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RESUME

On va mettre en place les matériaux échangeurs d'ions, clinoptilolite et
argile, sur le sol d'un dépôt de déchets de faible radioactivité devant
âtre construit aux Laboratoires nucléaires de Chalk River. On a étudié la
stabilité de ces matériaux échangeurs d'ions pour divers milieux chimiques
possibles du dépôt. La lixiviation des formes de déchets et du béton ainsi
que l'activité biologique peuvent créer un milieu acide ou basique. On a
établi les mécanismes de dissolution des matériaux échangeurs d'ions pour
les conditions acides et alcalines. Des variations de coefficients de
distribution se sont produites peu de temps après le début du traitement;
elles sont dues à des variations de teneur en contre-ions des matériaux
échangeurs d'ions. On n'a trouvé aucun indice laissant supposer que la
destruction sélective graduelle des points d'échange d'ions est la cause
des coefficients de distribution élevés observés.
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ABSTRACT

Inorganic ion-exchangers, clinoptilolite and clay, will be placed on the
floor of a low-level radioactive waste repository to be built at Chalk
River Nuclear Laboratories. The stability of these ion-exchange materials
for a range of potential chemical environments in the repository was inves-
tigated. The leaching of waste forms and concrete and biological activity
may create acidic or basic environment. The dissolution mechanisms of the
ion exchangers for both acid and alkali conditions were established.
Changes in distribution coefficients occurred shortly after the commence-
ment of the treatment and were due to changes in the counter-ion content of
the ion exchangers. No evidence was found to suggest gradual selective
destruction of exchange sites responsible for the high distribution coeffi-
cients observed.

Waste Management Systems
Atomic Energy of Canada Limited

Chalk River, Ontario, Canada KOJ 1J0

1989 November

AECL-10069



1. INTRODUCTION

Atomic Energy of Canada Limited (AECL) will build a low-level radioactive
waste repository at its Chalk River Nuclear Laboratories. The Intrusion-
Resistant Underground Structure (IRUS) will hou^e low-level waste from
AECL's facilities, from isotope producers, and the nation's universities
and hospitals. The facility will be a near-surface, belowground structure
placed above the water table in a stable sand dune. It will have rein-
forced concrete walls and roof, and an open bottom, the latter to facili-
tate drainage. A schematic diagram of the closed repository is presented
in Figure 1.
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FIGURE 1: Schematic Diagram of the IRUS Repository after Closure

There will be a variety of engineered barriers put in place to restrict water
and radionuclide migration and reduce the probability of intrusion. The
focus of this paper will be on the performance of granular buffer materials
to be placed on the floor of the repository. The migration of some of the
radionuclides, such as 60Co, 90Sr, and 1 3 7Cs, can be effectively retarded by
ion-exchange media. The performance and stability of ion-exchange media,
however, is dependent on both the concentration of dissolved radionuclides
and the water chemistry. There will be two buffer layers, each approximately
25 cm thick. The top layer will be a 90/10 vt% mixture of local sand and
clinoptilolite, the bottom layer will be 90/10 vt% sand/clay mixture. The
clay is a local Dochart clay consisting of rock flour, chlorite, smectite and
illite.

The objective of this program was to explore the long-term chemical stability
of the active ingredients of the two buffer materials: Dochart clay and clin-
optilolite. In the repository the buffer materials are expected to be sub-
jected to several chemical changes:
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i) Both materials are removed from a different chemical environment,
and thus their crystal structure is not in equilibrium with the
surrounding aqueous environment. Such disequilibrium is the driving
force for recyrstallization. Recrystallization is, however, a slow
process taking place on a geologic time scale, and thus is not
important for the fow-hundred-year time frame of the repository.

ii) In an acidic or basic environment both buffer materials will dis-
solve.

iii) Contact with pore water will result in ion exchange and a change in
the counter-ion composition. The latter can produce major changes
in the adsorption selectivity of radionuclides.

