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Abstract

Radiation stability of montmorillonite, nontronite, and saponite as a function of temperature has been investigated
by in situ transmission electron microscopy (TEM) with 200 keV electrons. All three phases underwent a crystalline-
to-amorphous transformation when exposed to electron beam irradiation over the temperature range of 25-750°C. At
room temperature, the amorphization doses of montmorillonite, nontronite and saponite are 1.3 x 10%*, 6.2 x 10** and
1.7 x 10** e~ /m?, which correspond to energy depositions of 3.0 x 10, 3.4 x 10!! and 6.0 x 10'® Gy, respectively. In
the low-temperature region (25-400°C), the amorphization doses of all three types of smectite increase with the increase
of temperature. Further increase of temperature to above 400°C leads to a decrease in the amorphization dose. The
temperature effect on the ion exchange capacity for Cs has been studied using thermally treated smectites at temper-
atures between 25°C and 900°C. No change in ion exchange capacity was found at temperatures below 400°C, for which
dehydration is the dominant process during the heat treatment. Above this temperature, dehydroxylation, amorph-
ization and phase transformation occur depending on temperature. The ion exchange capacity decreases with the in-
crease in temperature, as a result of the loss of exchangeable cations in the crystalline structure. © 2001 Elsevier

Science B.V. All rights reserved.

1. Introduction

Bentonite, consisting primarily of montmorillonite,
is a common choice for barrier materials in high-level
nuclear waste disposal [1,2]. In addition to creating
favorable geochemical conditions around the waste
canisters, bentonite can also serve as a hydraulic bar-
rier to retard ground water contact and limit the mo-
bility of radionuclides released from the waste forms
after they come in contact with ground water. The low
hydraulic conductivity, high swelling properties and
high ion exchange and sorption capacity for the ra-
dionuclides, such as Cs*, Sr*", rare-earths, and acti-
nides, have made the smectite group of clay minerals
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among the most promising candidate backfill materials
for geologic disposal [3-7]. Smectites have also been
found as the important constituents of the alteration
products on the corroded glass waste forms [8]. These
surface layers may play a role in the retardation of
radionuclides released from the glass waste form.
Rare-earths, actinides, Cs, and Sr are retained in the
smectites that form in this alteration layer through ion
exchange reactions or sorption onto the smectite sur-
face [8,9].

The conditions in the near field of a high-level waste
disposal repository are severe in terms of radiation and
temperature. Significant amounts of heat may be gen-
erated in the repository due to the B-decay of the fis-
sion products. The temperature rise in the near field of
a repository may be significant based on the calcula-
tions made by Buscheck et al. [10]. For US defense
high-level nuclear waste (HLW) glasses, an initial
temperature as high as 250°C may be achieved in the
Yucca Mountain repository. The temperature may
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drop slowly to below 100°C after several hundred years
of storage. The temperature of the glass waste form
itself can be even higher. The estimated waste form
temperature is in the range between 100°C and 450°C,
depending on waste loading, age of the waste, depth of
burial, and the repository-specific geothermal gradient
[11].

Because smectites are hydrated sheet silicates, with
most of the exchangeable cations and water molecules
located in the interlayer positions, many important
physical and chemical properties, such as the hydraulic
conductivity, swelling and ion exchange capacities, are
predominantly determined by the interlayer structure.
The removal of water from the interlayer can lead to the
collapse of the interlayer structure, migration of inter-
layer cations and new charge balance schemes in the
layered structure. Reversible or irreversible dehydration
accompanied by a significant decrease in interlayer
spacing can occur when smectite is subjected to heating
at temperatures below 400°C. Dehydroxylation and
phase transformation occur in most of smectites when
samples are heated at temperatures above 400-500°C
[12-15].

