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ABSTRACT

This publication reviews chemical research in
support of the Canadian Nuclear Fuel Waste Management
Program. The overall objective of this research is to
develop the fundamental understanding required to
demonstrate the suitability of vaste immobilization
media and processes, and to develop the chemical
information required to predict the long-term
behaviour of radionuclides in the geosphere after the
waste form and the various engineered barriers
containing it have failed. Key studies towards the
above objective include experimental and theoretical
studies of uranium dioxiJe oxidation/dissolution;
compilation of thermodynamic databases and an experi-
mental program to determine unavailable thermodynamic
data; studies of hydrothermal alteration of minerals
and radionuclide interactions with such minerals; and
a study examining actinide colloid formation, as well
as sorption of actinides on groundwater colloids.

INTRODUCTION

This publication reviews chemical research carried
out in the Research Chemistry Branch of Atomic Energy
of Canada Limited to support the Canadian Njclear Fuel
Waste Management Program (CNFUMP). The overall
objective of this research ' •* to develop tne funda-
mental understanding required to demonstrate the
suitability of the vaste form, and to develop the
chemical information required to predict the long-term
behaviour of radionuclides in the geosphere after the
waste form and the various engineered barriers
containing it have failed.

As it is now envisaged in the CNFUMP, used-fuel
bundles will be sealed in corrosion-resistant
containers (1). The containers will then be placed in
a waste vault excavated deep underground in stable
plutonic rock. The used fuel containers vill be
surrounded by a clay-based buffer to minimize ground-
water ingress, and the vault, once filled, will be
backfilled and permanently sealed.

Iti the long term, after failure of the containers,
lelease of radionuclides contained in the used fuel
would depend on the rate of dissolution of the U0;

matrix in groundwater. Thus, we are conducting experi-
mental and theoretical studies to determine the U02
oxidation/dissolution mechanisms as a function of pH,
redox potential, temperature, radiation fields, and
groundwater anion concentrations.

Furthermore, the solubility in groundwater of the
various radionuclides contained in used fuel, and the
transport of radionuclides through the geosphere,
depend on chemical speciation. Thus, thermodynatnic
data are required to determine the Important species

and their concentrations in groundwaters of various
ionic strengths. For this purpose, we are compiling
thermodynatnic databases for Key radionuclides (U, Pu,
Np, Cs, Sr, Tc, I) and groundwater ions (Na*, K \
Mg2*, Ca2*, Cl", SOj"), and experimental programs are
in place to determine unavailable data and to improve
the accuracy of others.

Also, the transport of radionuclides through rock
fissures would depend on their interaction (sorption,
chemical reaction) with the hydrothermally altered
rock surface. Thus, we have in place a research
program to study hydrothermal alteration reactions of
common minerals and to define the interactions of
radionuclides with mineral surfaces.

Finally, in addition to transport of radionuclides
as dissolved species, transport could occur either by
sorption of radionuclides on existing groundwater
colloids or by transport of pure radionuclide
colloids. The latter can form, for example, by the
precipitation of dissolved radionuclides on entering a
lower-solubility regime. Thus, the sorption of uranium
(VI) on magnetite and hematite colloids and the
formation of uranium colloids, on reduction of
dissolved uranium (VI), have been studied in detail as
model systems representative of the behaviour of other
actinides.

For brevity reasons, only the more recent highlights
of work in this area are summarized below. A previous
review (2) summarizes earlier work, and, of course,
specific publications quoted in this and the previous
review contain additional details.

CHEMISTRY OF URANIUM DIOXIDE

Uranium Dioxide Oxidative Dissolution

Electrochemical techniques and X-ray Photoelectron
Spectroscopy (XPS) are being used to study the
oxidative dissolution of U02. Earlier vork (3-9)
established the mechanism of oxidative dissolution of
(JG2, at room temperature, as a function of pH, Eh, and
groundwater anions (POj-, SOjj- and CO|-). It has been
established in those studies that the redox potential
is the most important parameter affecting \)02
dissolution. Specifically, for reducing conditions (<
-100 mV vs SCE), U0, undergoes very little
dissolution, and significant dissolution occurs only
when V02 is oxidized beyond the U02 33 (U3O7) stage.
Also, it has been established that the uranyl ion U0|*
is the active intermediate in the oxidative
dissolution of uranium dioxide, and that COf", and
other anions that form strong complexes with U0*4

enhance U02 dissolution. Acidic conditions also
accelerate U0, dissolution.
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Although the disposal vault environment is expected
to be reducing, radiolysis of groundwater by radiation
emanating from used fuel may modify the redox
chemistry of the system. In general, radiolysis of
water by alpha, beta or gamma radiation produces
various molecular species (0?, hV,, B20?) and free
radical intermediates (OH, H, Oj, e"). It is thus
necessary to ascertain the extent to which radiolysis
products modify the oxidativi? dissolution of UOj, and
a program is in place to address this (10-12).

