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FOREWORD

The ACS Symrostum Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.
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PREFACE

FOR A COMPLEX TECHNOLOGY to reach a productive maturity, the dispar-
ate scientific disciplines underlying that technology must be gathered into a
coherent whole. It is difficult to imagine a technology for which this is better
exemplified than the geological disposal of radioactive wastes. The underly-
ing scientific areas include surface chemistry (sorption-desorption, dissolu-
tion, ion exchange, corrosion), solution chemistry (hydrolysis, complexation,
oxidation-reduction, precipitation), colloid chemistry, ceramics, metallurgy,
hydrology, rock mechanics, and geology. These and other fields of study
must be synthesized into a useful, practical whole through modelling and
rational thought. Finally, the rationalized body of information and conclu-
sions drawn must be substantiated by tests performed in the actual waste
disposal environment.

This volume makes an important contribution to the information
needed for disposal of wastes in geological media, demonstrating the
advanced state of knowledge in many of the above fields of research. It
represents a major part of what must be known before high-level radioactive
waste disposal may become a reality.

Governmental agencies in the United States and other countries have
sponsored a large amount of research on the behavior of radioactive wastes
in various environmental settings. The overall objective of this research has
been to protect the health and safety of the public by assessing the potential
hazard of radionuclides in disposed wastes over periods of time when these
radionuclides are significantly active. Making such an assessment requires an
understanding of radionuclide distribution and inventory in or near the
disposal site, and of the transport processes (chemical, physical, and biotic)
that control the movement of radionuclides. The geochemistry of radionu-
clides in disposal environments is clearly one of the most important aspects
of safety assessment because radionuclide release from the disposal site is
controlled by complex chemical processes. The goal of this volume is to
provide the reader with a single source of the most recent and significant
findings of research on the geochemical behavior of disposed radioactive
wastes.

Radioactive wastes of concern include wastes that result from operation
of the nuclear fuel cycle (mining, fuel fabrication, reactor operation, spent
fuel reprocessing, and waste storage), from nuclear weapons testing, and
from medical and research activities. In recent years, the emphasis has been
on predicting the behavior of disposed high-level wastes in deep geologic
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repositories. The many chapters on high-level waste reflect this emphasis.
However, the chemical behavior of the individual radionuclides described
will apply to many types of waste in geologic environments.

The chapters of this volume are organized into sections that cover the
chemical aspects that are important to understanding the behavior of dis-
posed radioactive wastes. These aspects include radionuclide sorption and
desorption, solubility of radionuclide compounds, chemical species of
radionuclides in natural waters, hydrothermal geochemical reactions, mea-
surements of radionuclide migration, solid state chemistry of wastes, and
waste-form leaching behavior. The information in each of these sections is
necessary to predict the transport of radionuclides from wastes via natural
waters and thus to predict the safety of the disposed waste.

Radionuclide transport in natural waters is strongly dependent on
sorption, desorption, dissolution, and precipitation processes. The first two
sections discuss laboratory investigations of these processes. Descriptions of
sorption and desorption behavior of important radionuclides under a wide
range of environmental conditions are presented in the first section. Among
the sorbents studied are basalt interbed solids, granites, clays, sediments,
hydrous oxides, and pure minerals. Effects of redox conditions, groundwater
composition and pH on sorption reactions are described.

Solubility constraints define the maximum concentrations of radionu-
clides at the point of release from the waste. In the second section,
radionuclide solubilities in natural waters are reported as measured values
and estimated values from thermodynamic data. In addition, information is
given concerning the chemical species of radionuclides that could be present
in natural waters.

If the heat generated from the waste by radioactive decay is great
enough (as in the case of high-level waste disposed of in deep geologic
repositories), hydrothermal reactions will occur between the groundwater,
host rocks, and waste. The resulting alteration of these solids and ground-
waters will affect the behavior of radionuclides in these systems. In the third
section, the effects of these hydrothermal reactions are described.

Field measurements of radionuclide migration can be used to help
substantiate laboratory measurements of sorption, solubility, and identifica-
tion of important chemical species. The fourth section describes three field
investigations that provide information on the effects of organics, colloids
and environmental conditions (Eh, pH, and temperature) on radionuclide
transport. The chemical species of radionuclides that are mobile under
specific field conditions are identified.

Solid state chemistry of potentially important waste forms is covered in
the fifth section. Solid state reactions can determine the oxidation state and
physical and chemical stability of radionuclides in various host waste forms.
This information can be used to evaluate the utility of crystalline materials as
potential hosts for radioactive wastes.

viii
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Groundwater leaching of radionuclides from waste forms is the first step
in radionuclide transport from a disposal site. The release rate of radionu-
clides from the waste form is dependent on the waste form’s leaching
behavior. The sixth section describes the factors that affect the leachin;s
behavior of several potential waste forms and radionuclides.

Finally, Mike McCormack, former Washington state Congressman,
discusses the Federal legislation affecting nuclear waste disposal in the
United States and the impact of several new laws passed by the Congress—
the Nuclear Waste Policy Act of 1982 and the Low-Level Radioactive Waste
Policy Act of 1980.

This volume covers ongoing research and, thus, leaves many questions
unanswered and many problems unsolved. The geochemistry of disposed
radioactive wastes involves many complex issues that will require years of
additional research to resolve. High-priority problems include: integration of
geochemical data with computer models of chemical interaction and trans-
port, definition of environmental conditions that affect the behavior of
radionuclides at specific disposal sites, evaluation of complex formation of
dissolved radionuclides with inorganic and organic complexants, and deter-
mination of radionuclide solubilities in natural waters.

The editors would like to express their deep appreciation and admira-
tion to Teresa Bess of Rockwell Hanford Operations whose editorial assist-
ance greatly speeded the publication of this volume.

G. SCOTT BARNEY
Rockwell Hanford Operations
Richland, Washington

JAMES D. NAVRATIL
Rockwell International Rocky Flats Plant
Golden, Colorado

WALLACE W, SCHULZ
Rockwell Hanford Operations
Richland, Washington
RAYMOND G. WYMER

Oak Ridge National Laboratory
Oak Ridge, Tennessee

December 1983
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Radionuclide Sorption and Desorption Reactions
with Interbed Materials from the Columbia River
Basalt Formation

G. S. BARNEY
Rockwell International, Energy Systems Group, Richland, WA 99352

The sorption and desorption behavior of radionuclides in
groundwater-interbed systems of the Columbia River
basalt formation was investigated. = Radionuclides
chosen for study were those of concern in assessing the
safety of a high-level radioactive waste repository in
basalt (isotopes of technetium, neptunium, plutonium,
uranium, americium, cesium, strontium, and radium).
Sandstone and tuff materials from selected interbed
layers between basalt flows were used in these
experiments. Effects of groundwater composition and
redox potential (Eh) on radionuclide sorption and
desorption on the geologic solids were studied. Sodium,
potassium, and calcium in the groundwater decrease
sorption of cesium, strontium, and radium by ion
exchange reactions. Groundwater Eh strongly affects
sorption of technetium, neptunium, plutonium, and
uranium since chemical species of these elements
containing the lower oxidation states are more
extensively sorbed by chemisorption than those
containing higher oxidation states. Effects of
radionuclide complexation by groundwater anions on
sorption were not observed except for neptunium
carbonate (or bicarbonate) complexes and plutonium
sufate complexes.

Sorption and desorption isotherms were obtained
for sorption of radionuclides under oxidizing and
reducing conditions. The Freundlich equation
accurately describes most of these isotherms. Most
radionuclides are apparently irreversibly sorbed on each
of the geologic solids since the slopes of sorption and
desorption isotherms for a given radionuclide are
different. This hysteresis effect is very large and will
cause a significant delay in radionuclide transport. It,
therefore, should be included in modeling radionuclide
transport to accurately assess the isolation capabilities
of a repository in basalt.

0097-6156/ 84/ 0246-0003%$06.00/0
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The groundwater transport of radionuclides through water-
bearing interbed layers in the Columbia River basalt formation
will be controlled by reactions of the radionuclides with
groundwater and interbed solids. These interactions must be
understood to predict possible migration of radionuclides from a
proposed radioactive waste repository in basalt. Precipitation and
sorption on interbed solids are the principle reactions that retard
radionuclide movement in the interbeds. The objective of the work
described herein was to determine the sorption and desorption
behavior of radionuclides important to safety assessment of a high-
level radioactive waste repository in Columbia River basalt. The
effects of groundwater composition, redox potential, radionuclide
concentration, and temperature on these reactions were
determined.

Geochemical models of sorption and desorption must be
developed from this work and incorporated into transport models
that predict radionuclide migration. A frequently used, simple
sorption (or desorption) modeﬂs the empirical distribution coeffi-
cient, K4. This quantity is simply the equilibrium concentration of
sorbed radionuclide divided by the equilibrium concentration of
radionuclide in solution. Values of K4 can be used to calculate a
retardation factor, R, which is used in solute transport equations
to predict radionuclide migration in groundwater.  The
calculations assume instantaneous sorption, a linear sorption
isotherm, and single-valued adsorption-desorption isotherms.
These assumptions have been shown to be erroneous for solute
sorption in several groundwater-soil systems (1-2). A more
accurate description of radionuclide sorption is an isothermal
equation such as the Freundlich equation:

§ = KC" (1)
where

S = the equilibrium concentration of sorbed radionuclide in
moles/g

C = the equilibrium concentration of radionuclide in solution
in moles/L

K and N = empirical constants.

This equation has been successfully applied to many sorption and
desorption reactions of dissolved metals and organic compounds.
In the case of irreversible sorption (hysteresis), sorption and
desorption isotherms are not identical. However, both sorption
and desorption Freundlich isotherm equations can be substituted
into the transport equation(2):

DIC o (2)
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where

D = dispersion coefficient

v = average pore water velocity

p = bulk density

¢ = saturated water content

x = distance in the direction of flow
t = time.

This equation can be used to describe one-dimensional transport of
radionuclides through porous media (e.g. radionuclide elution
curves from laboratory columns packed with interbed solids)
assuming instantaneous sorption and desorption. Van Genuchten
and coworkers have demonstrated the importance of using both
sorption and desorption isotherms in this equation when
hysteresis is significant. Isotherm data for sorption and desorption
reactions of radionuclides with interbed materials are presented in
this paper which can be used to predict radionuclide transport.

Experimental

Materials. The groundwater compositions of waters in the major
water bearing zones of the Columbia River basalts at the Hanford
Site have been determined (3). There are two distinct
groundwaters present in the basalts: a sodium-bicarbonate
buffered groundwater (pH 8 at 25°C) characteristic of the Saddle
Mountains and Upper Wanapum basalts and a sodium-silicic acid
buffered groundwater (pH 10 at 25°C) characteristic of the Lower
Wanapum and Grande Ronde Basalts. Synthetic groundwater
compositions have been established that simulate these two
groundwater types. The compositions of the synthetic
groundwaters used in the sorption experiments are given in
TableI. The GR-1A groundwater simulates the groundwater
composition of the Mabton Interbed in the Saddle Mountain
Basalts. The GR-2 and GR-2A groundwaters simulate the
dominant groundwaters in the Lower Wanapum and Grande
Basalts. Synthetic groundwaters are used rather than actual
groundwaters in order to ensure the availability of a stable,
compositionally consistent groundwater for the sorption
experiments.

Three interbed materials from the Columbia River Basalt
Group have been investigated in the radionuclide sorption
experiments. Interbeds are porous sedimentary layers located
between many of the basalt flows in the Columbia River Basalt
Group and comprise a potential preferential pathway for
groundwater and, therefore, radionuclide transport.

Two interbed samples, a sandstone and a tuff, were taken
from as outcrop of the Rattlesnake Ridge Interbed above the



Publication Date: March 8, 1984 | doi: 10.1021/bk-1984-0246.ch001
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Table I. Synthetic Groundwater Compositions

Concentration (mg/L)
Constituents

GR-1A GR-2 GR-2A
Na* 107 225 246
K* 11.2 2.5 2.5
Ca?* 2.0 1.06 1.01
Mg?* 0.4 0.07 0
Crr 50* 131 152
Co,*> 0 59 28.8
HCO," 215 75 36.6
F- 1.3 29 37
SOz 2.4 72 108
Sio, 30 108 82
pH 8.5 10.0 10.0
Ionic strength - 0.014 -

*In experiments having reducing conditions, C1
content increased to 479 mg/L due to addition of HCI to
neutralize N,H, to obtain pH = 8.5.

Pomona basalt flow. A third interbed sample was taken from
drilling cores of the Mabton Interbed, located between the Saddle
Mountains and Wanapum Basalts. The Mabton Interbed is the
first continuous, major interbed above the candidate repository
horizons in the Grande Ronde Basalts. Mineralogical
characteristics of the interbed materials are summarized in
Table II. A more complete discussion of the characteristics of the
interbed materials may be found in Reference (4).

Procedures. Batch equilibrations of interbed solids (Mabton
Interbed, Rattlesnake Ridge sandstone, or tuff), tracers, and
groundwaters were used to measure radionuclide distributions
between solid and liquid phases. Triplicate measurements were
made for each combination of temperature, redox condition, tracer
concentration, tracer type, groundwater composition, and interbed
sample. Constant temperatures were maintained by placing the
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mixtures in environmental shaker air baths (New Brunswick
Scientific Company) set at 23°C, 60°C, or 85°C. For experiments
under reducing conditions, 0.05M hydrazine was added to the
groundwater to establish an Eh of -0.8 V at the pH values used.
This Eh value was calculated from the standard potential for
hydrazine oxidation in basic solution (+1.16 V) assuming a pH of
885112112 pressure of 1 atmosphere and a hydrazine concentration of

Details of the procedure are as follows: 2.00 + 0.02g of
disaggregated interbed material was added to a 1-oz polyethylene
bottle. These interbed materials were soft and easily broken up
using gentle action with mortar and pestle. Twenty milliliters of
unspiked groundwater (reducing or oxidizing, as appropriate) were
added to the bottle and the mixture was gently shaken overnight
to preequilibrate the system. The bottle was centrifuged and the
supernate discarded. This preequilibration was repeated and the
bottle + interbed + solution weighed to estimate the volume of
residual solution. Spiked groundwater solutions were prepared by
dissolving a measured amount of solid tracer (obtained by
evaporating stock tracer solution) in the appropriate groundwater
solution. The spiked solution was filtered through a 0.3-um
Millipore filter to remove any undissolved solids and analyzed.
The spiked solution was added to the bottle from the
preequilibration step, and the bottle was capped and shaken
gently for 14 days at the appropriate temperature. The contents
were then filtered through a 30 Rngstrom icon 50A ultra-filter.
The filtrates were analyzed for tracer concentrations using
standard counting techniques.