The regulatory period for geologic repositories
usually extends to at least 10000 years. Thus, the near-
field materials, such as smectites, may be exposed to a
high radiation field for a long period of time. The ra-
diation stability of the waste form and backfill mate-
rials is of critical importance in the assessment of their
long-term behavior, because the radiation-induced
structural damage may lead to changes in the physical
and chemical properties, such as the thermal conduc-
tivity, ion exchange and sorption capacities. Both ra-
diation and thermally induced amorphization can cause
significant loss of ion exchange capacity for radionuc-
lides such as Cs and Sr [16,17]. Radiation-induced
amorphization and bubble formation have been ob-
served in mica group minerals (with 2:1 sheet structure
similar to that of smectites) under Kr" irradiation [18].
All of the mica minerals studied were amorphized at
relatively low critical amorphization doses (a fraction
of a dpa) at room temperature. Having a similar
chemical composition and crystal structure to mica,
smectites are likely to be susceptible to radiation
damage.

The temperature field in a waste repository may also
affect the radiation stability of the near-field materials.
The temperature dependence of amorphization dose has
been investigated for a variety of silicates. The amor-
phization dose of mica group minerals was found to
increase with the increase of temperature [18], while
zeolites showed a decreased amorphization dose when
the irradiation temperature was increased [19]. The
variation in radiation stability with temperature is as-
sociated with the particular structure and composition
of the materials studied.

A systematic study, using thermal treatment and in
situ transmission electron microscopy (TEM), has
been performed to investigate the changes of smectite
structure, ion exchange capacity and radiation stabil-
ity with temperature. The smectites selected for the
study are either the candidate backfill materials for a
nuclear waste repository or phases that are found as
corrosion products on the surface of glass waste
forms. These phases also represent the materials from
the two compositional subgroups (i.e. dioctahedral
and trioctahedral sheet structures) of the smectite
minerals.

2. Experimental
2.1. Materials

Smectite is a 2:1 clay mineral that consists of two
tetrahedral layers with one octahedral layer between
the tetrahedral layers. Charge deficiency in the 2:1 unit
results from cation substitution in the tetrahedral or
octahedral layers. The structural charges are balanced
by introducing exchangeable cations into the interlayer
position. Water molecules are readily adsorbed to form
hydration shells around the interlayer cations. The
structures of dioctahedral and trioctahedral smectites
are depicted in Fig. 1. The three smectite phases
studied include: (1) dioctahedral montmorillonite, (2)
dioctahedral nontronite, and (3) trioctahedral saponite.
The ideal formulas for the three types of smectite are
[20]

montmorillonite [Ko7(Al;3Mg,,)SigO2(OH), - nH,0],
nontronite [Ko;Fes(Siz3Aly7)O04(0OH), - nH,0],
saponite [Ko_gMg6(si7_2A10_3)020(OH)4 . }’leO]

The montmorillonite from Apache County, AZ, USA
and the nontronite from Cheney, WA, USA were pro-
vided by Ward’s Natural Science Establishment in ag-
gregated form. Both samples were ground and dry
sieved through 60 mesh before ion exchange and thermal
treatment. Saponite clay (SM 1200) was provided by
GSA Resources in powdered form.

2.2. Thermal treatment and XRD analysis

All three types of material were thermally treated at
temperatures in the range of 100-900°C for 1 h and then
cooled to room temperature in air. The heat-treated
samples were kept in a desiccator prior to use. The
structures of the original and thermally treated smectites
were examined with X-ray diffraction (XRD) using a
Scintag X1 Automated Powder Diffractometer.
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Fig. 1. Schematic diagram of the structure of dioctahedral and trioctahedral smectites.

2.3. Electron beam irradiation

Radiation damage in smectites under electron beam
irradiation were observed in situ by TEM using a JEM
2000 FX electron microscope operated at 200 keV. A
JEM 4000 EX electron microscope was also used to
obtain high-resolution TEM images during the course of
400 keV electron beam irradiation of montmorillonite.
The smectite samples were crushed and suspended on a
& 3 mm holey carbon film supported by a copper grid.
The electron flux exposed on the smectite samples was
determined based on the current density on the image
screen with the electron beam aligned through a hole in
the sample. The TEM samples were heated in a tem-
perature range of 25-750°C, using a heating stage at-
tached to the microscope during the electron irradiation.