We found that hydrogen has no effect on the oxida-
tive dissolution of UOj, except perhaps at tempera-
tures > 100°C, in which case it appears to suppress
oxidative dissolution. Oxygen, at a concentration of
10"' mol-dnr3 and pH = 9, has no effect on U02 dis-
solution. However, in air or oxygen saturated
solutions (102l - 1CM to 10"3 mol-dnr3) at pH > 5,
U02 dissolution proceeds by the formation o£ a film of
UO2.j, which is slowly converted to hydrated U03 or,
in the presence of complexing ions, to UOj* complexes
(11,13). Hydrogen peroxide (H2O2) is about 200 times
more effective than o2 in oxidizing U02 in near-
neutral (pH - 9) conditions (10). Our studies show
that UOj oxidation in H202 increases with increasing
pH for pH < 6, is unaffected by pH in the range 6 to
10.5, and decreases with increasing pH for pH > 10.5.
The oxidation of CTO2 (n the pg range 6 to 10, a range
relevant to a waste vault in granitic environments, is
significant when the H20z concentration is higher than
1O'J mol-dnr3 (12).

Electrochemical and XPS studies of U02 oxidative
dissolution were also carried out in the presence of
alpha- and gamma-radiation fields. We found that alpha
radiolysis of water using radiation sources of alpha
flux comparable to that expected at the fuel surface
(- 200 kBq) at the tine of container failure (500 to
1000 years) did not oxidize U02 beyond the U02 33

stage. However, alpha fluxes greater than about 200
kBq lead to oxidation beyond the U02 33 stage. To
assess the relative importance of radical intermedi-
ates generated by radiolysis of groundwater on the U02

oxidative dissolution, we developed an electrochemical
system that enables studies in the presence of gamma
radiation. Radicals such as OH, OJ and CO3 were
generated selectively t)y irradiating certain solutions
as shown in Figure 1. According to corrosion
potential measurements, the efficiency of these
radicals in oxidizing U0, decreases in the order 0; >
OH > CO;.

Recently, we have begun to address the effect of
temperature on U02 Qxidative dissolution, as the
temperature o£ the vault could be as high as about
100°C, depending on vault depth and used fuel packing
density. Studies of the redox potential at 55°C, pH
9.3 and 0.1 nol-dnr1 NaclO,, show that relative to room
tempeiature the rate of dissolution appears to be
higher (by a factor of about 2), but the value of the
redox potential beyond which U02 undergoes oxidative
dissolution remains the same, i.e., - 100 mV vs. SCE.

Theoretical Analysis of Used Fuel Dissolution

The safety assessment of used fuel disposal in an
underground vault requires information on the rate of
release of radionuclides from used fuel to the ground-
water. Since more than 902 o£ the radionuclide
inventory in used CANDU™ fuel is contained within the
U02 grains, the major factor controlling the long-term
release of radionuclides from used fuel is the rate of
dissolution of the U02 matrix.

L u

1/1

z .
- < *

C

C
cc

c

c ?̂-

Cr
+

• i 1 : i 1 i
-1. "• 1- 8. ll. 16. JO.

MOUÎ S

FIGURE 1- CORROSION POTENTIAL OF A UO2 ELECTRODE IN
THREE DIFFERENT SOLUTIONS UN'JERC-OING RADIOLYSIS: (A)
0 -SATURATED O.I MOL-DH"3 NaC104 + O.O1 MOL-DM"3

HCOONa ; (b) N2O-SATURATED 0.1 HOL-DM"3 NaCIO,, '
AND (C) NjO-SATURM'ED 0.1 MOL-DM"3 NaCIO, * 0.002
MOL-DH"S Na2C03,

Used-fuel dissolution rates are often determined
using solubility-limited dissolution models (14). In
these models, the rate of used-fuel dissolution is
limited by the solubility of UO2, i.e., the dissolu-
tion rate decreases- as the concentration ot uranium in
solution approaches Co, the U02 solubility. This is
illustrated by the curves i,- Figure 2. The dissolution
rate, which is proportional to -Oc/3x) x. 0, decreases
as T increases. At long timss, the used-fuel dissolu-
tion rate varies linearly wth the U02 solubility.

