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A SURVEY: UTILIZATION OF ZEOLITES FOR THE REMOVAL
OF RADIOACTIVITY FROM LIQUID WASTE STREAMS

J. W. Roddy

ABSTRACT

A survey was made of the literature and of experience at selected nuclear
installations to provide information on the stability of inorganic ion exchangers
when used for the decontamination of both low-level and high-level radioactive
liquids. Results of past campaigns at the Savannah River Plant, Oak Ridge
National Laboratory, and Rockwell Hanford Operations were examined. In
addition, the performance of zeolites used for controlling water quality in nuclear
fuel storage basins was evaluated. The literature survey served as a guide for
identifying relevant material from foreign sources and supplemented the
information obtained by direct contact of domestic researchers. The study
included a brief review of the physical and chemical properties of zeolites. A
secondary objective of the study was to compile data on the corrosion resistance
of containment materials for zeolites.

1. INTRODUCTION

The purification of liquids and the recovery of metals by ion exchange have
been applied to industrial processes for over a century. The earliest recorded use of
ion exchange was for water purification by wood ashes and bone char. In 1845,
Thompson (Barrer, 1978; Breck, 1974) conducted experiments which demonstrated
that certain soils, when slurried with ammonium sulfate, had the power to retain
the ammonium salt while releasmg ‘calcium sulfate to the aqueous phase.
Concurrently, Way (Barrer 1978 Breck 1974) obtamed similar results with his
studies of the exchange of ammomum and potassium ion for calcium and later
prepared a synthetlc base exchanger consrstmg of a.sodium aluminosilicate. The
reversibility of these exchanges ‘was documented in a paper by Eichhorn in 1858
(Barrer, 1978; Breck, 1974). Chemists and engineers became interested in the years
following the first industrial research efforts at Union Carbide Corporation in 1948
(Miller, 1948). Since that time, the ava11ab1hty ‘of clay minerals and the synthetic
silicate materials for use as sorbents, catalysts, ion exchangers, and molecular sieves
has spawned a vigorous research and development program.

The advent of nuclear energy power productl_on and weapons development has
placed increased importance on the unique properties of inorganic ion exchangers.




An inevitable consequence of the production of energy by fission in nuclear reactors
is the formation of a complex mixture of highly radioactive materials, including
fission products, activation products, and artificial heavy isotopes. By far the
largest amount of radioactivity comes from fission products which cause distinct
problems during their radioactive decay, For example, in a typical mixture, the *°Sr
and ""’Cs may contribute <4% of the total activity after 100 d decay, 30% or so
after 3 years, and about 98% after 30 years. During the period from 1 d to 30 years
following discharge of fuel from a reactor, the total activity will have decreased by a
factor of ~1000, and the activity of the strontium and cesium by a factor of ~2.
Therefore, methods for the removal from liquid wastes, storage, and ultimate
disposal of these isotopes have been of concern for several decades. Both natural
and synthetic inorganic ion exchangers have been actively studied for this use, and
a considerable body of knowledge has been acquired since the initial experiments in
the 1950s.

The purpose of this study was to gather information from a comprehensive
literature survey and from researchers at selected government laboratories on the
use of zeolites for the adsorption of metal ions. Special emphasis was placed on the
effects of ionizing radiation, processing conditions, dehydration, heating, etc., on

the long-term stabilities of these exchange materials. A brief discussion of the -

characteristics of zeolites, including their structure and chemical properties, is
presented to orient the reader to the terminology used in this report. Many
monographs, reviews, summaries, and books have been written on various aspects
of zeolite technology and usage, but the books by Breck (1974), Barrer (1978), and
Scott (1980) have proved to be especially useful for this report and are highly
recommended to the reader as excellent sources of additional information.

An attempt was made to identify all published materials on the effects of
radiation on zeolites. ORNL’s computerized literature facilities were used to search
Energy Research Abstracts, Nuclear Science Abstracts, and Chemical Abstracts
condensates (called DIALOG). To augment these techniques and to reduce the
possibility of the omission of important records, a routine search was made of the
various abstract publications for the past 25 years. Invaluable assistance was
received from individuals at two DOE installations who supplied reports and
information relating to prior experience acquired at these plants (Buckingham,
1981; Wallace, 1981). Several of the non-English articles were unavailable for
translation, and the information reported here is a summary of material obtained
from one of the abstract publishing services.

2. CHARACTERISTICS OF ZEOLITES

Zeolites were first recognized by Cronstedt in 1756 as a group of minerals
consisting of hydrated aluminosilicates of the alkali and alkaline earths (Breck,
1974). Because the minerals exhibited intumescence when heated in a blowpipe
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flame, he called them zeolites, a term which is derived from Greek words meaning
“to boil” and “a stone.” Natural zeolites are often found in the cavities and
amygdales of basaltic and diabasic igneous rocks. In general, bulk compositions of
the mineral tend to relate to the parent rock, where the aluminum-rich zeolites are
associated with rocks deficient in silica and the silica-rich zeolites are associated
with rocks high in silica. Massive deposits of the mineral have been formed by the
action of alkaline solutions on volcanic ash deposited in lakes. Over 40 naturally
occurring zeolites have been found thus far, although some are variants of similar
topologies (e.g., stilbite, stellerite, and barrerite; analmme kehoeite, viseite, and
wairakite; and chabazite and herschelite). '

Initial attempts to prepare synthetic zeolites met with only limited success, and
the majority of this work has been discredited on the basis of improper
identification. Characterization of complex compositions and structures is now
possible by x-ray diffraction, which was unavailable to early investigators. A study
by scientists at the Linde Division of Union Carbide Corporation was initiated in
1948 to synthesize and characterize a series of crystalline zeolites (Miller, 1964).
Aqueous solutions of sodium aluminate, sodium silicate, and sodium hydroxide
were used to form-a highly reactive aluminosilicate gel. This gel was crystallized at
temperatures ranging from ~25 to 150°C at atmospheric or autogenous pressure.
The final product was a finely divided white powder consisting of very small
crystals, usually only a few micrometers in size.

