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ABSTRACT .

Na-mordenite, also known as "Zeolon" is a synthetio
zeolite. It possesses stable, crystalline and open
lattice, and can therefore function as an excellent gas
sorbent and cation exchanger. Na-mordenite was chosen
for the neutron irradiation studies to compare its proper-
ties with those already found in a previous study, Linde
Sieve 13X, Na-mordenite is a more compact structure and_
has a higher silica to alumina contents than NaX, and these
properties have been shown to be important in determining

its resistance to radiation damage.

A volumetric apparatus was constructed to study the
sorption of argon and krypton by Na-mordenite, over a wide
range of temperatures. The krypton. isotherms measured
at low temperature were analyzed by applying them to various
limiting isotherm models from which the corresponding entropy
functions were obtained. ' The model based on localized
sorption was found to provide the best fit to the experi-

mental data.

The neutron dose of 5,0 x 1017 n./cm2 resulted in no
observable change in the sorbent properties of Na-mordenite
and the zeolite still retained excellent sorbent properties
even at a dose of 1.6 x 1O19 n/cm2° However, a neutron
dose of 3.8 x 107 n/cm2 was found to have changed the
sorption and cation exchange properties of Na-mordenite.
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found to sorb no argon at 9OKO ahd when tested for its

The sample receiving a neutron dose of 5.0 x 10 n/cm2 was

crystallinity by x-ray analysis was found to be completely

amorphous.

Therefore, it can be concluded from the gas sorption
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and cation exchange results that Na-mordenite can with—
stand very high neutron dose, The x-ray analysis of
the samples receiving a neutron dose of 2.8 x 1019 n/cmz,
and 3.3 x 1077 n/em?, suggested that the lattice of Na-
mordenite had contracted, and this was confirmed from
the observed changes in the sorption properties of Na-

mordenite.
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1.1, General Introductions—

When a crystal is treated with energetic radiations,
defects and‘imperfections are created. The spatial
arrangement of defects which remains after the irradiation

has ceased is generally described as "radiation damage".

In many respects this term is misleading since the
physical properties of solids exposed to energetic radi-
ations are not always adversly affected, e.g. hardness
in metals is definitely enhanced, consequently there has
been a tendency recently to use the term "radiation effect"

to describe the radiation induced changes.

This work presents the effects of neutron irradiation
of an alumino silicate material. The method employed
was to study the change in its adsorption properties.
Sorption of krypton over a wide range of temperature and

surface coverage has bheen studied.

The framework of certain zeolites is far more rigid,
stable and well defined than the polymeric structures of
organic ion exchange materials such as sulphonated poly-
styrenes and phenolic resins.  Although both zeolites
and resins are well known for their efficiency as ion
exchangers, it appears strange that comparatively little
work has been done with inorganic exchange materials,
whereas the effect of irradiation of resins has been

widely studied.

Rees and Williams (1) have studied the effect of
fast neutron irradiation of Linde molecular sieve 13-X,
using sorption of argon at 9OK0 as a measure of the

damage. They established that the damage was first

/
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observed at an integrated fast neutron decse of 6,2 x 10%7
-neutrons cm"2 and collapse.of lattice occurredwhen the
dose was 7.0 x 10%9 noutrons om ©.  Thesc samples were
also subjected to an accompanying dose of y - radiation,
which amounted to »»\1010 rads in the first sample and
uwlolz rads in the second. A neutron dose of 1.9 x 1019
neutrons om ° accompanicd by a y dose of 1012 rads, did
not change the ion exchange capacity of the zeolite and

it still functioned as an excellent gas adsorbent. It

can thus be concluded that the zeolite is far more resis-
tant towards the damaging cffects of radiation than its
organic counterparts, since resins have been found to be
destroyed after being subjected to doses of around A 1010

rads of y - radiation (63).

The work reported in this thesis is a continuation
of the studies carried out by Recs and Williams, however,
the effect of irradiation on zeolites has been considered.
Interest was directed towards the thermodynamics of sorpiion
. of inert gases in order to determine which, if any, of the

sorption sites were affected by the radiation.

Choice of Materiazls-  Synthetic mordenite was chosen for

its high silica to alumina (10:1) content. This zeolite
because of its high Si/Al ratio is very resistant to acid
solutions, a property not possessed by NaX. However,
silicon has a larger cross-section for fast neutron than
Yaluminium and this material may not be so resistant to

neutron irradiation.

The open lattice structurc of synthetic mordenite
- made it possible to study in some detail the thermo-
dynamic of physical adsorption. The channels in syn-
thetic mordenitc are smaller than those in NaX (1),



therefore, any changes occuming in the channels due to
neutron irradiation should be easier to detect in
synthetic mordenite than in NaX.

Synthetic mordenite was therefore chosen as a
suitable zeolite for carrying out sorption experiments
on over a wide range of © and temperature, in order to
determine the changes in thermodynamic:: properties with
neutron irradiation. ' ’

11.



12.

1.2, Zeolitess—

1.2.1. Alumino — 9ilicate Structures-

Crystalline alumino - silicates are all built from
tetrahedral 51044' and A1045“ wnits. These units can be
bonded together through common oxygen atoms and it is

possible for one Si0 4 snit to join directly with from

one to four other siﬁica or alumina units yielding various
structures, If silica units are linked by tetrahedral
co-ordination a three dimensional framework of compositicn
(SiOZ)n results with xo residual charge, However, the
inclusion of alumina tetrahedra in replacement of silica
units leaves the framework with a negative charge which
requires cations to be also present in the interstices

of the structure to achieve net electro-neutrality. The
extent of substitution of A1045" for 81044" is limited by
Loewenstein's rule (2) and the maximum alumina content
occurs when alternation between alumire and silica units

is present. This is because it is hot possible for any

two A1045— tetrahedra to exist adjacent to each other.

The group of alumino silicates classified as zeolites
have very open frameworks, the large channels existing in
the lattice being filled with water. Three types of
zeolite frameworks exists-

'1) ‘Three dimensional framework zeolites; e.g. Faujasite,
Nad, and Mordenite.

2) Lamellar zeolites, e.g. Stilbite and heulandite.

3) Fibrous zeolites, e.g, Thomsonite and natrolite.

The first group is the most important and stable. They
can be dehydrated by heating up to temperatures as high as
700°C under vacuum without any appreciable shrinkage of the
lattice. Due to the open structure, the cations can be

easily and often rapidly exchanged for others by contact
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with the appropriate salt solution. When dehydrated the
crystals develop great sorptive capacities for various
 sorbates. However, this sorption is selective as mole—
cules of a greater diameter than the smallest ilwindows"
controliing excess to the channels will be unable to
penetrate into the channels. This “molecular sieve"
property is very important, leading to the possible separ-
ation of molecules of different diameter by choosing a
zeolite with the correct pore size. The zeolite water
may occupy definite sites in the lJattice as with hydrates,
forming a series of solid solutions during dehydration,
alternatively, it may be completely mobile occupying no
definite positions, and thirdly, it may be held interstiti-
ally by physical adsorption. It differs from water of
crystallization and chemisorbed water. Electrical conduct-
ivity is occasionally attributed to zeolite water which
infers that it is mobile.

The "mesh" of a zeolite sieve is determined not by the
volume of the intercrystalline cavities but by the free
dimensions of the apertures which link them together. ‘
Whether or not a given molecule may enter the pore structﬁre
of a zeolite, is decided by its size and shape relative to
the aperture dimensions of the zeolite; chabazite sorbs
water freely but iso-butane, a large molecule is not sorbed.
The frec diameter of the largest aperture in the zeolite
acts as a rough guide, Breck and Smith (6) have found that
due to bond vibrations, in general molecules of diameter up
%o 0.5A° greater than the "free diameter" of the aperture can
pass through easily. Large molecules enter the crystal with
greater and greater difficulty; molecules 1A° wider than the
free diameter cannot enter at all. It whould be remembered
that many molecules possess two different diameters, the dia-

meter of nitrogen measured normal to its longitudinal axis is
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l4p

3.0A% while its longitudinal dismeter is 4.14°. For such
a molecule, the rate of sorption might be diminished because
the molecules might have to re-orientate themselves in a
favourable direction for diffusion through the lattice.

The sorptive properties of a zeolite also depend on
the type and number of cations present. Linde sieve (Naa),
(Breck et al 1956) is capable of sorbing molecules up to
4AO in diameter; molecules up to 5A° in diameter are
readily adsorbed when approximately one-third of the Na@

. ~ 2+ e e . s
ions are exchanged for Ca™ . This increase in sorption

e+ have

was due to a difference in cations size, Na© and Ca
nearly same radii, it was due to the removal of Na+ ions
which were obstructing the entrance to the adsorptive
cavities, Replacement of the Nat ions by large K effecti-
vely reduces the pore size even further. '

Molecular sieve properties of zeolites can alsoc be
affected by pre—adsorption of polar molecules. " Small
amounts of water or ammonia present in the pores of Nad
drastically reduce oxygen sorption. Barrer and Rees (8)
investigated the effect of pre-adsorbed polar molecules on
the sorptive properties of mordenite and chabazite. Breck
considers that the polar molecules cluster about the cations

thus blocking the channels and reducing the pore size.