2.4. Ion exchange

100 mg of the original and thermally treated smec-
tites were dispersed in 25 ml 2 mN CsCl solution pre-
pared by dissolving reagent grade CsCl in deionized
water. The suspensions were continuously stirred on a
shaker with an orbital speed of 150 rpm for 48 h with
temperature maintained at room temperature. Centrif-
ugation at 3500 rpm was used to separate the liquid
phase from the solid when the ion exchange reaction was
terminated. Samples of supernatant were analyzed for
Cs" content using instrumental neutron activation
analysis at the University of Michigan’s Ford Nuclear
Reactor. Approximately 200 mg of each solution were
weighed out into a high-purity quartz vial and desic-
cated on filter paper. The encapsulated samples, along
with 4 replicates of a standard reference material

(Specpure Cesium plasma standard, 1000 + 5 ppm so-
lution), were irradiated for 20 h in a core-face location
with an average thermal flux of 4.2 x 10! n/m? s. After
a 3 week decay, gamma activity from Cs-134g decay was
recorded over a 10000 s live-time count on an HPGe
coaxial detector (34% relative efficiency). Cesium con-
centrations were then determined through direct com-
parison with three replicates of the standard reference
material, using a fourth replicate as a check standard.
The check indicated a total measurement error for ce-
sium content at 2.9%.

3. Results and discussion
3.1. Radiation stability

The crystalline-to-amorphous transition of the
smectites was observed using selected area electron dif-
fraction (SAD) under TEM. Fig. 2 shows two sequences
of SAD patterns obtained at different cumulative doses
for nontronite and saponite irradiated with 200 keV
electrons at room temperature. A similar sequence of
diffraction patterns were also obtained for montmorill-
onite irradiated with 200 keV electrons as shown in Figs.
3(a)-(c). The sharp ring patterns obtained from the
unirradiated smectites confirmed that the smectites were
crystalline. The gradual loss of the ring pattern intensity
accompanied by the appearance of the diffraction ha-
loes, the characteristic of amorphous materials, with the
increase of radiation dose indicates that the crystalline
structure is progressively damaged. The disappearance
of the sharp ring pattern at a certain dose is an indica-
tion that the crystalline structure has become completely
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Fig. 2. SAD patterns of nontronite and saponite irradiated by a 200 keV electron beam. Saponite: (A) beginning of the irradiation;
(B) 0.5 x 10** e~ /m?; (C) 1.3 x 10* ¢~ /m?; (D) 1.6 x 10** e~ /m>. Nontronite: (A) beginning of the irradiation; (B) 3 x 10** e~ /m?;

(C) 4 x 10** e~ /m?; (D) 6 x 10* e m?.

disordered. The dose at which sharp rings have
completely disappeared is defined as the critical amor-
phization dose. Figs. 3(d)—(f) are a sequence of high-
resolution TEM images of montmorillonite, showing the
evolution from layered structure to amorphous state.
The crystalline-to-amorphous transition of smectite is
further confirmed by the loss of the layered structure
(e.g. absence of lattice fringes) with the increase of ra-
diation dose in the high-resolution TEM images.

The temperature dependence of amorphization doses
for the smectite phases were measured over a tempera-
ture range of 25-750°C. The crystalline-to-amorphous
transition was observed in situ by TEM, with the
amorphization dose recorded using the electrical current

\\

R
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SN

measured on the image screen and exposure time. All the
amorphization doses were measured at the same dose
rate of 1 x 102 ¢~ /m? s in order to eliminate the dose
rate effect. Table 1 summarizes the amorphization doses
for the three types of smectites irradiated by a 200 keV
electron beam at different temperatures. Because many
important phenomena, including changes in physical
properties or induced chemical reactions, are expected to
scale as the energy absorbed per unit mass of the ma-
terial rather than as the exposure dose, the critical
electron fluences were converted to the ionizing energy
deposition. The details of the calculation of energy de-
position by incident electrons can be found elsewhere
[19]. At room temperature, the amorphization doses of

