The data suggest
that the diffusion rates and hydraulic.conductivities were still falling when the
experiments were terminated. The results were simply interpreted in terms of
CaCO; precipitation within the pore space in the near surface region of the
specimens. There is no reason to believe that a similar effect should not occur
within a repository. The result would be a gradual *sealing up" of the repository
through the pore space becoming progressively more and more blocked. The
degree of carbonation need only be slight, since transport through a pore would
cease once the pore became blocked at one point along its length. Pore sealing
would reduce the transport rates of groundwater into, and radionuclides out of,
the repository through the bulk concrete. As far as we can see this would have
a predominantly positive effect on repository performance. The rate at which
cement degrades would be reduced since the mass transport of groundwater
into the cement and the migration of cement pore water components out of the

repository into the far-field would be reduced in accordance with the decrease
in diffusion rates / hydraulic conductivities. Likewise, the transport rate of radio-
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nuclides out of the repository would be decreased without any effect on sorp-
tion since the quantities of "Ca(OH)," converted to CaCQO, would be relatively
small. It is entirely conceivable that the repository could become effectively
sealed off from the far-field before any of the canisters failed.

If an interconnected crack network were to be generated within the repository
prowdmg preferential flow paths connecting to the far-field, then the same
process of pore blocking by caicite formation is likely to occur on the crack
surfaces. Fine networks of cracks may not be permanent features since these
could also heal through the precipitation of calcite (GUPPY 1 988). If large
cracks form which 1/ cannot heal, 2/ intersect one or -more canisters, 3/ dre "
filled with water and 4/ provide a connection fo the far-field, then the carbona-
tion of the surfaces of such cracks may. have a negative influence. The ra-
dionuclides released to the aqueous phase di irectly: from- breached canisters :
into the cracks will have reduced access, via diffusion, to the bulk concrete
sorption sites because of pore blocking by calcite. The only sorption sites then
available are those on the crack surfaces and these may also be reduced by

CaCO, formation.

The formation of ettringite, which is one mechanism by which cracking in ce-’
ment/concrete could be induced, would also become less probable through
calcite blocking of the pore space since the hansport of SO4 - jons from the

groundwater into the cement would be impeded. '
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11 STEEL CORROSION PRODUCTS

- According to the data compiled for PROJEKT GEWAHR (1985) with respect to
the material composition in a low- and intermediate-level radioactive waste re-
pository, steel, in one form or another, comprises well over 10% of the total -
mass. The steel is present as waste containers, constituents of the waste and
as ‘construction components. For comparison, the total quantity of cement
(hardened cement paste) present is ~20% of the total mass. Corrosion of the
~ steel will occur throughout the lifetime of the repository producing iron hydrox-

ide and oxide products e.g. magnetite (Fe;O,), haematite (Fe,O,). Such prod-
ucts, because of their large surface areas and surface structures will '"hav'e a
significant somption capacity for radionuclides which has not been taken into
consideration in the compilation of the sorption data base given earlier. At high
pH, iron oxides are particularly effective sinks for actinides and transition met-
als. For example, GARDINER et al. (1990), report distribution ratios for Pu and
Am on Fe,O; and Fe;O, of >102m3kg:1 i.e. values which are orders of magni-
tude greater than those given in Table 4. o

Corrosion products: are only briefly mentioned here to indicate that there are
compounds present within the repository which, in the long term, may be
equally important sinks for radionuclides as the cementitious materials. No
credit has been taken for their potentially significant contribution to radionuclide
retention which makes the generally conservative distribution ratios chosen in
Table 4 even more conservative.
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12 COLLOIDS IN THE NEAR-FIELD

It has often been argued that the transport of radionuclides sorbed on colloidal
material(s) could have a significant impact on the near-field source term and on
the subsequent migration in the far-field. In order for colloids to influence sig-
nificantly the source term i.e. the temporal release rates of radionuclides from
the near-field to the far-field, implies that a number of conditions need to be ful-
filled. First and foremost, colloidal particles would have to form wrthm the pore
space of the bulk cement/concrete. -