For nearly all industrial applications zeolites are formed into pellets having
high strength and attrition resistance. In one method an inorganic binder, normally
a clay, is added to the crystalline powders while they are still wet. The blended
clay-zeolite mixture is extruded into cylindrical pellets or formed into beads which
are subsequently -calcined in order to convert the clay to an amorphorus binder of
considerable mechanical strength. Kaolin-type clays are generally used as binders.
The zeolites may be formed into bindérless particles by hot pressing techniques.

When subjected to high pressures at an elevated temperature, a mass of zeolite
crystals may self-bond into a 1009% zeolite pellet. This method, although widely

used in the laboratory, is just begmmng to see extensive industrial appl1cat10n
Limited success has been achieved in attempts to .form single crystals in particle
sizes sultable for actual use. Although single crystals up to-100 um in size have been
reported, the process has not yet attamed commercral srgmflcance

2 l- Crystal Structure

Tetrahedral SIO4 and AlO4 are the fundamental bu1ldmg units in natural
zeolites (Fig. 1) Zeolites are tectosilicates; that is, they are formed by the linking
together of these tetrahedra: to -give 'th'ree-dimensional anionic ‘networks in which
each oxygen of a given: tetrahedron is'shared between this tétrahedron and one of
four others (Fig. 2). Thus, there are no unshared oxygens in the frameworks. This
means that the metal (Al + Si) to oxygen atom ratio is | to 2 in all tectosilicates
(zeolites, feldspars, and feldspathoids). The two metals are interchangeable and not
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ORNL-DWG 81-224

Fig. 1. Basic building blocks of zeolite crystal are tetrahedra with a silicon
atom at the center and an oxygen at each of its four apexes (left). The silicon may
be replaced by aluminum and an additional metal ion (right).

ORNL-DWG 81-225

Fig. 2. The type of tetrahedral interactions characteristic of zeolites.



generally distinguishable. For every Si** ion which is replaced in the framework by
an Al ion, a negative charge is created which is neutralized by an electrochemical
equivalent of cations. Additionally in zeolites, but not in feldspars or some
feldspathoids, the framework (Fig. 3) is sufficiently open to accommodate water
molecules as well as cations. Therefore, these ions undergo ready exchange with
other cations; and the water molecules can be removed or replaced in a continuous
manner, often reversibly. Sorption isotherms do not normally show steps such as
are found in crystallohydrates.

The structural formula of a zeolite may be expressed for the crystallographic
unit cell as:

M, [(A102)4(Si02),]-wH 0,

where M is the cation of valence y, w is the number of water molecules, and the
ratio z/x usually has values of | to 5 depending on the structure. The sum (x + z)
is the total number of tetrahedra in the unit cell. The portion in [ ] represents the
framework composition. As an example, the composition of chabazite is:

Ca4[(Al02)8(Sl02)16]'26H 20.

The Si/Al ratio, varying between 2 and 2.6, produces an aluminosilicate framework
best represented in terms of sheets or layers of linked rings of tetrahedra. The larger
cavities in chabazite [Fig. 4(a)] are roughly ellipsoidal, linked by distorted
eight-membered rings with dimensions of about 0.44 x 0.31 nm. Upon dehydration,
the framework distorts as the calcium ions migrate from the large cavities into the
hexagonal prisms. The measured void volume of approximately 50% is quite
common for zeolites. Although other ions can fit the tetrahedral sites on the basis
of size and charge, they are not found except in rare cases in natural zeolites.

Erionite [Fig. 4(b)] has a hexagonal structure consisting of parallel
arrangements of the (AlSi)sOi2 rings. In order to diffuse from one cavity to
another, molécules must pass through an eight membered ring aperture into an
adJacent cavity and then through another eight-ring aperture into an adjacent cavity
in the’ orlgmal column Continuous diffusion paths are available for molecules of
appropriate size. “Erionite readily adsorbs normal hydrocarbons which have a
minimum diameter of 0.43 nm.

2.2" Thermal Stability
Many of the zeolites pOssess the ability to adsorb large quantities of water
which may be removed without major ‘alteration of their crystal structure (DeMier,
1963). Other zeolites, when completely dehydrated undergo irreversible changes
which eventually lead to structural collapse. Early dehydration studies of zeolites
were based on observations of the loss in weight with increasing temperature; the
results were usually expressed as a dehydration isobar.
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Zeolites that undergo reversible and continuous dehydration exhibit no
substantial change in the topology of the framework structure. Exchangeable
cations that are located in the cavities coordinated with water molecules (e.g., in
chabazite, faujasite, and zeolite type X) may migrate to different sites located on the
cavity walls or other positions of coordination. The effect of partial or total
dehydration may be pronounced in zeolites containing several cation sites (such as
type X with five sites). The water molecules are present in clusters which appear to
be joined into a continuous intracrystalline hydrate because the water is present as a
guest molecule in a host structure (Breck, 1974). In other zeolites such as analcime,
the natrolite-type zeolites, and laminar zeolites such as stilbite, the water molecules
are tightly coordinated to the exchangeable cations and the framework oxygen as
well as to other water molecules. In some zeolites, complete dehydration results in
irreversible changes in the framework structure in certain directions; exchangeable
cations initially located in the cavities then may become trapped.