Fig. 3. SAD patterns (a)—(c) and high-resolution TEM images (d)—(f) of montmorillonite. Radiation doses corresponding to the
diffraction patterns are: (a) beginning of the irradiation; (b) 0.8 x 10** e~ /m?; (c) 1.3 x 10** e~ /m? (under 200 keV electron irradia-

tion).
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Table 1

Amorphization doses of smectites under 200 keV electron beam irradiation

Montmorillonite Nontronite Saponite

Temperature Electron Energy Temperature Electron Energy Temperature Electron Energy

(°C) fluence deposition  (°C) fluence deposition  (°C) fluence deposition
(e7/m?) (Gy) (e7/m?) (Gy) (e7/m?) (Gy)

24 1.34 x 10> 3.00 x 10'° 25 6.19 x 10**  3.42 x 10" 25 1.66 x 10> 6.00 x 10'°
102 242 x 10%* 541 x 10 121 1.41 x 10® 778 x 10'' 124 3.12 x 10%*  1.13 x 101
203 4.44 x 10 9.93 x 10" 202 2.84 x 10%  1.57 x 10" 202 3.08 x 10%*  1.11 x 10"
304 223 x10% 498 x 10" 305 4.07 x 10%  2.25x 10 302 3.80 x 10*  1.37 x 10"
353 3.04 x 10 6.80 x 10" 400 3.32x 10  1.83x 10" 407 497 x 10*  1.80 x 10"
450 1.99 x 10® 445 x 10" 500 212 x 10*  1.17 x 10" 505 1.26 x 10**  4.55 x 100
500 7.13 x 10*  1.59 x 10" 554 5.55x 10%*  3.06 x 10" 552 1.22 x 10*  4.41 x 10"
601 6.77 x 10 1.51 x 10" 604 291 x 10**  1.61 x 10" 601 5.17 x 102 1.87 x 10"

montmorillonite, nontronite and saponite are 1.3 x 10%,
6.2 x 10* and 1.7 x 10** ¢~ /m?, which correspond to
energy depositions of 3.0 x 10'°, 3.4 x 10" and
6.0 x 10'° Gy, respectively. These values are on the
same order of magnitude as that of zeolites [19], which
are commonly recognized as materials sensitive to both
ionizing and displacement radiation damage. Over the
temperature range studied (25-750°C) (especially above
room temperature), saponite showed the highest sus-
ceptibility to the ionizing irradiation. Although both are
dioctahedral smectites, nontronite is more stable than
montmorillonite.

As shown both in Table 1 and Fig. 4, all three types
of smectites behaved similarly with the increase of
temperature. At temperatures in the region between
25°C and 400°C, the amorphization doses of the smec-
tites increased with the increase of temperature. Further
increase of temperature leads to a decrease in the
amorphization doses. The change of the amorphization
dose with temperature of the smectites is different from
most other ceramic materials. Wang et al. [21] have re-
ported that, in general, the amorphization dose increases
with temperature because of the competition between

4.5E+25
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3.5E+25 =&~ montmorillonite

-8~ saponite
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2.5E425

2E+25

1.5E+25

1E+25

Amorphization dose (&/m?)

ses24] ¥

0
0 100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 4. Temperature dependence of amorphization dose of
montmorillonite, nontronite and saponite irradiated by a
200 keV electron beam.

damage accumulation and annealing of radiation-
induced defects. In zeolite phases, however, the critical
amorphization dose decreases with the increase of tem-
perature due to the thermal instability of the zeolite
framework structures [19].