In most laboratory experiments, whether batch. somption experiments on
crushed cement or leaching experiments from small -blocks of cement, colloids
appear to form readily. However, virtually -all ‘of such tests are carried out on
weak, incompletely hydrated cements, where *free® cement surfaces are avail-
able. The colloids are likely to be generated at these “free surfaces* which-are
in contact with relatively large volumes of solution with which they may not, at
least initially, be in equilibrium i.e. degradation effects may be playing a role at
the free surfaces. In tests where agitation of some sort is applied, mechanical
effects may be a major contributing factor to colloid: generation. Withinbulk ce-
ment, free surfaces and mechanical effects, in tHe same sense as mentioned
above, do not exist in the. confined pore volumes. We know of no evrdence
which shows that colloids, of the type seen in laboratory expenments can form
within the pore space of fully hydrated bulk cement. - - L

Generally, in order to increase the total ooncentratlon of radronuclrdes ln , _'_"e
aqueous phase over and above that which it would have been in the absence
of colloids, a sufficient mass of colloids would have to be present in solution
having distribution ratios similar to or greater than the solid phase. In cement
systems it is reasonable to assume that the sorption properties of the colloids
and the solid phase would be similar since in both cases the CSH-gel is the
major component (see RAMSAY et al. 1991). As a simple illustration, consider
1 kg of bulk cement which has a distribution ratio of R4 (1 kg?) at an equilibrium
radionuclide concentration (in *true solution®) of C mol I, 1 kg of cement has a
volume of ~0.5 I (assuming a bulk density of 2 kg 1) and a pore volume, V

of ~0.1 [ (assuming of porosity of 20%). If we now set up a mass balance for
the system with a mass m_ kg of colloids present in suspension with sorption
properties similar to the bulk then:
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Ry-1-C+R,-m -C+C-V,,, =Q : (34)

where Ry 1-C  is the number of moles of radionuclide sorbed on the solid

phase

Rym.C is the number of moles of radionuclide sorbed on to the col-
loidal phase .

Vooe'C  is the number of moles of radionuclide in solution

Q ~is the total number of moles of radionuclide in the systemat
equilibrium

y

For the colloids to have an impact on the total quantity of radionuclides in
"solution® (radionuclides in “true solution* plus those attached to colloids) then:

Reym -C>V, . -C (35)

V.

pocre

or m,>
R,

Consider a highly sorbing radionuclide with R, ~1031 kg*.Sinéé \_/m= 011,
then m. must be greater than ~10kg i.e. in this case a colloid concentration of
>108kg M (> 1 g ') is implied.

If the colloids increase the total quantity of radionuclide in solution by an order
of magnitude then m.is ~103%kg. correspondmg to a.colloid concentration in the
pore volume of ~102kg 1 (~10 gh). ' :

Even if Ry (éolloids) were to be an order of magnitude greater than R, (solid)
this would stilt lmply a colioid concentration of ~1g [t in the pore volume.
Thus, for colloidal material to have a significant influence, it must be present at
relatively high concentrations in the pore water and/or exhibit much stronger
sormption than the solid phase.

Even if the above conditions are met, the colloids, with their sorbed radionu-
clides, must diffuse out of the cement through the connected porosity. The
majority of the pores in partially hydrated fresh cement, as used in laboratory
experiments, have radii < 100 nm (see for example ROWAN et al. 1988) and
pore size decreases as a function of the degree of hydration. This implies that
even if colloids can form in the restricted pore space available they would have
to be signifi canﬂy smaller than the pore diameters to have any chance of being
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able to diffuse. Also the pores are not smooth sided tubes of constant diameter,
but are rough (on the scale of the diameters), highly tortuous and contain con-
strictions. There is then a considerable potential for colloids in bulk cement to
be “filtered out" by the cement itself, even when they are in principle mobile. Fi-
nally, colloids with their sorbed radionuclides, may eventually diffuse ahead of
the retarded radionuclides with which they were initially in equilibrium and enter
regions where the radionuclide concentrations are smaller. Desorption proc-
esses will then take place together with competitive sorption effects from the
solid phase which will result in ever decreasing radionuclide loadings on mobile
colloids. (There is no evidence of which we are aware that radionuclides &fe'ir-
reversibly sorbed on “cement colloids*). -

GARDINER et al.  (1990) produced colloidal suspensions of magnetite and
haematite with mean particle diameters of 450 nm and 130 nm respectively as
iron corrosion product simulants. These colloidal suspensions were carefully
laid on the surface of solution saturated beds of crushed concrete (0.5-1 mm)
held in a column and eluted periodically over ~15 days with a total of ~20 co-
lumn void volumes of solution. Even in such experiments with high column po-
rosities and exceedingly large void sizes compared to bulk cement, GARDINER
et al. (1990) conclude *....only a small fraction of (collordal) oxrde |s potenﬁa!ly
mobile and that this is probably transported via a few large voids’ ln the col-
umn®”.