The mineral chabazite and various cation-exchanged forms have been studied
extensively in terms of their dehydration behavior and ability to rehydrate. Water
in these systems does not occur as a definite hydrate but is held by adsorption
forces within the cavities. Dehydration is reversible after heating to a temperature
of 700°C. Measurements on chabazite with a Si/ Al atom ratio of 2.5 confirm that
the nature of the exchanged cation exerts an important influence on the stability
and dehydration behavior of the zeolite. As the size of the univalent cation
increases, the temperature at which water is lost (relative ease of water loss)
decreases. Zeolites containing bivalent ions retain more water than zeolites
containing univalent ions of comparable radii. In several instances loss of water
occurs in more than one stage. The rubidium- and cesium-exchanged forms of
chabazite are stable to temperatures >1000°C. Recrystallization products from the
different forms of chabazite vary with the cation and include four types of silica
derivatives which are believed to be the “stuffed” derivatives described by Buerger
(Barrer, 1978). These are eucryptite, nepheline, kaliophilite, and a-carnegeite.

23 lon Exchange Propertles

The cation exchange behavior of zeolites is-a function of (1) the nature, size
(both hydrated ‘and anhydrous), and -charge of the cation species; (2) the
temperature; (3) the concentration.of the.cation: species in solution; (4) the anion
species associated- with-the cation in solution; (5) the solvent (most exchange has
been performed in aqueous solutions, although some work has been done in
organic solvents and molten salts); and (6) the structural:characteristics of the
particular zeolite. Catxon selectwmes in zeohtes do not follow the typical rules that
are evidenced . by other morgamc and orgamc exchangers Zeolite structures have
unique features that’ lead to unusual types of catlon selectivity and sieving. Because
of their three-dimensional structure (Fig: 3), most zeolites and feldspathoids do not
undergo appreciable dimensional change with ion exchange; however, clay
minerals, which have a two-dimensional structure, may undergo swelling or
shrinking.




Cation exchange in zeolites is accompanied by dramatic alteration of stability,
adsorption behavior and selectivity, catalytic activity, and other important physical
properties. Since many of these properties depend on controlled cation exchange
with particular cation species, detailed information on the cation exchange
equilibria is important. Extensive studies of the ion exchange processes in some of
the more useful mineral and synthetic zeolites have been conducted (see Sect. 7). A
summary of the more pertinent information available for chabazite is presented.

Exchange isotherms for all of the alkali metals and many of the alkaline earths
have been measured. Of the alkali metal ions, only cesium does not displace all of
the sodium ions in sodium chabazite; the extent of exchange is 84%. The positions
of univalent ions in the structure of the hydrated species are unknown, but they are
postulated to occupy sites in the eight-membered rings and also in the single
six-membered ring or hexagonal prisms. The larger rubidium, thallium, and cesium
ions would not be expected to replace any sodium ions within the hexagonal
prisms. Instead, a mechanism involving migration of sodium ions into the larger
cavities is likely. The cations present in these larger cavities result in less available
space for water molecules with increasing cation size. A smooth decrease in the
number of water molecules per unit cell with increasing cation size has been
observed.

3. RADIATION EFFECTS ON ZEOLITES

Although ion exchange technology has assumed particular importance in the
processing of radioactive solutions and zeolites have become the preferred
exchanger for many of these applications, the number of publications found in this
literature survey detailing the effects of radiation on such materials were relatively
small. Many of the foreign and several of the domestic papers report the effects of
exposing small samples of the adsorbent to gamma irradiation as produced by “Co.
One group of researchers used a nuclear reactor as their radiative source. A few
references were found which described a method for recovering fission product
cesium from aged basic radioactive wastes and a means of transporting large
quantities of the recovered element from one government laboratory to another for
fabrication into radiation and heat sources. Several reports were found which
discussed the use of zeolites for the decontamination of low-level wastewater. In
1959 three papers were published in which the authors estimated the effectiveness of
gamma rays to displace lattice atoms in solids; a synopsis of their results is
presented in the last section.

Several terms used in the literature are rather unique to the field of ion
exchange. To prevent a misunderstanding of their meaning by the reader, the
author has supplied brief definitions of several of the more important ones in the
following subsections.




Adsorption - Adsorption is'a process in which a substance is concentrated at
the interface of a heterogeneous system. The interface is a boundary between phases
of the system. Adsorption does not distinguish between mechanisms but involves
the effect alone.

Adsorbent - The adsorbent is that phase upon whose surface a substance is
held. This term is usually applied to solids.

Adsorbate - The adsorbate is the substance that is concentrated at the interface
during the process of adsorption.

Physical adsorption - Physical adsorption is a type of reversible adsorption for
which the energy is lower (<42 kJ/mol) than that required for a chemical bond.

Chemisorption - Chemisorption is a process in which the energies of bonding
(>42 kJ/mol) approach those of chemical bonds and the reaction is not reversible.

Distribution coefficient - The distribution coefficient is a ratio of the
concentration of a substance in the ion exchanger (meq/g) to that in the liquid
phase (meq/mL). The weight of the exchanger is usually taken as the dry weight.

Exchange adsorption - Exchange adsorption is a process in which the
adsorbate is exchanged for another species previously adsorbed or held by the
adsorbent with similar forces. This type of adsorptron usually involves ions but may
also involve neutral molecules and gases.

Absorption - Absorption is usually confused with adsorption to such an extent
that the term sorption has been coined to avoid controversies. Absorption involves
the entire bulk of the solid instead of only the surface. Since ion exchange studies
were originally confined to dense solids that restricted the exchange to the surface,
the term sorption has been used to describe all exchange phenomena.

Capacity - Capacity is the most important property of an ion exchanger
because it permits a quantitative determination of how many counterions can be
taken up by a material. Since many different concepts and definitions for capa01ty
have - been pubhshed care: must be taken to determine which one is being
considered. A few’ of the more common capacrty modlflers and thelr definitions are
given below,

Total - number of counterlons capable of exchange

Effective - number of counterions that can be-used. under: given conditions.

Scientific weight. - number-of milliequivalents’ per.gram of dry resin.

Technical volume - number of milliequivalents per-liter of packed bed.

Breakthrough (dynamtc )= point-where effective capacity is reached.