Leachate from concrete and deteriorated waste packages will dominate the
pore-water chemistry in the repository. The potential water chemistry
conditions are broad, ranging from high ionic strength, low pH conditions
generated from acidic wastes and the anaerobic degradation of cellulosic
materials, to high pH conditions from leaching of waste forms and concrete.
Ve investigated the effect of extreme pH environments on two critical para-
meters: the dissolution characteristics of buffer materials and the adsorp-
tion selectivity of radionuclides, as expressed by the distribution coeffi-
cient (Kd). To accelerate the dissolution process, the pH range was
extended beyond the plausible extremes contemplated in IRUS. Cation con-
centration in the treatment solution was monitored to determine the mechan-
ism of the dissolution process and thus gain more confidence in extrapolat-
ing the dissolution to long time periods.

2. EXPERIMENTAL

The buffer materials include:

i) Clinoptilolite was obtained from Tenneco minerals, product TSM 140
with a mesh size of -30 +70.

ii) Dochart clay is a local deposit consisting of rock flour and about
15% clay.

iii) A clay component with particle diameter <2 fim separated by sediment-
ation from Dochart clay. Since the ion-exchange properties of
Dochart clay are dominated by the clay component, this clay-rich
fraction was considered a good material to monitor changes in ion-
exchange properties. All three of the above materials were
subjected to the same treatment protocol.

Treatment Solutions

The buffer materials were subjected to:

i) Acidic solutions were pH 2, 3, 4 acetic acid. Acetic acid was
selected, because it is a representative product of anaerobic degra-
dation of cellulose.



ii) Basic solutions were pH 11, 12 and 13 KOH and pH 11, 12 and 12.4
(saturated) Ca(0H)2. Both bases are components of cement leachate.
Potassium-exchanged clay and clinoptilolite will have the lowest
distribution coefficients for most radionuclides due to the high
selectivity of inorganic ion-exchangers for potassium.

Procedures

The materials were first exposed to a pretreatment procedure. The buffer
material contains both exchangeable and structural cations. Since we were
primarily interested in structural alterations, the buffer materials were
brought to ion-exchange equilibria with the treatment solution by contact-
ing the two phases for at least one week. The pretreated materials were
filtered, dried and saved.

The buffer materials were then subjected to the following treatment: to
1.67 g of pretreated buffer, 150 mL of the appropriate treatment solution
was added. The pH of the solution was maintained by periodic reagent addi-
tion. Following up to 130 days of treatment, the solutions were filtered
through a 0.45 urn filter. The cake was dried and subsequently used in
distribution coefficient determinations. The cation concentration in the
filtrate was analyzed with an Inductively Coupled Plasma (ICP) spec-
trometer. For the distribution coefficient (Kd) determinations, polyethy-
lene test tubes were immersed in 50 vt% HN03 for 10 minutes, and rinsed
three times with demineralized water. A 0.1 g sample of treated buffer and
0.9 g of dry sand were added to the test tubes. Care was taken to ensure
that distribution coefficients were compared at the same pH, because the
surface charge on most clays changes with the hydrogen-ion concentration.1

The samples were preequilibrated with the solution used in the Ka determin-
ation (but with no radionuclide content). A 7.5 mL portion of acetate
solution, 4x10"4 molar in Ca++ and 2x10"4 molar in K+ at pH 7, was used in
both conditioning and Kd determinations. After 24 hours of contacting, the
pH of the above solution was measured, and if the pH was outside the 7 ±0.5
range the solution was replaced or the pH was adjusted. Difficulties in pH
adjustment were only experienced with high-concentration calcium hydroxide
treated samples. The conditioning solution was decanted and a 15 mL
portion of the K/Ca acetate solution containing the radionuclides was
added. The test tube was tumbled for 48 hours. Contents of the test tube
were allowed to settle and a sufficient sample was transferred to a 0.2 nm
pore diameter Centrex micro-filtration tube to produce a 5 mL volume of
filtrate. Following centrifuging, the radionuclide content of the filtrate
was determined by gamma-spectrometry.