Although the transport of colloids involves oomplex processes and’ will un-
doubtedly be a continuing topic for research, we are of the opinion, based on
the arguments and evidence given above, that the diffusional transport of ra-
dionuclides sorbed onto "cement colioids* through intact bulk concrete will not
make any significant contribution to the reposrtory source term. We state thrs
view since we believe that in the confined, tortuous and constricted pore space
existing in intact cement, "cement colloids" (lf they form at all) W|ll not be moblle
and may even have a positive influence on radionuclide retardation.

At the boundaries of the repository where “free cement surfaces” may be in
contact with flowing groundwater *cement colloids" may well form but these will
not effect the source term. Rather, they may have an influence on radionuclide
migration in the far-field if such colloids are stable. The only circumstances un-
der which we can envisage a potential influence is when cracking occurs in the
cement and radionuclides reach the solution filled cracks after diffusion through
the bulk cement matrix. Colloids may form in the solution wrthm these cracks
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(again “free cement surfaces* are involved) and radionuclides may sorb on
these colloids and be transported through the crack network by them.

The above applies predominantly to high density cements and concretes used
as binding material for the waste itself, and in the manufacture of container
walls and tunnel linings. For the *monokom” cement, envisaged as an extre-
mely porous backfill, the situation may be quite different. The "pore size" in this
material is of the order of mm, and hence a colloid filtration effect is not ex-
pected. The pore surfaces in pores of this size may behave similarly to a free
surface, and, on the basis of the above discussion, colloids may be generated
here.

Radionuclide transport by colloids in the “monokom* cement backfill is certainly
possible, but its influence on the source term is impossible to estimate at this
time.
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Table A-1: Summary of the masses of materials arising in the L/ILW repository
on a waste group basis (from ALDER & McGINNES 1994).

ix 7 resins
Cellulose

Material owl Rw?2) Dw3d | RPWH4 MIR %) Total
- [kg] [kg] [kg] [kg] [kg] tkal

Steels 8.1510° |1.7510° |4.30.107 [5.83.105 |3.89.106

AliZn |478104 |8.64-10' [1.40-105 |3.90-10¢ [1.62.105

Inconel - 1.32.10% [1.71.106 |- -

Zircalloy - 324105 |- - -

Other 9.68-10° [5.98-105 |1.02.106 |[5.32.10¢ [1.30.105
norganics L e e e b mean e

Salts 137-10° [6.17-10' |1.84-10% |8.32.10¢ |-

Ashes 9.48-10¢ |- 2.99-10¢ |- 2.68-105

Gilass. 462105 |8.40102 [8.6510* |5.63-105 |4.97-105

Concrete/ :

cement 113107 |3.4310° [1.25.10%8 [2.35.107 [1.12107 |1.74-108

322-10¢ [4.62110° [1.89-106 [2.91.103 [1.75:102 |1.93.106

,1.37-10°

“l2.78-10¢

Not specified

T G

4.15-106

2) Reactor waste

3) Decommissioning waste
5) Waste from medicine, industry and research
7) lon exchange

1) Operational waste
4) Reprocessing waste
6) Molecular weight
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APPENDIX B: Derivation of the Sorption Reduction Factor

We make the assumption that, at the low concentrations of radionuclides ex-
pected in individual waste canisters the sorption is independent of concentra-
tion, i.e. linear.

The distribution ratio, Ry(B), is given by:

_ Quantity of B sorbed per unit mass of solid

~ Equilibrium concentration of B in solution (1-8)

R.B)

(2-B)

_Bin
Bl
The term [B]; is the sum of all inorganic B species existing in solution.

Consider the sorption of B in the presence of an organic ligand, L, which forms
complexes of the form B, L,.. The concentration of such complexes in solution at
equilibrium after sorption is simply:

336 L] : @8

n=1m=1

Since each B, L, complex contains "n" B atoms the concentration of B existing
as B, L, organic.complexes is :

flin-[Ban] | (4-B)

n=1m=1
From the definition of the distribution ratio, equation (1-B), the sorption of B in

the presence of organics, R'y(B) is:

RY(B) =——— O — (5-8)
Equilibrium concentration of B in solution

- Bae . (6-B)
v [B]'sot. +Zzn ) [Ban]

n=1m=1 .
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B'som. and [BJ, respectively, are the amounts of B sorbed and the sum of afl
inorganic B species in solution in the presence of a complexing organic ligand
at equilibrium.