The unique temperature dependence of amorphiza-
tion dose observed in smectites may be associated with
the structural change as a result of heating. Based on the
powder X-ray diffraction studies of thermally treated
smectites (Figs. 5-7), complete dehydration occurs be-
tween 315°C and 410°C for montmorillonite, between
180°C and 300°C for nontronite, and between 225°C
and 350°C for saponite. These results are in agreement
with the earlier published data using differential thermal
analysis (DTA), differential scanning calorimetry (DSC),
and emanation thermal analysis (ETA) techniques
[14,22]. Based on the thermal analysis with naturally
occurring montmorillonite, Bray and Redfern [12] re-
ported that, below 350°C, interlayer water loss is the
predominant phenomenon during the thermal treat-
ment. After the removal of interlayer water, further
mass loss occurs at temperatures between 430°C and
665°C, over which dehydroxylation becomes important.
The dehydration and dehydroxylation of nontronite
were found to occur at temperatures of 150°C and
450°C, respectively [23]. Complete dehydroxylation of
dioctahedral smectites usually gives rise to a quasi-stable
amorphous phase [14] as confirmed in the present study
by XRD analysis (Figs. 5 and 6). The dehydration of
saponite occurs at ~200°C, whereas the dehydroxylation
usually occurs at a temperature 100-200°C higher than
that for dioctahedral smectites (~550°C) [29]. The de-
hydroxylated saponite is unstable and tends to form a
new phase, e.g. enstatite, immediately following the
completion of dehydroxylation [14]. The increase of
amorphization dose with temperature appears to be in
the temperature range where dehydration occurs in
smectites. Once the temperature reaches the dehy-
droxylation region of the smectites, the amorphization
dose starts to drop with the increase of temperature.
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Fig. 5. XRD patterns for montmorillonite heated at temperatures between 150°C and 900°C for 1 h, followed by cooling in air.

CPS

e OO

—— 900°C

—— 700°C

—— 500°C

—— 300°C

—— 180°C

— 115°C

unheated

3 8 13 18
2 theta

23 28 33

Fig. 6. XRD patterns for nontronite heated at temperatures between 115°C and 900°C for 1 h, followed by cooling in air.

As reported in earlier work [24], the decomposition of
structural water by radiolysis induced by incident elec-
trons plays an important role in the disruption of the
crystalline structure. The radiation stability of zeolite
was found to be significantly increased when the phase
was dehydrated [25,26]. The damage mechanisms of

zeolite (a hydrated framework structure) by ionization
radiation, as proposed by Treacy and Newsam [24] and
Wang et al. [19], may be used to explain the damage
process of smectites by electron irradiation. The radi-
olysis of structural water can produce free radicals that
attack the bonds in the layered structure. As reported by
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Fig. 7. XRD patterns for saponite heated at temperatures between 150°C and 900°C for 1 h, followed by cooling in air.

Bray and Redfern [12] the amount of water loss in
smectite is a function of temperature. With more water
being driven off from the interlayer position at higher
temperatures, fewer radicals may be produced by radi-
olysis. Thus, a higher radiation dose is required for the
amorphization of the smectite at elevated temperatures.

The displacement of loosely bonded exchangeable
cations by electron beam radiation may also contribute
to the structural damage. The exchangeable cations may
become highly mobile under the impact of the electro-
magnetic field exerted by the moving electrons and mi-
grate away from the beam interaction region [27].
Because the charge balance in the smectites is delicately
maintained by the interlayer cations, the displacement of
interlayer cations can cause local charge imbalances that
affect the stability of the layered structure. With the re-
moval of interlayer water at elevated temperature, the
layer spacing decreases as is evident by the widening and
shifting of the first-order diffraction maxima in the
X-ray diffraction spectrum to the lower 26 values
(Figs. 5-7). The shorter distance between the negatively
charged clay sheet and positively charged interlayer ca-
tions leads to a stronger binding force between layers
and cations. Furthermore, the dehydration of the
smectites is also accompanied by the migration of in-
terlayer cations to the hexagonal cavities in the SiO,4
network. Small interlayer cations may even penetrate the
tetrahedral sheet to reside in the octahedral layer sites
where they are more tightly bonded to the structure [28].
The difference in bond strength for cations in the inter-
layer of montmorillonite, nontronite and saponite may

explain their different radiation susceptibilities. An ear-
lier study by Malek et al. [29] indicated that the ex-
changeable cations became fixed at temperatures above
300°C for dioctahedral smectites, such as montmorillo-
nite and beidellite. For trioctahedral smectites, however,
the fixation was not complete until the onset of dehy-
droxylation at temperatures above 700°C [15], because
of the strong repulsive electrostatic force of protons of
the octahedral sheet hydroxyl ions against the migrated
cations. The displacement of interlayer cations is,
therefore, easier for saponite (a trioctahedral smectite)
than its dioctahedral counterparts, particularly when
these materials are dehydrated.