Sorption - amount.of solute taken up by sorption other than ion exchange per
specific amount of ion exchanger :

Selectzvzty Selectmty is defined as the property of certain ion exchangers to
exhibit a preferential attraction for different ions. Stoichiometric and reversible ion
exchange exhibits all the characteristics of an equilibrium and follows the law of
mass action.
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3.1 Laboratory-Scale Results

Of the well-known radioactive isotopes, **Co is by far the most widely used as
a gamma-ray source in radiative chemical studies. The practical importance of this
isotope has arisen partly because of the ease of its preparation and its fairly long
half-life (5.3 years), and partly because the beam of gamma rays emitted [two sharp
lines of equal intensity at 188 and 213 fJ (1.173 and 1.332 MeV)] is similar in
penetrating power to that emitted by radium. Numerous high-activity cobalt
sources [exposures > 1 x 10° Gy/h (>1 x 10" rads/h)] are available, many of which
have been used to study the effects of radiation on various characteristics of
zeolites.

Two papers (Pionlkovskaya et al., 1965; Starodubtsev et al., 1963) from the
Russian literature describe the adsorptive properties of several type A zeolites
before and after exposure to gamma irradiation. Type A zeolites are
aluminosilicates containing two types of polyhedra. One is a simple cubic
arrangement of eight tetrahedra; the other is a truncated octahedron of 24
tetrahedra or B-cage as is found in the sodalite-type minerals (Fig. 3). The center of
the unit cell is a large cavity with a free diameter of 1.14 nm. Each octahedron
encloses a cavity with a free diameter of 0.66 nm. A total cumulative dose of 3 x 104
Gy (3 x 10° rads) in one study (Starodubtsev et al., 1963) and 1.53 x 10° Gy (1.53 x
10’ rads) in the other (Pionlkovskaya et al., 1965) did not affect the absorptive
capacity or ion exchange properties; in fact, there was a slight increase in capacity
for gases at the lower exposure. A third paper from Russian researchers (Grenthe et
al., 1976) reported essentially no change in sorption properties of natural calcium
clinoptilolite for Ca, Ag, Tl, Hg, Sr, Ba, Pb, Cu, Co, and Zn when exposed to a
cumulative dose of 1 x 10" Gy (I x 10° rads) from a *°Co source.

Lewis et al. (1966) compared the distribution coefficients of cesium on
Decalso* before and after exposure to 1.5 x 10* Gy (1.5 x 10° rads) of gamma
radiation and found no change in its selectivity. There was a slight darkening of the
material, from white to light tan, as well as a slight increase in friability.

The flow and gas generating characteristics were determined for Ionsiv 1E-95
zeolite** before and after gamma irradiation with *’Co at two dose rates [0.39 and
4.5 x 10* Gy/h (0.39 and 4.5 x 10° rads/h)] (Pillay, 1980). Measured flow rates
through a zeolite-packed column increased slightly (from 18 to 19 mL/min)
following a dose of 2.2 x 10’ Gy (2.2 x 10° rads). Analyses of the gases generated
from irradiating [cumulative dose of 1.4 x 10" Gy (1.4 x 10° rads)] the sieve
containing varying-amounts of moisture yielded inconsistent results. The variations
observed in the hydrogen/oxygen ratio data at different water concentrations were
attributed to the ability of zeolites to adsorb and thereby separate a variety of gases.
The effect of irradiation on exchange capacity and selectivity of the zeolite was not
examined. ‘ '

*A synthetic aluminosilicate produced by the lonac Chemical Company; not a

true zeolite.
**Formally called AW-500.
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The consequences of exposmg zeolites to radiation doses of ~1 x 10° Gy (~1 x
10" rads) have been reported in two separate instances covering a time span of two
decades. In 1961, Fullerton (1961) published a document summarizing his results on
the post-irradiation behavior of clinoptilolite (a naturally occurring zeolite).
Distribution coefficients were unchanged within experimental error for sodium,
cesium, and barium after the mineral received a total gamma exposure of 9.6 x lO7
Gy (9.6 x 10’ rads) [absorbed dose of 8. 4 x 10’ Gy (8.4 x 10° rads)], while a 40%
decrease was observed for calcium. No structural changes as revealed by differential
thermal and x-ray diffraction analyses were detected. Twenty years later, Wallace
(1981) exammed the effects of a radiation dose of 1.1 x 10° Gy (1.1 x 10lO rads)
from a *®Co source on Linde AW-500 zeolite. The sample was air-dried (relative
humidity of 50%) overnight and then inserted into the radiation field 1.3 x 10°
Gy/h (1.3 x 10’ rads/h)] for 838 h. After removal, its color and distribution
coefficient for cesium were unchanged, and the integrity of the pellets appeared to
be unaffected. The x-ray diffraction patterns indicated a slight shift in the positions
of the diffraction lines of the irradiated sample.

Nuclear reactors have been used to study the interaction of multiple types of
radiation with numerous materials. One of the earliest and most comprehensive
applications of their use in irradiating ion exchangers is presented in a Norwegian
report (Nater, 1959). Several organic resins and one aluminosilicate exchanger,
Permutit-G, were exposed to neutrons from a 450-k W research reactor. The dose
rates for thermal (E < 0.26 eV), epithermal (0.26 < E < 10’ eV), and fast (E > 10°
eV) neutrons were estimated. The exchange capacity was found to be unaltered at
exposures as high as 1.22 x 10" Gy (1.22 x 10° rads) (absorbed dose of 1.1 x 10’ Gy,
1.1 x 10° rads).

3.2 Plant Experience

High-level liquid radioactive wastes have been generated for many years at
U. S. government installations such as those at Hanford, the Savannah River
Plant, and the National Reactor Testing Station. In the past two decades, zeolites
have played a prominent role in the removal, storage, and transportatron of certain
fission products’contained in these wastes. During this period, valuable knowledge
was acquired on many characteristics. of these ion exchangers when exposed to
various levels of ionizing radiation, Summaries of plant experiences at a number of
these sites are. presented in the followmg subsections.