Equation (6-B) can be re-expressed as:

B'sotb.

S p— W (7-B)

N M

22n-B,L,]

1+ a=1 m=1

BIL...

If we assume that the complexes B,L,, do not sorb, and therefore make no
contribution to B',4,, then only the inorganic B species are involved in sorption.

Since only the inorganic species of B are involved in sorption processes and
since sorption is linear then:

Bsmb. — Blsorb. ‘ | -
R«B) = '['BE' = [B];OL (8-B)

and hence equation (7-B) becomes:

R, @) = ——eC) . (eB)
ZZn'[Bi'll"m] '

1+ n=t m=1

BL.

The above is not new, and similar relations have been presented many times
before in the literature, e.g. MAES et al. (1988), and appear in a wide variety of
forms of varying complexity. Indeed, a similar relation is the basis for an ion ex-
change method for determining stability constants for complexes (SCHUBERT
1948).

In essence, for the example given here, equation (9-B) states that the sorption
measured in the presence of organic complexing ligands is the distribution ratio
measured in their absence reduced by a factor of unity plus the ratio of the ra-
dionuclide concentration existing as organic complexes to the sum of the con-
centrations of inorganic radionuclide species.
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For a general organic complexation reaction of the form: -

- nB+mLZ2BL, (10-B)
we can write:
K, =-LCknl (11-B)
[BI'[L]
and hence the sum over all organic complexes is:
N M N M
>y [Bla]=Y >0 Ky, [BIILT" (122:B)
n=1m=1 n=1m=1
N M
i.e. > [organic complexes] =Y ¥ n-K., -[B]'[L]" (12b-B)
a=1m=1

In equation (S-B), [B],, represents the sum of the concentrations of all inor-
ganic radionuclide species existing in solution. To a first approximation, metals
do not form inorganic complexes in aqueous solutions which contain more than
one metal ion.

In a similar manner to the organic ligand L, we can write a general complexa-
tion reaction for an inorganic ligand, J.

PB+qJ 2 By, (18-B)
[BpJq] | .

= 14-B

o = BT (148

For all possible inorganic ligands, J, i.e. OH-, CO,>, etc., which can form inor-
ganic complexes with B, we can write:

>33 b8, = Zii p-*Keq -[BF[JT° | (15-B)

J p=1g=1 p=1q=1

Bl = [B]+22}2p K, -BPUT (16-B)

p=1q=1
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The total concentration of B in solution, [Blrotaqu: is

Bl rce. = By, +2-[organic complexes] (17-B)
Bl oace. _ Z[organic complexes]
BL. 't BL, (18-B)

or, substituting the expressions for 3 [organic complexes] and [B]'s,. from equa-
tions (12b-B) and (16-B) respectively:

Blence iin Koo BI'LLT"

‘W =14—nslm=l (19-B)
- [B]+§§§ pK,, -[BF LT

XYk BILP
=1+ n=1m=1 : (20-B)

1+ 333 b4k, -BIUF

"Jd p=1q=t

N M
If the term D, > n -K,. - BI[LT" is expanded, we have:

a=tm=1

| i“Kw‘[‘-Tﬂ'*i?Kz.n BILT +33 K, BFLT ot (21-B)

M
and see that the first term in the expansion i.e., ) 1-K,_-[L]" ,is
m=1

independent of [B]. The second, third, fourth, etc. terms are a function of [B],
[BI2 [BP, etc. respectively. .

If we take plutonium as an example, its solubility limit, in the absence of orga-
nics in a cement pore water at pH~12.5, is ~5x10-1°M. The concentration of
free Pu in solution, [Pu}, is certainly much less than the above value. This im-
plies that in order for the second, third, etc. terms in equation (21-B) to be com-
parable with the first, the complexation constants Koms Kame ©tC. must be at least

~1019, 102, etc. times greater than Kim- Though this is theoretically possible,
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we consider it to be unlikely and therefore conclude that 1:m complexes will
dominate.

A similar treatment can be applied to the expression for the sum of the inor-
ganic complexes, i.e. the denominator in equation (20-B), to reach the same
conclusion as above.