For desorption measurements, the above procedure was used
to load tracer radionuclides onto the interbed solid sample. The
solution-solid mixture was centrifuged and the supernate carefully
removed to avoid removing any solids with it; it was then filtered
through a 30 Angstrom Amicon 50A filter before analysis. Fresh
groundwater solution was added to the separated solid and this
mixture was equilibrated for 1 week at the same temperature as
during the loading of the tracer. The solution was separated as
before and the concentration of desorbed tracer determined. The
tracer-loaded solid was equilibrated with fresh groundwater 10 to
13 consecutive times. Each time the resulting solution was
analyzed for tracer concentration.

Changes in groundwater composition (major ion concentra-
tions) during equilibration of the synthetic groundwaters with
interbed solids were measured as follows. Either 20 or 40 g of
interbed solids were added to 16-0z polyethylene bottles along with
400 mL of reducing or oxidizing groundwater. The bottles were
placed in the environmental shakers set at either 23°C or 60°C.
Each bottle was sampled weekly by turning off the shaker,
allowing the solids to settle for several hours, and then decanting
approximately 20 mL into 30 Angstrom Amicon 50A ultra-filter
cones for filtration. The filtrates were analyzed for cations by an
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inductively coupled plasma spectrometer (ICP; Applied Research
Laboratory) and anions by anion chromatography (Dionex, Inc.). It
was found that groundwater-interbed solid reactions were fast,
reaching steady-state concentrations after less than 1 week.
Concentrations of major cations increased over this time; however,
interbed solids control the groundwater composition to such a
great extent that initial groundwater composition is not very
significant.

Results and Discussion

Sorption and Desorption Isotherms. To model radionuclide
transport in groundwater through geologic media, it is necessary to
mathematically describe sorption and desorption in terms of
isotherms. The Freundlich isotherm was found to accurately
describe sorption and desorption of all radionuclides studied in the
interbed-groundwater systems, except when precipitation of the
radionuclide occurred.

In addition to describing sorption and desorption, isotherms
can be used to estimate the solubilities of radionuclides in the
groundwater-radionuclide-geologic solid system. For radio-
nuclides that form slightly soluble compounds (e.g.,SrCO,,
PuO, H,0) in these systems, isotherms can define the approximate
concentrations above which precipitation, rather than sorption,
dominates removal from solution.

Sorption of cesium, strontium, selenium, technetium, radium,
uranium, neptunium, and americium on the standard Rattlesnake
Ridge sandstone interbed material was measured using the GR-2
groundwater composition. Reducing conditions (0.05M N,H,) were
used for selenium, technetium, uranium, and neptunium.
Freundlich plots for cesium and uranium at 23°C, 60°C, and 85°C
are shown as examples in Figure 1. Precipitation was observed in
the cases of selenium and technetium at 23°C. Selenium begins to
precipitate at 10°M and technetium precipitates at concentrations
above 10"M. At the higher temperatures, technetium solubility
increases and selenium sorption increases so that precipitation is
not observed.

Freundlich constants and ranges of Kgq values for
radionuclide sorption on the Rattlesnake Ridge sandstone are
given in TableIII. The constants K and N were calculated using
linear regression. Linear sorption isotherms (N =1.0) are
observed only for strontium, selenium, and radium,

Sorption isotherms were also measured for sorption of
selenium, technetium, tin, radium, uranium, neptunium,
plutonium, and americium on the reference Mabton Interbed
solids. The GR-1A groundwater composition was used in these
experiments. Two temperatures (23°C + 2°C and 60°C + 1°C) were
used, and both oxidizing and reducing conditions were used for
each radionuclide.
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Figure 1. Cesium and Uranium Isotherms for Sorption on
Sandstone at 23(0), 60(0), and 85°C(A). Oxidizing Conditions Were
Used for Cesium and Reducing Conditions for Uranium.
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Tin and americium were so extensively sorbed under all conditions
that isotherm data could not be obtained. These elements are not
significantly mobile in the Mabton Interbed aquifer. Values of
Freundlich constants for technetium, radium, uranium, neptunium,
and Elutonium are given in Table IV. The Freundlich equation did not
fit the selenium sorption data very well probably because of slow
sorption kinetics or precipitation. Precipitation was also observed for
technetium at 23°C for concentrations above 10"M. This is about the
same solubility observed for technetium in the sandstone isotherm
measurements. Linear isotherms were observed only in the case of
radium sorption. In general, sorption on the Mabton Interbed was
greater than on the Rattlesnake Ridge sandstone. This is probably
due to the greater clay content of the Mabton standard.

The Freundlich equation requires the assumption that sorption
reactions are reversible. However, several studies (7) have recently
shown that K and N depend on sorption direction, i.e., whether
sorption or desorption occurred. In each case, N was less and K was
greater for desorption than sorption.

This chemical hysteresis will, of course, affect radionuclide
transport. For example, if hysteresis occurs during a column
e;:geriment in which a pulse of tracer is added to the influent, the
effluent curve will show heavy tailing and a reduction in peak
concentration. Ignoring hysteresis effects could cause serious errors
in predicting radionuclide movement.

Desorption isotherms for selenium, technetium, neptunium,
uranium, and radium have been measured for the Mabton Interbed
materials under both oxidizing and reducing conditions at 60°C using
the Grande Ronde groundwater composition, GR-1A. The reason for
measuring desorption isotherms is to determine whether or not the
sorption reactions are reversible (i.e., exhibit hysteresis). An example
of the results of desorption isotherm measurements is shown in
Figure 2. These curves are Freundlich plots of the sorption and
desorption data for neptunium at 60°C under oxidizing and reducing
conditions. The two desorption curves were obtained using different
tracer loadings (initial S values). Both plots show hysteresis since the
slopes of the desorption curves are less than the sorption curves.
Hysteresis is a much greater effect for neptunium sorption under
reducing conditions, however. The ratio of Freundlich exponents
Ng/Ng, where N5 and N are the measured exponents for sorption and
desorption, respectively, is a measure of the magnitude of hysteresis.
Larger values for Ng/N4 indicate greater hysteresis effects. For
neptunium sorption under oxidizing conditions Ng/Ngq = 2 and for
reducing conditions Ng¢/Nq = 435.

The sorption and desorption behavior of uranium is similar to
neptunium. Figure3 shows that hysteresis is more important for
uranium sorption under reducing conditions than under oxidizing
conditions. Values of Ng/Ng are 10and approximately 200 for
oxidizing and reducing conditions, respectively.
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Figure 2. Sorption and Desorption Isotherms for Neptunium
Sorption on Mabton Interbed Solids. (a) Oxidizing Conditions. (b)
Reducing Conditions.
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Results for selenium and technetium under oxidizing
conditions show that these reactions are fully reversible. However,
under reducing conditions, sorption reactions of these
radionuclides show significant hysteresis (Figure 4). Sorption of
radium also shows a large hysteresis effect. Table V gives a
summary of Ng/N4 values for each radionuclide sorption-desorption
reaction with Mabton Interbed material at 60°C. These data show
that the reduced species of selenium, technetium, neptunium, and
uranium are more irreversibly sorbed on Mabton Interbed
material than the oxidized species. The reducing environment
expected in the interbed layers found in basalt formations at depth
should significantly decrease the mobility of these radionuclides
and thus provides an additional safety factor for waste storage.

Effects of Groundwater Composition and Eh. Radionuclide
sorption on geologic solids is dependent on the chemical
composition of the groundwater solution and the redox potential
(Eh) of the solid-groundwater system. Aquifers at various depths
in the Columbia Plateau formation have.been observed to have
significant differences in composition. To accurately model
radionuclide migration, it is necessary to understand the effects of
chemical components and Eh on sorption and solubility of key
radionuclides. An additional benefit of this work is to better
understand the mechanisms of sorption and desorption of the
radionuclides.

The objectives of this work were to determine effects of the
major groundwater components found in the Grande Ronde
formation (Na*, Ca?*, K*, Mg?*, CI", F-, CO,%", HCO,", and SO 2
on radionuclide sorption on geologic solids expecteé in the flow
path. Interbed materials lying between basalt layers are of
particular importance because of their porous nature. Interbed
sandstone and tuff were studied because of their abundance in
Columbia River basalt interbeds. The effect of Eh was examined
by adding a chemical redox buffer, hydrazine, as a variable.
Hydrazine lowered the Eh from about +0.6V (air saturated
solution) to about -0.8 V at pH 9. Because of the large number of
variables to be studied, it was necessary to use statistical methods
to design the experiments. An efficient design for screening the
nine solution variables is the 20-run Plackett-Burman design (8).
This is fractional, 2-level, factorial design that is used to identify
significant variables and determine their effects. The application
of this design is discussed in detail by Barney (4). The design
requires a high and low value for each parameter (groundwater
component concentration or Eh). Values were chosen to cover the
range of concentrations found in the Grande Ronde formation.

Table VI compares the values used in these experiments to
those actually found in the Grande Ronde aquifers. The 20-run
experimental design requires preparation of 20 solutions, each
with a different combination of groundwater parameters and
having the high and low values given in Table VI. Silicate



Publication Date: March 8, 1984 | doi: 10.1021/bk-1984-0246.ch001

l. BARNEY Sorption and Desorption

- 60 T I ] I T I T
B SELENIUM i
ISOTHERM (60°C)
-6.5 — —
s |
s
§ -7.0 —
(7]
-
2 L
-75
-8.0
-8.0 -75 -7.0 -6.5 -6.0
log C (M)
(a)
-6.0 T 1 T T ' T
62 |- TECHNETIUM
-0 ISOTHERM (60°C)
s -
3
E
- ]
o
k-]

log C (M)
(b)

Figure 4. Sorption and Desorption Isotherms for (a) Selenium and
(b) Technetium Sorption on Mabton Interbed Solids under
Reducing Conditions.
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Table V. Freundlich Constants for Radionuclide Sorption-Desorption
on Mabon Interbed at 60°C

Isotope Redox S, (mol/g) Ns Nd N¢/Ng
Selenium Reducing 1.11x107 1.0 0.018 56
2.76x108 0.027 37
Technetium Reducing 1.88x107 0.58 0.018 32
3.50x107 0.003 193
Neptunium Oxidizing | 3.13x107 1.0 0.45 2.2
1.38x107 0.91 1.1
Neptunium Reducing 3.84x107 0.87 0.002 | 435
1.81x107 0.002 435
Uranium Oxidizing 8.88x10% 0.96 0.093 10
2.11x108 0.074 13
Uranium Reducing 2.70x108 0.79 0.008 | 100
8.58x107 0.003 263
Radium Reducing | 7.65x1010 0.98 0.016 61
1.81x101° 0.087 11

Table VI. Comparison of Experimental
and Measured Parameters

C%’;ﬁi‘gﬁ?’g‘m Expi;;né:ntal Measured range*
Na* 0.002 to 0.022M 0.009 to 0.016M
K* 0.0 to 0.0005M 0.00001 to 0.0004M
Ca?* 0.0 t0 0.0001M 0.00002 to 0.0001M
Mg?+ 0.0 t0 0.00002M <0.0000002 to 0.00001M
Cr 0.001t00.011M 0.001 to 0.008M
F- 0.0 to 0.002M 0.001 to 0.002M
S0 0.0 to 0.003M 0.0008 to 0.002M
co,” 0.0 t0 0.001M 0.0 to 0.001M
HCO, 0.0 to 0.001M 0.0 t0 0.001M
Si0,* 0.001M 0.001 to 0.002M

*Based on unpublished analyses of Grande Ronde
groundwater by T. E. Jones.
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(0.001M) was added to each solution so that steady-state silicate
concentrations would be approached more rapidly during
equilibration. Since the interbed solids will control silicate
concentration, it was not possible to study it as a variable. The
final pH of interbed-equilibrated solutions ranged from 8.6 to 9.8
for sandstone and 8.5 t0 9.2 for tuff.

Variables found to be significant for sorption of cesium,
strontium, technetium, selenium, neptunium, plutonium,
americium, and radium on sandstone and tuff at 23°C are given in
Table VII. They are ranked in order of significance where more
than one variable was found to be significant. The (+) and (-)
signs indicate whether sorption is increased or decreased.

Table VII shows that for cesium sorption, both KCl and N, H,
are significant for the two geologic solids studied. The negative
values indicate that the presence of either KCl or N,H, lowers
sorption. Both appear to be competing with Cs* ion for sorption
sites. Competition between K* and Cs* ions for sorption sites on
mica-like minerals is well known. However, displacement of Cs*
by hydrazine was surprising since N, H, should exist mainly as a
neutral species at pH 9-10. A small amount (0.0005M to 0.005M)
will be protonated and apparently competes with Cs*. Ammonium
ion is known to effectively compete with Cs* for mineral sorption
sites. Hydrazinium ion with a similar molecular structure should
also displace Cs*. Since hydrazine will not reduce or complex Cs*,
the only possible effects on cesium sorption is to compete for
sorption sites or to alter the surface of the solid minerals. No
evidence of surface alteration (change in color or texture) was
observed. Therefore, it appears that an Eh buffer is not required
for Cs* sorption studies and hydrazine only interferes with the
sorption reaction.

Table VII shows that for strontium sorption, sodium salts
lower Kq values significantly. Those sodium salts that contribute
the largest concentrations of Na* (NaCl and Na,SO,) are the most
significant. There is a linear correlation between the In of total
Nat* concentration and In strontium Kgq values in these
experiments.

Calcium concentration can also affect strontium sorption on
sandstone and tuff even through concentrations of Ca?* are 30 to
220 times lower than Na*. This is due to similar chemical
behavior, ion charge, and size of Sr2* and Ca?*. Both ions are
sorbed onto similar sites and effectively compete for these.
Hydrazinium ions also exchange with Sr?*. Ions of similar size
effectively compete with both Cs* and Sr2* for sorption sites.

Table VI shows that hydrazine is the only important
variable for technetium sorption on each of the geologic solids.
Hydrazine causes technetium to be removed from solution either
by sorption or by precipitation of the reduced technetium species.
Hydrazine is a powerful reducing agent and should reduce TcO,” to
technetium(IV) according to standard half-cell potentials. No ’I‘cO2
was observed; however, since the technetium passed through
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0.45-m filters with the spiked solutions containing N, H,, it appears
that technetium(IV) exists in solution as a posit1ve4ly charged
species, f)ossibly TcO?* as proposed by Gorski and Koch (9).

Selenium is weakly sorbed on sandstone and tuff. Although
selenium exists as an anion in these solutions, it is not sorbed by
anion exchange on the solids. Their anion exchange capacity is
very low at the pH of these experiments. Selenium must,
therefore, be sorbed by chemisorption or precipitation. Calcium
increases sorption while CO,% decreases sorption. A slightly
soluble calcium-selenium compound is apparently forming on the
surface of solids. The effect of CO,%" is to reduce the concentration
of Ca?* in solution by formation of CaHCO," and CaCO,° making
the calcium unavailable for formation of the compouné. Eh-pH
diagrams for selenium predict reduction of SeO,> to HSe" by
hydrazine under the conditions of these experiments. These anions
apparently behave similarly since hydrazine is not a significant
variable for selenium sorption.