The U02 solubility is an important parameter in
solubility-limited fuel dissolution models. Thus,
using thermodynamic principles, we have derived an
explicit mathematical formula to calculate U02

solubilities as a function of temperature, pH, oxida-
tion potential and anion concentrations (15). In
addition, thermodynamlc reaction path calculations
have been carried out to mod$l the dissolution of UO,
(16). The qualitative agreement between these thermo-
dynamic predictions and electrochemical experiments
supports the use of thermodynamically derived source
terms in the safety assessment of used-fuel disposal.

More recently, we have begun to examine the impact
of various phenomena, such as precipitation, on the
rate of used fuel dissolution. The solubility-limited
dissolution models that have been used to calculate
used-fuel dissolution rates implicitly assume that the
solubility of U02 is spatially invariant (14). How-
ever, the solubility of U0, could vary from location
to location due to, for example, alpha-radiation-
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induced redox potential giadlents, and precipitation
of a uranium-containing solid could occur in the vault
environment. After precipitation (at y - £ ), tl-e
concentration profile of dissolved uranium is given by
the dashed line in Figure 2. (In this example, the
solubility of U02 is equal to Co for 0 < x < / and
equal to 0 for x > / ) . This concentration profile
remains constant as long as the solubility gradient,
which caused the precipitation, does not change. Thus,
after precipitation, -(3c/5x)x=0 is a constant, where-
as without precipitation -(3c/3x)rs0 decreases with
time. Therefore, precipitation enhances the rate of
fuel dissolution. This effect is particularly
important at long times (17).

FIGURE 2: CONCENTRATION PROFILES OF DISSOLVED URANIUM
AS A FUNCTION OF THE DISTANCE FROM THE USED-FUEL/
BUFFER INTERFACE. FULL CURVES REPRESENT NON-
PRECIPITATION PROFILES AT VARIOUS TIMES T. THE DASHED
LINE REPRESENTS THE CONCENTRATION PROFILE FOLLOWING
PRECIPITATION OF A SPARINGLY SOLUBLE URANIUM-
CONTAINING SOLID, AT A DISTANCE i FROM THE FUEL/BUFFER
INTERFACE

It should be pointed out lhat precipitation is not
the only phenomenon that can increase the rate of fuel
dissolution determined using solubility-limited dis-
solution models (IB). In fact, any phenomenon that
decreases the concentration of uranium in solution,
e.g., adsorp'ion or chemical reaction, would enhance
the rate of fuel dissolution. The importance of all
these phenomena in the vault environment must still be
ascertained. For example, the magnitude and duration
of any gradient in the U02 solubility must be deter-
mined before a realistic estimate of the effect of
precipitation on used-fuel dissolution can be made
using simple models.

THERMODYNAHIC DATA FOR KEY RADIONUCLIDES

Chemical Thermodynamic Databases
Solubilities of Aclinides

and Calculated

A thermodynamic framework allovs the results of a
moderate number of relatively simple experiments to be
used TO estimate the solubility of U0? in groundwaters
with widely different compositions and values of pH,
temperature and electrochemical potential. The solu-
bility can then be expressed as a function containing
a limited number o£ parameters. Also, the transport
behaviour of other aclinides in the vicinity of a
nucJeai fuel waste vault m in the biosphere is

dependent on the nature of the equilibrium chemical
species. Vith good thermodynamic data, the important
solids and solution species can be identified, and the
behaviour of many of the actinides can be modelled.

A critical assessment of chemical thermodynamic data
for solids and aqueous species of uranium, neptunium
and plutonium is continuing as part of the NEA/OECD
Thermochemical Data Base pioject (19). For those
elements most important to the CNFUMP, this project
will provide internationally accepted, internally
consistent chemical thermodynansic databases that are
compatible with the CODATA key values (20). A new
interim database for uranium has also been prepared
(21) to update and supplement earlier databases
(22,23) until the NEA/OECD database is available.