Equation (20-B) then becomes:

ZM',K,,,, LT
——-[‘?éffw“ 14 (22-8)
= 1+ZZ“K,q )

Thus, in any system having the same water chemistry and the same organic li-
gand concentration, [L], the ratio [Blrotaqu/IBl'so. is constant and independent of
the free radionuclide concentration [B]. Equation (22-B) sets no condition on the
magnitude of [B]. Therefore [Blrotaqu/IBl'so has the same value (for constant [L])
irrespective of whether [B] is very small or whether it has its maximum possible
value when the solubility controlling solid phase is present and the value of
[B'so. equals the solubility limit of B under the prevailing water chemistry condi-
tions. From Figure 3 the ratio [B]TotAqu.,[B]sol is known for plutonium as a func-
tion of [L] at the solublhty fimit [Pu]s, , i.e. in the presence of a solid Pu contain-
ing phase. Equation (22-B) indicates that the value of this ratio applies to all
[Puley, ooncentratlons (for the same.[L]) given the assumptions and sumpllﬁca-
tions made.

The signiﬁcahc;e of this is that the denominator in equation (9-B), which relates
R4 values in the presence and absence of complexing organic ligands, is noth-
ing other than [Bhotaqu/IBl'ss (see equation (18-B)). Hence, the influence of
Plutonium complexation with iso-saccharinic acid (taken as being equivalent to
“organic molecule X" from the degradation of celiulose) on its sorption proper-
ties as a function of iso-saccharinic acid concentration can be calculated with
the aid of Figure 3.

Thus, if the sorption of Pu in the absence of organics is R4 (Pu), and we know
that a free organic ligand concentration of [L] increases the Pu solubility'limit
from Pug, to Pu(ovrg.)s 1 then the sorption of Pu in the presence of this organic
ligand concentration, [L], is given by
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R,(Pu) - )
[Pu(org)],, & B).
[Pul;,.

R, (Pu, organics) =

[Pu(org)]s L >[Pul,

[Pu(org)]s, /IPu]s, is defined as the solubility enhancement factor for Pu at a
given free organic ligand concentration, [L].

The sorption reduction factor, R, is then simply given by the ratio of the distri-
bution ratios in the absence and presence of an organic complexing ligand, i.e.
from equation (23-B)

R,(Pu) [Pu(org)],,
R Ra(Pu, organics) ~  [Pul,, (24-B)
The sorption reduction factor is numen'cally equal to the solubility enhancement
factor.

Consider now a situation in which the individual sorption reduction factors Re
Rez Ris ... R, are known for the organic ligands (org),, (org),, (org); ... (org),
and we wish to know the total reduction factor in the presence of all of these
organic ligands. o S |

Following equation (24-B) the overall sorption reduction factor is equal to the
total concentration of B in solution in the presence of complexing organic li-
gands divided by the concentration of B in solution in the absence of organic
ligands under the same chemical conditions, i.e. '

2lPuforg), ],

Ri,Tot._ = [Pu ]s (25‘3)

_Puorg)l, [Puorg)l,  [Puterg)l,
TPl TRl YT AL,

But each of the terms on the right hand side of equaﬁod (26-B) is the individual
reduction factor for each of the organic molecules, i.e.

(26-B)
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Rite. =Ry +Rip +Ri 5 +---+R,,

Thus the overall sorption reduction factor for a radionuclide in the presence of a
mixture of organic ligands, with which it forms complexes, is the sum of the in-
dividual reduction factors for each organic ligand.

However, it is important to note that this conclusion is only valid under the as-
sumptions and approximations used to derive equation (23-B).
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APPENDIX C: Radionuclide Concentrations in the Cement Pore
Water of the L/ILW Repository

Table C-1 gives the maximum concentrations of safety relevant radionuclides in
the cement pore fluid of a L/ILW repository calculated within 106 years after clo-
sure. The concentrations are sums over all radioactive isotopes. Contnbuﬁons
from stable isotopes were not included:

The calculations were performed as follows. The maximum concentration of
each radioactive isotope was calculated for the first 108 years after repository
closure-using the decay chain programme RAPIDE and the inventory data of
ALDER & McGINNES (1994). For each element, the maximum individual radio-
active isotope concentrations were summed to yield the maximum concentra-
tion. (Note that this is a conservative calculation since the maximum concentra-
tions for each radioactive isotope occur at different times.) For these calcu-
lations an average cement porosity of 20 volume-% was assumed. Finally, to
calculate the concentrations given in Table C-1, linear sorption was assumed.
The distribution ratios used depended on which of the 4 regions of the reposi-
tory, SMA-1 to SMA-4, was being considered. The variation is from region
SMA-1, which contains no components which adversely effect radionuclide
sorption (sorption data given in Table 4), to SMA-4 where the sorption of many
radionucfides is set to zero because of the presence of large quantities of cellu-
lose. The characteristics of regions SMA-1 to SMA-4 and the distribution ratios
used in each of this regions are given in NAGRA (1993) . '
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Table C-1: Maximum concentrations of safety relevant radionuclides in the ce-
ment pore water of a L/ILW repository calculated within 106 years
for four different repository.