Hydrazine is by far the most important variable controlling
sorption/ precipitation of neptunium. Hydrazine greatly increases
removal of neptunium from solution. This is due to reduction of
neptunium(V), which exists in oxygenated solutions, to
neptunium(IV). Standard half-cell potentials for hydrazine and
nestunium(V) indicate that neptunium(V) should be easily
reduced. As with other actinides, the (IV) oxidation state should be
sorbed more strongly than the (V) because of the greater complex-
forming ability of the (IV) state. The effect of CO,* and HCO," is to
decrease sorption due to formation of carbonate complexes by both
neptunium(V) and ne;ptunium(IV). Possible carbonated complexes
are NpO,HCO,° for neptunium(V) and Np(CO,),* for
neptunium(IV)(10). These neutral anionic species would not be
expected to sorb as strongly as positively charged, noncomplexed
neptunium species.

Sorption/precipitation of plutonium is greatly affected by the
presence of hydrazine. Since hydrazine increases sorption, it
appears that at least some of the plutonium is present initially as

lutonium(V) or plutonium(VI) and is reduced to plutonium(IV) by
drazine. According to standard half-cell potentials, both
plutonium(VI) and plutonium(V) should be reduced to
plutonium(IV) or plutonium(Ill) under the conditions of the
experiments, assuming that the hydroxyl complexes are important
at the pHs of the experiments.

Parameters affecting sorption of americium on sandstone
were Na,CO,, NaHCO,, and NaCl. It seems unlikely that a
carbonate complex or solid is formed since Na,CO, increases
sorption and NaHCO, decreases sorption. If carbonate or
bicarbonate take part in the reaction, both salts should affect
sorption in the same way. However, they do affect the pH
differently--Na,CO, slightly increasing pH and NaHCO, slightly
lowering the pi-I. It appears that a slightly soluble americium
compound is formed that is more soluble at low pH.

21
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Significant parameters for radium sorption are Na,SO,, KCl,
and N,H,. Each of these variables decrease sorption of radium by
ion exchange competition. The effective ion diameter of Ra?* is
near those of Na* and N,H,* so that they compete for similar
sorption sites.

Conclusions

Most of the sorption reactions of radionuclides with interbed
materials were found to be irreversible (i.e., hysteresis was
significant). Only selenium and technetium sorption under
oxidizing conditions was found to be fully reversible. Sorption
hysteresis was much greater for reduced species of selenium,
technetium, neptunium, and uranium than for oxidized species.
The Freundlich equation fit both sorption and desorption data
quite well for most of the radionuclides studied. The ratio of
Freundlich exponents for sorption and desorption, Ng¢/Ng, is a
measure of the magnitude of the hysteresis effect. Values of this
ratio have been calculated for selenium, technetium, neptunium,
uranium, and radium. The large values obtained for each
radionuclide under reducing conditions suggest that radionuclide
transport will be significantly delayed due to sorption hysteresis in
the reducing environment of the basalt interbeds. This effect is an
important safety factor that should be considered in radionuclide
transport modeling to accurately assess the safety of a nuclear
waste repository in basalt.

Statistically designed experiments have identified
groundwater components that affect sorption of key radionuclides
on basalt interbed materials. Sodium, potassium, and calcium in
the groundwater decrease sorption of cesium, strontium, and
radium by competing with these radionuclides for sorption sites on
the solids. These radiouclides are at least partially sorbed by ion
exchange reactions. Groundwater Eh greatly affects sorption of
technetium, neptunium, plutonium, and uranium. The reducing
Eh values produced by hydrazine (-0.8 V) increased sorption of
these elements by reducing them to lower oxidation states--
technetium(IV), neptunium(IV), plutonium(II), and uranium(IV).
The sorption mechanism for these elements (and for americium) is
chemisorption. Over the range of groundwater component
concentrations studied, metal complex formation with
groundwater anions does not greatly affect sorption. The only
evidence of this effect is for formation of neptunium carbonate (or
bicarbonate) complexes and plutonium sulfate complexes.
Hydrazine reduces Se0,2" to HSe™ in sorption experiments and
these anions have similar sorption behavior. Since selenium
should exist as elemental Se in basalt aquifers, a weaker reducing
agent (e.g., thiosulfate) must be used to control the Eh in selenium
sorption experiments.



Publication Date: March 8, 1984 | doi: 10.1021/bk-1984-0246.ch001

L

BARNEY Sorption and Desorption

Literature Cited

1.

10.

DiToro, D. M.; Horzempa, L. M. “Reversible and Resistant
Components of PCB Adsorption-Desorption: Isotherms,”
Environ. Sci. Technol. 1982, 16, 594.
Van Genuchten, M. Th.; Davidson, J. M.; Wierenga, P. J. “An
Evaluation of Kinetic and Equilibrium Equations for the
Prediction of Pesticide Movement Through Porous Media,”
Soil Sci. Soc. Amer. Proc. 1974, 38, 29.
Gephart, R. E.; Arnett, R. C.; Baca, R. G.; Leonhart, L. S.;
Spane, F. A, “Hydrolic Studies within the Columbia Plateau,
Washington: An Integration of Current Knowledge,”
RHO-BWI-LD-1, Rockwell Hanford Operations, Richland,
Washington, 1979.
Barney, G. S. “FY 1981 Annual Report: Radionuclide
Sorption on Basalt Interbed Materials,” RHO-BW-ST-35P,
Rockwell Hanford Operations, Richland, Washington, 1981.
Rai, D.; Franklin, W. T. “Effect of Moisture Content on
Ethylene Glycol Retention by Clay Minerals,” Geoderma.
1978, 21, 75.
Routson, R. C.; Wildung, R. E.; Serne, R. J. “A Column
Cation-Exchange-Capacity Procedure for Low-Exchange-
Capacity Sands,” Soil Sci. 1973, 115, 107.
Van Genuchten, M. Th.; Cleary, R. W. *Movement of Solutes
in Soil: Computer-Simulated and Laboratory Results,” in
“Soil Chemistry, B. Physico-Chemical Models,” Bolt, G. H.,
ll*lg., Elsevier Scientific Publishing Company, New York,
79.
Plackett, R. L.; Burman, J. P. “The Design of Optimum
Multifactorial Experiments,” Biometrika 1946, 33, 305.
Gorski, B.; Koch, H. “The Chemistry of Technetium in
Aqueous Solution,” J. Am. Chem. Soc. 1969, 31, 3565.
Rai, D.; Serne, R. J. “Solid Phases and Solution Species of
Different Elements in Geologic Environments,” PNL-2651,
Pacific Northwest Laboratory, Richland, Washington, 1978.

RECEIVED October 28, 1983

23



Publication Date: March 8, 1984 | doi: 10.1021/bk-1984-0246.ch002

Reactions Between Technetium in Solution
and Iron-Containing Minerals Under Oxic
and Anoxic Conditions

T. T. VANDERGRAAF, K. V. TICKNOR, and I. M. GEORGE

Atomic Energy of Canada Limited, Whiteshell Nuclear Research Establishment, Pinawa,
Manitoba ROE 1L0 Canada

The behaviour of technetium in the geosphere is of
particular importance in nuclear fuel waste
management studies because this man-made element has
a long half-life and, under ambient conditions in
the laboratory, is not readily sorbed on geologic
materials.

Autoradiographic analysesggf rock and mineral
thin sections contacted with - "TcO -containing
solutions, under oxic and anoxic conditions, have
confirmed that virtually no sorption takes place in
the presence of oxygen. However, under anoxic
conditions (< 0.2 ug/g oxygen in the atmosphere),
sorption of technetium was observed on iron-oxide
inclusions in ferrous—iron—-containing minerals
(biotite, olivine, pyroxene, hornblende) and on
iron-oxide coatings on microfractures in granite,
but not on the ferrous-iron minerals within the
granite themselves. Subsequent static sorption tests
with crushed magnetite showed that sorption is a
function of the composition of the solution and of
the radionuclide concentration, and again occurred
only in the absence of oxygen. This behaviour is in
contrast with that observed with metallic iron,
which sorbs technetium strongly, even in the
presence of air.

These results show that technetium can be
contained by magnetite in the geosphere, provided
reducing conditions can be maintained. This can be
aided, for example, by the incorporation of iron or
iron oxides in the buffer and backfill materials in
the waste disposal vault.

0097-6156/84/0246-0025306.00/0
© 1984 American Chemical Society
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The fissioning of 235U and 239Pu in a nuclear reactor produces a

large number of radioactive fission products. Most of these decay
to stable isotopes within a few minutes to a few years after the
fuel has been discharged from the reactor and therefore pose no
problem in the management of nuclear fuel wastes. There are,
however, a number of longer lived radionuclides that must be
considered in assessing the environmental impact of any nuclear
fuel waste disposal vault in the geosphere.

For example, the fission products technetium and promethium
are unique, in that they do not have any stable isotopes and do
not occur in nature in measureable amounts. While promethium has
a number of chemical analogues in the other rare-earth elements,
this is not the case for technetium, and it is thus difficult to
predict its behaviour in the geosphere.

The techggtium isotope of interest for nuclear fuel waste
disposal is Tc. It is a pure B-emitter (E = 0.293 MeV) with a
half-life of 2.13x10” years. Its high fission yield of 6%
accounts for the relatively high concentration (v 0.02% by weight)
(1) in fuel discharged from a CANDU (CANada Deuterium Uranium)
reactor (burnup « 650 GJ/kg U). - -

Technetium is a Group VII B element. Its chemical behaviour
is not well-known, but is expected to fall between that of
manganese and rhenium, and is summarized for an aqueous medium in
Figure 1. Under oxidizing conditions, technetium exists in
solution as the anionic species TcO,, in the 7+ valence state, and
shows little sorption by geologic materials (2-5). For this
reason, in previous safety and environmental assessments of
geologic disposal of nuclear fuel wastes, technetium has been
assumed to travel at the same rate as moving groundwater.

Under reducing conditions, or in the absence of oxygen,
sorption of technetium has been noted in some
cases. Bondietti and Francis (6) reported the removal of
technetium from a nitrogen—-sparged solution by basalt and granite,
and Allard et al. (3) reported k, values (defined as the ratio of
sorbed to nonsorbed concentrations) well above zero, indicating
sorption on ferrous-iron-containing minerals in contact with
deaerated sol¥$ions, and on granite in a deaerated solution
containing Fe ions.

Figure 2 is a combined E, -pH diagram for technetium and iron
and shows that, under certain conditions, technetium can be
reduced by ferrous iron. To study the role of ferrous iron in the
removal of technetium from solution, experiments were carried out
with crystalline rock and ferrous minerals and TcO,-containing
solutions, under both anoxic and oxic conditions.

Experimental

Geological Materials. Granite was obtained from a quarry located
on the Lac du Bonnet batholith near the Whiteshell Nuclear Re-
search Establishment. An olivine gabbro sample was obtained
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through the Geological Survey of Canada (GSC) from the
Rouyn-Noranda area of western Quebec. The GSC also supplied the
biotite mica, hornblende, and pyroxene samples. The olivine,
epidote, iron oxides and iron oxyhydroxides were obtained from
Ward's Natural Science Est. Inc. In addition, some drill-core
material from the Eye-Dashwa Lakes pluton near Atikokan in
northwestern Ontario was used. The chemical and mineral
compositions of the granite and gabbro specimens are given in
Tables I(a) and I(b). The unconsolidated material was prepared by
crushing the geologic material with a jawcrusher fitted with
tungsten carbide teeth to avoid contamination with metallic iron,
and was wet-sieved before using. Thin sections of some of the
rocks and minerals were made for sorption/autoradiographic
studies.

Table I(a). Chemical Composition of Lac du Bonnet Granite and of
Olivine Gabbro used in Sorption Studies Concentration in wt%

Granite Gabbro

Oxide Bulk 80-150 mesh Bulk 80-150 mesh
Sio 73.1 76.3 49.7 50.0
Al 63 14.2 12.1 17.8 19.2
Fe6 0.81 0.88 5.74 5.71
Fe 03 0.76 1.06 2.34 1.90
cab 1.43 1.05 11.7 11.7
MgO 0.46 0.49 8.80 8.46
Na,0 4.23 3.66 2.29 2.62
k.0 4.88 5.03 0.27 0.23
T%O2 0.22 0.23 0.55 0.54
MnO 0.03 0.03 0.13 0.13
H,0 n.d.* n.d. 0.38 n.d.
c62 n.d. n.d. 0.14 n.d.
Total 100.09 100.83 99.78 100.49

* n.d. = not determined.

Solutions. The following solutions were used in one or more of
the experiments. With the exception of the distilled water, they
reflect the composition of the solutions that may be expected to
be present in and around a nuclear fuel waste vault. Their
chemical compositions are given in Table II.

(1) Distilled deionized water (DDW)

(2) Standard granite groundwater (GGW), with a composition based
on reported analyses of naturally occurring groundwaters
associated with granitic formations (7).
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Table I(b). Mineral Composition of Lac du Bonnet Granite and of
Olivine Gabbro used in Sorption Studies (Modal wt%)

Mineral Lac du Bonnet granite Olivine gabbro
Quartz 25.8 -
K-feldspar 28.1 -
Plagioclase 33.9 46.2
Clinopyroxene - 41.7
Olivine - 6.5
Biotite 5.2 1.2
Muscovite 2.5 -
Opaques 0.7 3.6
Epidote 1.5 -
Chlorite 2.3 0.3
Scapolite (?) - 0.5
Total 100.0 100.0

Table II. Chemical Composition of Solutions used in the
Technetium Sorption Studies Concentration in mg/L

Ion GGW WN-1 SCSSS HA NAP
Na 8.3 1910 5 050 15 46
K 3.5 14 50 - -
Mg 3.9 61 200 - -
Ca 13. 2130 15 000 - -
Sr - 24 20 - -
Fe - 0.56 - - -
Si - - 15 - -
HCO3 58. 68 10 - -
cl 5.0 6460 34 260 - -
304 8.6 1040 790 - -
NO5 0.62 33 50 - -
F _ 0.19 - - - -
HPO, * - - - - 95
Humic acid - - - 85 -
pH 6.5+0.5 7.00.5 7.010.5 8.2 8.0
GGW : granite groundwater

WN-1 : saline groundwater based on WN-1 analyses

SCSSs standard Canadian Shield saline solution

HA : humic acid (100 mg/L)

NAP : Na,HPO, solution (140 wg/L) -

* : in equlilibrium with PO, and H,P0,

4
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(3) Saline groundwater (WN1), based on groundwater obtained from
the 455-m level of the WN-1 borehole in the Lac du Bonnet
batholith (8).

(4) Standard Canadian Shield saline solution (SCSSS), with a
composition approximately that of saline solutions obtained
from various sources in the Canadian Shield.

(5) Humic acid (HA). A 100 mg/L solution of the sodium salt of
humic acid, to simulate groundwater containing an organic
complexing agent.

(6) Na,HPO, solution (NAP) (140 mg/L), to provide a solution
containing an inorganic complexing agent to form anionic
species with reduced technetium (9). This anion was used
instead of carbonate, as the purification system of the
anaerobic chamber removes CO, from the atmosphere, and a
bicarbonate-carbonate solution would not be stable.