1.2.2, Na-Mordenites-—

Na-mordenite is a synthetic form of the natural mineral
mordenite. It contains only Na* ions in contrast to the
natural species which contain Na+, kt and Ca2+ ions. It
is synthesized by the Norton Company Ltd. of America and
is commercially known as "Zeolon".

Detailed x-ray analysis has beon carried out by Meier
(3) on the natural zeolite. The sample was calcium rich

and he percolated it with concentrated sodium nitrate
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solutions to exchange it to the purc Na' form. Moier

found the unit cell to be ortho rhombic with
a = 18.134° b = 20,49 4° ¢ = T.524°
The unit ccll formula of his sample was:z—

Na8 Al8 Si4o 096 24H20
The alumino-silicate network consists of character—

istic chains cnclosing elliptical channels of free dia-

meter 5.814° (Fig. 1) which give mordenite its molecular

sieve properties. These channels parallel to the (001)

axis are formed by a ring of twelve tctrahcdra comparable

to those coxisting in faujasite. These channels are inter-

connectdd by narrower passages parallel to (010) axis (Fig.2 )

having a minimum diemeter of 2.84°.  Thus the zcolitc can

act as a molccular sieve with respect to small molecules.

Each (Si, Al) O4 totrahedron is part of one or more
S5-membered rings in the framework and thce numbers of 4-,

5-, 6-, and 8- membered rings of tetrahedra per unit cell

are 4, 48, 16, and 16, respectively. The provailing number
of S-membered ring is an outstanding fcature of the mordenite
framowork. It has becn shown that the most stable rings in
silicates (i.e. lowest energy) are of 5 or 6 tetrahedra (4).
The predominance of 5-membered ring and the high silica
alumina ratio account for the cxtracordinary stability of
mordenite.

Stacking Faults-—

Mordenite sorbes Ar, N2, and O rapidly; while CH4

2 .
and 02H6 arc only slowly occluded (Barrer 1944). Although
the frec diameter of the main elliptical channcl is 5.81A°,

the mordchnite does not adsorb molecules whose critical
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dimensions exceed 4A°. This seems to suggest the existence
of the crystal imperfections i.e. stacking fault, of which
only comparatively few would be necessary to inhibit
diffusion. This effect is discussed by Meier (1961).

Positions of Cationss-—

Only 4 of the 8 Na' ions per unit cell have been
definitely located, they lie in the windows (2.8A° diameter)
of the interconnecting dhannels. The remaining fouf Na*
ions have not been assigned positions and are, therefore,

assumed to be randomly distributed within the large channel.

Analysigsz-

Mordenite has a silica to alumina ratio of 10:1 and
Meier'!s analysis agreed well with the formula

Na8 A18 Si4o

In present work the method of analysis used for synthetic

sample is described by Vogel (5) and Meier (3) for alumino

silicates. At all times, chemicals of the highest purity

Ogg 24HL

available were uséd, i.e. Analar reagents. The following

composition of Na - mordenite was obtaineds-
(3.50) Na 0, (4.0) A1,0,5 (39.5) 8i0,, (26.5) B0
The Na was determined radiochemically.

1.3 Gas Adsorptionss-

Gas sorption could either be absorption or adsorption
apd physical or chemical. Absorption means that the gas
actually enters the electrical field between constituent
atoms of the sorbent structure, so forming a solid solution

or possibly a chemical compound, where as adsorption is



18,

taken to mean the gas is sorbed only on the outer surface
of the sorbent and the molecules sorbed on the outside of
the sorbent only meay cxperience a weak Van darWaal's
attraction or a much stronger activatcd or chemical
adsorption (chemisorption). In order to decide the

type of adsorption, thc following points may be considcreds-

(a) Physical adsorption involves molccular intcraction
process, the formation of a physically adsorbed layoer may
be likened to the condensation of a vapour to form a
liquid. Tho heat of physical adsorption is of the same
order as the heat of liguification and is rarely morc than
twice or threc times as large. Physically adsorbed layers,
in particular thosc many molccular diameters thick, bchave
in many respccts as thin layers of liquids. Chomiscrption
involves the transfor of clectrons between the adsorbont
and the adsorbatc. The heat of adsorption can be com-
parable to that for the corrcesponding bulk chemical reation.
(b) The ratc of physical adsorption is usually rapid
ocspecially at low tomporature, equilibrium mey be achicved
in maters of scconds or minutos; In many cases choemi-
sorption involves an activation cnergy, i.c. the rate is
faster at higher fcmperaturc.

(¢) A physically adsorbed layer can usually be romoved
by lowering the pressure, at the temperaturc at which the
adsorption took placc. Somotimes this could be a slow
process owing to diffusion offcects.” The removal of a
chomisorbed laycr on the other hand is more difficult,
usually high tompcraturcs arc nceded.

(d) Undor suitablc conditions physically adsorbed layers
scvoral molccular -diamcter thick arc found; chomisorption

is complectc when a monolaycr has been built up.
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(c) Physical adsorption can occur with any gas—solid
system if the conditions of. temperature arc suitable,
chemisorption can take place only if the gas is capable

of forming a chomical bond with the surfacc atoms.

The ugual mcthod of oxpressing adsorption cquilibria

is in the form of adsorption isothecrms

V = £(P) T

Isotherms arc csscntially related to plote of the free
cnergy changce as a function of amount adsorbed. Their
shape can yoild qualitative knowledge of the adsorption
process ahd a scmi-quantitative mcasurc of the fraction

of the surface covered by adsorbate. At small adsorptions,
Henry's law is valid, V = KR, i.c. the isotherms arc

straight lincs.,

In gencral isothorms may be classificd according to
the Brunauvev (9) classification, the distinction between
different types of isotherms gencrally arisce from differecnces
in porc structure and sorbate-sorbent intcraction cnergy.
All the isotherms in this work were cither straight lines
or of type 1 which repreosents unimolccular laycer adsorption

and is rcctangular in shapc,

In rccent years thermodynamic methods for the invest-
igation of the physical statc of adsorbed moloculces have
been used quite frequently, c.g. Barrcer and Wasileivski
(10) Barrer and Gibbons (11). Completcly satisfactory
analyscs of rosults can only be obtained if the sorbent
is cnergetically homogoncous and if cxperimental data arc
available over a wide, if not complete range of © (where

6 is the degree of saturation of the intercrystallinc pore
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spacc). This work describes the sorption of the rarc gas
krypten, on Na~mordcnitc. Tho isotherm data is analyscd .
in terms of variocus ideal isotherm medels, in order to
deceide whother the sorption is loealizcd or mobilc, and
whether or not the interactions betwoon adsorbatc molceculces

arc significant.

1.4 Neutron Irradiations:-

As carly as 1943, Wigner predicted the oxistonec of
radiation damagc in thosc parts of the reactor which
absorb most of the cncrgy of fission rcaction, such as
the fucl clements and the moderators. It was then confirmed
cxperimentally that dcfects and imporfcetions arc ercatcd
when solid matcrials arc cxposed to radiations, to an
cxtent depcending on paramctcrs such as typc of radiation,
flux, temperaturc and characteristic of the particular
solid. Most of the rcscarch work, thercforc, was directed
towards the cffcets of radiations:-

i)  On rcactor fucl clement to find out if damage resulted
in loss of officicney of powor production.

ii) On rcactor matcrials such as graphitc and motals.

iii) And the most important conecrning this work on
proccssing materials roquired to separate; decontaminatce
and purify still fertile matcerial and particularly fission
products.,

Proscent intcrpretation of the changes in the propertics
of solids brought about by high cncrgy radiations ccntros
around thc production of sc¥cral types of defeets in the
solid by the radiation. Thosc defcets arc (a) vacancies,
(b) intorstitial atoms and (c¢) impurity atoms. Each of

these defeets is described bricfly belows-
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(a) Vacancicss— Vacant lattice sites may be created
by collisions of cnergetic particles with the atoms in
solid latticc. Tho cncrgy transfomed in thosc collisions
is usually sufficicont for the rccoiling atom to creats
furthor vacant latticc sitcs by subscquont collisions.
Thus for cach primary collision, a cascadc of collisions
resulting in vacancics is initiated.

(b) Intorstitial atomss- The atoms that arc displacecd

from their cquilibrium positions in the lattice will stop
in an interstitial, or non cquilibrium position, provided
thoy do not rccombince immcdiately with a ncarby vacancy.

(c) Impurity atoms:- Impurity atoms arc formed under

neutron bombardmeont by transmutation. A spocial casc of
this is the introduction of fission products by fission
DProcoss. The offcet of fission fragments is usually morc
pronounced than that of ncutron induccd transmutations,
although both mechanisms arc ofton insignificant, comparcd
to othor radiation cffccts.

Noutronss—~ In the casc of ncutron irradiations, the
typce of intoraction taking placc deponds to a large oxtont
upon the cncrgy of the ncutron, and for this rcason theoy
arc divided into groups according to their cnorgy.

i) . Past Ncutronss- Their onorgioé vary from 10 Kov to
10 Mev.,
1i) Thermal Ncutropnss— Thoy usually have the cnorgy of

the order of 0.025 ov. at room tomporaturc, being in

thormal cquilibrium with their surroundings.