Element Maximum radionuclide concentration [M]
SMA-1 SMA-2 SMA-3 SMA-4

H (HTO) 1.6-1015 7.6-10°14 2.3-10718 9.0-10°17
c. "3.1-10°10 1.6-10°10 8.0-10°15 6.8-10°10
cl 2910% - -| - 291010 - 181013 25109 -
Mn 1.7.108 - 2.0-10°13 8.510-10
Ni 38107 8.1-1011 401011 3.3-108
Se - 591010 - 6.5:10°11 8.0-1012
Sr 541013 - 7.8-10°14 721013 1.2:1018
Zr 1.1-10% 1.1-1012 2.3-1010 2.4.10°10
Nb 4.1.10° 3.4.1013 9.5-10°12 3.7-10
Mo 26107 8.8-10°11 1.5-10°13 1.8-10°11
Tc 35-10°1 421010 1.3-10:11 2.010° |
Pd 3.6-10° - 34101 1.5-1012
Ag . 71108 - 2.9-1011 6.1-10°14
sn | 5.9.10°13 -1 3.4.1011 5.81012
{ 1.7-108 . 471012 2.1-10°10 7.9-10°11
Cs 1.1-10° 2,0-10°10 371010 1.310°10
Pb 291012 1.3-10°11 52.10°12 4910710
Ra 231011 1.7-1012 1.7:10"14 1.6-1012
Th -8.1-10°14 1.1.10°12 1.6-10-11 4.3-10°10
Pa 6.4-10°17 121014 481014 8.4-10°13
u '2.4-10°10 58108 6.7-108 1.2-10%
Np 14101 251012 1.1-10°10 7.0108
Pu 331013 251011 5.3.10-10 82109
Am 9.7-10°14 1.4-10°12 5.7-10°11 43108
Cm 6.0-1020 1.0-10°19 431014 8.8-10°13

The elements are listed according to increasing atomic number.
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APPENDIXD: - Sorption Values for the Low Priority Elements

No relevant literature data for sorption on cement of the low priority elements
listed in Table 2 was found. The estimated distribution ratios given below are
based on chemical analogy."

Beryllium

Be sorption will be similar to that exhibited by the alkali-earth metals. These
elements have sorption intensities increasing in the order Be, Mg, Ca, Sr, Ba
and Ra. In Table 4 a value of 108 m?® kg was selected for Sr. Be will sorb
more weakly. Consequently we assign a conservative value of zero. (Note that
we have not considered here that the alkali earths may well sorb by a similar
mechanism to Ca). '

Sodium and Pofassium

K (but not Na) might sorb in a similar manner to Cs, but less strongly. Thus
there may be some weak sorption for K particularly in regions If and 1il. Never-
theless, we conservatively set the distribution ratios for these two elements at
zero over the whole range of conditions anticipated within the repository.

Calcium

Since Ca is normally grouped together with Mg, Sr, Ra and Ba, its distribution
ratio might be anticipated to be in the range given for Sr and Ra’ (see section
5.2.5). However, we would contend that when Ca(OH), and CaCO; are. present
in the cement, an argument similar to that given for CO,2 might be more ap-
propriate i.e. radioactive Ca would be removed from solution by isotopic ex-
change with the calcium in portlandite and calcite (see section 5§.2.7). For this
reason the “sorption® value for Ca will also be system dependent.
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“lron and Cobalit

In Figure 1, Fe and Co appear on the graph grouped closely together with Cu,
Zn, Ni and Mn. For this reason we assign the same distribution ratios given for

Ni to Fe and Co (see section 5.2.3).

Samarium, Europium and Holmium

The sorption behaviour of these trivalent rare-earth elements has been taken to
be analogous to Am (see section 5.2.1). '

Polonium

We have taken Pb as a chemical analogue for Po and hence assign the same
distribution ratios (see section 5.2.13).