Technetium Isotopes. NH495mTcO 6Balf-life 61 days), obtained
from New England Nuclear, and Nﬂ4 TcO,, from Amersham-Searle,
were used in this study. The presence of reduced technetium was
determined by extracting the Tc(7+) into
chloroform/tetraphenylarsonium chloride, and assaying the aqueous
phase for technetium activity.

Experimental Details and Results. A series of experiments was
carried out to study the behaviour of TcO, in various solutions in
contact with a number of rocks and minerals, under both oxic and
anoxic conditions, to determine the conditions that lead to
removal of technetium from solution and the role played by the
various minerals in this process.

Experiments under anoxic conditions were carried out in a
Vacuum Atmospheres Inc. anaerobic chamber containing a nitrogen
atmosphere, with an oxygen concentration of » 0.2 yL/L (as
determined by a Teledyne Model 317-X trace oxygen analyzer).

Sorption on Crushed Whole Rock under Oxic Conditions

To determine the behaviour of TcO, under oxic conditions (i.e.
conditions similar to those expected in a nuclear waste disposal
vault prior to removal of atmospheric oxygen by geologic and
bacteriological processes), crushed and sintered granite and
gabb§%+ggre contacted with granite groundwater containing

NH4 TcO, for 150 days. The particle size of the rock was in
the range of 100-180 um (80-150 mesh), and the solid-to-liquid
ratio was 1 g of rock to 10 mL of solution,,,The initial _
technetium concentrations ranged from 3x10 mol/L to 10 = mol/L.
As a standard, crushed and sieved quartz was used. This was
obtained from a single crystal, and washed with 6 mol/L HCl to
remove any iron. Small amounts (< 20 mg) of iron-metal filings
were added to one half of all samples to check the effect of
inadvertently introducing this impurity during the crushing
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process. The solutions were sampled after 60 and 150 days. The
sorption coefficients, expressed in mL/g and defined as the ratio
between sorbed and solution concentrations are given in Table III.
In the samples containing metallic iron, sorption was too great to
give meaningful k., values. Hence, the percent sorption is
tabulated for thoge samples.

Table III. Sorption Coefficients for Technetium on Quartz,
Granite, and Gabbro under Oxic Conditions

k ** Sorptiony¢
No iron metal present Iron metal present

Material* 35d 150d 354

(nL/g) (nL/g) (%)
Acid-washed
quartz 0.2%0,2%t 0.3%0.81t 99.6%0,31t
Granite 0.5%0.6 0.8%1.4 99.8%0.2
Gabbro 4.3%1.4 4.6%1.6 99.7%0.5

* particle size 100-180 um (80-150 mesh).

% k. = [Tc] sorbed (mol/g)
d [Tc] solution (mol/mL)

+ 99+% removal of the technetium from solution corresponds to a
"calculated k,” of > 2000 mL/g.
++ error at 2g.

Sorption on Granite and Gabbro Coupons under Anoxic Conditions.
Machined granite and gabbro coupons, 19x19x4 mm, were contagged
with 10 mL of granite groundwater containing 3x10 mol/L

as TcO, for 35 days in the anaerobic chamber. The sorption coef-
ficients, this time expressed as ka, where

k_(cm) = moles of technetium sorbed/cm2 '
a moles of technetium remaining in solution/mL

are shown in Table IV. To determine the possible cause of the
anomalous behaviour of one of the gabbro samples, all six coupons
were autoradiographed using Kodak spectrum analysis glass plates
#1 (Kodak catalogue number 156 7387). Representative
autoradiographs are shown in Figure 3, and these will be discussed
in Section 3.

Sorption on Granite and Ferrous-Iron-Containing
Minerals under Anoxic Conditions
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FIGURE 3.

Photograph (a) and autoradiograph (b) of technetium
sorbed on a gabbro coupon.
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Table IV. Sorption Coefficients for Technetium on Granite and
Gabbro Coupons under Anoxic Conditions

Material ka* (cm) kd** (mL/g)
Granite 1 0.0031 0.27
2 0.0008 0.07
3 0.022 1.9
Gabbro 1 0.018 0.77
2 0.10 8.6
2t 1.4 120
3 - 0.022 - 1.9
* k = J|Tc] sorbed (mol/cm?l
a [Tc] solution (mol/mL)
*% k, calculated assuming specific surface area of 43 cmz/g.
+ ansidering only the edge of the coupon with sorbed
technetium.

To study the effect of ferrous—iron-containing minerals on TcO, in
solution, granite, biotite, hornblende, epidote, olivine and
pyroxene thin secE{Qns wereggontacted with granite groundwater
containing « 3x10 mol/L mTc, again as TcO,, for one week in
the anaerobic chamber, and subsequently autoraéiographed using the
procedure outlined elsewhere (10). These particular granite
samples were obtained at depths of 72 and 1074 metres from the
ATK~1 borehole in the Eye-Dashwa Lakes pluton near Atikokan,
northwestern Ontario. This pluton has been used in geochemical
and hydrogeological studies of large intrusive rock formations in
the Canadian Shield. The samples were chosen because they contain
iron-oxide infillings in minute fractures, due to hydrothermal
alteration of the primary minerals of the rock matrix. The
minerals were selected because they contain Fe(II) (see Table V).
Some representative autoradiographs of thin sections contacted in
the anaerobic chamber are shown in Figures 4 to 6.

Table V. Ferrous-Iron—-Containing Minerals used in Technetium
Sorption Studies

Mineral General Chemical Formula
Biotite K(Mg, Fe} ' ),51,A10,  (OH),

Olivine (Mg,Fe, ) Qio4

Pyroxene (Ca,Fe )%io -+ -+

Hornblende (Na Ca )(Mg,ge )(Al,Fe )(Si3A1011)2(0H)2
Ilmenite Fe Ti

3
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Photograph (a) and autoradiograph (b) of technetium
sorbed on a biotite mica thin section.
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FIGURE 5. Photograph (a) and autoradiograph (b) of technetium
sorbed on a hornblende thin section.



Publication Date: March 8, 1984 | doi: 10.1021/bk-1984-0246.ch002

36

FIGURE 6.
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Photograph (a) and autoradiograph (b) of technetium
sorbed on a granite thin section from the 1074—m
level in the Eye-Dashwa Lakes pluton.
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Sorption on Iron Oxides and Iron Oxyhydroxides under
Oxic and Anoxic Conditions

Since iron oxides and iron oxyhydroxides are commonly found as
fracture-infilling materials, samples with a particle size of 100
to 1§92um wereggontacted with granite groundwater containing v
5x10 mol/L mTc, as TcO,, for 30 days in air, and in the
anaerobic chamber, and the solutions sampled periodically. In
addition, synthetic hematite was used, prepared by adding 2 mol/L
NH,OH to 1 mol/L Fe(NO,),, washing and drying the precipitate at
10§°C for one day, folio%ed by heating at+iOOOC for two days. The
minerals were analyzed for total iron, Fe  and sulfur, and their
concentrations are listed in Table VI. Figures 7(a) and (b) show
the decrease in technetium concentration in solution as a function
of time, under both oxic and anoxic conditions.

Table VI. Total Iron, Fe(II) and Sulfur. Concentrations in
"Opaques” (Ilmenite, Iron Oxides, and Iron
Oxyhydroxides used in Technetium Sorption
Studies Concentrations in wt%

Mineral Formula Fe Fe(II) S
Ilmenite Fe T:I.O3 40.8%0.1 0.9%0,3% 0.55%0.01
Goethite FeOOH 55.1%0.7 0.062%0.009 < 0.01
Hematite Fe203 68.5%0.3 0.33%0.3 0.01%0.01
Specular

Hematite Fe20 49,1%0.5 0.45%0.28 < 0.01
Limonite Fe 08H 21.8+0.1 0.027+0.004 0.02+0.01
Magnetite FeO-Fe203 65.3+0.4 20.3+0.1 < 0.01
Synthetic -3

Hematite** Fe203 72.6+2.2 < 3x10 -

*  gample dissolution incomplete.
** prepared at WNRE.

Effect of Groundwater Composition on Sorption on
Magnetite under Anoxic Conditions

One-gram samples of crushed, sieved magnetite (particle size 100
to 180 ym) were contacted with the six solutions described earlier
in the anaerobic chamber for 50_f2ys. The initjal technetium
concentrations ranged from 3x10 mol/L to 10 ~ mol/L, and the
solid-to-liquid ratio was 1 g/10 mL. The results for the two

extreme starting concentrations are ghown Figures 8(a) and (b).
At the end of the experiment, the Fe /Fe ratios in solution
were measured to estipate E In all cases where this ratio

could be measured, Fe /Fe >h5, indicating reducing conditions.



Publication Date: March 8, 1984 | doi: 10.1021/bk-1984-0246.ch002

38 GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE

10t epa—w . R —
2 uO\u&:‘__o P ———
A N A
o8 \&A ) _—
o A,
Soell wa—a___a o bt
N o Magnetite
S a Goethite
= 04 s [Imenite
o Limonite
o Spec. Hematite
0.2L » Nat.Hematite
\ o Synth.Hematite
LN ¢ Iron Metal
o] bl el S e e —
0] 5 10 15 20 25 30
t (days)
1.0
0.8
o
g o6
<
2 0.4
0.2
[0}
[0}

t (days)

FIGURE 7. Decrease in technetium concentration as a function of
time for solutions in contact with iron metal and
iron minerals under (a) oxic and (b) anoxic conditions.
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Discussion

The results obtained for crushed granite and gabbro under oxic
conditions, compared to those obtained for the acid-washed quartz
(see Table III), clearly show that no significant sorption takes
place on granite, but that some technetium can be removed from
solution by gabbro. Since small amounts (< 20 mg) of metallic
iron are able to remove as much as 99+% of the technetium from
solution, any sorption observed for granite over the time scale of
the experiment may be attributed to the presence of metallic iron,
inadvertently introduced in the crushing and grinding processes.

In the absence of oxygen, again no significant sorption was
noted for granite. However, in one case, some sorption was
observed for gabbro. Petrographic analysis of the area of the
gabbro coupon that showed sorption, as revealed by an
autoradiograph (Figure 3), indicated the presence of a thin
1ron—ox$$e band. Thus, even though gabbro contains ¥ 42% pyroxene
((Ca,Fe ')Si0,), the ferrous iron in this mineral is not able to
remove the technetium from solution as effectively as the smaller
amount of "opaques” (iron oxides and ilmenite). The iron oxide is
not distributed homogeneously throughout the gabbro rock matrix,
and this accounts for the wide variation in technetium removal
from one coupon to the next. Crushing the rock frees these
opaques and distributes them more uniformly, and it is most likely
that this material is responsible for the significant kd values
obtained with crushed gabbro under oxic conditions.

The autoradiographs of the rock and mineral thin sections
(Figures 4 to 6) also con£lrm the importance of iron oxides:
although biotit$+(K(Mg,F$++) 813A1010(OH) ) and hornblende
((Na,Caz)(Mg,Fe )Y(Al,Fe )%813A1011)2(0ﬁ)2) contain ferrous
iron, sorption appears to take place sGlely on the small opaque
(iron-oxide) inclusions. In the case of biotite, these oxides are
located between the basal planes, and are randomly distributed in
the hornblende. Similar distributions are observed for olivine,
pyroxene, and epidote. The results for pyroxene further confirm
the low sorption results obtained with gabbro, where it is one of
the major minerals.

The autoradiographs also show some sorption on the granite
obtained from the Eye-Dashwa Lakes pluton (Figure 6). Even though
the iron concentration is low, hydrothermal alteration of the
granite has resulted in the infilling of the minute fractures in
the microcline feldspar with iron oxides, which show technetium
sorption, while there is no sorption on the biotite crystals.
Thus, while fresh, unaltered granite matrix rock has little or no
iron in the form of iron oxides, alteration zones around fractures
do, and technetium sorption may occur there. It should also be
noted that sorption of technetium is limited to specific mineral
surfaces. Thus, it appears that the reduction of TcO, to a lower
oxidation state occurs at or near the surface of the iron oxide
and not in the bulk of the solution, by dissolved ferrous ions.
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The experiment involving a suite of iron—oxide minerals
showed that, with the exception of the synthetic hematite, some
sorption took place on all minerals under anoxic conditions and
also, in some cases, in the presence of air (Figures 7(a) and
(b)). Subsequent chemical analyses indicated small amounts of
Fe(II) in all natural minerals, although goethite, limonite, and
hematite should not contain any. These minerals may have been
formed by the oxidation and hydration of magnetite (FeO°Fe 03) and
therefore contain residual amounts of unoxidized Fe(II). it any
rate, this points out the importance of using purified and/or
chemically analyzed material. It is again noteworthy that the
rate of sorption on ilmenite is lower than that on natural
hematite, even though the former contains more Fe(II). This can
again be explained in terms of availability of the ferrous iron,
as was shown to be the case with the thin sections.

Sorption on magnetite as a function of groundwater
composition shows that, under anoxic conditions, technetium
removal from solution is essentially complete after 50 days, with
the exception of solutions containing phosphate ions. As pointed
out earlier, phosphate was used instead of carbonate, as both are
known to form anionic complexes with Tc(IV) (9). In these
studies, the presence of humic acid did not affect its sorption.
Strong saline solutions (up to 34 000 mg/L Cl) do not have a
marked effect on the rate of technetium removal from solution
either, as evident from Figure 8.

Conclusions

The results reported in this paper show that technetium is
removed from solution by iron oxides, and not by minerals
containing ferrous iron as an integral part of their crystal
lattice, such as biotite, pyroxene, or hornblende. It was shown
that there are cases where the small amount of iron in granite has
a greater effect in removing technetium from solution than the
larger amounts of iron in gabbro. Reduction of technetium occurs
close to the mineral surface, and not in the bulk of the solution,
by dissolved ferrous ions. Technetium is removed from groundwaters
having widely different levels of total dissolved solids, and its
removal is only affected by ligand-forming anions with a strong
affinity for technetium, such as phosphate (and presumably also
carbonate).

The significance of this study for nuclear fuel waste
disposal is that iron—-oxide-containing fractures in hydrothermally
altered granite are capable of sorbing technetium. Technetium
transport in the far-field region of a waste disposal vault can
thus be impeded by iron-oxide coatings on hydrologically
conducting fracture surfaces. If necessary, retention of
technetium in the near-field region can be improved by
incorporating rock containing large amounts of iron oxides in the
backfill material.
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The presence of saline solutions at depth in plutons in the
Canadian Shield (11) should not be detrimental to retaining
technetium in the valut, since the experiments showed that
technetium removal occurs from highly saline solutions.