For UO, to be a satisfactory waste form, it must be
shown to be stable under reducing conditions for a
range of groundwater compositions. Calculations have
been done to show the effects of different ionic medi^-
(using activity coefficients and literature equilib-
rium constant data) on the solubility of uranium
dioxide in model groundvaters (21). Three specific
model groundwaters have been considered. Granite
groundwater (GGU), which has a low ionic strength (I <
0.002 mol-kg'1), Standard Canadian Shield Saline
Solution (SCSSS), which is essentially a NaVCa2*/Cl"
solution (I = 1.4 mol-kg"1) and SCSB/2, which is a
high-chloride-concentration medium (I ^ 3.o mol-kg~J)
in which again the predominant cations are Na* and
Ca'*. Tne total carbonate concentration in GGW (1.0 x
10"! mol-dnr') is higher than in SCSSS (1.6 x 10"4

mol-dm-!) and SCSB/2 (1.0 x 10"* mol-dnr3). In the
latter two groundwaters the carbonate content is
essentially limited by the solubility of CaCO,.

Our calculations show that, in the absence of
uranate formation, uranium solubilities in these three
model groundwaters are similar for strongly reducing
conditions under which U02 is the stable solid. For
mildly reducing conditions (E = 0.50 - O.0592pH V)
under which U.,0, is stable (Figure 3a), the solubility
also varies only slightly between the different model
groundwaters (less than an order of magnitude within
the pH range 6 to 11). This is coincidental. The
stable solution species resulting from the dissolution
of U\00 (or U,07) are primarily U(VI) species. The
lower carbonate concentrations in SCSSS and SCSB/2
compensate for the increased stability of highly
charged ionic U(VI) species, e.g., UO3(CO,)j", in the
more saline groundwaters. As shown in Figure 3b, if
GGU and SCSSS had the same lower total carbonate
concentration (10"J mol'dm"3) as the SCSB/2. the
calculated solubility of uranium in the more saline
model groundwaters would be significantly higher (by
as much as two to three orders of magnitude) than in
the GCU.

Actinide Solution Chemistry

Work in this area is presently limited to the study
of neptunium(V) chemistry. A knowledge of the aqueous
solution chemistry of neptuniutn(V) is important in
that it provides a model for the chemistry ot
uranium(V) and plutonium(V). Uranium and plutonium in
the "(V)" oxidation state disproportionate to the (IV)
and (VI) oxidation states much more readily than
neptunium(V). Therefore, the "(V)" oxidation state for
uranium or plutonium is much less accessible experi-
mentally than it is for neptunjum. Also, the predomi-
nant oxidation state of J''Np (flow nuclear fuel
wastes) in solution in surface waters and mildly
oxidising groundwaters would be neptunium(V) (23).
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FIGURE 3: ACTIVITY EFFECTS ON URANIUM SOLUBILITY FOR
MILDLY REDUCING CONDITIONS (E=0.5-0.592pH V, 25°C):
GGW; SCSSS; SCSB/2. (a) CORRECTED FOR
ACTIVITY EiTECTS; (B) AS (A) EXCEPT THE MODEL
GROUNDt/ATERS HAVE BEEN CHANGED SO THE TOTAL CARBONATE
CONCENTRATION IN EACH IS 1Q-J MOL-DM"3.

specific activity is low and its beta radiation weak,
technetium-99 is considered a long-term hazard because
of its long half-life and the large quantities
involved. Moreover, the oxidized form of the element
in water, TcO;, does not interact strongly with
geologic materials.

There are few chemical thermodynamic data for
technetium(IV) species, although studies have indica-
ted that technetium(IV) could be the stable form of
the element in reducing groundwaters (28-30). Thus,
the solubility of technetium(IV) oxides is being
measured to develop a chemical thermodynamic database
for technetium(IV) in order to model technetium
behaviour in reducing groundvaters.

We have measured the solubility of amorphous
technetium dioxide obtained in situ by titration of an
acid technetium(IV) solution with sodium hydroxide. We
have also measured the solubility of crystalline
technetium dioxide obtained by the thermal decomposi-
tion of ammonium pertechnetate. Figure U shows the
results for amorphous TcO2 as a function of pH. The
solubility curve is typical of that of most transition
metal oxides. The solubility is minimum in the pH
range from 6 to 9. Figure 5 shows similar results for
crystalline TcO2. Reliable data could not be obtained
in acidic solutions due to the formation oi a wore
insoluble compound with the acids used. Both forms of
the oxide exhibit a similar behaviour as a function of
pH, i.e., the solubility goes through a minimum of
about 10~a mol'dm"3 at near-neutral pH. More accurate
data for the crystalline material would be required to
assess reliably which of the two oxides is the thermo-
dynamically stable form of technetium(IV).