3. RESULTS AND DISCUSSION

Two types of results were obtained from this experimental program: cation
concentrations in the leach solution and distribution coefficients for key
exchangeable radionuclides. Leach solution compositions were used to
postulate dissolution mechanisms that may in turn lead to the calculation
of maximum cation concentrations in solution.

The postulated mechanisms are different for the dissolution of i) clay in
acid, ii) clinoptilolite in acid, and iii) clay and clinoptilolite in base.
The mechanisms are discussed in this section.



Acid Dissolution of Clay

To elucidate the dissolution mechanism for clay, the two-step mechanism
developed by Shainberg et al.2 for montmorillonite was tested. The first
reaction is the rapid exchange between the adsorbed cations (M-clay) and H+

in solution producing H-clay and the cation M+ in solution:

ki
M-clay + H+ .. 1 H-clay + M+ (1)

The second reaction is a slow one in which the action of the adsorbed
hydrogen ion releases a lattice cation M, into the exchange complex of the
clay resulting in the transformation of the H-clay to Al, Ca, Mg and Fe
clay.

3
H~clay + MOH > M-clay + H20 (2)

where MOH is bound oxide/hydroxide of the general formula Mx0y(0H)z.
Assuming that the number of exchange sites on the clay surface is constant

[H-clay] + [M-clay] = constant = K (3)

Since only a small fraction of the clay is dissolved during the experiment,
the concentration of the bound species, MOH, is constant. Also, the pH of
the solutions was maintained at a constant value, thus [H+] is also a con-
stant. The only variables are then M-clay, H-clay and M+. In deriving a
relationship between dissolved total cation concentration and contact time,
we assumed that equations 1 and 2 express elementary reactions and we also
applied the steady-state approximation, i.e., the concentration of the
transient species H-clay is constant in time. The combination of equations
for the rate of change of [M+], the steady-state assumption and mass
balance (equation 3) were used to derive the following expression:

t = b [M+]2 + 2 a b [M+] (4)

where:

a = (kx [H
+] + k2 [M0H])/k2, and

b = k2/(2 kx k3 K [H
+] [MOH])

The total cation concentration in the leachate [M+] was plotted as a func-
tion of time and a polynomial second order in cation concentration and with
zero coefficient was calculated. Results for separated clay at pH 2 are
presented in Figure 2. Note that "b", the coefficient for the second order
term in equation A, is inversely proportional to the hydrogen-ion concen-
tration. Coefficients obtained at different pH values were compared to
validate the proposed mechanism. The best results were obtained with
separated clay, the material with the highest clay content. Coefficients
and their standard error of estimate are presented in Table 1.
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TABLE 1: REGRESSION FIT TO CLAY DISSOLUTION MECHANISM VALUES OF REGRESSION
COEFFICIENT FOR SEPARATED CLAY

pH

2

j

4

second
coefficent

0.29

2.86

30.6

order
std

0

0

11

error

.02

.34

.7

first
coefficient

- 0.32

- 2.5

-13.8

order
std

0

1

15

error

.2

.4

.3

70

60 H

50

30 •

20 •

10

Regression
Equation: Time = A (cone)2 + B (cone)

Time = A (concf

2 4 6 8 10
Total cation concentration (micro moles / tnL)

12

FIGURE 2: Dissolution Kinetics of Separated Dochart Clay

The approximately ten-fold increase in the value of the second-order coeffi-
cient with each unit increase in pH is according to expectation and is a
significant factor in generating some confidence in the mechanism. Negative
values obtained for the first-order coefficient (2ab) are unrealistic. How-
ever, the standard error of estimate of the first-order coefficient is
comparable to the value of the coefficient. As illustrated in Figure 2, the
regression fit to the data with the removal of the first-order term had a
minor effect on the goodness of fit. Thus the first-order term in the
regression equation is of low significance and is subject to a large error.