Throughout this paper, reference has beem made to reduced
technetium species. Although it has been assumed that Tc(IV) is
formed, there is no direct evidence for this. Experiments are
now underway to determine the nature of the sorbed species using
Fourier Transform Infrared Spectroscopy.
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7
The & mma-emitting radionuclides 137Cs, 144Ce, 5Se

and Co were simultaneously contacted with granite
from the Lac du Bonnet batholith using both static
and dynamic methods. Selective chemical extraction
was then used to differentiate between the amounts
of sorbed radionuclides that are (a) readily ion-
exchangeable, (b) associated with amorphous oxyhydr-
oxide deposits, and (c) "fixed" by other mineral-
ogical or physical processes. Comparison of the
experimental results from the dynamic tests with
calculations from single sorption site kinetic
models, using a variety of isotherms, showed that
the models did not adequately describe the sorption
reactions. Use of double sorption site models
greatly improved the ability to describe solution
concentrations and radionuclide surface inventories
measured by extraction methods. Laboratory alter-
ation of fresh granite surfaces was f°88d to7 ffect
fkg sorption capacities and ratios of Co, Se and

Ce. Granite alteratigy on a laboratory time
scale had no effect on Cs sorption.

Rate constants determined for the various pro-
cesses indicate that under oxidizing conditions ion-
exchange processes are rapid, with equilibrium
achieved within days. Reactions with oxyhydroxides
or other mineralogical or physical processes take
longer to achieve equilibrium, but, on time scales
relevant to groundwater flow rates, will provide
more significant retardation of the radionuclide
migration than ion exchange.

0097-6156/84/0246-0045806.25/0
© 1984 American Chemical Society
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The location and physical complexity of hard-rock fracture
systems make it difficult to determine the mechanisms affecting
radionuclide migration under field conditions. Techniques are
needed that, under closely controlled conditions, provide data
relevant to mass transport in the field. Development of two such
techniques is described here.

Knowledge of sorption kinetics is essential for the design of
laboratory or field radionuclide migration experiments. There
are two requirements for the retardation of radionuclide migra-
tion: first, an interaction between the radionuclide and the
geologic material, and second, sufficient time for the inter-
action to occur. Criteria for assessing the latter requirement
have been developed (1) in terms of a dimensionless sorption rate
parameter B = kAt /V, where k is the sorption (first order) rate
constant, t 1is the water transit time (the time taken for
groundwaterwto flow between two observation points), and A/V is
the ratio of the granite surface area to the groundwater volume.
The degree of retardation provided by a given chemical mechanism
is related not only to the equilibrium distribution parameter,
ka, but also to the sorption rate parameter, B. For instance, a
pulse injection of a radionuclide will travel with the ground-
water and display only tailing for 0.1 < B < 1. On the other
hand, complete retardation, according to the value of k_ can be
assumed for B > 100. For intermediate values of B, kindtic peak
broadening will occur.

In these studies a dynamic testing method (the mixing-cell)
has been used to measure the sorption kinetics of 4 different
radionuclides on Lac du Bonnet granite from the Archean Superior
Province of the Canadian Shield. This method has been used
previously (3) for measurement of sorption kinetics without the
interference of hydraulic dispersion common in many other dynamic
techniques.

A variety of chemical extraction techniques has been
developed by soil scientists to determine quantitatively the
amount of trace metals bound to soil particles by various mechan-
isms. Multimechanism sorption has been suggested in order to
explain partial irreversibility of radionuclide sorption and in-
creased sorption with exposure time. The five main sorption
mechanisms that have been reported are:

l. exchange with CaCl, or MgClz,

2. binding by carbonates,

3. binding by organic compounds,

4. sorption by iron or manganese oxyhydroxides, and
5. residual or "fixed” material.

Since the mixing-cell experiments were conducted with fresh
or slightly weathered granite surfaces, techniques for determin-
ing sorption by carbonates and organic compounds were omitted.
Using extraction techniques to determine radionuclide sorbed by



Publication Date: March 8, 1984 | doi: 10.1021/bk-1984-0246.ch003

3. WALTONETAL.  Radionuclide Sorption Mechanisms and Rates 47

mechanisms 1, 4 and 5 above on both mixing-cells and granite
coupons, it was found that radionuclide sorption can be consider-
ed quantitatively to involve at least two mechanisms with varying
rates of reaction. In addition, rock alteration kinetics -
particularly when fresh rock is used - were found to strongly
affect the sorption of some radionuclides.

Theory and Sorption Models

In order to assess the feasibility of any nuclear waste disposal
concept, mathematical models of radionuclide sorption processes
are required. In a later section kinetic descriptions of the
three common sorption isotherms (3) are compared with experiment-
al data from the mixing-cell tests. For a radionuclide of con-
centration C in the groundwater and concentration S on the sur-
face of the granite, the net rate of sorption, by a first-order
reversible reaction, is given by

ds/dt = k,C - k,S 1
where k, and k, are the sorption and desorption rate constants
respectively, % is the fluid volume and A is the granite surface
area. For a Freundlich isotherm the net rate of sorption can be
expressed as

= n.—
ds/dt klco(c/co) k,S 2)
where n is a constant and C is the initial tracer concentration
in the groundwater. °

For a Langmuir sorption isotherm the net sorption rate can be
written

ds/dt = k,C(S_ - 8)/S_ - k,S 3)
where S is the maximum surface concentration of radionuclide.

As 9111 be shown later, sorption of most radionuclides may be
a function of two or more mechanisms. The combination 66 two
first-order reactions has been successfully applied to ~ Sr
migration over a twenty-year time period in a sandy-aquifer (1).
The equations describing two parallel first-order reactions are

S =8 +5,
dslld]i = K|C - k,S, 4)
dSZ/dt = kC - kS,

The theory and verification of the mixing-cell mass balance
equation has been reported previously (2). For a cell with
initial concentration of tracer, C_, flushed with tracer-free
water at a volumetric rate, W, the mass balance is given by

American Chemical
Society Library
1155 16th St., N.W.
Washington, D.C. 20036
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VdC/dt = -WC - A(dS/dt) )

For the special case of a non-reactive tracer, integration of
Equation 5 gives

c(t) /co = exp(-tW/V) 6)

Experimental

Active Coupon Experiments. Coupons (19.8 x 19.8 x 4.00 mm) of
Lac du Bonnet granite, obtained from the Cold Spring Quarry near
the Whiteshell Nuclear Research Establishment (WNRE), Pinawa,
Manitoba, were exposed to granite grounfgiter fggw) ayg brif§5
ffgtaining66he gamma-emitting nuclides Cs, b,
Sn and ~ Co. Petrographic and chemical analyses of the
granite are given in Table I (4). Radionuclides were obtained
carrier-free from New England Nuclear. Groundwater compositions
and radionuclide starting concentrations are given in Tables II
and III. A rock surface area to solution volume ratio of 1
cm” /mL, approximately the same as the ratio in the mixing-cell
experiments, was used in these tests. The following procedures,
in order of application, were used to determine the locations and
quantities of radionuclides associated with various sorption
mechanisms:

1. The coupons were contacted with granite groundwater or brine
containing six radionuclides for 28 d. The coupons were
removed and the solutions assayed to determine the amount of
sorbed radionuclides.

2. The coupons were contacted with tracer-free groundwater
solutions, which were assayed after 28 d to determine the
amount of activity that is reversibly bound to the granite
under normal groundwater conditions.

3. The coupons were contacted with 0.5 mol/L CaCl, solution for
72 h to displace all remaining exchangeable radionuclides.

4. The coupons were contacted for 24 h with a solution (termed
KTOX) containing 0.1 mol/L potassium tetraoxalate and 0.1
mol/L hydroxylamine hydrochloride to remove radionuclides
associated with iron and manganese oxyhydroxides.

5. The coupons were contacted with boiling Na,CO, solution
(5 wtZ) for 15 min to remove radionuclides asSociated with
hydrated silicates.

6. The coupons were contacted for a second 48 h period with KTOX
solution to remove some of the radionuclides associated with
lattice substitution into iron-bearing minerals.

7. The coupons were gamma counted to determine residual or fixed
activity.

Inactive Coupon Experiments. A fresh cut surface of Lac du
Bonnet granite contains both altered and unaltered ferromagnesian




Publication Date: March 8, 1984 | doi: 10.1021/bk-1984-0246.ch003

3. WALTONETAL.  Radionuclide Sorption Mechanisms and Rates 49

minerals (4). Exposing the unaltered or partially altered phases
to groundwater solutions during an experiment will produce
further phase alteration. Since KTOX solution selectively
dissolves oxyhydroxide phases, it can be used to monitor their
production during alteration. A second series of inactive experi-
ments was performed to study alteration rates of fresh granite
coupon surfaces. The coupons were ultrasonically cleaned and
placed in a solution of GGW for 101 d. They were then leached
with KTOX solution for incremental times of 1,2,3,6,12,24,24 and
48 h, with the solution being renewed at each time interval. The
same extraction procedure was applied to freshly cut coupons. The
KTOX solutions were analyzed by inductively coupled plasma (ICP)
spectrophotometry for iron in order to calculate oxyhydroxide
extraction rates as a function of cumulative exposure to KTOX
solution., A granite surface area to extraction solution volume
of v 1 cm /mL was used in all extraction procedures.

Table I. Mineral and Chemical Composition of Lac du Bonnet
Granite (4)

Mineral Modal Percent Oxide Weight Percent
Quartz 25.8 SiO2 73.1
K-feldspar 28.1 A1203 14.2
Plagioclase 33.9 FeO 0.81
Biotite 5.2 Fe203 0.76
Muscovite 2.5 Ca0 1.43
Opaques 0.7 MgO 0.46
Epidote 1.5 Nazo 4.23
Chlorite 2.3 K20 4.88
T:lO2 0.22
MnO 0.03
H20 n.d.
C02 n.d.
Total 100.0 Total 100.09

n.d. = below level of detection
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Table II. Groundwater Compositions (mg/L)

GGW*1 Brine
Na' 8.3 5,050
K 3.5 50
mg2t 3.9 200
ca?t 13 15,000
se?t - 20
Fet - -
st - 15
HCO, *2 10
cL 5.0 34,260
502 8.6 790
NO, 0.62 50
F 0.19 -
pH 6.50.5 740.5
*1

%o GGW = granite groundwater
In equilibrium with CO2 in atmosphere

Table III. Carrier-Free Radionuclide Starting Concentrations

*
Isotope Startingaconcentration
(10" Bq/mL)
60Co 26.9
144
Ce 53.3
137
12508 27.7
758b 2.05
113Se 1.37
Sn 0.347
* 60 e1nl3.
Specific activities of isotopes in Bq/g are: Co - 4.2°1077;
188ce = 1.20101%; 137¢¢ _ 3.201012; 1255y, = 3.9+10!3; 75ge -
s.2+10M%; 13gq = 3,711

Mixing-Cell Experiments. A schematic diagram of a typical cell

used in these experiments is shown in Figure 1. The cells are
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circular in cross-section and are fabricated by a double diamond-
drill coring operation on a slab of Lac du Bonnet granite.

Two sets of experiments were conducted using six radioactive
tracers simultaneously. Starting concentrations are given in
Table III. Radionuclides were eluted from the cells with ground-
water solutions using a peristaltic pump. Effluent was collected
at 90-min intervals by means of a fraction collector connected to
the cell with small-bore Teflon tubing. Concentrations of the
various isotopes in the effluent were measured by gamma spectro-—
metry.

In the first set of experiments, six cells were ultrasonic-
ally cleaned to remove rock powder produced during coring, and
then flushed before tracer injection. Three were flushed with
GGW and three with brine. A second set of experiments was de-
signed to determine whether mineral alteration rateés and/or
solution temperature affect the rate of radionuclide interaction
with granite. (Test conditions are given in Table VI of the
Results Section). The 60 C temperature was maintained by sub-
merging the cells in a water bath. Two cells were flushed with
GGW for several weeks and then allowed to sit, filled with GGW,
for approximately five months before the experiment was started.

After both sets of experiments were completed, the ground-
water was drained from the cells and selective chemical extract-
ions of the granite cell walls were performed. The cells were
filled with 0.5 mol/L CaCl, solution and stirred continuously for
72 h to displace exchangeable radionuclides. After a rinse with
demineralized water to remove residual CaCl, solution, the cells
were filled with KTOX solution and stirred %or 24 h to remove
radionuclides associated with oxyhydroxides. All solutions were
analyzed by gamma spectrometry to determine the amounts of radio-
nuclides extracted. Residual activity was measured by direct
gamma counting of the cells.

Results

Extraction of Inactive Coupons with KTOX Solution. Average iron
extraction rates are plotted as a function of cumulative extract-
ion time in Figure 2. Where rates for the altered and unaltered
granite differ, the confidence level at which the difference is
significant is indicated in brackets.

During the first six hours of extraction, more iron is re-
moved from the altered granite than from the fresh granite. The
extra iron from the altered granite is believed to be that assoc-
iated with the production of iron oxyhydroxides during the 101-d
exposure of the granite to GGW.

The iron extraction rates for both fresh and altered granite
decrease for the first 24 h and become the same constant rate for
the remaining 24 to 120 h. Thus the iron associated with oxyhydr-
oxides (formed during recent exposure to GGW or during hydro-
thermal alteration) is removed during the first 24-h exposure to
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KT0X. Iron extracted during the subsequent 24 to 120 h is prob-
ably associated with the iron-bearing minerals (e.g. magnetite).
This hypothesis is consistent with autoradiographic studies de-
scribed in the following section.

Selective Chemical Extraction of Active Coupons. Using gamma
spectrometric analysis of the groundwaters in the sorption and
desorption steps, distributippn coefficientg, (k_)- have n
ff}culated for the isotopes 86Co, fg}Cs, E24Ce? 79Se, PsgSb and

Sn. Values of k_for these isotopes in GGW and brine have
been reported elsewfiere (2). Figure 3(A) shows a photograph of a
typical granite coupon that was exposed to the GGW solution.
Autoradiographs of this coupon after a 28-d GGW desorption, a
72-h CaCl, extraction and a 24-h KTOX extraction (Figures 3(B),
(C) and (ﬁ)) indicate that the areas of most highly concentrated
activity (light areas in the autoradiographs) correspond to
ferromagnesian and/or other dark, iron-bearing minerals in the
photograph. However, Figure 3(B) shows that there is some
sorption on all mineral phases. Figure 3(C) shows a darkening of
all areas after CaCl, extraction, indicating the removal of ex-
changeable activity %rom all areas. Figure 3(D), taken after the
24-h KTOX extraction, shows a decrease in activity in the locat-
ion of the iron-bearing minerals and virtual elimination of
activity in all other areas. It is not possible to discern the
behaviour of any individual ngﬁlidelgyom tnge auﬁgfadioggaphs;
ngever, stfific studies of " Sr, Cs, Ce, Pu, Se,

Pm and Am, using a combination of autoradiographic and
petrographic techniques, indicate a clear preference for sorption
on ferromagnesians, opaques and their alteration products (4,5),

The amount of radionuclide removed from the granite in the
groundwater desorption and selective extraction procedures w,
Tg;surefkky gamma7§pectrometry. The data is summarized for Co,

Cs, Ce and "“Se in Figure 4. 1In this figure the percentage
of the initial radionuclide inventory sorbed during contact with
the two groundwaters is indicated numerically. In the bar chart
the total amount of sorbed activity has been normalized in order
to compare the relative amounts of sorbefzgctivitylf}tracted by
the different reagents. Activities for Sb and Sn were
below background detection limits. The activity on the surface of
the granite after the 28-d sorption has been divided into four
categories: exchangeable, associated with oxyhydroxides, assoc-
iated with hydrated silicates, and "fixed" to ferromagnesians,
their alteration products and/or other opaque mineral phases.