The observed lower amorphization dose in saponite
is also attributed to its layer structure. Unlike diocta-
hedral smectite, whose octahedral layer consists of a
large number of vacant sites, saponite has a fully occu-
pied octahedral layer. In dioctahedral smectite, the dis-
placed interlayer cations may move into the vacant sites
in the octahedral layer, and the structure remains stable.
The migration of interlayer cations into octahedral layer
sheet by thermal dehydration is a common phenomenon
observed in both dioctahedral and trioctahedral smec-
tites [15,30]. However, the migration of interlayer ca-
tions in trioctahedral smectite is usually accompanied by
the displacement of structural cations in the octahedral
layer, which may make the layered structure unstable
[31].

The different radiation stabilities of montmorillonite
and nontronite may be attributed to differences in the
cation substitutions. The layer charge in nontronite
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originates mainly from tetrahedral substitution and may
produce a stronger bonding force to the interlayer cation
due to a shorter cation-layer distance than for mont-
morillonite, which has a primarily octahedral substitu-
tion. The substitution of Fe for Al in the octahedral
layer appears to be another important reason for the
enhancement of radiation stability in nontronite. A
thermal analysis of nontronite has shown that the Al-O
bond was preferentially broken by thermal energy [32]
when both Fe and Al were present in the octahedral
layer.

The decrease of the amorphization dose in high-
temperature regime (400-700°C) is attributed to the
thermal instability of the smectites. For dioctahedral
smectites, dehydroxylation plays an important role in
the thermal stability of the layered structures. When
montmorillonite and nontronite are heated to >400°C,
the hydroxyl groups in the octahedral sheets interact
with one another to form water molecules, and the ox-
ygen ions remain. Based on the model proposed by Drits
et al. [33], the structure of the 2:1 layers becomes un-
stable, and the Al cations tend to migrate to vacant
pentagonal prisms formed by oxygen when montmo-
rillonite is dehydroxylated. A study of the dehydroxy-
lation process in the nontronite by Karakassides et al.
[32] has shown that the dehydroxylation begins with the
loss of OH groups at the Fe-OH-Fe bridges and is
completed with the disruption of Al-O bonds. The
complete dehydroxylation of dioctahedral smectites was
found to result in the formation of quasi-stable amor-
phous dehydroxylated phases that are rich in defects,
such as lattice vacancies [14,29]. A kinetic study of the
dehydroxylation process of nontronite [34] showed that
the fraction of dehydroxylated phase increased expo-
nentially with increasing temperature, indicating that the
thermal stability of dioctahedral smectites degrades with
an increase of temperature.

3.2. Ion exchange capacity

The effect of temperature on the ion exchange ca-
pacity of smectites was studied with thermally treated
smectites at temperatures between 25°C and 900°C. The
temperature dependence of the ion exchange capacity
for the smectites is shown in Fig. 8. At room tempera-
ture, the exchange capacity of the three smectites for Cs
is in the order of: montmorillonite (52 mg/g) > nontro-
nite (38 mg/g) > saponite (29 mg/g). In the low-temper-
ature regime (25-400°C), no significant change in the ion
exchange capacity was found in any of the three types of
smectite. This result indicates that, although the dehy-
dration of smectites can result in the collapse of the in-
terlayer at temperatures between 300°C and 400°C, as
indicated by the XRD analysis, the ion exchange ca-
pacity can be fully recovered when smectite is saturated
in aqueous solution. These results are similar to the
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Fig. 8. Temperature dependence of ion exchange capacity of
montmorillonite, nontronite and saponite.