- Zeolités have been used .at the Idaho National Engineering Laboratory (INEL)
near Idaho Falls, Idaho, and in the’ General Electric Company (GE) operations near
Morris, llinois, to -decontaminate low level radloactwe wastes from irradiated fuel
storage basins. Both systeéms utrllze a synthetrc zeolite (Zeolon) manufactured by
the Chemical Process Products Division of the Norton Company. In preliminary
testing at INEL (Rhodes, 1979; Wilding and Rhodes, 1963), a 2.4-m-high by
0.9-m-diam column filled to a depth of 1.1 m with 680 L of 20- to 50-mesh size
Zeolon 900 (a synthetic mordenite) absorbed approximately 75 Ci of *’Cs from 2.2
x 107 L of water. About 3200 column volumes were discharged before 19%
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breakthrough was observed. The GE process (Denio, 1977) utilizes a canister
" containing 2 kg of Zeolon 100 (also a synthetic mordenite). The canisters, although
containing only ~28 Ci of *'Cs, are changed at 3- to 4-week intervals because of
problems with high-pressure drop. Both applications subject the zeolite to very low
doses of radiation; however, the objective in each operation is to obtain a
reasonable decontamination factor over a longer period of time.

Evaporator overheads and miscellaneous wastewaters have been treated at the
Savannah River Plant near Aiken, South Carolina, with a column of AW-500* to
remove *’Cs (Jacobsen, 1974; Wallace, 1980). The concentration of total dissolved
solids varies from 0.1 g/L in the overheads to 10 g/L in the miscellaneous wastes;
the radioactivity, '*’Cs, approaches 0.1 mCi/L. The wastewater is pumped through
a 304 stainless steel column containing 140 kg of zeolite at a flow rate of 20 to 40
L/min. When the cesium breakthrough reaches 1%, the flow is stopped and the
zeolite is discharged to a storage tank. The cumulative radiation dose calculated for
the top of the bed is 3.6 x 10* Gy (3.6 x 10° rads). Drastically reduced flow rates
have been experienced when high pH solutions (pH = 12 to 12.5) are processed.
Flushing the column with 50% NaOH is all that has been required to regenerate the
zeolite. No evidence of corrosion was found when the system was disassembled for
cleaning.

The waste tank farm at Hanford utilizes a cartridge containing ~0.28 m’ of
Zeolon 900 to treat the condensate produced from self-heating during the storage of -
processing waste solutions (Buckingham, 1981). Although the unit has treated an
estimated 4 x 10° L of condensate, it has never been replaced or caused any
problems. Since the cartridge is still in use, an estimate of the radiation exposure of
the zeolite has not been possible. Zeolon 900 has also been used at Hanford to
remove cesium and strontium from condensates generated from evaporator
crystallizers. The feed to the exchanger contains traces of organic complexants
which appear to attack the zeolite pellets, producing “fines.” The distribution
coefficient for cesium increases during this deterioration, but no breakthrough has
been detected. Approximately 4 to 8 x 10° L of liquid can be treated before the
Zeolon must be replaced, a condition indicated by the breakthrough of strontium
but not cesium. Analysis of a sample of the discharged exchanger showed 10 uCi of
*Sr and 47 uCi of "'Cs per gram of zeolite. Although a cumulative dose was not
calculated, it is expected to be low. '

Zeolites used for the separation and purification of '*’Cs from processing
wastes at Hanford have received considerably higher exposures (Brandt, 1970;
Buckingham, 1981; Godfrey and Larkin, 1970). In the separation process, a
1.8-m-diam by 3.2-m-deep bed of 20- to 50-mesh AW-500 is contacted with the
waste solution until a cesium breakthrough of 5% occurs. The feed contains large
quantities of NaNO; (~5 M), some aluminum, and P7Cs at concentrations of 1 to 4

*A synthetic chabazite manufactured by the Linde Division of Union Carbide
Corporation. '
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Ci/L in addition to %Ru, 10_6Rh, and *’Tc. About 300 to 500 kCi of *'Cs are
loaded onto the bed during each cycle. The column is eluted with an ammonium
hydroxide-ammonium carbonate solution, the entire cycle requiring about 4 to 5 d
to complete.

After accepting ~1 x 10° L of supernatant waste, the column became
essentially plugged and its breakthrough capacity had decreased to less than half its
initial value. Aluminum in the feed was believed to have precipitated in the bed,
causing the loss of capacity and plugging. Also, the retention screen at the bottom
of the column had ruptured, allowing a loss of zeolite. Reloading of the column
with fresh AW-500 has resulted in the processing of several million liters of waste
without loss in capacity. A cumulative exposure of 5.8 x 10° Gy (5.8 x 10 ® rads) has
been calculated for each of these two beds.

Purification of the cesium product is accomplished in much the same manner,
but a 3.9-m-high by 0.3-m-diam column containing 280 L of Zeolon 900 is used
(Brandt, 1970; Mercer and Ames, 1978). Nearly all of the alkali metals, as nitrates,
are present in the feed (Na = 0.8 M, Cs = 0.1 M, K = Rb = 0.0l M). When fully
loaded, the column contains about 700 to 800 kCi of activity. These columns are
usually replaced after ~40 cycles because of a noticeable loss in particle integrity,
resulting in a high pressure drop across the column. However, at such times the
physical appearance of the zeolite appeared to be unchanged. Slightly >32 MCi of
"*7Cs was processed with one batch of Zeolon in a 32-month period. The cumulative
exposure of 2 x 10" Gy (2 x 10° rads) calculated for this column is probably
conservative since additional exposure (not accounted for) has been received from a
nearby tank used for the storage of purified 137Cs‘. Over | MCi of radioactivity has
been held in this tank for >1 week.