There are three significant features in Figure 4. First, the
various sorption mechanisms affect each nuclide differently.
Second, the amount of each radionuclide that is exchangeable or
reversibly sorbed is less than 50% for all nuclides tested. In
28 days, more than 50% of the sorbed radionuclides have undergone
phase transformation or reacted with oxyhydroxides to form non-
exchangeable phases. Third, for a given radionuclide, the
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Scale
cm

B. Coupon Autoradiograph
after 28d desorption
in granite groundwater

C. Coupon Audioradiograph D. Coupon Audioradiograph
after 72 h CaCly extraction after 24h KTOX extraction

Figure 3. Photograph and autoradiographs of active granite
coupon. Dark areas in photograph (A) indicate areas of
high mafic mineral content. Light areas in autoradiographs
(B), (C) and (D) indicate areas of radionuclide concentra-
tion.
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relative amounts of exchangeable, bound to oxyhydroxides, and
"fixed” is nearly the same for both GGW and saline groundwaters,
although the absolute amounts sorbed in the two groundwaters dif-
fer. This observation indicates that the same mechanisms operate
in both groundwaters, but are affected by ionic strength. The
decrease in sorptive capacity in saline groundwater could be
caused by a reactive-site competition effect or could be due to
complexation in solution.

The iron extraction rates derived from the inactive coupon
tests suggest that activity removed during the 24-h KTOX extract-
ion is associated primarily with oxyhydroxides. A possible ex-
ception is cesium (see following section). Activity removed
during the subsequent 48-h KTOX extraction is associated with the
dissolution of iron—bearing minerals. This activity is consider-
ed part of the "fixed" activity inventory. Further attempts to
remove this "fixed" activity were not very successful. Even
partial dissolution of the coupon by 4-h contact with 43 vol.% HF
removed only 50% of the "fixed" activity. Thus the "fixed"
activity, localized in the areas of high ferromagnesian concen-
tration, requires very aggressive chemical attack for removal.
Gamma spectrometric measurements of the coupon 1ndic86e thf37
"fingZ activity contains about equa}squantities of Co, Cs
and Ce, and about ten times less " ~Se.

Mixing-Cell Results. Models representing kinetic versions of the

three common sorption isotherms (first order, Equation 1;
Freundlich, Equation 2 and Langmuir, Equation 3) were fitted to
mixing-cell data for one set each of room temperature GGW and
brine solutions. Mode}3§it vizgancegofor theig calculations are
given in Table IV for Cs, Ce, nd " “Se. Residual
plots (not given) showed systematic deviations for all three
models, indicating that all are inappropriate. Since selective
extraction of the active granite coupons indicated the presence
of at least two sorption mechanisms, a model utilizing two
parallel first-order reactions, Equation 4,was fit to the data.
The model fit variances are given in Table IV and calculated rate
parameters for the two reactions in Table V. In nearly all cases
an improvement in model fit was observed. This is typified by
the comparison between the fit g6 a single first-order and double
first-order (DFO) model to the = Co data, as shown in Figure 5.
Although the DFO model shows considerable improvement over
single-site models, residual plots indicate a small systematic
deviation at higher concentrations. This is discussed further in
the following section.

The residual activity in the cells after the dynamic experi-
ment was selectively extracted using techniques previously
described. The extracted activity, expressed as a percentage of
starting inventory, is compared in Table VI to inventories pre-
dicted by the DFO model, which was fitted to tracer concentra-
tions in the groundwater. Also shown in Table VI are the static
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Table V.

GEOCHEMICAL BEHAVIOR OF RADIOACTIVE WASTE

Double First-Order Model Parameters and Fit Variance

Isotope Reference Variance

Rate Constants x 103

6000 3

137Cs 3

144Ce 3

75Se 3

mL -1 mL -1
ki —3)  ky(h ") kg( 7). K (h )
h.cnm h.cm
0.010 21.0 6.96 17.0 0.374
0.010 1.87 11.6 1.61 1.67
0.025 3.59 5.52 17.2 3.11
0.056 265. 33.2 67.6 0.189
0.020 3.27 9.87 2.19 0.496
0.007 0.500 7.17 0.763 0.629
0.016 3.35 9.97 2.34 0.687
0.020 17.2 33.2 2.08 2.48
0.004 6.86 17.0 1.27 2.07
0.007 2.90 16.6 0.952 2.09
0.006 0.622 9.69 0.213 0.300
0.013 0.482 10.0 0.102 1.75
0.037 113. 9.28 83.1 0.475
0.050 1130. 58.8 46.9 0.211
0.069 6.19 3.09 12.8 0.054
0.218 227. 142. 30.1 0.671
0.034 25.1 9.20 17.0 0.225
0.017 2.31 9.89 1.18 1.36
0.036 1.72 13.8 0.447 0.383
0.034 1.90 15.6 0.703 1.19
0.046 1.20 10.1 0.887 0.487
0.069 0.602 9.73 1.66 0.225
0.019 0.518 8.59 0.789 0.158
0.030 0.856 13.2 0.994 0.309
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equilibrium distribution coefficients (ka) which can be calculat-
ed by assuming dSlldt and dSZ/dt are zero in Equation 4 as time
becomes large.

koy = (8,/€) = (k;/ky) t+e } 7
kyp = (5,/C) = (ky/k,) e
Discussion

Selective Chemical Extraction. Since granite contains many
minerals, the interpretation of selective extraction data re-
quires knowledge of the sorptive capacity of those minerals and
their susceptibility to alteration during the course of experi-
ments.

Monitoring of Lac du Bonnet granite alteration rates at 20°%
using a mixing-cell technique (2) has shown a period of high
alteration rate during the first three weeks followed by a period
of decreasing rate extending for more than five months. Continu-
ation of these experiments showed that the alteration rate de-
creases for up to v 13 months and then becomes constant. A
repeat of these tests at 60°C showed the same trends, with the
alteration rates two to three times higher (6). During alter-
ation of iron-bearing minerals, iron, because of its very low
solubility, will precipitate as iron oxyhydroxides. Iron extrac-
tion rates for altered and unaltered granite (Figure 2) indicate
a significant increase in iron oxyhydroxide inventory over a
101-d exposure to groundwater. The production at low tempera-
tures on a laboratory time scale of other alteration products,
such as clay minerals, is unlikely (7).

Correlation of total surface inventories, obtained by
selective extraction of the mixing-cell, to thgodegree 7§ granite
alteration and to temperature, indicates that = Co and Se show
a positive corfglation with both alteration and temperature.
Cobalt-60 and ~Se inventories for the experiments conducted with
fresh granite at 20°C and at 60°C (Reference No. 37 and 34, Table
III) indicate about a factor of two increase at 60°C, as would be
expected from the production of oxyhydroxides bagsd on th7salter—
ation rate data. Other residual inventories for = Co and " ~Se
(Table III) follow a pattern consistent with increased oxyhydr-
oxide inventories due to both alteration and elevated tempera-
ture.

The sorption on newly formed iron hydroxides is known to be
reversible on short time scales (8). The differences in auto-
radiographs (B) and (C) of Figure—3 indicate that a large amount
of exchangeable activity is associated with the ferromagnesian
minerals; however, areas other than those of high iron content
also show a decrease in activity after the CaCl, extraction.
These same areas show virtually no activity after extraction with
KTOX (Figure 3(D)). Since minerals like quartz have been shown
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to have negligible sorption (4), iron oxyhydroxides formed by

iron-bearing mineral alteration during contact with groundwater

wgre like}g the predominant sites of exchangeable sorption for
Co and “Se in_hoth coupon and mixing-cell studies.

Sorption of " Co onto oxyhydroxides precipitated in stream
beds has been shown to be virtually irreversible (9). Diffusion
into the crystal lattice of iron—bearéBg minerals has also been
suggested (10). The slow removal of Co during the second 48-h
KTOX extraction is consistent with this mechanism.

Studies of selenium have shown that its geochemistry is
largely controlled by that of iron under both oxidizing_and
redycing conditions at acid to neutral pH's. Both HSeO, and
Se0y are strongly adsorbed by hydrated surfaces of ferric oxides
(11). This is consistent with the data of Figure 4, which shows
that only about 20 to 30% of the adsorbed selenium is exchange-
able. Selenium has been found as ferroselite in goethite-
hematite deposits at the migrating oxidizing/reducing interface
in a roll-type uranium ore body (11). From the present studies
it is not possible to tell the chemical form of the "fixed"
selenium. However, its resistance to chemical extraction and
concentration on iron-bearing minerals suggest the formation of a
stable iron-selenium mineral phase.

Cesium inventories in Table III show no effect of granite
alteration or temperature. This is consistent with the observa-
tion that cesium prefers micaceous and clay minerals which are
not expected to form under the conditions of these experiments.
It has been shown that cesium diffuses into the lattice of
micaceous minerals, resulting in its entrapment (12). The v 35
to 40% "fixed" cesium (Figure 4) is, therefore, likely bound
internally at lattice sites, which would have to be destroyed in
order to release the cesium. The extraction of cesium by KTOX in
these experiments is likely due to dissolution of irom—bearing
minerals, such as biotite and horneblende rather than oxyhydr-
oxides. If sorption by oxyhydroxides had been involved, a trend
of increasing sorption with granite alteration, similar to that
exhibited by cobalt and selenium, should have been observed.
These observations support the hypothesis that the similarity of
the cesium elemental distribution to that of iron in natural
granite weathering profiles is a result of coincidental clay
mineral production rather than a direct association with oxyhydr-
oxides (14). 144

In the coupon experiment, 60 to 75% of the sorbed Ce was
found to be associated with oxyhydroxides and "fixed" by lattice
substitution (Figure 4). However, selective extraction data from
the mixing-cell tests is ambiguous with respect to the relative
importance of exchangeable inventory and that potentially assoc-
iated with oxyhydroxides. Total surface inventories show a de-
creasing trend with increasing alteration. No clear trend with
temperature is evident.

Cerium is associated with iron in some weathering profiles
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(14). Static sorption studies with drill core material from two
rock formations in tTgACanadian Shield have shown a positive
correlation between Ce sorption and mafic mineral concentrat-
ion and transition metal oxide concentration in the rock (2).

The cerium solution concentration profiles from the mixing-
cell experiments often show considerable data scatter (2). The
largest scatter was observed in GGW at 60°C with the 20-week pre-
conditioned surface (DFO fit variance of 0.218). Filtration of
fkg solution gave « 987 recovery (> 0.45-um particle size) of

Ce, indicating that the predominant cerium phase was col-
loidal. The least scatter occurred in the brine solution at 60°C
with a fresh granite surface (DFO fit variance of 0.017). The
relatively smoothly varying solution data is generally indicative
of species in true solution. The dramatic difference in data
scatter in these two experiments may indicate a strong effect of
the brine on the colloidal behaviour of cerium at near neutral
pH. Sorption of cerium (colloidal) onto granite is likely con-
trolled by surface-charge effects, which vary with groundwater
ionic strength and alteration of the granite surface. Further
experiments are required to clarify the association of cesium
with iron-bearing minerals.

144 The hot Na,CO, extraction removed about 5% of the sorbed75

Ce in coupon tests with both GEH and bf}ye; about 10% of Se
was removed for GGW only, and no = Co or Cs was removed. In
the case of cerium, colloid coprecipitation with amorphous silica
may explain these extraction results. The association of selen—
ium with possible hydrated silicates is unknown. Further invest-
igation of these associations will be required before any
significance can be attached to these Na2C03 extraction results.

Model Fitting to Mixing-Cell Data. Multiple-site kinetic models

have been used to describe pesticide and herbicide movement in
soils (15,16,17), cesium migration in columns (18), and strontium
migration in a sandy aquifer over a twenty-year time period (1).
The results of the selective extraction procedures in all experi-
ments discussed here suggest that a multi-site model should
provide a better fit of the data than a single-site model. This
hypothesis is supported by the variances in Table I, with the
possible exception of selenium.

Assuming, in Table III, that S. represents exchangeable
activity and S, represents the net inventory of all other
mechanisms, a comparison of these model-predicted inventories
with those obtained by selective chemical extraction indicates
that, while the overall mass balance trends are predicted,
agreement in detail of individual extraction inventories with the
model-predicted inventories is not always good. The overall mass
balance is governed almost totally 88 the higher concentration
(early time) data. In the case of = Co, inspection of residual
plots indicates that, in all cases, the DFO model shows small
systematic deviations at early times that account for the mass
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balance disagreements. Where the best fit at high concentrations
was produced, the best overall mass balance agreement was
obtained. 60

A comparison of = Co inventories (Table III) as a function of
alteration history indicates that total inventories change by
more than a factor of three, and k_ . and k_, change by more than
a factor of 100 for conditions ranging from fresh surfaces at
20°C to 20-week altered surfaces at 60°C. Hence, the alteration
kinetics of the grapite will need to be explicitly included in
models to predict =~ Co sorption on fresh granite surfaces.
Alteration kinetics may not be important for well-weathered
fracture surfaces where oxyhydroxide inventories may be relative-
ly sgable over long time periods. Provided the rate constants
for " Co sorption on natural fracture surfaces, including the
effect of the inventory of oxyhydroxideg0 can be obtained, the
DFO model may be useful for describing = Co migration.

Although selenium is observed in the geologic setting in
association with iron, and the DFO model provides a good fit to
the groundwater solution data from the dynamic experiments, the
selective extraction inventories do not agree well with the model
predictions, and the chemistry of selenium is complicated by re-
dox effects (11). It is likely that the DFO model is still too
simple to adequately describe selenium migration.

DFO model fit variances for cesium show a considerable im-
provement over the single-site model variances given in Table I.
A two-site model has been used (18) to model cesium transport in
soils. In this model a Langmuir-type model, Equation 3,was used
to represent surface sorption and a first-order model, Equation
1, was used to approximate interparticle diffusion. Extraction
with CaCl, was used to verify the exchangeable site inventory.
The succeSs of the two-site sorption models for dissimilar test-
ing conditions clearly indicates its superiority over single-site
sorption models for modelling cesium transport.

Using the criteria referred to in the introductory section,
the deposition rate constants given in Table II can be used to
estimate transit times necessary to achieve equilibrium in labor-
atory or field fracture flow studies. For example cesium
sorption from GGW in a 100-pym aperture fissure in unweathered Lac
du Bonnet granite requires a minimum water transit time of v 3 d
for site 1, and 12 d for site 2, in order to be able to assume
equilibrium sorption. Water transit times of the order of hours
will produce only tailing. Transit times required in brine
groundwaters are an order of magnitude higher than those in GGW.