The ncutrons originating from the fiosion proccss arc
of primary intcrest. These noutrons possoss an averago
cnergy of about 1 Mcv, though thc cncorgy varics through a
wide spcectrum. Thesc ncutrons, as thoy pass through tho
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moderators, lose their energy until they are thermalised
and they cause radiation damage by the formation of
impurity atoms, resulting from neutron absorption, i.e.

muclear transmutatione.

Elastic scattering is the most probable interaction
of fast neutrons with lattice atoms, resulting in displace-
ment, insterstitial ete., The energy of incident neutron
is shared between the recoiling neutron and nucleus
according to the law of conservation of energy and
momentum and apart from gaining kinetic energy, the
nucleus is unchanged. On the other hand inelastic
scattering occurs 1if the neutron is absorbed by the
nucleus and then a neutron with a lower energy re-emitted,
leaving the original nucleus in an excited state which
eventually returns to the ground state by emitting one or
more x-rays. At thermal energies, another and most
prcbable interaction process is capture of the neutron by
the nucleus to give an isotope of the target element. In
most reactor irradiations there are several ftimes more
thermal neutroné than fast neutrons and the most desirable
place as a source of fast neutron is the immediate vicinity

of a fuel eclement in a reactor.

Neutron, being uncharged, has a longer mean free path
(of the order of 1 cm) than that possessed by heavy charged
particles or electrons. This is of grest advantage as
neutrons can penetrate much greater thickness of material
and can therefore be thought of as producing homogencous
damage effects. Actually, on a microscopic scale, the
damage will tend to be highly concentrated, due to thermal

spike for example.
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Accompanying the libration of the neutrons during
fissioning are energetic "gamma reys", generally assumed
to be two or three times more numerous than the fast
neutrons. These energetic gamma rays can be a source
of radiation damage and cannot be filtered out without
geriously decreasing the neutron flum, consequently
the radiation damage resulting fromY - irradiation must

always accompany the effects due to neutrons.

Thermal and Displacement Spikes:— A fast particle

moving through a lattice, or an atom that has been hit

just hard enough to vibrate with large amplitude without
being displaced, will rapidly transfer energy to its
neighbour which becomes abnormally excited.  Thus

heating to a high temperature a region of material around
the track of fission fragment or knocked on ntom, which
starts expanding and a2t the same time there is a drastic
increase in temperature.  The result is called "thermal
spike", i.e. rapid heating and quenching of a small volume
of the material, the term being proposed by Seitz. The
temperature may attain the melting point of the solid for -
the order of 10”12 seconds, but only involves about 102--103

atoms per spike.

On average, a displaced lattice atom will have an energy
of the order of several hundreds of ev and will suffer 10-100
collisions before becoming a trapped interstitial atom. It
is therefore a few interatomic distances away from the
vacancy which was its original position. The path of the
projectile atom, therefore, is an area of a comparatively
high degree of damage comprising many interstitials and
vacancies. This is the type of damage to be expected from
fast neutron bombardment. Most of the snergy transfemed to

a displaced atom reappears as lattice vibration confined to
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an area close to the paths of the projectiles. Brinkman
proposed the name "displacement spike" for the volume of
the lattice, distorted and heated in the above manner.

He also suggested that this volume may actually be raised
in temperature to the melting point, for the order of
1071 seconds, and then rapidly recrystallize to the
original form, involving in all about 103--104 atoms per

spike.

Various terms involved will now be explained.

Neutron Fluxi- It is also knowias "neutron flux

density" or "instantaneous flux" and is abbreviated as
(nv) or ¢ where n = the number of neutrons per unit volume
in the sample being irradiated and v = the mean velocity
of the bombarding neutrons, therefore units of flux density
areﬁ,n/cm3‘ cm/sec = n/cmz/sec. This referé to a time
interval of only one second (hence the name "instantaneous
flux").

Neutron irradiation exposure or dosc of bombardment
are best known as "integrated neutron flux density", refers
to a time interval of more than onc second and is expresscd
by the symbols (nvt). The units are therefore n/cm%
(cm/sec) sec = n/cmz. For reactor irradiations the
neutron dose can be cxpressed in the following ways depend;
ing on which is appropriate, e.g. 1018nvt (total) or
1018nvt (fast) or 1018nvt (thermal).

The neutron dose may be defined as tho number of
neutrons that traverse an imaginery sphere of cross sectional
area, 1 cm2, within the sample. It is not the number of

neutrons crossing a flat surface of the same area.

Cross Sectionss— The probability of either scattering,
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absorption or nuclear reaction, when a material is
bombarded with neutrons is known as cross section G,
and it is measured in barns (where 1 barn = 10—24cm2).

The cross section of an atomic nucleus may be thought

of as a circular disc, centred on the nucleus, on & plane
normal to the incident beam. If the neutron passes
through this "area" then interaction or absorption occurs,
otherwise scatitering occurs. The scattering cross
sections of most nuclei, for high energy neutrons, is

about 3 barns, i.e. 3 x 10724 on?,

1.4.1. Radiation Effect in Diamond, Silicé&, Quartz, etci-

This section describes the effects of radiation upon
materials similar in structure to zeolites, e.g. diamond,
vitreous silica, quartz, alumina and Linde molecular sieve
13X
Diamonds—~ It has been observed (15) firstly to suffer from
the formation of vacancies and interstitials and then to
lose its crystallinity after prolonged fast neutron bombard-
ment (1021n/cm2). Since this has important implications
in the use of covalent refractory materials further studies

were carried out, notably those of Crawford and Wittels (16).

Vitreous Silicas— This when exposed in a nuclear reactor

was found to show an increase in density, resulting in
amorphous state as a final product (17). The total dose
required to change it into amorphous state is 2x1020 fast
neutron /cmg. These changes are attributed to ionization
and to atomic displacements. Primak et al (18) suggests
that in vitreous silica displaced atoms of O and Si lodge
in the cavities within the structure, and permit the Si04

tetrahedra to relax into a more compact arrangement, thus
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increasing the density., These atoms, however, seem to be
loosely held or even uncombined, since on annealing by
heating, the original density is restored (19). Simon

(20) studied the Debye-Scherrer x~ray diffraction patterns

of silica, before and after neutron irradiation and suggested
that the decreased Si~Si bond distance in the irradiated
material was due 4o a smaller Si-O-5i bond angle (138° as
opposed to 1420>. The Si-0 bond length appears to be

un-affected by the irradiation.

Quartzs—  Fast neutron dose of approximately 2 x lOzoneutrons

2 . . -
/cm , causes some changes in quartz which are similar to

silica glass, with the exception that it is accompanied by

a large decrease in density of quartz, 15% (17). It is
somewhat unusual that these crystals of quartz veveal no
macroscopic defects, however, Crawford and Wittels (16)
observed the formation of macroscopic holes in quartz, after
irradiation to a dose of only 8 x 10° iﬂi/cmz, with sub-
sequent annealing at 95000. The lattice expansion may be
due to atoms lodging in parts of the structure not large
enough to accommodate them (18). The damage is known to
arise in two stages (21), up to 3 x 1019n/cm2, the lattice
damage is predominately point defects and small disorder
regions. Since more energy would be rcquired to displace
Si atoms, therefore, vacancies and interstitial atoms are
assumed to be almost entirely due to oxygen atoms. At
higher exposurcs, the shear strains set up by the disordered
regions spread throughout the crystal, rendering it comple-

tely amorphous.

1.4.2. Neutron Irradiation of Alumina:— Young (22) was

the first to study the effects of neutron irradiation on
crystalline solids, employing physical gas adsorption methods.,

He studied the thermodynamical properties resulting from iso-
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therms of krypton adsorbed on dehydrated alumina, before

and after reactor irradiations.

It was not considered possible to study the radiation
damage by electron microscope or field ion microscope,
since the effects are usually too small to be observed by
these methods. A more indirect method was thus adopted,
that of physical adsorption of an inert gas at low tempera-
tures, with subsequent analysis in terms of shape of adsor-
ption isotherm and the differential molar entropy of the
sorbed phases.

A significant increase in isosteric heat was observed
resulting from a dose of 2 x 1018 fast neutrons. Young
analysed the adsorption results using the isotherm methods
of Garden and Kington (23) i.e. localized or mobile adsorp-
tion, with or without adsorbate molecule interactions. The
most suitable model appeared to be one of localized sorption
without marked lateral interactions, on surface of varying

heterogeneity.

1.4.3. Neutron Irradiatiation of Linde Molecular Sieve 13-Xs—

Rees and Williams (24) have recently studied the
effects of neutron irradiation on Linde molecular sieve
13 - x, a synthetic zeolite, commcnly known as NaX. It
was noticed that neutron irradiation resulted in no observ-
able change in the sorbent properties of NaX, provided the
dose was less than 5 x 107 n/cm§. Beyond this dose, a
progressive loss in sorption capacity was observed. However,
it was established that the zeolite still retained its
excellent sorbent properties even after a dose of 2 x 1O19
n/cmz. They did not find any change in the cation exchange
properties of the zeolite up to a dose of 1.9 x 1019 n/cmz.
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The zecolite was found to be completely amorphous by x-rays,
when irradiated to a dose of 7 x 1027 n/om® and its sorption
capacity was ncgligible.

The model bascd on localized sorption with molecule -

molecule interaction was found to be the best.