Dioxoneptunium(V) forms a series of anionic carbo-
nate complexes that enhance neptunium solubility in
neutral and moderately basin, aqueous solutions (24-
27). Calculations suggest that the stability field of
the carbonate complexes may increase significantly at
higher temperatures (23); however, there are
essentially no data available for temperatures above
25~C. In order to determine how the formation
constants of dioxoneptunium(V) carbonate complexes
change with temperature, we have measured the
equilibrium concentrations of 2J1Np in aqueous
carbonate solutions (1*1.0, NaCL04) over hydrated
NaNp02C0j and Na,Np02(C03)2 at 30, 50 and 75°C.

At 30°C over NaNp02C0j, a minimum solubility (~10~
6

mol'dirr3) occurs in a plot of neptunium concentration
versus free carbonate concentration at a free carbo-
nate ion concentration of ~10"3 mol'dnr3. This is
similar to results at 25°C (2b). However, at higher
temperatures the solubility minimum is less pronounc-
ed, and appears to be shifted to higher carbonate
concentrations. It appears that above 25°C some
conversion of hydrated NaNpO,CO3 to hydrated
NajNpOj(COj)_, (and other carbonate-rich solids) occurs
even at total carbonate concentrations considerably
less than 0.1 mol'dm"3 ([Na*] = 1.0 rool•dnr3). This
conversion is sluggish even at 75°C, but seems to
occur more readily as the temperature is raised.
Preliminary results indicate the formation constant
for NpOjCOj increases slightly with increasing
temperature.

Technetjt/fn Chemistry

Technetium-99 is produced in nuclear reactors with a
fission yield of 6%. It is a long-lived beta emitter
i/ith a half-life of 2.1 X 105 years. Although its
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FIGURE U: SOLUBILITY OF FRESHLY PRECIPITATED AMORPHOUS
TECHNETIUM DIOXIDE AS A FUNCTION OF pH AT 25°C.

From our studies, the solubility of freshly precipi-
tated amorphous and crystalline technetium dioxide
appears to be of the order of 10"8 mol-dm"3 near
neutral pH at 25°C. The oxidative solubility of
amorphous technetium dioxide can be estimated by
combining these results vi tH available thermodynamic
data. The standard potential for the cell reaction

TcO; + 3/2H, * h" = TCOJ-2HJO

is -0.743 V, using the data given by Rard (31). Using
this value, the activity of TcO, over solid Tc0j-2H,0
near neutral pH has been calculated as a function of
the redox potential. The results are shown in Figure
6. From Figure 6, oxidative dissolution will be the
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FIGURE 5: SOLUBILITY OF CRYSTALLINE TECHNETIUM DIOXIDE
AS A FUNCTION OF pH AT Z5°C.

dominant mechanism at pH 7 if the redox potential is
above 0.45 V vs SHE at 25»c. Dissolved technetium(IV)
species will predominate over TcO, only at lower
potentials. (It should be noted that these
calculations assume that the amorphous oxide contains
tvo Jater molecules. Thfe results would differ if a
different stoichiometry is used.)
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Heat Capacity Data

The primary objective of Tlijs piogram is to develop
methods for obtaining key Ihermodvnann> data (e.g.,
Gibbs energy, activity coefficient, enthalpy, etc.)
for important fission products, actinides and ground-
vater ions a' waste vault temperatures (~ 100°C). Such
information i.-̂  required to model the equilibrium
behaviour of key radionuclides (I. Cs, Sr, Tc. U, Np)
in groundvaters under vault conditions.

Towards this objective ue have measured the heat
capacity and density of aqueous radionuclide s-iutions
as a function of temperature using a state-of-the-art
flo:< microcalorimeter. An appropriate model was then
applied to the measured data to develop equations for
interpolating and extrapolating data. The temperature,
pressure and composition dependence of the thermo-
dynamic properties was represented by equations which
use theoretical principles to combine the short-range
(virial-type) and the long-range (electrostatic or
Debye-Huckel type) interactions for modelling aqueous
radionuclide solutions. The experimental and theoreti-
cal wort has been completed for three fission products
(Cs. I, Sr) and important groundwater ions (Na*, K*
Mg3*, Ca?*, Cl", and SO?"). Comprehensive equations
have been developed for tabulating a number of
tltetmodynami<- properties (Gitobs energy, enthalpy,
osmotic and activity coefficients, etc.) as a function
of both the temperature and the pressure. This york is
described in detail in recent journal articles (32-
35). Currently, we are commissioning a new facility to
obtain similar thermodynamic properties for
radioactive solutions of technstium and neptunium.