Comparison of model fit variances for cerium indicates a
definite superiority of the DFO model over single-site sorption
models. The large data scatter in groundwater cerium concentra-
tions, and the ambiguity in extraction inventory trends, indicate
that systems producing significant colloidal material may require
more specialized models and experimental methods to fully under-
stand their transport mechanisms.
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Conclusions

Using a combination of selective chemical extraction and auto-
radiographic techniques, sorption has been shown to be multi-
mechanism. Dynamic experiments using mixing-cells have shown
that significant changes in sorption kinetics and capacity can
occur due to mineral alteration on a laboratory time scale. Iron
oxyhydroxides, resulting from the alteration of iron-bearing
minerals, have been shown to play an important role in the
sorption of a variety of radionuclides.

The comparison of kinetic sorption models presented here was
made possible by the use of the mixing-cell dynamic technique,
which eliminates the masking effects of hydraulic dispersion.
With the possible exception of selenium, a two-site, double
first-order (DFO) model shows an improvement over single site-
models for describing sorption of the radionuclides studied. The
dependence of sorption on alteration history in the majority of
cases indicates that experiments with systems representative of
well-weathered fracture systems are necessary to obtain data
applicable to actual disposal vault conditions.
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Actinide and Technetium Sorption on Iron-Silicate
and Dispersed Clay Colloids

J. W.SHADE, L. L. AMES, and J. E MCGARRAH
Pacific Northwest Laboratory, Richland, WA 99352

Two different colloidal suspensions, representative

of those found in waste package interaction tests,
were prepared from iron metal and silica powders or
sodium-bentonite at 90°C. Aliquots were spiked with
233y, 235Np, 237py, or 95WTc at pH ranges from 2 to 12,
then shaken for 24 hours followed by a 158 filtration.
Zeta potential measurements were made on unspiked
samples. Similar sorptive properties were observed
for both colloids. At 25°C both 233U and 237Pu exhibit
maximum sorption (50-90%) near pH 6. Sorption drops
by about a factor of 5 at pH >8. Slight sorption of
235Np occurs at pH 11 and decreases to zero at lower
PH values. 95MTe does not sorb on Fe-silicates and

is only slightly sorbed (10%) on smectites.

As part of an effort to evaluate the effects of waste package
components (canister, waste form, backfill) on waste form leaching
behavior, interactive tests have been conducted that include
monolithic specimens of iron in the same container with monolithic
glass specimens. These experiments indicate that the leach rates
of elements into groundwater from the glass are enhanced relative
to rates observed in comparable glass-only tests (1). The
enhanced leach rates are suggested to be the result of decreased
soluble silica activity caused by reactions between iron and
silica to form hydrated iron silicate reaction products. Similar
experiments (2-3) conducted with sodium-bentonite backfill
materials in place of iron also yield enhanced leach rates from
glass. This might be attributable to the alkali sorption
properties of the smectite component of bentonite or, because
glass leach rates appear to be related to dissolved silica
concentrations (4), possible silica-bentonite polymerization or
condensation reactions similar to that suggested for silicic

0097-6156/84/0246-0067$06.00/0
© 1984 American Chemical Society
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acid (5) may be an influence. Although the interaction mechanisms
are not understood, ICP analysis of sequentially filtered
leachates (0.45 um to 158) and micro-electrophoretic examination
during zeta potential measurements have indicated the existance of
silica-rich particles of colloidal size in both iron and bentonite
systems (1), but no additional characterization was attempted.

If colloids generated by waste package component interactions
readily flocculate or are otherwise removed from solution soon
after formation, they may not represent a waste management problem
because colloidal transport of radionuclides would be limited.

In the previous interaction experiments (1-3), no evidence for
flocculation or precipitation was reported over the pH range 6

to 9.5, which implies that the colloids remain as sols and could
potentially be transported. If transport is possible, then it is
desirable to know the extent to which sorbed radionuclides could
also be transported.

Such a mechanism would require modifications to some concepts
of solubility controlled release. This report concerns a prelim-
inary effort to determine some of the sorption properties of
colloidal species representative of those formed during waste
form/waste package interaction tests. Sorption of actinides and
Tc on those colloids as a function of pH at 25°C was studied.

The glass-=iron and glass-bentonite interaction experiments
(1-2) that resulted in colloid formation were conducted at 90°C in
deionized water and in low ionic strength groundwater with final
pH values generally in the range 8 to 9.5. On the basis of ICP
analyses of filtrates (1), it is thought that colloids in the
glass-iron system are silica-rich, iron-bearing materials
(possibly similar to those described in Reference 6) rather than
an iron hydroxide such as geothite. In the absence of further
characterization, these colloids are simply considered as iron
silicates. Thus, colloids generated with powdered iron and silica
under conditions similar to the experiments in Reference 1, but
at a slightly higher pH, are thought to be representative of iron
silicate colloids from waste glass interaction systems but exclude
possible complications from leachable waste glass elements.
Moreover, colloids from the simple iron-silica systems provide
a basis for comparison with glass-bearing systems in future work.

Experimental Procedure

Iron silicate colloids were prepared by placing fifty grams of
iron powder and silicic acid or Na silicate in a liter of 0.01 M
NaOH solution, then heating the solution at 90°C for four to five
days. After this digestion period, the solution was centrifuged
at 3500 rpm for one hour and the supernate decanted. Aliquots

of the supernate were examined for the presence of colloids using
a micro-electrophoresis unit, and the amount of colloids in
suspension was estimated by weight loss after evaporation. This
same procedure was used with Na-bentonite to generate colloidal
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size particles except that deionized water was used instead of a
hydroxide solution. The Na bentonite was the same material used
in Reference 7.

Separate 20 ml aliquots of supernate were then adjusted to
a desired pH within the range 2 to 12 with HCl or NaOH and spiked
with 237py, 233y, 235yp, 95mpc, 137cg, or 85Sr. Only one isotope
was used for a given aliquot, and the amount of spike was on
the order of 10712 or 10713 M for the actinides and 1077 M for
uranium--well below expected solubility limits. The spiked
samples were shaken for 24 hours at 25°C, then filtered through
158 filters. Counting the initial solution and the 15X filtrate
allowed a determination of the percentage of nuclide sorbed on
the colloid. Corrections were made for sorption on container
walls.

In addition, the surface charge (or zeta potential) of
suspended colloids was measured on separate pH-adjusted aliquots
using a laser micro-electrophoretic instrument. These measure-
ments were made between the pH range of 2 to 12.

Results and Discussion

The percentages of radionuclides sorbed by iron silicate and
sodium bentonite are listed in Tables I and II alon% with initial
and final pH values. The percentages of 233U and 237Pu sorbed on
iron silicate and bentonite colloids are shown graphically in
Figure 1. It is apparent that similar sorption behavior occurs
for both colloids with these isotopes. Both exhibit maximum
sorption near pH 6 with less sorption at high pH and, to some
extent, also at low pH. 237py seems to sorb more than 233U,
while 233y exhibits a somewhat greater pH dependence--at least
under conditions of relatively dilute solutioms.

In an attempt to offer a partial explanation for these
observations, the zeta potential of the colloids measured as a
function of pH is shown in comparison with possible speciation of
U and Pu (Figure 2). The sorption experiments were conducted
under oxidizing conditions, so only the +200 to +400 mV range of
Eh is considered. The speciation of U and Pu shown was taken from
References 8 and 9, respectively. It is recognized that dominance
fields for specific species vary as functions of parameters such
as jonic strength, total dissolved carbonate, etc., and also that
actinides themselves may form polymers (10-11). For purposes of
this discussion, however, the intent is to illustrate that
dissolved species of U and Pu tend to be negatively charged at
high pH values and positively charged at low pH. When viewed in
these terms, simple electrostatic considerations suggest that low
sorption would be expected at high pH because both colloid and
dominant actinide species are negatively charged. If, at inter-
mediate pH, the dominant actinide species change from negative to
positive while the colloid zeta potential is still negative (i.e.,
before the isoelectric point), then maximum sorption would be
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TABLE I. Sorption of Radionuclides by Iron Silicate at 25°¢,

Solids-to-solution ratio wag 108 mg/%.

hours. All samples were 15A filtered.

Contact time was 24

Initial
Concentration 24-hour

Radionuclides moles/ Sorption,% Initial pH Final pH
233, 4.591 x 10~/ 0 11.10 11.20
0 10.00 10.10
2.92 8.00 8.05
35.12 5.99 6.09
42.72 5.00 5.30
15.10 4.00 4.00

6.96 0.0 2.99 2.00  3.00 2.0
235y, 5.135 x 10 12 5.82 11.20 11.25
0 10.00 10.02
0 8.00 8.01
0 6.00 6.10
237, 1.230 x 10713 44.37 11.10 11.25
15.12 10.00 10.10
23.27 8.00 8.00
55.40 6.01 6.20
61.19 5.00 5.40
57.73 4.05 4.10

56.75 50.15 2.98 2.00  2.90 2.60

95my 4.187 x 10 14 0 11.03 11.15
0 10.00 10.00
0 7.99 7.99
0 6.00 6.15
137, 2.593 x 10 1! 19.77 10.00 9.92
10.74 8.00 8.18
11.09 6.00 7.45
8.19 4.00 3.97
0 2.00 1.99
854, 2.370 x 10713 64.52 10.00 10.28
48.08 8.00 8.24
44.72 6.00 7.09
20.74 4,00 3.82
7.68 2.00 1.90
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TABLE II. Sorption of Radionuclides by Na Bentonite at 25°C

Solids-to-solution ratio was 68.2 gng/l. Contact time
was 24 hours. All samples were 15A filtered.

Initial
Concentration 24-hour
Radionuclides moles/Q Sorption,’ Initial pH Final pH
233y 4.591 x 10-7 21.33 11.20 11.00
14.95 10.00 9.90
41.18 8.00 8.00
71.55 6.00 6.90
86.94 5.02 6.26
90.21 4.00 5.66
76.51 4.00 4.05
235yp 5.135 x 1012 14.23 11.20 11.15
4.02 10.00 9.80
6.94 8.05 8.05
8.58 6.05 7.50
3.65 5.00 6.04
7.43 3.95 5.37
237py 1.230 x 10-13 56.79 11.20 11.00
58.06 10.00 9.80
82.71 8.00 8.10
80.62 6.00 6.85
75.30 5.00 6.06
77.9 4.02 5.65
9Smye 4.187 x 10714 0.89 11.20 10.10
1.50 10.00 9.85
3.89 8.00 8.00
13.40 6.00 7.00
9.51 5.00 6.85
9.41 4.02 5.68
137¢s 2.593 x 10-11 77.05 10.00 9.90
73.57 8.05 8.09
68.71 6.00 6.69
62.69 4.00 5.53
18.57 2.00 2.09
85gr 2.370 x 10-13 98.04 10.00 9.83
96.35 8.00 7.99
95.02 6.00 6.48
94.43 4.00 4.42

35.48 2.00 1.94
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Figure 1. Sorption of 237Py and 233U by Iron Silicate (top)
and Na Bentonite (bottom) Colloids at 25°C.
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expected. At even lower pH values, both colloid and actinide
are likely to be positively charged so that sorption is reduced.
A more detailed characterization of colloid-actinide systems would
Permit a quantitative interpretation, but this was not within the
scope of this effort.

The same type of experiments were conducted using 9smy,
and 235Np spikes, and these results are shown in Figure 3. Very
little sorption was observed on either colloid. The larger
amounts of 235Np sorption at high pH for both colloids suggest the
presence of a positively charged species, but it apparently is not
present in large amounts. The dominance of the pertechnetate ion
at oxidizing conditions readily accounts for the low sorption on
negatively charged colloids. The slight amount of 95Mpe and 235Np
sorption on bentonite might be attributed to localized sorption
at sites of ferrous iron in bentonite or to reduction by small
amounts of organics. The iron associated with iron silicate
colloids is likely ferric because they were formed under
oxidizing conditions.

The results of additional experiments conducted with 85gr
and 137Cs spikes are shown in Figure 4. The well known sorption
characteristics of bentonite for Sr and Cs ions is apparent (7).
The sorption properties of bentonite are reduced at low pH, which
is consistent with an electrostatic concept. 137¢s sorption
on the iron silicate colloids is considerably less than that
observed with bentonite, even though the colloid zeta potentials
are similar, which suggests that mechanisms other than simple
electrostatic concepts may be involved. Also, the linear trend
of data for Sr in iron silicate systems is considered to represent
pPrecipitation rather than sorption.

Conclusions

This preliminary work suggests that sorption properties of iron
silicate colloidal size particles generated in waste package
interaction experiments are similar to those of bentonite for U
and Pu as well as for Tc and Np. Although no specific effort was
made in this investigation to determine colloid stability,
flocculation was not observed in the short 24-hour experiments
within the pH range 2 to 12 for low ionic strength solutions. A
significant amount of sorption was observed which justifies a more
detailed characterization effort to evaluate colloid growth rates,
composition and flocculation characteristics over a range of
repository-relevant temperatures and radiation fields. This type
of effort will be required before a full evaluation of the
significance of colloids in waste package systems can be made.
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Adsorption of Nuclides on Hydrous Oxides

Sorption Isotherms on Natural Materials

R. E. MEYER, D. A. PALMER, W. D. ARNOLD, and F. I. CASE
Oak Ridge National Laboratory, Oak Ridge, TN 37830

Hydrous oxides and minerals which have adsorbing
groups that behave like hydrous oxides are ubiq-
uitous components of geological formations and
may dominate the adsorptive properties of the for-
mations at conditions of natural groundwaters. An
understanding of the adsorptive behavior of
hydrous oxides is therefore necessary for reliable
prediction of migration of nuclides through the
formations. Various isotherms are derived from
equilibrium ion-exchange theory for the sorption
of non-hydrolyzed ions on hydrous oxides. These
isotherms are compared with experimental isotherms
for sorption of Cs™, Sr2+, Eu3+, and TcO4™ on
several hydrous oxides. The experimental
isotherms for cations show little dependency of
sorption on the ionic strength at intermediate pH
values but considerable dependence at higher pH
values. In the pH range of negligible hydrolysis,
sorption increases with pH for cation sorption,
and the slope of this dependency on pH increases
with the charge of the cation. General features
of these isotherms are predictable from ion-
exchange equilibrium theory as applied to hydrous
oxides. By combining isotherms for hydrous oxides
with those for layer-type clay minerals, many unu-
sual features of isotherms found on geological
materials can be explained.

Safety analysis of nuclear waste repositories requires realistic
prediction of the rates of migration of nuclides from the repos-
itory through the host geological medium to the accessible
environment. These predictions require sorption isotherms
rather than single values of distribution coefficients, and
there must be substantial confidence that the sorption isotherms

0097-6156/84/0246-0079$06.00/0
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are realistic. Theoretical justification of the isotherms can
provide this confidence, particularly if the justification is
obtained from long-established principles such as chemical
equilibrium theory.