CHAPTER 2

THEORETTCAL

2.1. Gas Adsorption

2.2, Neutron Irradiation



2’ 1.

2.1.1.

-AH

X1, K2, K3, K4, K5
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(8]

AS
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Gas Adsorption:—

Summary of Symbolss-

1]

n

Isosteric heat of adsorption = qgst.

-AH = (Hg - Hg)

Molar heat content, or enthalpy, of gas
molecules in the gas phase, at equilibrium
pressure P (cm. Hg) and temperature T (&)
Differential or partial molaf enthalpy of
sorbed Phase:-

g = (BH/U“QJ P; T, ng
lloles of sorbent and adscrbate
Gas constant

Degree of saturation

volume gas adsorbed at equilibrium

Yolume sorbed at saturation (samc temp.)

Limiting isotherm model constants

Interaction energy between two sorbentv
molecules sorbed cn adjacent sites in the
crystal lattice

Co-ordination number of sorption site, i.e.

no. of nearest neighbours occupied by adsorbate
molecules

Change in entropy system

AS = (8s - Sg)

Differential or partial molar entropy of

sorbed phase, i.e. @gas in host lattice

Ss = Cbs/bna) P, T, ng

Molar entropy of gas in gas phase at P, T
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§fh
Sc
Sth

— 7
Sth
13

2 B R/ <
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Molar entropy of gas at standard pressure
(usually one atmosphere) and temperate T.
Differential thermal entropy

Differcential configurational entropy
Residual thermal entropx, related to lST
bys-= Ss = IS, + B8th

T — —
+ Sth)

(ditto, where Ss = 2 Sp
Partial molar entropy resulting from one
degree of translational freedom of the guest
molecules within the intercrystalline environ—
ment

(ditto, for two degree of translational
freedom)

Translational degree of freedcom

Vibrational " 1 "

Boltzman's constant

Plank's constant .
folecular mass of adsorbaté, i.e. molecular
weight x 1.66 x 10724 g,

Velume gas adsorbed (cc.S.T.P./g sorbate)
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2,1.2, Thermodynamics of Adsorption:-

Our present understanding of the thermodynamics of
physical adsorption system is due largely to the work of
Hil1l (25, 26) Everett (27). Reviews of recent developments
in this field have been given by Hill (28), Everett (27)
and Drain (29). Two different approaches to the thermo-
dynamics of adsorption may be considered. ‘

(a) Adsorption Thermodynamics:— The sorbed molecules

are.regarded as a-single component phase in the potential
field of the sorbent which is assumed to be unperturbed

by adsorption. This approach leads to molar thermodynamic
quantities and involves the evaluation of an independent
variable characteristic of the sorbate, the spreading
pressure (Hill,25,26). This is tedious and can be in-
accurate especially at.low pressures, leading to consid-
erable error in the final thermodynamic quantities.

(b) Solution Thermodynamics:— The adsorbent-adsorbate

system is considered as a single condensed phase of two
components in equilibrium with unadsorbed gas. This
approach leads to partial molar thermodynamic quantities.
Por small differences in the energy of the adsorbed
molecules, the differential functions are found to be
more sensitive than the molar functions (Garden, Kington
and Laving).

(c) "Tykodi's Methods— Tykodi (31) developed Gibb's

approach (Hill, 26 ) by removing the restriction of

thin layers, thus making it generally applicable‘to
sorption. It is assumed that the total volume of the
system, the gas and the sorbate are known and that the

properties of the gas and the solids are separately well
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defined. This method hag been little used and. is open to
the same criticism as adsorption thermodynamics, In this

work solution thermod&namioal approach has been adopted.

2.1.3. TIsosteric Heat of Adsorptions—

-

By employing standard solution theyrmodynamics the
following expressions may be obtained, the rate of change
of pressure with temperature is given by the Clausius -
Clapeyron equations—

Goo) e, s ,
At T e ()
’ RT
= A%, - Bg- 5 (B)
RT .
RT

where -OH = gst is the isosteric heat of adsorption,
This equation assumes that the gas behaves as an ideal gas,
and that the volume of the gas in the gas phase greatly
exceeds its volume in the sorbed phase, which is usually
the case. The isosteric heat may be determincd in the
following wayss-—
(a) From changes in equilibriﬁm pressure with temperature
i.e. by plotting log10 P ys 1/'I' for a fixed amount sorbeds
the slope, or tangent if a curve results, multiplied by
2,303 R gives g¢st, in accordance with the expressions-
Logjq P = ¥/, 103 BT *e (e)
Performing this operation for a series of amounts sorbed

leads to a plot of gst Vs. V (volume sorbed at equilibrium).



34.

(b) By direct calorimetry, by measuring the heat evolved

for cvery addition of gas.

(c) Plot log P Vs V for cach of a scrics of isotherms

and obtain log Pl/P corresponding to T1 and T2, then
2

gst = R(T1.T2 ) 1n Pl/ (D)
—_— P :
2

(T—T2)
It is important to obtain an average value of gst for
cach value of €, from morc than just one pair of isotherms,
becausc gst may vary with temperaturec, and also misleading
results may casily be obtained in reading the values of

1og10P from the graphs.

In this work, four isotherms (10C° increments) were

used to obtain six permutations, i.ec. six values of gst.

The naturce of the solid docs not enter into the deri-
vation of the above expression, as we have employed the
amcunt of sorbent, not its surface area. It is a perfcctly
general treatment which applices regardless of whether the
sorbent swells on sorption or number of sites change with

temperature or pressure,

2elod. Internretation of the Thermodynamical Propertics

of Sorption in Terms of Limiting Isotherm Models:-

The principal aims of investigating the sorption of
one substance on another must be the evaluation of the
thermodynamic propertics of the sorbate and also the
clucidation of the statc of the adsorbed molecule. In
recent years the thermodynamic properties of sorption have

been used for interproting the state of the adsorbed phase,
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c.g. Garden, Kington and Iding (36). Barrcr and Sunderland
(37) Barrcr and Wasileiwski (10) Barrcr and Gibbons (11).

The Statc of Adsorbed kMolecules—  When a molecule is

adsorbed on a surfacc it cnters the potential ficld

associated with the surface. This ficld will vary in a .
regular or periodic manner depending on the structurc of
the sorbent and the na@uro of the surfacc. Thus the
adsorbatc molecules may cncountor potential barriers in

tho motion along the surfaco.

Two extreme casecs may be considered but the actual
state of the sorbed molccule may lie anywherc between these

extromos:—

(a) If the thermal energy of the sorbed molecule is
insufficient to overcome the pofontial barriers, it is
assumed to vibrate about a mean position on the surface.

A single molcoule may not be permancntcly confined te a
particular sorption site on the surface, however, it may,
by a process of diffusion or desorption-resorption,; occupy
neighbouring sites, Thus although the moleculc may
oceasicnally move from one site to anothor the sorption

is still said to be "Localiscd'.

(b) If the averagce thermal cnergy of the molccules is
larger thaen the height of the potential barrier then the
molcecules will be able to move freely over the surface

and arc said to be '"mobile'.

Localisced and mobilc models are the extreme cascs
and it is possible for a transition to occur from either
onc of the extremc cases to the other. Hill (38) and

Korrison (39) have discussed tho transition from a localiscd
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adsorbed phasc to a mobile phase as the temperaturc is
increased. Kington ct al (36) have shown that argon
adsorbed on chabazito probably changes from a mobile to
an immobile state as the degroc of filling tho cavitics
in the crystal approaches saturation, presumably duc to

the mutual caging cffect of sorbed argon atoms.

Gas molecules adsorbed within the lattice of an
alumino silicate structure can hardly possess threc
degreos of translational frecdom, since they are confined
in cavities and channels of molecular dimensions.  The
actual behaviour could be comparced with onc of three

extremess—~
(1) No translational frecdom or
- (ii) One or two degreos of translational freodom

(1ii) Rotational freodom mey also be modified in the
sorbed statc. The possible extremes in the degrees of
frecdom of sorbed gas arc giveh in the table for ideal
models.  The limiting state in which two rotational
degrecs of frecdom are changed into rocking vibrations
are also included in the table,

Ideal Models Degrce of frecedom relative
to environment

(1) 3V, 2R
Localized (ii) 4v, 1R
(1i1) 5V

(i) 1%, 2v, 2R
Mobile with 1t (ii) 1t, 3V, 1R
(iii) 1t, 4V

(i) 2t, 1V, 2R
Mobile with 2% (ii) 2%, 2v, IR
(i11i) 2t, 3V
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Krypton ges molcculcs, used in the present work, arc
perfectly symmetrical and monocatomic, therefore do not
possess degree of rotational freedom R. The "2t + 1Vv"
system is frequently found in zecolites, in which the
cavitics are large comparcd with the dimensions of the
sorbate molceoules. If howevor thesc channels and cavities
arc only slightly larger than the gas molecules, the latter
will possess "1t + 2VM,  Finally if the cavitics arc so
small as to cncage only onc gas molccule then the "3V"
system will exist, such a systom also cxists when localized

adsorption occurs.