observations made by Emmerich et al. [35] for mont-

morillonites with large interlayer cations, such as Na*,

Ca’>" and Sr*". They reported that montmorillonites

with different sizes of interlayer cations showed a dif-

ferent temperature dependence of cation exchange ca-
pacity. For montmorillonites with small interlayer
cations, such as Cu®" and Li", the ion exchange capacity
started to decrease at temperatures ~200°C lower than
that of the montmorillonite with large interlayer cations,
such as Ca®" and Cs". This was attributed to the mi-
gration and fixation of small cations at the bottom of the
hexagonal cavities of the tetrahedral layer or in the oc-
tahedral layer sites. The results obtained from the pre-
sent study suggest that the interlayer cations were not
fixed at temperatures below 400°C. The interlayer ca-
tions migrated only to the shallow part of hexagonal
cavities of the tetrahedral sheet and can be removed
from the migrated sites to the exchangeable sites easily
when the materials are rehydrated [35]. The ion ex-
change capacity decreases with increasing temperature
when the temperature is above 500°C (Fig. 8). The
smectites lose their ion exchange capacity in the high-

temperature regime by two processes [30]:

e The exchangeable cations become inaccessible as a
result of irreversible collapse of the interlayers. Ear-
lier research has shown that the interlayer of mont-
morillonite collapsed irreversibly after heating at
350-500°C [36]. This may explain the loss of ion ex-
change capacity of smectites at temperatures above
400°C.

e The exchangeable cations are fixed at the ‘bottom’ of
the hexagonal cavities of the tetrahedral layer or in
the vacant sites of the octahedral layer and become
non-exchangeable even if the interlayer space is ac-
cessible. This may be the case for saponite. Although
saponite swells on rehydration after heating up to
700°C [15], it gradually loses its ion exchange capac-
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ity with an increase in temperature at 7 > 400°C.

This is because the exchange with the migrated inter-

layer cations becomes more difficult when the ex-

changeable cations move ‘deeper’ into the bottom

of hexagonal cavities as temperature increases [37].

Note that once the smectites are amorphized or
transformed into a new phase, they lose almost all of
their ion exchange capacity. This result suggests that
radiation-induced amorphization may also lead to a
significant reduction in the ion exchange capacity for
radionuclides. This is supported by previous research on
radiation- and thermally-amorphized zeolite [16,17],
which showed a similar reduction in ion exchange
capacity.

4. Conclusions

The structural changes in montmorillonite, nontro-
nite and saponite have been studied using 200 keV
electron irradiation. All three types of smectite are sus-
ceptible to electron-irradiation-induced amorphization.
At room temperature, the amorphization doses of
montmorillonite, nontronite and saponite are 1.3 x 10%,
6.2 x 10** and 1.7 x 10** e~ /m?, which correspond to
an energy deposition of 3.0 x 10, 3.4 x 10'"" and
6.0 x 10'° Gy, respectively. The removal of structural
water and the fixation of exchangeable cations appear to
be the major reasons for the increase of amorphization
dose with increasing temperature in the low-temperature
region (25-400°C). At temperatures above 400°C, ther-
mally induced instability of the layered structure due to
dehydration and dehydroxylation is responsible for the
decrease in amorphization dose.

At room temperature, the ion exchange capacity of
the three smectites for Cs is in the order of montmo-
rillonite (52 mg/g) > nontronite (38 mg/g) > saponite (29
mg/g). Thermal treatment does not cause significant loss
in the ion exchange capacity at temperatures below
400°C. The amorphization and phase transformations at
elevated temperature (900°C) can result in a complete
loss of ion exchange capacity.

According to Weber et al. [38], the cumulative dose
for commercial high-level waste can reach 10'° Gy after
100 years of storage. By comparing the amorphization
doses for smectites with the cumulative absorbed dose in
the nuclear waste, we may expect the structures of the
smectite phases to be partially or completely damaged
during storage. This experiment only simulates B-decay
effects. During a-decay of trapped radionuclides, local
amorphization may occur over even shorter periods of
time due to the high mass of decay products, in partic-
ular the a-decay recoils (several orders of magnitude
heavier than electron). Thus, both radiation and tem-
perature in the near field of a nuclear waste repository

may have a significant effect on the structural and
chemical properties of smectites.
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