Hydrous oxides and minerals with adsorbing groups which
behave like hydrous oxides are ubiquitous components of geolog-
ical formations. These formations may also contain other highly
adsorbing materials, such as the clay minerals, and, in prac-
tice, samples of the formations will probably be mixtures of
oxides, clays, and other materials. One approach to modelling
these formations is to consider them to be mixtures of the indi-
vidual minerals of the formations and to calculate sorption
isotherms from sorption isotherms of the components. If chemi-
cal equilibrium theory, for example as applied to ion exchange,
could be used to predict the form of these isotherms, the task
of prediction of the overall isotherm of the formations would be
considerably simplified. In this paper, we show that many of
the features of sorption isotherms found with natural materials
can be predicted with relatively simple relations derived from
ordinary equilibrium ion exchange equations. Further, in the pH
range 6-9 of most natural groundwaters, the sorption properties
of many natural materials are dominated by the sorption proper-
ties of hydrous oxides. Here, we will refer primarily to three
types of isotherms: plots of equilibrium distribution coef-
ficient, D, vs concentration of the nuclide on the adsorbent; D
vs ionic strength; and D vs pH. The first of these types may
also be plotted as an essentially equivalent graph of concentra-
tion of the nuclide on the adsorbent vs concentration in the
solution.

In deriving the shapes of these isotherms, we first must
define isotherms for ideal clays and ideal oxides. We then com-
bine these ideal functions into overall isotherms and compare
the derived functions to experimental isotherms determined for
various adsorbents. We will show that observations which have
been said to preclude ion exchange are, in fact, quite con-
sistent with ion-exchange behavior. We will not attempt to
derive actual values of equilibrium distribution coefficients,
but rather we seek only to define the shapes of the isotherms.

Isotherms for Ideal Clay

We will define an ideal clay as one with a fixed negative charge
in the lattice and in which the charge is completely independent
of pH. Further, we will stipulate that this charge is the only
source of the sorption capacity of the exchanger. This implies
that adsorption is entirely independent of pH except for the
inclusion of the hydrogen ion as one of the exchangeable
cations. Using this assumption, we can calculate isotherms from
normal ion exchange equilibrium equations. For exchange of a
cation, Aﬂ+, with a univalent cation, B+, we can write the
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following equations:

AT + nBY = AR+ nBY eb)
K = [Aadg] [Bg]1?/{[Ag] (C-n[Aags])?} (2)
D = [Aads]/[Ag] = K (C-n[Ag4g])?/[Bg]™® (3)

where K is the equilibrium constant for the ion exchange reac-
tion, [Aj4g] and [Ag] are the concentrations of the nuclide on
the clay and in the solution, [B,4g] and [Bg] are the con-
centrations of the exchanging cations, n is the charge of the
nuclide, C is the capacity of the clay, and D is the equilibrium
distribution coefficient. Isotherms derived from these
equations are quite familiar. Values of D are constant as the
concentration of the cation is increased until the amount
adsorbed approaches the capacity. Equivalently, the slope of a
plot of log[Az4g] vs log[Ag] is one at low capacity and
approaches zero as the capacity of the exchanger is approached.
These equations show the sensitivity of this type of sorption to
competing ions, and this sensitivity is often used as a test for
the presence of ion exchange. If the solution contains ions of
only one charge, m, e.g., all monovalent or all divalent, and if
the nuclide, AF*, is present at trace concentrations, then plots
of log D vs log[Bg™] are equal to -n/m. This relation is
illustrated in Figure 1 for exchange with monovalent catioms,
calculated for a hypothetical clay, from Equation 3. Unfortu-
nately, it is sometimes assumed that the converse is true, i.e.
that if these relations are not found, ion exchange is not the
sorption process involved. [In Figure 1 corrections are applied
for the known activity coefficients in mixtures of the chlorides
of sodium and the adsorbing nuclides, Cs(I), Sr(II), and
Eu(III). This correction produces some curvature on these
plots.]

Isotherms for Ideal Hydrous Oxides

Sorption on oxides and hydrous oxides has been extensively
studied both experimentally and theoretically. In order to
define an ideal oxide or hydrous oxide exchanger, we will rely
on experiments with well-defined sorbents such as chromato-
graphic alumina (1-4). Briefly, the adsorption characteristics
of oxides and hydrous oxides are: (1) At high pH, they act as
cation exchangers but with less sensitivity to the total salt
concentration than clay minerals. This behavior is illustrated
in Figure 2, where sorption of strontium on alumina is shown.
At high pH, the sensitivity of the distribution coefficient to
the concentration of the competing cation is somewhat less than
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half of what one would expect for an ideal clay. (2) At low pH,
they become anion exchangers. This characteristic is
illustrated by the plots of TcO4;~ sorption shown in Figure 3,
where it is shown that distribution coefficients increase at
lower pH values (3). (3) For cation exchange, the sensitivity
to salt concentration decreases as the pH is lowered (Figure 2).
For anion exchange, the opposite is true (Figure 3). (4) As
shown in Figure 4, the slopes of log D vs pH increase with the
charge of the adsorbing nuclide. In Reference 2, we have shown
from ion exchange theory that this slope should, under certain
ideal conditions, be equal to n/2 where n is the charge of the
adsorbing nuclide. This is approximately true for the data
shown in Figure 4. Slopes of log D vs pH are from 0.4 to 0.5
for Cs(I), 0.8 to 1.0 for Sr(II), and 1.5 to 1.65 for Eu(III)
(l). (5) The capacities tend to increase with the charge of the
ion as shown in Figure 5, where plots of the distribution coef-
ficient vs loading (concentration of the nuclide on the sorbent)
are shown for adsorption of Cs(I), Sr(II), and Eu(III) on alu-
mina. In these experiments, pure chromatographic alumina was
used. The alumina was equilibrated at least three times to con-
vert all exchangeable cations to the sodium ion and sorption
measurements were conducted at trace loading for all experiments
except when an isotherm relating equilibrium distribution coef-
ficient to concentration of the nuclide in the solution was
desired. If pure adsorbents are not used and if the adsorbent
is not properly pretreated, then it is quite difficult to obtain
meaningful comparisons for various experiments.

The results of all of these measurements can be approxi-
mated by an empirical expression that explains most of the
features of our experiments on oxides. In this paper, we will
not attempt to give theoretical justification, but we and others
(2,4) have shown that most of the five characteristics given
follow directly from equilibrium ion exchange considerations if
certain assumptions are made relative to the origin of the lat-
tice charge on the oxide. Other approaches have been used to
explain these observations on hydrous oxides. Among these are
approaches which associate enhanced sorption with hydrolysis of
the nuclide (5-7) and with formation of surface complexes to
specific sites (8-10). Some of these approaches are quite elab-
orate making extensive use of computer calculations and include
double layer theory. The approach that we have used (g) is
relatively simple, and explains many of the characteristics of
sorption on hydrous oxide with equilibrium theory.

For the data that we have collected so far for sorption on
oxides, Equation 4 is a good empirical representation of the
results:

[Aads] = [AglKox(C-n[A,4q]) [HF1(0/2) [Bg]P (4)
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where Koy 1s a constant, [H+] is the hydrogen concentration, C
is the capacity of the oxide for the particular nuclide that is
adsorbed, and p is a factor that expresses the dependence of
sorption of the nuclide on the salt concentration. For alkaline
conditions, the parameter, p, seems to be about -0.4 to -0.6
(2). At low pH, it appears to be very small or in some cases
even negative. Usually at low pH, equilibrium distribution
coefficients are small, and it is difficult to obtain data
accurate enough for meaningful comparisons. This parameter is
therefore dependent on pH. The capacity, C, is given as being
independent of pH; however, we have not investigated this point
enough to say for sure. The concentration adsorbed, [Ag4g],
will normally depend strongly on the pH as expressed by Equation
4. It is also possible that the expression (C-n[Ag4qg]) will
have an exponent as it does in Equation 2 for simple ion
exchange, but our data are not accurate enough to determine
whether this is true. For our purposes here, this equation is
sufficient, and we will consider C and K,y as empirical
constants.

Combined Isotherms

There are several ways to form combined isotherms. In this
paper we will simply assume that we can combine them in a linear
fashion such that each isotherm is completely independent of the
other. The independence of the isotherms on the different
adsorbents implies the following equations:

[Aags](total) = £1[A546](1) + £2[Aa4s1(2) (5)
or D(total) = f£1D(1) + £2D(2) (6)

where f} and f; are weight fractions of the various adsorbers,
[Agds](1l) and [A;435](2) are the concentrations on the individual
minerals. This equation can readily be extended to any number
of adsorbers by adding terms of the form of the first two terms.
In calculating the overall isotherms, we first calculate [Aag4g]
for the various components of a mixture and then combine them
with Equation 5 or 6.

Equation 6 was used to predict experimental measurements of
binary mixtures of adsorbents for sorption of Cs(I) and Sr(II)
from measurements on the individual minerals. (11) For some of
the cases investigated, the distribution coefficients could be
calculated with considerable precision from measurements on the
individual minerals. In other cases, there appeared to be
interaction between the minerals. However, these experimental
results appear to confirm Equations 5 and 6 for cases where the
sorbents do not interact.
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In Figure 6, we show a theoretical calculation using
Equations 3-6 of the effect of pH on the distribution coef-
ficient for a case where the principal adsorbent is a
hypothetical clay which contains a total of 0.8% oxides. In
this case, we chose a mixture of three oxides as follows:
oxide #1, 0.1%, Kyx = .01, C = .5; oxide #2, 0.2%, K,y = .005,
C = .3, oxide #3, 0.5%, Kox = 0.01, C = 1. These constants
were chosen arbitrarily to approximate roughly the data that we
observe in Figure 7. These constants are not unique; other sets
of constants could also represent the data. The calculations
shown are for sorption of a trivalent ion from a solution of a
monovalent salt like NaCl. Unless otherwise stated in these
Figures, the concentration of the salt is 0.01 M, the capacity
of the clay is assumed to be one equivalent per kilogram, p = 0
and K (for the clay) is assumed to be 1.0. These numbers give
calculated values of D which are similar to those that we
observe in our experiments. In our calculations, D is expressed
in L/kg, C in equivalents/kg, concentrations in solution as
moles/L, and concentrations on the solid (loading) as moles/kg,
and units of K or Ky, which are consistent with these units.

The calculations show a strong dependence on concentration
of the monovalent ion at low pH but a very small dependence at
the upper pH values shown in Figure 6. The reason for this is
that, because of the strong pH dependence of sorption on oxides,
at low pH the clay-like behavior dominates and at the upper pH
region, the oxide-like behavior dominates.

In Figure 7, we show experimental data for adsorption of
Eu(III) on montmorillonite. As a number of investigators have
suggested (12-14), layer-type clay minerals generally contain
both a fixed-layer charge which corresponds to the constant
capacity, and groups at the edges of the layers which behave
like oxide groups. A natural clay can therefore be thought of
as a mixture of a clay and an oxide. It is also quite possible
that natural clay minerals contain small quantities of oxides.
The curves shown for Eu(III) sorption on montmorillonite show
the same features as the calculated curves of Figure 6. These
distribution coefficients are equilibrium distribution coef-
ficients, and although we show only one of the experiments,
essentially the same behavior was obtained when the experiment
was started at low pH, high pH, or intermediate pH and cycled
through the range shown in Figure 7. (15) In addition, experi-
ments were also done which showed that the distribution coef-
ficients did not vary substantially with time. Because of the
unusual shape of the curves which show the transition from a pH
range dependent to a region independent of the competing ion, it
is difficult to account for their shape. The assumption that
the sample behaves like a mixture of oxide and clay adsorbing
sites does provide a simple explanation of this behavior. The
similarity between Figure 7 and Figure 6 does not prove that
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this is the correct explanation, but it does say that one cannot
eliminate ion exchange as the mechanism of adsorption, because
the equations are derived from ion exchange principles.

These equations also predict that plots of the concentra-
tion of the nuclide on the adsorbent vs concentration of the
nuclide in the solution will not be linear in many cases. The
slope of such plots will depend on the particular mixture pres-
ent, the pH, and the range of the solution concentration of the
nuclide. To illustrate this point, we show in Figure 8 several
plots of calculations for various assumptions. The same con-
stants given above were used to calculate these curves. When
plotted as log D vs log [Ag4g], there is a clear indication at
pH 7 of two regions, at low values of [Agqg] up to about 1074
moles/kg and the upper region above 1074 moles/kg. The lower
region corresponds to domination of sorption by the oxide com-
ponent and the upper by the clay component. These calculations
were replotted as log [Aj4g] vs log [Ag] and the results are
shown in Figure 9. The large hump observed in Figure 8 is
observed to be a line above the pH 4 line (slope = 1).

Normally, when such an experiment is carried out, it may not be
possible to cover as wide a range of concentration of the
nuclide shown in this hypothetical case. Solubility or other
constraints may limit the accessible range. In the case of tri-
valent ions like Eu(III), it is not possible to increase the
concentration of the ion much above tracer levels at higher pH
because of the possibility of precipitation and the formation of
hydrolyzed and polynuclear species which would change the nature
of the sorption process. We have so far not been able to deter-
mine a reproducible sorption isotherm for Eu(III) on our samples
of montmorillonite above about pH 5-6.

Although it is not possible to increase the concentration
of Eu(III) enough at higher pH levels to determine experimen-
tally an isotherm over a large concentration range, it is
possible to do so with divalent ions like Ni2t and Co2*. Egozy
(12) has reported curves similar to Figure 5 for Co2t sorption
on montmorillonite and Triolo and Meyer (16) have observed simi-
lar curves for sorption of Ni2t and Zn2% on montmorillomite.

Finally, we show in Figure 10 some recent data on adsorp-
tion of Eu(III), at trace concentrations, on a natural specimen
of corundum. Here, we see a pattern somewhat similar to that
observed for montmorillonite. At low pH levels, there is a
strong dependence on salt concentration, and at pH 6-7, there is
a rapid increase in D. As with our results with montmoril-
lonite, this sorbent may be modelled as a mixture of clay-like
and oxide-like sorbents. We do not know why the two points at
low pH in 2.5 M NaCl are the highest. There are only two such
points in Figure 9; perhaps these are anomalous. The results at
high pH probably represent a mixture of precipitation and
sorption.
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oxides. Arbitrary constants (see text).
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Figure 10. Adsorption of Eu(III) on the sodium form of
corundum (loading: 1.96E-6 to 8.1E-5 mole Eu(III)/kg,
equilibration for more than 192 hours).
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S. MEYERETAL. Adsorption of Nuclides on Hydrous Oxides

Summary and Conclusions

Sorption of polyvalent ions increases very rapidly with pH on
oxides and hydrous oxides. Because natural materials generally
contain oxides or at least adsorbing groups that behave like
oxides, sorption of polyvalent nuclides at intermediate pH will
tend to follow behavior typical of oxides. Thus, a strong
dependence of sorption on salt concentration may not be
observed. This lack of dependence on salt concentration does
not preclude ion exchange as a mechanism how