Models give descriptions of idealisod systems and may
not be applicable to real systoms. Deviations may arise
from surface heterogoneitics, multilayer formation and
mutual interactions betweon sorbed molccules. As we have
alrecady discusscd that the completc sorpfion process neecd
not be necessarilypurcly localized or purcly mobile. It
is thercforc nccessary to consider all possible isothorm
models when the state of adsorbed phasc is being investi-
gated. Throughout the following discussion it is assumed
that the rigid lattice frameworks arc unlikely to be
affected by the presenee of a potential field due to the
sorbed gas. This assumption is usually considercd an
cxcellent approximation in physical adsorption but it is

most unrcal for chemisorption (28).

Isotherm Models for a Localizcd Sorbed Phascs—

The simplest casc occurs when molccules arc sorbed
on a two dimcnsional zrray of cnergetically homogensous
sitos. Langmuir (40) using a kinctic treatment obtained

the following isotherm cquation:—
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K, = P (1 -9) (Model 1)
s}
where P = cquilibrium prossurc (cm. Hg)
= dogree of saturation

and ©

He considered the adsorbed layer to lic in dynamic
ocquilibrium with the gas phasc. Fowler (41, 42) related
the cquilibrium constant K1 to the partition functions of
the sorbed and gascous molecules.,  As with all the isotherm
modcls a necossary, but not sufficient condition for the

above modcl to be applicable is that K. bc a constant

1
indecpondent of 6, alrcady dofincd.

The assumptions made for an ideoal Langmuir models ares-

(a) The gas molecules arc sorbed on sites which are indep—

ondent of cach other and are cnergetically equivalent.

- (b) The sorbed moleecules are localized, i.c. cach one is
confined to a site on the surfacc.

(c) There are no mutual interactions betwecen adjacent
moleculess this might be expected at low sorbato concentr-
ation, but scems 1css'1ikely at high conccntration, whon

sorbed molecules must be packed closce togother,
(a) The sorption is restricted to a monolayer.

Localized Medel with Interzctionss—  If tho sorption is

localized and "a mutual interaction betwoon the sorbed
molccules cxists, then the isotherm cquation must take
account of the extra cnergy terms. The following

equation was deriveds-

K, = P(1-6) cxp. (-20W) (Model 2)

6 RT



39,

Whon W = O this cxpression reduccd to the Langnuir modcl.
Moleccule-nolecule interactions can lead to chahgos in
configurational entropy, hence furthor modification can

bo made to the Langmuir models

Kg = P (1-9) (P+1- 2e)z (Modol 3)

o (2 - 20)
, oL

whore B = ( 1~ 40 (1 -6) 1~ oxp (-2M)] )

| T j
which invelves the term 2W/,, which is tho interaction
energy betwoen two adjacent molocules and 2 is the co-
ordination numbor of a sorption site and may be determined
from the gecometry of the sorbent sites. This cxpression
~ also rcducocs to the Langmuir model when W = 0. Fowler
(43) derived this cxpression for K., taking into account
the variation in oncrgy of sites with coverage duc to mutual
interactions., The assumptions made in this derivation arc

as followss-

(a) The interactionsbetween sorbed molccules arc constant
and additivo.,

- (b) Only noarcst sorbcd molccules interactions are allowed

for.

Isotherm Models'for a Mobile Phascs—

If the sorbed phasc acts as a perfect two dimonsional
gas of point particles, tho isotherm cquation derived cither
from statistical thermodynamics (43) or from an equation of
state (27) iss—=

Vo= kB (Model 4)

<.
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This is, of coursc, Henry's Law (anzlogous isotherm for
solution of gascs in liquids) and only applicablc %o very
dilute phascs, and at temperaturcs above the eritical

tomperaturc of the gag.

If the adsorbed phasc is ccnsidercd as having a

Tinitc co-arca the following cquation is obtained:-

K, = P (1-6) oxp. (- 6) (Medel 5)

o ' 1-6

This oquation is cften referrcd to as the volmer .
equation as it can also be derived from the Volmer
cquation of State (27, 38).

Mobilc Model with Mutual Interactions:— Hill (38),

assuming that the sorbed fluid obeys the Van der Waals
equation of Statc, derived the following isotherm cguation

for mobilc sorption witd sorbatc - sorbatec interaction.

Ke = P (1 -06) cxp. (-0 +ot0) (Model 6)

o 1-0
WhOre #= 28 41m 4 and b boing the twe dimensional

Van der Waal's ccnstants.

A1l of these isotherm models arc derived assuming
that the adsorbent surface is’onérgctically homogencous,
When this is not the casc, thesc models cannot be rigorously
applicd. However uscful and intcrosting information can
51111 be obtained cven if the theory can only cxplain the

experimental results over a limited range of ©.

Intracrystallince sorption was originally considered
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to be localized (44). Work by Rees (45) on two component
interstitial solid solutions of hydrogen in metals extended
this treatment; however the possibility of mobility must
not be overlooked, since the free diameter of the cavities
and channels in several zgolites greatly exceeds the size

of the adsorbate molecule.

The isotherm constant K must be independent of 6 for
a particular mobile model to be valid. This, however, is
not sufficient as experience has shown that a mere test
of the shape of an isotherm is not conclusive. It would
also be impossible to distinguish between one and two degrees
of translational freedom. Therefore, as in the case of
localized sorption, it is necessary to study the entropy
functions of the sorbed phase.

»

2.1e5 Entropy of Adsorption:—  For a monoatomic gas,

the following expression for §é may be derived from statistical

thermodynamicss—
e " e kY3,
Sg = R 1ln KT R1 2T1m KT 2
& /P + n ( m ) + 53/2 (7)
o
= , . 3 o
Ss = AH/T + Rln (2IIm KT)>/2 K‘I‘/P + 5R/2 (8)

X,
(For summary of symbols see page 30, 3%)
If the sorbed molecules are localized, i.e. do not possess
translational motion, then the partial molar entropy may

be divided into differential thermal and configurational
entropy terms (46)

§S = §bh + S‘-C (9)
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The thermal entropy for an inert gas sorbed by a zeolite
originates from the electronic states of the molecules
and the vibrations about the mean position on a sorption
site. The configurational entropy term Sc, arises

when we consider the number of disfinguishable arrangé—
ments of N molecules sorbed on M sites in a localized

system on a homogoneous surface (27) i.e. Ml
N1 (-W) 1

from this expression it may be deduced that

v."S_c = th’;(lb" e) (10)

3]
and the'entropy term applies to the isotherm models
; and K2", but K3 (localized with

mutual sorbate interactions) does allow for changes in

corresponding to K

configurational entropy, these in turn are allowed for in

the expression (43).
_ . A
Se = Rin (1 -8) (2-20) + W/T (p-1+20)  (11)

e p+1-2 P

The Aifference between the value of 5S¢ obtained using

this expression and that obtained from the ideal Langmuir
model has been found to be negligible for the system,

argon sorbed on chabazite (30). The residual thermal entropy
is given by s—

th = 8s - Se (12)
= AS + Sg - S . (13)

= Al i+ Rln (2TIm x‘T)3/2 KT /P+SR /2-31n (1-0)
e —_—

h_; [e)
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For modcls 1 and 2 intoractions arc allowed for in model 2,
but for model 3,
— ' L 32 ,
Sth = AHp + R In (2TImXT) KT/P + 53/2 -
i,
Rn (1-0) (2-20)2 - W (p-le20)  (14)

e  p+l-26 2

The thermal entropy must satisfy certain criteria (23).,

(a) It must be independent of © (over the range in which
the sorption modcl is valid).

(b) It wust bc positive, having rcasonablc physical
magnitudc,

For non-localized systems, i.c. models 5 and 6 we have

two cxpressionss—

- - -1
Ss = 187 + Sth (15)
- - -11
Ss = 28p + Sth : (16)

Where 1 Qiland 2 g; arc the partial molal translational
vcntropics resulting from one and two degrees of trans-
lational frocdom of the guest molccules within their
intercrystallinc onvironment respectively.  For the
isotherm modcls K5 and K, {mobile sorption withcut, and
with sorbatc molcculc intoractions), 1 ST and 2 ST may
be feormulated.

18y =R In FzITm KT )F L (1-0)] +R (3 0)
h . Te 1 1%
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28, = Rin 2TTm XT & (1 -8)|+ R (1 ~8) (17)
i o 1-0
where I = co-length of a sorbed molecule (= co-volume

b %/3), and & = co-area (= b 2 3)° Thus knowing Ss
and 1 55 (or 2 §f), the residual differential thermal
entropy Sth (or 5th) is obtainable.

Detailed analyses, using the methods described in
this section are made on the experimental data obtained
in this work.
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2624 Neutron Irradiations-—-

In this chaptor we shall discuss how the damage is
 produced in the lattice of Na - mordenitc by ncutron

irradiations,

2.2-,1, Summery of Symbolss—

Ed = Displaccmont cnorgy of lattico atom (Ca. 25. ov.)
Emax = Maximum amount of cnorgy that may be transforred
to a lattico atom in a dircet hoad-on collision by

a bombarding ncutron.

E = Average cneorgy transforred in noutron lattice atom
collisions (For glancing blows E approaches zero)
E = Emax/2

E = Avorage cnergy of bombarding ncutrons (1 Mev)

M = Atomic weight of latticc atom.

N =  Atomic number of ncutron = 1.