Actinium

- The sorption behaviour of Ac has beer{_taken to be analogous to Am.
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APPENDIX E: Sorption Reduction Factors for Plutonium as a
Function of Cellulose Content in Cement

In Chapter 6 a relationship between the total concentration of iso-saccharinic
acid (ISA) in the cement pore fluid and the sorption of plutonium in cement was
derived. For performance assessment a relationship between the celiulose
content in cement and its influence on sorption is more convenient. This rela-
tionship is derived in the following for low loadings of cellulose under the as-
sumption that the cellulose degrades completely to iso-saccharinic acid.

If the concentration of iso-saccharinic acad in the cement pore fluid is C,g,
(mol ) and the corresponding distribution ratio is Rg (ISA), then the following
expression gives the total mass of cellulose in the system (meeys kg) when it has
all degraded to iso-saccharinic acid:

Mgt = {Vier - € Cigp -MW+M__;. -R,(ISA)-C,q,, - MW} . (1-B)
where V., = volume of cement (m3)

Mcem = mass of cement (kg)

€ = cement porosity (0.2)

MW = molecular weight of iso-saccharinic acid (165, g mol-!)

R4 (ISA) = distribution ratio for iso-saccharinic acid (1 m3kg)

Under the conditions that the sorption capacity of the cement is exceeded (see
Chapter 6) equation (1-E) has to be replaced by

= (Vo -€-Cn ‘MW M,__,-S___ -MW} | (2-E)

where S, = cement sorption capacity for iso-saccharinic acid
(0.1 mol kg-)

The sorption capacity of cement is attained at an iso-saccharinic acid concen-
tration of 104 M.

It follows from (1-E) and (2-E) that

1 .
Tl e.Cgp ‘MW+R,(SA)-Cos ‘MW Cioa<l04M  (3-E)

M&ﬂ‘l cem
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1 .
-I\':;‘&=—-:~:-CISA ‘MW+S,,_-MW-10~ Cea2104M  (4-E)
Moem -3
where Peem =y =2250 kgm

Substituting parameter values into equation (3-E) gives:

el =147-102|M"']-C.., +165[M']-C
T [M]-C, +165[M]-Cy o5

~165[M"]-C,
for all Cig, < 104 M.
Likewise, substituting parameter values into equation (4-E):

M

v =147-102[M™]-C, +165-1072 (6-E)

in section 6.2.3, the sorption’ reductlon factor (solubility enhancement factor)
was defined as

~ [Pu(org)]SL . ' -
R, (Pu,Cy.) = =P oL, — (7-E)

where [Pu(org)]s, is the total concentration of Pu in solution at an iso-saccha-
rinic acid concentration of Cs,. [Pu]s, is the solubility limit of Pu in the absence
of complexing organic ligands, ~5-10-10 M. (Note: The degradation products of
cellulose are assumed to have a complexation behaviour similar to iso-saccha-
rinic acid, see section 6.2.1).

Using the above expression for the sorption reduction factor and the data in
Figure 3, the following‘relationship can easily be derived:

lOg Rf (PU, CISA) =15 |Og ClSA + 8.8 (8-E)
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Equation (8-E) can then be combined with equations (5-E) and (6-E) to give
expressions relating the content of cellulose in the waste (Meey M) to the cor-
responding sorption reduction factor R, i.e.

el 5.47 (9-E)

cem

log R, (Pu, m_ /M,,,) =15 log M Ciga<104 M

Table E-1: Sorption reduction factors for plutonium as function of the cellulose
content in cement.

Cellulose content in | Total concentration of Sorption reduction Somtion reduction
cement paste ISA in the pore fiuid factor for plutonium factor for plutonium for
' of cement paste after performance assess-
complete degradation ment
of cellulose
(%) ) ¢ ¢
Equation | 0.01" ‘| " * 6.06-107 . 1 -
(9-E) | o0.025 1.51-10% 1.2 1
0.05 3.03-106 33 -
1 0075 4.55.10° 6.1 1T - =
1 o1 6.06-106 9.3 -
025 1.52-10% 369 50
0.5 3.03-105 104 -
0.75 4.55-10‘5 192 -
1 | 606105 295 -
125 7.58-105 . 412 ‘ .-
1.5 9.09-10°5 542 500
Equation 1.75 6.8-102 (12-107) . o
(10-E) 2 2.38-101 (7.4-107) o0
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APPENDIX F: Sorption of Carbonate in Cement

In section 5.2.7, (equation (7)), an expression was derived for the distribution
ratio of “C (as carbonate) based on isotope exchange between 14CO,? and
inactive carbonate in the liquid and solid phases, i.e.