Acid Dissolution of Clinoptilolite

Cation concentrations in clinoptilolite solutions approached equilibrium
values. Equilibrium values were calculated and provide an upper bound to
cation concentrations due to clinoptilolite dissolution. Work is continuing
on the development of a mechanism for this dissolution process.
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Base Dissolution of Clay and Clinoptilolite

Cation dissolution in basic media generally proceeded with a transient high-
dissolution rate that lasted the first few days, followed by a constant dis-
solution rate. Note Figure 3 for the dissolution of aluminum from Dochart
clay by KOH at pH 11, 12 and 13. Obviously, constant dissolution rates can
only last during the early stages of the dissolution process, and they must
decline as the base concentration is exhausted by silicate and aluminate
formation. The dissolution experiments were not conducted long enough to
observe such an anticipated decline.
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Distribution Coefficients

The Kd values were
following equation:

calculated from the equilibrium concentration by the

concentration of radionuclides in solids

concentration of radionuclides in solution

The distribution coefficients were determined
acid, base treated and untreated materials.

for 1 3 7Cs, 85Sr, and 60Co with

Figure 4 illustrates 137Cs distribution coefficients as a function of treat-
ment time with pH as a parameter for KOH-treated clinoptilolite. Since clin-
optilolite has a high selectivity for K+ ions, the Kd for most radionuclides
are expected to decline with an increase in exchanged potassium content. In
the pH 11 solution, the K+ content of the leach solution is only about 202 of
the ion-exchange capacity of the clinoptilolite. With increased treatment
time, more KOH was added to the leach solution to adjust solution pH result-
ing in increased potassium content of the clinoptilolite, and hence the
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gradual decrease in Kd seen in Figure 4. In the pH 12 and pH 13 solutions,
there was an excess of K+ ions over ion-exchange capacity, and thus near
quantitative conversion of ion-exchange sites to K+ counter ion is ensured.
The small difference between pH 12 and pH 13 Kd values, and the constancy of
pH 13 Kd values with time, indicates that even in the most aggressive
environment, the selective destruction of ion-exchange sites responsible for
high K^s does not take place. Very similar results were obtained for 85Sr
Kds obtained in the same experiments. However, as illustrated in Figure 5,
the 60Co Kd values increased with an increase in treatment pH. While care
was taken to neutralize the buffer materials following base treatment but
before Kd determination, it seems that adsorbed base was still present in the
less accessible pores of the clinoptilolite. Basic environment results in
the precipitation of cobalt hydroxide and hence the observed increase of Kds
with increased pH.
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Values of Kds as a function of pH are presented in Figure
lite and in Figure 7 for Dochart clay. Note the order of
ence in 137Cs Kd between neutral and acid-treated Dochart
The changes in Kds took place during the first few days
with no further decline following the initial drop. Thus,
dence outlined above,, we may conclude that the observed dis
cient changes resulting from acid and base treatment are
counter ion and solution chemistry effects and not due to
of the ion-exchange media.
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clay in Figure 7.
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Cesium

10

. 10

.10

. 10

PH
Acid or KOH treated

12

Ca(0H)2 treated

FIGURE 6: Distribution Coefficients for Clinoptilolite for the
full pH Range.

10

Cesium

6 8
PH

10 12

Acid or KOH treated Ca(0H)2 treated

FIGURE 7: Distribution Coefficients for Dochart Clay
for the Full pH Range.



_ g _

4. APPLICATION OF RESULTS TO REPOSITORY SAFETY ANALYSIS

Of the radionuclides tested, strontium is the critical one due to the combin-
ation of longer half life (compared to cobalt) and lower Kd. Comparison of
strontium Kds in Figures 6 and 7 indicates much higher Kds for clinoptilolite
than for Dochart clay. Thus the primary barrier is clinoptilolite. The
major function of the sand/clay layer is to filter the water, to reduce the
colloid and pseudo-colloid transport of radionuclides. The acid dissolution
of clinoptilolite is limited by solubility, and the limits were established
by this program. The approach to equilibrium is much slower for base disso-
lution of clinoptilolite and thus the conservative approach must be used,
where all of the base is available for dissolution. Calculations indicate
that even in a worst-case scenario, less than 20% of the clinoptilolite would
be dissolved, distribution coefficients generated in this program will be
included in the potential range to be used in the safety analysis of the
repository.
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