Np = ©No lattice atoms displaced by ncutrons in primary
collisions only.

Nd = Total no, of dispiaced atoms; Nd = Np ¥ (24)

v - Average no. of atoms displaced by cach knock-on
atom; V = E/E Ed (25)

#t = Total noutron flux (neutrons/cm2 )

Cd = Displacoment cross—-scction of lattice atom.

n = No. of lattice atoms por unit volume of target.

f = .Factor allowing for anisotropy and inclasticity

in fast ncutron scattering (taken as 2/3)°
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20242, Encrgy Transfers-  BSince the ncutron carries no

charge it produces radiation damage only by dircct inter-
action with nuclei and it loscs encrgy through elastic
collisions with the lattice atoms. If the displaccment
cnergy of the latbtice atom is Ed (usually taken as 25 ov)
and if it recceives an cnergy E, greater than Ed; as a

result of a collision, then it will be displaced from its
normal lattice site taking its clectron cloud with it. This
displaced atom is called "a knock on" atom and the precess
forming it is known as primary proccss. This atom may thon
comc to rest in a non-cquilibrium position, hence an inter-
stitical atom as well as a vacant lattice site result from a
collision. When the excess cnergy E, transferrcd to the
atom, is greator than 2 Ed, it will become a now projectile.
Initially, knock-on atoms causc damagc by ionization and
clectronic cxcitation, but when their cnergy has fallen
bolow the limiting cnorgy for ionization, they suffer
clastic collision with lattice atoms, causing furtheor dis-
placoments.  Thesc sccondary collisions, then form new
projcctiloé lcading to tertiary collisions and so on,

until the cnorgy posscssod by the projectile atom is
insufficicnt to actually displacc another lattice atom.

Thus thore will be a net inecrcasc in the number of dis-
placcd atoms only if both have kinctic cnergy greater

than Bd aftcr the collision. Morc latticce atoms arc
displaced as a result of cascades, thon from the primary
processcs in which cach ncutron is involved. This only
‘accounts for 10-20% of total damagc arising from ncutron
irradiation, the rcmaining 80-90% demzge is the result

of the ionizastion cffccts due to the passage of atoms and
ions throughout the lattice (49).
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If it is assumed that only head on collisions betwecn
lattice atom and ncutron takes placc, then a projoctile
atom in a momatomic sclid, posscssing cnorgy B (greater
than 2 Ed,) rosults in two projectile atoms with encrgy
E/2, which will in turn lead (if E/2 is greator than
oEd) to a total of four projectilc atoms of cnorgy E/4,
and so on. This process will continuc until B/n is loss
than Bd, when the projectile atom doos not have sufficient
ocnergy to displacc another, then it will promptly fall
into the resulting vacancy.  Whon solids contain morce than
onc type of atoms, and when the bombarding particlc is a
neutron or heavy charged particle, the above proccss
differs only in rospceet that whon any two colliding
particles posscss difforent masscs, their rcsulting
encrgics will be diffcereont, according to the law of
conservation of momentum.

The neutrons cmitted on fissioning of U235

atom arc
distributed in cncrgy from 0.5 Meov to 10 Mev.

For calculations, the average cncrgy of the fast ncutrons
will be taken as 1 Mev.e The crrors involved from the
usc of an avorage ncutron cnergy arc loss than those

arising frcem other stages in the calculaotions.

The maximum cnergy that can be transfeorred in a
nuclear cellision, when a bombarding ncutron of mass N
and cnergy E, makes = dircct head-on collision with a

lattice atom of mass M is given by

Emax = 4 EMN (18)

(M+N)2
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which may bc approximated on the atomic woight scalo,

since N = 1, to

Emax = 4 Hi = 4E/ (19)
M

(1) 2

The average amount of encrgy transferred in such a collision
ise— ' (20)
= = Emax = 2 B = 2K 20
E /2 /M

(11)°

The fraction of the total ncutron cnorgy that is transferred

on average to a lattice atom, is thercforc,

2N

T e T M (21)

eof B s

Therefore the smaller the lattice atom, the greater the
encrgy transforrcd to it in a collision., For a silicon
atom this fraction is Ca 1/15th’ and for theo oxygen atom,
it is Ca l/lOth of the ncutron chergy.

In genoral then, it is found that for atoms such as
aluminium, oxygen and silicon, approximatcly 10-20% of
the neutron cnorgy appoars as lattice cnorgy (spikes,
vacancios, intorstitials) and approximatcly 80-90% in

the form of cxeitation and ionization.

2+2¢3s Number of Digplaccd Atoms:~ In the prececding

soction it has been shown that atoms can bo knocked from
thelir lattice sites by irradiation. These primary knock-—
on atoms will in turn producc necw projectile atoms, only,
if the bombarding particlc transfors onergy in oxccss of
Ed. Thereforc the numbcer of displaccoment should bosz—
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Nd = Bmax/pg = Dromg (22)

where B is the average energy trensferred to a knock-on

Seitz (14) suggests insteads-
1
N = (B/BA)? (23)

where El is the average cnergy of all the primary knock-
ons. No accurate experimental determination of the
number of atoms displaced by incident radiations are
available, but rough cstimates have becn made in a fow
instances, s.g., by changes in elcctrical resistivity of
metals (50) changes in the intersitics of x-rays and
changes in donsity (21) and paramagnctic abscrption lines.
The effocts of fast neutrons on alpha-alumina, by mcans
of changes in optical properties, i.e. the growth of
several absorption bands as function of radiation dose,
has been studied by Diecnes and Levy (51).  In order to
ocmploy such measurcments, however, it is nccessary to
separate the effects duc to ionization from the effeets
duc to displacements. This was found o bo possible as
colouration due to ionization attained saturation at &
very low exposure. Calculations of the number of dis-
placcd atoms gave an overestimate of the actual number
found by exporiment, but the figurc was of the samec order
of magnitude, as in the case for similiar calculations
for metals (51). With graphite, the theoretical
ocstimates oxceced cexperimental figures by only a factor

of 2, which is botter than for most other materials; for

gquartz therc is a factor of 5. This is to be cxpoeted
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that the experimental results should be less than theoretical,
because the theory makes no allowance for replacements, e.g.
combination of vacant lattice sites and interstitial atoms
(21). Several experiments have been conducted by Primak

(19) with calibrated fluxes in an attempt to relate the
number of displaccments, i.c. damsge to the flux., It is
obviously necessary to possecss a fairly precise knowledge

of the hehaviour of atoms within a bombarded material in
order to determine quantitatively the cxtent of damage

arising from irradiation.

The number of primary knock-ons produced per unit
volume in a bombardment is given by Dienes and Vineyard

ass—

Np = §. t. n,. Cd (24)

wherc § = instantaneous neutron flux, t+ = duration of
bombardment, no = no of atoms per wnit volume of target
material, and Cd = cross-scction per atom for collision
which produces displacements. Since each primary knock-
on produces many more displacements, Np corresponds to

only a fraction of the total no. of displacements:—

Na = Np V - (25)
where V = the averagé no. of displacements per knock-on,
is given bys-

¥ = E/ZEd = 2M/(M+N)2_f/2m =% « 1 (25)

(1)° Ea

(Summary of symbols givenat the beginning of this chapter)
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Na = ¢. t. no. Cd, HM f (26)

(M+1)°Ea

This expression thus allcows calculation of an approximate
nec., of lattice atoms displaced by a given integrated
neutron flux, although no allowance is made for the

numerous replacements which must occur.

2.244. Thermal Neutronss~ They do not effect the zeolite

by displacing the lattice atoms, or by ionization, but
they alter the atomic nuclei by neutron capturc and the

reactions involved in that process will be discussed.
The chief isotope of 2luminium is Alig, this may
undergo an (n,y) transmutation to form unstable isotope

Alig which dccays by beta emission to form the stable
9

s .28
s}llcon atom 3114 $
6 - .28
Alig (n,y) Al?3 P 5 8154

28
13
activity so produced will have complotely decayed within

Since the half life of All. is only 2.3 minutes, any
one hour, This activity is %o be cxpected from all
irradiation of samplos contained in aluminium irradition

cans, upon removal of the sample from the rcactor.

Silicon has Si?i' as ifs principle isotope, necutron
capturc produceS'the stable Siiz which likewise may be
transmuted to Si%i. This isotepe is alsc present to the
extent of 3% in the natural element and is the only silicon
isotope which will undergo an (n,y) transmutation to form

an unstable radionuclide. The reaction can be represented



.30 s 31 - 31
Siy, (n,y) 817y P s P35

The unstable Siii' promptly decays by beta emission to
form a stable phosphorus isotope. The half life of
Si isotope is only 2.65 hours, so docay is complete
within a day. Since tho activity of silicon so
produced is very low, the advantages of silica
ampoules for containing samples is obvious. The
stable and most abundant isotope of Si can also
undergo an (n, 2n) rcaction forming the unstable

Siiz which docays by positron emission to form stable
aluminium.