The transfer of radioactive materials between government sites has sometimes
been required to make optimum use of existing processing facilities. Several
shielded transfer tanks (STTs), previously designed for the shipment of aged fission
product wastes, were modified and used to transport '*’Cs between Hanford and
Oak Ridge (Lewis, 1966; Lewis, 1967; Lewis et al., 1965). The STTs placed in
operation were of two different sizes. Six of the larger tanks, each containing
1500 L of Decalso had a designed capacity-of 90-kCi of '*’Cs. Approximately 3.3 x
10° Ci of activity were transported in 27 shipments (2 to 4 tanks per shipment, for a
total of 77 tanks) over a period of 68 months (Schaich, 1980). A smaller but more
efficient unit, with the same nominal capacity but containing only 600 L of AW-500
zeolite, was used to transport 140 'kCi_of'mCLs in three shipments during 1967.

. In contrast to the STTs, which containéd moist absorbent during shipment, a
transfer system was-designed at Hanford for shipment of a dry, precipitated fission
product salt. The Hanford Atomic Products Operations (HAPO) system was first
used to ship "large quantities of 8- as the carbonate salt, but one cask
(HAPO-1C-1) was converted. to a zeolite-filled cask for the transport of cesium in
the early 1970s (Van Tuyl and Bray, 1961; Zahn et al., 1963). Two loadings,
containing a total of 8.4 x 10° Ci of *'Cs, was transferred on 115 L of Zeolon 900
(Schaich, 1980; Stringfield, 1971a,b). This material was dried prior to shipment by
drawing a stream of dry air through the cask before it was sealed.
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The exposures received by the zeolites in the three systems were calculated with
the rather conservative assumption that a uniform loading of the sorbent was
obtained (Campbell, 1980). In actuality, the nominal loading was to ~70%
breakthrough, so that the top portion of the material received somewhat higher
doses. Exposure times were estimated to be the difference between the date of
shipment from Hanford and receipt at Oak Ridge, plus an additional 5 d (4 d at
Hanford for leak and pressure testing, decontamination, etc., prior to shipping and
1 d at Oak Ridge for elution of the cesium product). The exposures, in grays (and
rads), calculated on this basis for two of the types of adsorbent are: for Decalso, 3 x
10° (3 x 10*); and for AW-500, 1.5 x 10° (1.5 x 10*). The value of 7 x 107 (7 x 10°)
for Zeolon 900 was estimated from a Monte Carlo computer code calculation.

Apparent cesium recoveries were 89, 106, and 90% of the cesium loaded in the
three systems. One of the Decalso beds was sampled after the second shipment and
after the seventh shipment (Ottinger, 1963). Tests for cesium capacity gave
essentially the same results in each case (10% vs 9% loss). No significant trends were
indicated except for an unexpected reduction in bed volume — from 1500 L to 1000
L. A sample of the Zeolon 900 after use showed a slight color change from gray to
ivory, but no deterioration of physical integrity (Oberg, 1971). The most serious
problems arose when solutions containing relatively high acid concentrations were
treated. Aluminum was lost from Decalso and AW-500 at pH <3 to 5, destroying
their ion exchange properties and resulting in severe plugging of the columns
(Kuehn, 1967). The problem was eliminated by adjusting the pH levels of all
solutions to >5 with ammonium hydroxide.

Some difficulties have been experienced in the elution of '*’Cs from Decalso in
that tailing of the last 159% of the element was observed (Lewis, 1966). Slow kinetics
was suggested for this behavior, as the result of aging or the presence of a foreign
ion such as iron or aluminum in the feed solution. Before the campaign,
aluminum-bearing solutions originating from cladding wastes had been introduced
into the normal feed solution and this aluminum-contaminated solution
inadvertently contacted the Decalso bed. A solution of 0.2 M NaOH was effective
in eluting large amounts of AI(OH); from the column but did not prevent the
tailing of cesium. The column was later replaced.

Two additional cases of plant experience at Hanford have been reported by
Mercer and Schmidt (1965). Van Tuyl adsorbed 10 kCi of *°Sr on a quantity of
Linde type 4A zeolite, dried the material at 600°C, and sealed it in a container for
~2 years. Although a detailed physicochemical examination of the irradiated zeolite
was not performed, he did find that >809% of the activity was eluted with 30 column
volumes of 1 M HNO;, and that the basic ion exchange properties of the zeolite
were retained after being exposed to a dose of 4 x 10° Gy or 4 x 10" rads
(calculated on the assumption that all the beta energy from *°Sr and its decay
product, *°Y, were absorbed by the zeolite). In another study attributed to DeMier,
Martin, and Willingham, a zeolite containing 1% water and loaded with *Sr was
sealed in a container and allowed to stand until it had received a total absorbed
dose of 1 x 10° Gy (1 x 10'' rads). The maximum pressure, 280 kPa (40 psi), was
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attributed to radiolysis of water and indicated that there was no cataclysmic rupture
of the Si-O bonds and release of oxygen even at this high exposure level.

3.3 Atomic Displacement by Gamma Rays

Modifications of the physical properties of solids by heavy-particle
- bombardment have been known and reported for some time. Fewer studies (Cahn,
1959; Galavanov, 1959; Oen and Holmes, 1959) have been made on the mechanism
of the action of gamma rays on materials, although they, along with other forms of
radiation, have strong influence on the various physicochemical properties of
substances. In contrast to the low penetrating power of electrons, gamma rays are
absorbed only slightly; therefore, the effects produced by them take place almost
uniformly throughout the entire thickness of the irradiated substance.