WASTE-ROCK-WATER INTERACTIONS

The sorption of radionuclides on mineral surfaces in
rock fractures, and perhaps their incorporation into
mineral alteration products, provide mechanisms to
retard migration of the radionuclides through rock
fractures. Applied research programs are in place to
measure sorption coefficient; of representative radio-
nuclides on a variety of mineral surfaces, and to
characterize mineral alteration sequences on granite
fracture surfaces. The following underlying research
is being performed in conjunction with these applied
programs.

In addition to empirical measurements of sorption
behaviour, it is desirable to understand the mechanism
of bonding between a sorbed ladicnuclide and a mineral
substrate, and hence gain greater confidence in the
prediction of radionuclide migration.

Determination of the structure of species sorbed on
a mineral surface is a major challenge. Most surface
analytical techniques provide information on elemental
composition, and in some cases oxidation state, but
little or no bonding information. Conversely, spectro-
scopic and diffraction methods that do provide bonding
information are relatively insensitive to processes
localized on surfaces. Fourier-transform infrared
spectroscopy has been used with some success to glean
information on bonding at catalyst surfaces and some
soil minerals (36-38). We are presently evaluating its
use to determine the nature of sorption interactions
of interest. It shows greatest promise for simple
polyatomic sorbates, such as oxyanions, with well-
characterized inftared spectra that are sensitive to
the strength and symmetry of the surface interaction.
For monatomic sorbates, such as Cs', Sr'', or I",
which have no innate infiaied spectrum, information
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might be obtained indirectly, from surface hydroxyl
vibration features (see. for example, Figure 7B) in
the substrate spectrum.

Iron oxide minerals comprise a small fraction of
granite, but they are important in maintaining the
desired reducing conditions, and also are capable of
sorbing both cationic and anionic radionuclides. The
spectroscopic studies are therefore focusing on iron
oxides and related minerals. Magnetite has been shown
(39) to immobilize dissolved technetium by reducing
soluble pertechnetate (TcOj) to an insoluble Tc(IV)
species, which binds to the magnetite surface (Figure
7A). Ferric oxide minerals (e.g., hematite and
goethite) are non-reducing and do not interact with
pertechnetate, although they can sorb more strongly
coordinating anions such as selenite.

FIGURE 7A: INFRARED SPECTRA OF (UPPER) NH,TcO., MIXED
WITH HEMATITE, Fe,0,i (LOWER) MAGNETITE, Fe3O,, AFTER
REACTION WITH NH.TcO.. LOWER FREQUENCY OF THE Tc-0
STRETCHING VIBRATION INDICATES REDUCTION OF
TECHNETIUM, PROBABLY TO A Tc(IV) OXIDE (FROM REF.
(39)).

FIGURE 7B: INFRARED SPECTRA OF BOEHMITE, Y-AIOOH.
MAJOR PEAKS AT 3295 AND 3090 CM"1 ARE DUE TO BULK
HYDROXYLS. THE SHARP ABSORPTION PEAK AT 3671 CM"1

(ALSO SHOWN ENLARGED) AND THE BROAD, WEAK FEATURE
AROUND 3560 CM"' ARISE FROM SURFACE 0-H VIBRATIONS.

Iodine-129 is one of the most problematic radio-
nuclides, since the iodide anion is very soluble, and
does not interact strongly vith any common minerals.
Consequently, current models indicate that it will be
the principal source of radiation dose arising from a
high-level uaste disposal system. Recent experiments
indicate that iodide may in fact be sorbed weakly by
some iron-containing minerals. We are investigating
this in more detail to determine whether this inter-
action may significantly retard iodine migration in
the geosphere. This work will draw from our previous
experience in the evaluation of candidate waste forms
for iodine-129 (40).