28

14 (n, 2n) 5127 sl 2127

Si 14 ——— M3

It can also undergo (n, P) rcaction to form aluminium

.28 28
8114 (n, P) 3 ALy,

However, these two reactions are of little importance

as comparcd with (n,y) reaction of Si%i”

The sodium cations present in Na-mordonite are of

the stable isotope Naii; they may suffer an (n,v)

24
11
emission to form stable magnesiums-—

reaction to form unstable Na_ ' which deecays by beta

23 2 - 24
Nall (n, y) Nali ___E____; Mgl

2

520
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Since half life is 15 hours, the activity is ncgligible

within onc week. Magnesium may also be produced by:-—

Al%g (nyec) Na%% lis s Mg24

Oxygen — 16 undergoes neutron capture to form Oé7
which in tum may form oé8, both of which arc stablc.
Howover, Oés may suffer an (n,y ) reaction to form the
unstable O é9 which will decay within one day to
stable flourines—

P— )
03% (n,y) of? Ly F;9

Summerising, any acbivity resulting from a nuclear
transmutaticn with aluminium sheould be "decad" within
one hour, from silicon and oxygen within one day, and
from sodium, within onc weck. If zcolite is still
apprcciébly active after one week, the activity must

arisc from tho decay of an impurity atom.

20245, Calculation of Specific Activity:—

Specific activity S, may be defined as the amount
of activity produced per unit weight of the irradiated
element, expressed as curies per g. of target element.

S is given by the expression (52) :
S = 0.6 C (1~ exp. - 0,693t/5) (27)
3.7x10%%

where

g = effective thermal neutron flux (n/cm2/sec)
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¢ = excitation cross section of target (barns)

t = irradiation time (same units as T)

T = half life of unstable radio nuclide produced

A = atomic weight of target element

3.7x1010 = no, of disintegration per second from one
g. of pure radium = 1 curie

This equation is only approximate; it takes no account
of burn up of the target element or of possible further
neutron capture reactions and transmutations. However,
an approximate estimate of the specific activity can be

calculated.

By use of the following expression (53), it is
pessible to calculate the weight of radio-isotope

produced as a result of thermal neutron captures

M = 7.7 %1077 A.T.S. (30)
where A = at wt. of target element
T = half life of decaying nuclide
in days

S = specific activity c/gm.
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3.1, Gas Adsorption:-

3.1.1. Volumetric Sorption Apparatus:-

A volumetric sorption apparatus consisting of a gas
burette, MéLood gauge, manometer and sorption cell was
constructed. (fig. 3). The McLeod gauge and manometer
werc connccted to the high and low vacuum lines and the
burctte was connected tc a gas line. The scparate items

will now be described in some detail.

(1) Pumping System:— This is shown schomatically in

Fig. (4). The mercury diffusion pump oporates in
conjunction with a rotary 01l backing pump. A pressure
of 1073 = 1074 m. Hg. can be achieved only by rotary
0il pump, but together the moisturc frec system may be
pumped down to 10—6 mm. Hg. pressurc in approximately
half an hour. The oil trapprevents oil from being
sucked into the system in the event of a power failurc
and the buffer volume scrves to back the diffusion pump
when the oil pump is temporarily switched off. A trap
cooled in liquid nitrogen prevents any condensibl material
~from contemipating the mercury and oil pump. All +traps
were of large bore (6 - 8 mm) to ensure a good pumping
ratc, and greased with Apiezon groasc typce L, the most
suitable for high vacuum systems operated at room

temperaturc.

(2) Manomector:— A wide bore tubing (1 cm) was used

for constructing manomcter in order to reducc the meniscus
depression effcets. Meniscl corrcctions (56) were applied
on all occasions. The manomcter rcad pressure in the range
0.2 to 55 cm éf Hg. The fixed mark (mf! in Fig. 3) was
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obtained by affixing a very thin strand of wire to the
tube with "Scllotape".  Mercury column heights were

measured with a cathetometer recading to 0.001cim.

(3) Mclcod gaugzci~ This was capablc of measuring

proessures better than 1070 mm. Hg, and the total capacity
was Ca. 245 cm3. Five calibration marks werc made oh the
gauge by laying twostrips of "Scllotape" very closc to—
gether and painting over the gap with black paint. A
very fine line, easily visible with the Gathetometer

was left, on romoving the "Scllotape". The gauge was
calibrated before attachment to the systom by filling to
the mark with mercury and weighing. A vory long thin
capillary was uscd to transfor mercury to the capillary
section of the McLeed gauge. It was weighed before and
after coch addition or suttraction of mercury, and the
gquantity of mercury itself was also weighed. Veridia
tubing of wniform bore 1 mm. and 4 mm. was usced for thosec

tubes in which mercury columns were to be measurcd.

(4) Gas Burettos— This consisted of threc bulbs of
capacitics Ca. 10, 15 and 30 mls. rcspectively. The
volume of the bulbs betwecen the calibration marks

(Bl - B4) was found by weighing accuratcly the amount of
mercury nccessary to fill each bulb, Tempcraturc
fluctuations during sorption runs werc minimiscd by

surrcunding cach gas burctte with an air-jacket.

(5) Doscr Volumcs— To find out tho unknown capacity of

the doscr volume, pressurc readings were taken with the

manometer corresponding to the four different heights of
mercury in the gas burctte, and the doser volume was

calculated using the cxpressions—
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PV PV
11 = 22/
T Ty

and was found to be 31.70 cm3° The unknown dosor

volume, shown on Fig. (3), is the vclume confined

botwoen taps Ty o Ty and mark mc. The sorption
apparatus was glass blown on to and broken off at mark
mé. The actual volume of the cell was determined from
the weight of the mercury required to fill it.  The
dimensions of the cell are shown in Fig (5). The

frce volume of the cell was obtained by subtracting

the volume of adsorbent, and plug of glass wool from

total volume of cell.

3.1.2. Cryostat Baths- The crycstat bath Fig (6)

which was used in the temperaturc range-150 to OCO, was

constructed from a large strip-window Dewar vesscl (D)
(180 mm x 250 mm) and two boakers (N) and (P) of capacity
600¢c. c. and 2 litre respeetively. The beaker () was
covered on the cutside with two sheets of aluminium foil
and the freoe space between it and the beaker (P) was
filled with asbestes wool (B). The beaksr (P) was in
intimate contact with a copper cylinder (C) and surrounded
with liquid nitrogen which was uscd as refrigerant. The
two beakers (N) and (P) werc fixod to the perspex 1lid
with @ glue () prepared by dissolving perspex turnings

in chlercform and adding red lead powder. This was

very herd when dry, was insoluble in the bath liquid
cmployed, and formed a secal to prevent the bath liquid from
distilling over into the liquid nitrogon coolant. The
perspox 1id (E) was then scaled to the Dewar around its

rim with plasticine. The perspex 1lid (E) was reccssed
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in its centre and contained two semicircular rcmovable
lids (M) with scveral holcs a piccc. These allow entry
of the various items required in the cryostat bath, i.c.
metal stirrer (H),sorption cell (G), bimctallic spiral
(F), vapour pressurc thermometor (T), all of which wore
positioncd relative to onc another as shown in Fig. (6).
Removal of hcat from the bath by rofrigerant (R) was
compensated by a 15 - watt bulb (L), oporating in
conjunction with a "Sunvic T.S5.7" bimetallic spiral.

The heating bulb was wrapped in aluminium foil to prevent
heating of the bimetallic spiral, or ccll, or vapour
pressurc thermometer by radiation.  Although gbodvtemp—
crature control was obtainable using the system (f 0.0300)
with the bimctallic spiral control sct at its most sensi-
tive position, slow temperature drifts were occasionally
observed which were corrccted by manual adjustmcnt of the

control,

As the liquid nitrogen ovaporated, at an approximate
ratc of % pint, cvery half an hour, it was nccoesary for
a constant temperaturc to frequently top up the system to
a level depending on the temperature of the sorption run.

3.1.3. Bath Liguids:- Petroleum other (B.P. 40C°- 60C°)
was uscd as bath ligquid and was found to be perfectly

satisfactory in the rangc oc® 4o -100¢°, However, since

it solidificd in the rogion of -110C°, tomperatures below
this required the use of isopentane as bath ligquid

(B.P. = +28¢°, F.Pt. =-158¢°).  Sincc potroloum other

and isopentanc arc both highly inflamable liquids, suitable
prccautions were taken, c.g. abscnce of nakod flamc in

the vicinity, the motor driving the stirrer was of the

spark-free type, and liguid oxygen was never used as the
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coolant, only liguid nitrogen.

Fer runs at 2500, a 800 ml. beaker containing water
was satisfactory, the room temperaturc acting as coolant,
and a hoon indicator lamp as heater. Liquid oxygon,
contained in a Dewar vessel, was uscd as bath liquid,
for argon sorption runs at 90. 19KS Carbon diozide
and water vapours condenscd out and frozen by the liquid

oxygen werc assumed to have no effoct at this temperaturc.

3.1.4. Vapcur Pressurc Thermometers—  The tcemperaturc of

isopentane and petroleum ether in the cryostat was measurcd
with'vapour prossure thermometers. aAn amonia thermometer -
was used in the range of - 40C° to - 70009 a carbon dioxide
thermometer in the range of —7500 to - 9000, and an ethylene
thermomcter in the range - 100¢° to - 15000. For the
sorption runs at 0¢° and 2500, a mercury in glass total
immersion thormometor was used (0C° to 506°),  The
construction of a vapour pressurce thermometer will now be

briefly outlineds—

The apparatus shown in Fig (7) was attached to the

~ high vacuum line (H.V.) and pumped over night. The glass
work was then flemed and pumping continued for a further
4 hours. Tava2 was thon carcfully opened and morcury
from the rescrvoir (A) slowly admitted to the u - tube

(0) until a height of approximately 55 cm. was attained
on both sides. The mercury was carcfully boilecd in
crder to remove alr bubbles and when finally a good
vacuum was obtained the constriction (H) and (G) were
completely sealed.