R,(**C0O2) =§ lkg™ (1-F)

where Z is the quantity of inactive carbonate in a cementitious mix (in mol kg-)
and S the concentration of CO,2 in the pore water (in mol I).

in a repository the value of the above quotient is time dependent, on the one
hand because the carbonate in the infiltrating groundwater is continuously pre-
cipitating out in the cement pore space, and on the other, because the solubility
of carbonates in the cement pore water is decreasmg with decreasing pH as
the cement degrades In order to quantify these effects 14CO,2- distribution ra-

tios were calculated from equation (1-F) using the results from some recent

cement degradation calculations (NEALL 1994).

In the above study, HTS cement was taken as the reference material and ce-
ment degradation in both NaHCO, and NaCl type groundwaters from Wellen-
berg was calculated. Distribution ratios are presented for cases where 10% and
100% of the solid carbonate are available.

The results are given in Tables (F-1) and (F-2) for NaHCO, and NaCl type infil-
trating fluids respectively. A (water exchange) cycle in these tables is defined
as the time during which one volume of pore solution is removed from the sys-
tem and replaced by a fresh volume of groundwater. On the basis that one cy-
cle lasts for ~104 years (NEALL 1994 ), the time dependerit variation of the dis-
tribution ratio of 14C0O42% over ~107 years is shown in Figures (F-1) and (F-2).
For both cases, the trends are similar.
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Table F-1: Distribution ratios for #COz2- as a function of pH calculated for the
degradation of HTS cement in NaHCO, groundwater. The data in
the first four columns are taken from NEALL (1994).

Carbonate Carbonate Distribution | Distribution
pH Cycle concentration | concentration | ratio for ratio for
number | in solution in solid phase | 14CO.2 14CO,2
(1) €4 3)
) (mol 1) (mol kg1) (m3 kg (M3 kg-1)
135 |1 6.1 104 42102 69102 | 6.910°
133 |3 1.8104 4.6 102 2.6 10 2.6 102
131 |5 6.0 105 5.1.102 85101 | 85102 -
129 |7 25105 | 54102 2.2 2.2 101
128 |9 14105 .| 5.9102 4.2 4.2 10
125 |25 8.0 106 9.2 102 11 1.1
124 | 314 8.010¢ . | 075 93 | 93
117 [1046° | 3310 | 26 79 | 79

™ These data include an initial level of CaCO, in HTS cement
of 0.04 mol kg-'.

. @ 100% of the 6arbon_:§1te_in the solid phase is accessible.

@ 10% of the carbonate in the solid phase is accessible.
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Table F-2: Distribution ratios for 4CO,2? as a function of pH calculated for the
degradation of HTS cement in NaCl groundwater. The data in the
first four columns are taken from NEALL (1994).

Carbohate Carbonate Distribution | Distribution
pH |[Cycle |[concentration |concentration | ratio for ratio for
number | in solution in solid phase | 14CO,2 14C0O,2
__ @ @
(mol ) (mol kg-1) (m?3 kg-1) (m3 kg-1)
134 1 8.8 10+ 4.0 102 4.6 102 4.6 103
13.2 3 27104 41102 1.5-101 1.5-102
12.9 5 8.8 105 5.1 102 4.8 10 4.8 102
12.7 7 3.6 105 4.3 102 1.2 1.2 10
12.6 9 2.1105 4.4 102 2.1 2.1 101
124 |25 1.3 105 5.1 102 3.9 3.9 10
122|400 | 1510% | o025 (LA .= A
11.2 1089 2.5105 0.69 28 2.8

(M These data include an initial level f CaCO; in HTS cement
of 0.04 mol kg-'.

@ 100% of the carbonate in the solid phase is accessible.

@  10% of the carbonate in the solid pﬁase is accessible.
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Fig. F-1: Calculated distribution ratios of 14C0O42 as a function of time for HTS
cement degradation in two types of groundwater. The calculated values are
presented for two extreme cases: a) 100% of the solid carbonate phase in the
cement is accessible (full symbols) and- b) 10% of the carbonate is accessible

(open symbols).
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