The attenuation in the intensity of gamma radiation on its passage through a
substance is due principally to the production of energetic electrons. Gamma rays
produce electrons energetic enough to cause displacements by three methods: (1)
the photoelectric effect, (2) the Compton effect, and (3) pair production. The
Compton effect, which involves the scattering of gamma rays by free electrons, is
more important than the photoelectric process in producing displacements; this is
especially true for elements of low atomic number. An electron-positron pair may
be produced by a gamma ray having an energy of =1 MeV. To conserve both
energy and momentum, creation of this pair must occur in the vicinity of another
particle such as a nucleus.

The fundamental structure of zeolites is composed of elements of low atomic
number: oxygen with 8, aluminum with 13, and silicon with 14. The Compton effect
would be expected to produce the greatest number of displacements. Oen and
Holmes (1959) have calculated the atomic displacement cross sections for the
production of primary displacements of lattice atoms by gamma rays through the
Compton process as a function of the energy of the incident gamma rays for nine
elements for atomic. numbers between 4 and 92. Qualitatively, their results indicate
that the’ gamma-ray energies, emltted by 'Cs, would produce very few displaced
atom-vacancy conflguratlons lefncultles arise in their calculations because of the
lack of knowledge of "the - threshold ‘energy for displacement, which must be
estimated.'As. an example experlmentally observed. damage for germanium and
copper was. considerably below that predlcted from their. calculations on the basis
of a threshold at ~25 eV, :

-

'4, B SURPLE-?MEN:TARY INFORMATION

The undeitaking ‘of- any literature survey' inevitably uncovers a wealth of
information that is not directly related to the primary goals of the search but should
be reported because of its usefulness. In the following sections, an attempt has been
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made to describe briefly the conclusions drawn from past experience in two such
areas: (1) the volatility and leachability of absorbates from zeolites, and (2) the
corrosion resistance of containment materials. The references cited are considered
to be representative of the data available in the literature.

4.1 Volatility and Leachability Tests

Beginning with some of the earliest research on their absorptive nature, the
zeolites have been the premier choice for the long-term storage and final disposal
form for many radioactive substances. Several studies have been reported on the
volatility and leachability of certain fission products from these absorbents. Four
reports, three from research at Hanford and one from Japan, discuss the volatility
of cesium and strontium from molecular sieves.

Ames and Knoll (1962) heated columns containing several natural and
synthetic zeolites loaded with one of the two elements. After 24 h at 600°C in a
static system, clinoptilolite lost 0.09% of its cesium; Decalso, 0.016%; and Linde
4A, 0.01%; no losses were measured for Linde AW-500 or 13X. Knoll (1960)
reported the effect of heat on the vaporization of **Sr and "*’Cs adsorbed on seven
different exchangers. The amount of material vaporized, from 0.03 to 0.129% of that
absorbed on the zeolite, was independent of temperature from 130 to 1000°C in a
flowing air stream. Hilliard and Reid (1961) measured the release of radiocesium
from Decalso at elevated temperature. Two samples were heated separately under
isothermal conditions of 1350°C for 2 h in helium and in air. Results showed
corresponding releases of 0.73 and 0.35%. In two other tests, a programmed
temperature increase to a maximum of 1500°C within 2 h was employed. Releases
were 0.31 and 0.25% in helium and in air, respectively.

Mimura and Kanno (1978) observed the volatilization of cesium from several
zeolites at high temperature. Zeolites A, X, and Y, mordenite, and clinoptilolite
were saturated with cesium and calcined for 3 h at 700 to 1200°C in an air or argon
flow. The volatilization rate was fast while the zeolite structure was maintained, but
slowed after structural transformation. In recalcination of calcined zeolites for 3 h
at 1200°C, the mean volatilization rate was | x 10 to 1 x 107 mg/cmz-min.

Numerous studies have been performed to determine the leachability of the
fission products when encapsulated in highly insoluble, thermally stable
aluminosilicate minerals. Strachan and Schulz (1976) found that the leach rates
with water for cesium-loaded zeolites decreased from 1 x 107 to 3 x 10° g
Cs/cm’-day as firing temperatures increased from 500 to 1000°C. Barney (1975)
measured leach rates after 28 d for a similar system and obtained significantly
higher values, varying from 2.6 x 10%to 1.4 x 107 g/cm’day.

Swedish researchers (Amek et al., 1977; Grba et al., 1975) calcined (800 to
1300°C) several zeolites containing radioactive cesium and strontium and were
unable to detect the presence of any activity in their leachate after equilibration
with water for 2 d. Traces of activity were found when using 0.1 M NaCl as the
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leachate for the same time period. The lowest leach rates that were found in the
survey were those reported by Kanno and. Mimura (1977). Mordenite and
clinoptilolite containing cesium and strontium were calcined at 800 to 1200°C for 3
h, and one sample of each was stored in water and seawater, respectively. Leach
rates for cesium and strontium from zeolites calcmed at llOO°C for 3 h were
obtained as follows: 1 x 10 (H,0) and 1 x 107 to I x 10°® (seawater) g
Cs/cm’day, and 1 x 10° to 1 x 107'° (H,0) and 1 x 107 to 1 x 107 (seawater) g
Sr/cm’-day.

4.2 Studies of Corrosive Resistance of Containment Materials

The necessity of separating strontium and cesium from high-level radioactive
wastes with subsequent!purification, conversion to an appropriate chemical form,
encapsulation, . and final storage of each of these elements separately in
high-integrity containers has generated an abundance of knowledge in each of these
areas. Difficulties associated with the containment of these substances have resulted
in experimental studies to identify potential materials of construction for storage
containers.

Fullam (1972) examined several containment materials for their compatibility
with both radioactive and nonradioactive CsCl and SrF,. The metals tested with
CsCl were 316L stainless steel and Hastelloy C, while Haynes 25, Hastelloy C,
Hastelloy X, and 316L stainless steel were evaluated for SrF,. Capsules containing
radioactive samples were tested at 400°C for periods approaching 1 year. Capsules
containing nonradioactive CsCl were heated at 400 or 600°C for periods of up to 3
years; those containing nonradioactive SrF, were held at 400 or 800°C for periods
of up to 3 years. After exposure, the capsules containing radioactivity were
sectioned and examined by metallographic analysis. Interactions in the other
capsules were determined by metallographic examination and by an electron
microprobe scan.