Work on waste forms for iodine-129 and carbon-14
required an understanding of alteration processes
involving hydrolysis and the displacement of I" or
CO^~ by other anions present in grounduaters (40,41).
There are close parallels between these reactions and
silicate mineral alteration reactions, which are
largely a combination of hydrolysis and cation
displacement. We are therefore using the methodology
developed for waste-form reactions lo help understand
mineral alteration processes.

Cesium aluminosilicates, including the mineral
pollucite (ideal formula CsAlSi2O6), are among the few
insoYtfole compoimos of cesium. TYie-j axe \UIOMTI \O b«
formed by reaction of cesium-containing solutions with
a variety of aluminosilicate precursors, and have been
proposed as host phases for radioactive cesium. We
have examined their formation and alteration under
hydrothermal conditions, and thereby estimated their
thermodynamic stability limits (42). Results
demonstrate that pollucite is unlikely to be formed in
a waste repository, unless solutions are both alkaline
and contain high concentrations of cesium. Again, the
methods used are generally applicable to mineral
alteration processes, although the experiments are
time consuming.

In another study, we are characterizing mineral
powder surfaces representative of the nuclear fuel-
vaste vault environments. This study is a pre-
requisite for interpreting mineral dissolution and for
formulating predictive models for the adsorption of
radionuclides onto mineral surfaces. For this work, we
established a state-of-the-art sorption microcalori-
w.e.t'at: .̂ŷ teia to Wfiasuce sutcace. areas and heats at
adsorpt ion.

Earlier, we developed a relatively convenient method
for measuring surface areas of pure oxide powders,
which was applied successfully to selected minerals
(kaolinite, palygorskite, and feldspars). The
principle, operating procedures and advantages of our
calorimettic technique are described in detail in a
recent publication (43). We have further developed
this technique to characterize fracture-filling
minerals with particular emphasis on the untreated
minerals with surface areas less the 1 m:*g"-.
Initially, we established a calibration curve using
extensive saturation adsorption experiments on five
alpha-alumina powders covering a wide range of surface
areas (0.1 to 81 m ^ g " 1 ) . We have also measured sur-
face areas for quartz, albite, chlorite and kaolinite
covering a range from 0.11 to 10.2 mJ'g"'. Our results
(0.11, 0.18, 1.2 and 10.2 m'-g'1) are in good agree-
ment with the known BET values (0.15, 0.15, 0.8 and
9.5 m^'g" 1), respectively. We are now extending our
measurements to several fracture-filling minerals
(basalt, calcite, chlorite, gobbro, goethite, granite,
gypsum, kaolinite, hematite, illite, muscovite and
piomon t i t<?).
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COLLOID CHEMISTRY

In a nuclear waste vault located in granitic rock,
colloidal transport of actinides such as uranium could
take place in two ways. Act.inides could be adsorbed
onto ground™ter colloids and be transported in that
maimei. Alternatively, it uctinide dissolution and
reprecipitat ion occurred, stable actinide colloids
could form. Therefore, to determine the possible role
of colloids as transporters of activity from a nuclear
vaste vaulc, it is important to understand the
mechanism of colloid formation and behaviour in
environments that are 3S similar as possible to those
of an underground disposal vault. Thus, the research
done in this program has focussed on the adsorption of
uranium onto iron oxide colloidal particles and on the
formation of uranium colloids by reduction of an
aqueous uranium(VI) solution.

Early in the program, we studied the adsorption of
uranium(VI) onto hematite particles (44-46). The
effects of pH changes, and the effects of bicarbonate
ions and humic acid were studied. These studies lead
us to conclude that the adsorbing species in 'he
absence oC bicarbonate was likely a hydrated cation
such as (UO,),(OH)t. -'hereus, in the presence of
bicarbonate, a hydrar»(! carbonate anion. possibly,
(U0,,)i,C0j(0H)i, was the main adsorbing species. The
effects of humic acid were complex, hut it could both
increase adsorption or decrease it, depending on
conditions.