. The 316L stainless steel exhlblted more effective corrosion resistance for CsCl.
The maxrmum attack (as measured: by the depth of surface penetration) observed
after I year ‘at 400°C ‘was ~25 ,um There was little visual evidence of intergranular
penetrat1on although some"’ plttmg -and ‘subsurface void formation were present.
Haynes 25was Judged to ‘be the preferred material for containing SrF,. Based on
the photomlcrographs exposure to- radratlon substanually increased interaction for
all four metals the corrosron rates were more than doubled under radioactive

»condltlons

Lo

Three other references dlscussed the results of- compatlbrhty studles of CsCl
with stainless: steel.- To. srmulate the actual conditions expected for a shipment of a
radioactive CsCl pellet to France .Ewing (1969) placed ~5000 Ci of B7CsCl into a
stainless steel capsule-and heated the container so that its surface temperature was
maintained at 450°C for 220 h. On completion of the test, the capsule was removed
for metallographic examination. Examination of sections of the lid and weld area
under 100X and 250X magnification revealed no damage or deterioration on either
the capsule wall or the weld area.
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In a study by Haff (1963), a 1540-Ci source of B37CsCl contained in a stainless
steel capsule was opened after 9 years of continuous use. No evidence of corrosion
or deterioration of the source could be detected by metallurgical examination after
receiving a cumulated dose estimated to be 1 x 10° Gy (I x 10" rads). A Waste
Encapulation Storage Facility (WESF) capsule that contained 69 kCi of B7CsCl
and had been stored for several years was heated at 380°C for 289 d. Examination
of the capsule, after being sectioned on each end and in the center, revealed pitting
up to 250 um and a general corrosion of 25 to 75 um depth. No intergranular
attack was observed. Whether this minor pitting and corrosion had occurred as a
result of the elevated-temperature test or was due to normal loading and storage is
not clear.

The material of construction for columns, shipping casks, and fission-product
recovery systems at various government facilities is stainless steel in most cases. In
the few instances when the equipment was shut down for maintenance, subsequent
examination of their internal surfaces showed no evidence of corrosion (DeMier et
al., 1963; Wallace, 1980).

5. SUMMARY AND CONCLUSIONS

The ion exchange nature of zeolite-type substances has been known for over
two centuries, beginning with the discovery of the adsorptive properties of clays and
other natural materials. The synthesis of molecular sieves in 1948 spawned an
interest in their use which is as yet unabated. Zeolite ion exchangers were first
considered for the decontamination of radioactive liquids in the 1950s and, since
that time, have been used extensively in the nuclear processing industry.

5.1 Laboratory-Scale Results

The effects of ionizing radiation on zeolites and zeolite-like materials as
determined by exposure of small samples to irradiation sources (*°Co gamma
facilities and research reactors) have been studied for over two decades. No
deleterious effects, as measured by x-ray diffraction, hydraulic behavior, differential
thermal analysis, and (with one possible exception) distribution coefficient
determinations, have been noted for cumulative exposures from 1 x 10* to > 1 x 10°
Gy (1x 10° to >1 x10'" rads). The exception was a modest decrease in the rate of
exchange of calcium ion (but not of sodium, cesium, and barium ions) for all
samples of clinoptilolite that were irradiated, independent of radiation dose; this
suggests the influence of a factor other than irradiation. Although other irradiated
zeolites showed slight changes in color and were more friable after irradiation, there
‘were no discernible differences in exchange capacity.
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5.2 Plant Experience

Many government-operated nuclear facilities have routinely used zeolites for
the removal, concentration, containment for shipping, storage, and purification of
fission products which have been recovered from various waste streams. No serious
problems have ever been detected that could be attributed directly to radiation
exposure. Some difficulties were noted-in the physical integrity of certain pellet
formulations, but the only serious degradation of the zeolites that was observed was-
suspected to be caused by organic complexants present in the feed solutions and not
by ionizing radiation. A few cases of decreased exchange capacity were noted when
acidic solutions (pH <3 to 5) were processed. Also, the elution characteristics of
Decalso used in shipping casks were slightly degraded after extended use.

5.3 Atomic Displacement

Theoretical calculations of lattice displacements in solids by gamma rays were
first reported in 1959. Comparisons with experimental results indicated that the
calculated values were too high. Threshold energies for displacement for most
materials are unknown and must be approximated. Until more accurate methods
are available for determining this information, precise calculations will be difficult.
The number of atomic displacements in zeolites resulting from gamma rays
produced by ’Cs is expected to be small, and the displacements that do occur
would probably involve return to the original sites.

5.4 Volatility and Leachability Tests

Zeolites containing cesium and strontium appear to retain these elements quite
effectively upon heating. Static tests at 600°C for several natural and synthetic
zeolites showed losses of less than 0.19 of the total cesium and strontium content
after 24 h. Tests at higher temperatures (700 to 1200°C) in a flowing gas stream
showed that the volatilization rate was fast while the zeolite structure was

maintained, but slowed after structural transformation.

Although there were some discrepancies in the actual values obtained by
several researchers, measured leach rates were all low for zeolites calcined at
temperatures >800°C. Aqueous salt solutions produced the highest leach rates.

5.5 Cont_ainm’ént Material Tests

Studies. of the corrosive ré‘si‘stanéé of several alloys clearly demonstrate the
superiority of stainless steel as a containment material for zeolites loaded with
radioactivity; however, radiation does decrease their resistance (by a factor of 2 in
one report). Mild steel appears to be less effective for this application.
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