More recently, adsorption oE uranium(VI) species
onto colloidal magnetite particles was studied both in
the presence and in the absence of bicarbonate. With
bicarbonate present, adsorption was studied in the pH
range of 7 to 9. The initial uranium uptake decreased
as the pH increased, and an anionic hydroxy carbonate
species is likely involved. At the highest pH and at
uranium(VI) concentrations above 70 umol'dnr3, a
precipitate formed on the surface of the magnetite.
This precipitate increased the apparent adsorption
enormously. but, of course, this is not true
adsorption. The precipitate consisted of very thin
plates and contained a great deal of uranium- It did
not form in control experiments where the magnetite
-.-•as not present. A few studies were carried out of
adsorption of uranium(VI) onto the same colloid, but
in the presence of 500 umol'dnr-1 sodium chloride and
in the pH range of 3 to 6. A small initial adsorption
was noted at lower pH values, but this increased
considerably vhen the pH reached 5.7. These adsorption
results are roughly similar to those observed for
adsorption of uranium(VI) onto a hematite colloid when
adsorption is compared on a unit surface area basis.
The largest adsorption corresponds to 2 mg-m"2, so the
amount of actinide that could be transported by this
mechanism is likely small.

nil analysis of the Fe''/Fe*3 ratio in the surface of
the magnetite sol was carried out using photoelectron
ppe"troscopy. The Fe (3p) band was deconvoluted into
H''- and Fe*! components according to the procedure of
Mclntyre and Zetaruk (47). The ratio was 0.08,
suggesting that the surface does contain Fe+2

t but
perhaps not in the full stoichiometric ratio.

The second phase of this work involved studies of
uranium colloid formation by reducing aqueous
uranium(VI) ions with sodium sulfide. Early work
shoved that uranium colloids vere formed above i0°C
(48), and that the colloids were either a mixed
"alency (uranium(IV) + uranium(VI)) oxide or a complex
uranium(IV) hydrated oxide. More recently the

reduction has been studied at temperatures as lov as
10°C (49). At these temperatures the reduction is
slow, yielding a dispersion of black particles. In
some cases, a mixture of black and purple particles is
formed. These particles were characterized by X-ray
diffraction, X-ray photoelectron spectroscopy, scan-
ning electron microscopy, Fourier translorm infrared
spectroscopy, photon correlation spectroscopy and
microelectrophoresis. The black particles were found
to be a mixed-valency uranium oxide, and the uranium
oxide particles that formed at 10°C had a higher
oxygen to uranium ratio on the surface than those
formed at 25°C. There was some evidence that the
purple particles were a reduced form of uranium. At
higher pH or lower uranium concentration, a comple;*
uranium(VI) hydrous oxide can also form.

We have also studied the effects of bicarbonate,
humic acid and sodium chloride on the reduction of
uranium(VI) to uraniup(IV) by aqueous sulfide at 10'
and 2 5 T (50). Bicarbonate tends to stabilize
uranium(VI) towards reduction, but sodium chloride has
little effect. Humid acid enhances the reduction. In
most cases, either a reduced form of uranium or a
mixed uranium oxide is formed. Characterization of the
reaction products by X-ray diffraction, X-iay photo-
electron spectroscopy, Fourier transform infrared
spectroscopy and photon correlation spectroscopy has
been carried out.

These studies have shown that uranium colloids could
possibly form near a vaste vault if certain, perhaps
restrictive, conditions are achieved. The movement of
these colloids would contribute to the mobility of
uranium. Other actinides have not been investigated in
this program but they could potentially behave some-
what similarly.

CONCLUSIONS

The above work highlights elements of an extensive
program of in-depth chemistry research conducted by
Atomic Energy of Canada Limited in support of the
Canadian Nuclear Fuel Waste Management Program.

Electrochemical and spectroscopic studies, and
theoretical thermodynamic calculations are being used
to delineate the chemical conditions over which the
fuel matrix remains integral and dissolves the least
in groundwater. Work to date has shown that chemical
conditions provided by environments such as those
encountered deep in granitic rock foimations, in the
Canadian Shield, favour long-term fuel matrix stabi-
lity with respect to dissolution.

A large component of chemistry res'.^ch is also
dedicated to assessing 'h.erntodyna,,i;.. data, and
measuring unavailable data, in order to determine
radionuclide solubilities and to define chemical forms
required to assess the transport of the radionuclide
through the geosphere. This component of research
shows that, with the exception of iodine, most
radionuclides would not be transported easily through
the geosphere due to low solubility in groundwater
and/or strong Interactions (sorption, chemical
reactions) with the mineral surfaces.

Also, a limited number of studies have been conduct-
ed to define the conditions under which sorption ol
uranium on groundvaier colloids ami true tuaniun.
colloid formation can occur. Such colloids could form
under certain restrictive conditions near the vaste
vault, but they are not expected to be an important
carrier of radionuclides through the geosphere.
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