Carefully purified gas was frozen from (1) into
(C) which was cooled in 1liquid nitrogon and the constr-—

iction (F) was scaled off. The condensate in (C) was
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fig.7

-
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allowed to cvaporatc and enter the thermometer through
tho spring leoaded tap Tl. Tap T1 was closed when a
pressure of approximately 100 cm. Hg. had built up in
(0) and (C) wes again cooled in liquid nitrogon. The
construction of thermo-meter was completed by scaling
off the constriction (F) while (C) was cooled in liquid
nitrogen. The purposc of bulb (B) capacity 100 o is

%o increase the volume of gas in the thermo-meter o

that on cooling, liquification occurs and not just thermal

contraction of the gas.

3.1.5. Samplc Proparations~ Approximately 1 gm. of

sorbent was placed in a weighed sorption cell, the volume
of which was known and its woight determined accurately.

A small plug of glass wool was placcd in the neck of the
cell to prevent powder from being sucked into the sorption
system during outgassing, and knowing its weight, an csti-
mate of the volume of the gas that would then fill the
remaining free spaco, could be made. The sorption cell

was then glass blown on to the sorption apparatus,

Before cach sorption run, the water content of the
zeolite was obtained by heating 0.3 gm to destruction
in a platinum crucible over a Mcker burner at an approximate
temperature of 1200¢° for four hours and % of H,, was

determined.

A standard outgassing procedurc, i.c. to frec the
physically adsorbed wator vapour, was used for cach
sorbent. The sorbent was first pumped for scveral hours
at room toemperaturc using the rotory oil pump only. The
mercury diffusion puwpp is switched on and the pumping

continucd for soveral hours morc. Then an clectric
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furnace was placed around the sorption cell and the temper-
‘ature raised to 100C° and maintained thus overnight. This
whole operation involves a period of 24 hours. During
the second day the femperature is slowly increased to 360¢°
(Ca 20C° per hour) under a vacuum of 107 40 1070 . Hea.
and maintained for another 24 hours, after which it is

allowed to cool.

A1l the samples of Na-mordenite which were to bé
irradiated, were outgassed under the above conditions and
sealed in silica ampoules. The sample has to be re-exposed
after irradiation in order to fill the sorption cell. The
irradiated material Was‘sievpd (200 mesh) so that traces of
silica left while breaking open the silica ampoule, arc
removed. It was then stored over saturated ammonium chloride
in a desiwator for a couple of days. It was conscquently
necessary to completely re-outgass irradiated samples. Samples

13 and 14 were irradiated at liquid nitrogen temperature and
were the only exception to this rule. These werce joined to
the sorption apparatus, and seal was broken under high
vacuum, using a specially designed break—-scal apparatus for

this purpose. (Described in detail in section 3.2).

Krypton, oxygen, hydrogen and argon werc cmployed for
the sorption work and helium for the initial calibration of
doser volumes. All were supplicd in litre bulbs, equipped
with a break seal, from the British Oxygen Co. Ltd. The

purity specifications weres-

Kryp'bon oocsvoe0eeecececscae 99" 100% (Balaﬁco Xenon)
O.Xygen sccesssssescccssses PUrE
Argon vocsvcesceessssnsss Spcctrally pure

Helium cossssssssssssseses opectrally pure
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3.1.6 tonstruction of Sorption Isotherm:— Isotherms are

usually measured at 20° intervals always beginning at the
highest temperature, All pressurcs on the manometer were
read correct to 0.005 cm. using cathetometer. At lower
temperaturc, however, it was found advantageous to employ
the extra volume resulting from use of the McLeod gauge,
in order to introduce a sufficicntly large initial dose
of gas.to the sample. The tap of the McLeod gauge was
usually closed, for subscquent points, the volume of the
gas so rcmoved from the system was subtracted - from the
total. The chief use of McLeod gauge was,of coursc, for
the very low pressure measurements. Correction for the
'capillary depression of the mercury menisci were made
using the data given by Kay and Laby (56). It was not
necessary to bring the mercury in the manometer exactly
to the fixed mavk clf, the diamoter of tho manometer was
known and it was therefore possible to calculate the

change in the doser volume.

~ The doser volume wgs filled with the required gas
and its pressure measurecd. The room temperature was
noted. Using the perfect gas law the volume of the
gas in the doser volume was converted to Cm3 at S.T.P.
Tap Tg was thon opened and the pressure and temperature
again read when equilibrium was reached after thirty
minutes.

After the first oquilibrium point had been measured -
_the mercury in the gas burctte was raiscd to mark 92.
The new equilibrium point was mecasurcd and the mercury
raiscd to mark E%' Sometimes especially at low pressures
raising the mercury level in the gas burette produces

only very small changes in pressurc and it is nccessary
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to close the Tap TS and introduce a new dose of gas. By
measuring the change in pressure and applying the ideal

gas law, the extra volume of gas taken into the system

can be calculated.

The above procedure was repeated until an equilibrium
pressure of about 55 cm. Hg was reached and then a desorption
isotherm was measured. This is merely the reverse of the
sorption procedure, doses of gas are successively removed
from the sorpticn system and frozen back into the gas line,

using liquid nitrogen trap.

At - 15000, as many as ten consecutive pressure
readings werc taken with McLeod gauge up to 0.5 cm. Hg.
at which point the tap to the gauge was closed and succeed~
ing pressures determined with manometer. After such a
series of pressure mecasurements, it was considered that
any cumulative errors so far incurred would be magnified
in the isosteric heat curves which were to be calculated
from these isotherms. Since the most important region
of pressures was between 1 mm to 3 cm in this respect,
this region was invariably repeated. At - 1400o only
a few pressure measurcments were made with the McLeod
gauge, and at higher temperatures (-130C° and -120C°),
pressure measurements could be made dirsctly with the
manometer, only using the McLeod geuge tc supply a large

enough initial dose to thc sample.

The room temperature was maintalned as near constant
as possible throughout the pressurc readings, especially
when using the McLeod gauge, and a correction was made
for the temperature of the gas between the room temper-

ature scction of the-apparatus, and the gas in the sorption
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cell itself (shown in Fig. 6 as length 1)

3.1.7. Correction for Thermal Transpiration:—  The

difference between the temperature of the cryostat and
the volumetric system, was as much as'175CO, during the
sorption runs, also the diameter of the neck of the
sample tube over which this difference existed was of
the order of 2 mmy, it was found to be essential to
apply corrections for thermal transpiration. This
must be applied because the pressure in the sorption
cell is actually less than in the rest of the sorption
system. Liang (59) gave the equation for the true

equilibrium pressure (Pt mm. Hg.) as:-
L
+ . - 3
Pt = Pn 1 (‘I‘l/’I'z) 1

1=~ ,
éHe¢2ng2D2+BHe¢ngD+1 J

where Pm = measured pressure (mm. Hg.)
" T. = temperature of sample (K°)

T, = " " volumetric system (X°)

D = internal diameter of tube over which

thermal gradient occurs (mm.)

Ef).
[0]
{t

constant for reference gas (He = 2.52)

P _ _ L
He = 7.68 (1 Tl/T2)2

€ = pressure shifting factor of adsorbate
(@, = 2.93) (fr = 3.84)

Although the correction is very small and of the order

-+ of 1 - 2%, it is significant enough to apply for low



pressurc (McLeod) readings, in casc of argon/90K° and
krypton/_lsoco systems,

3.1.8.  Sorption of Krypton:- Na-mordenite/Krypton

wystem was studied at comparatively low temperatures
(=100, -90, ~70, -40, 0,+25C°) in order to establish
the value of the isosteric heat of adsorption on the

most cnergetic sorption sites.

Scrption runs in the temperature range -120 to
-150C° were carried out very carefully, since these
provided the data to which various limiting isotherm
models could be applied. Isotherms werc constructed
with great care, so that accurate isosteric heat data
could be calculated. For cach isotherm (=120 to
~1506°) the important range was between 1 — 10 cm,
Hg, hence this was usually rcpeated. The sorption
runs at 2500 were used to comparc the cffects of

radiztion wherc as Na—mordenite/Argon system at

1.

90. 19K0 was studied in order to compare the saturation

capacities between the standard and irradiated samples.
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3.2 Neutron Irradiation:—

3.2.1. Preparation of Samples for Irradiations-

Silica ampoules used for irradiation purpose, were
of the dimensions shown in Fig. (8a) and werc contained
in standard aluminium irradiation cans of the type shown
Fig. (8b). All these silica ampoules were constructed
with long necks and Blo ground silica cones, so that
they could be fitted directly to the outgassing systom.
About 5g. of Na~mordenite were weighed into the silica
ampoule, and dehydrated at 36OC0 under a vacuum of
107" mm. Hg. (see standard outgassing proccdure page 66).
After outgassing they were sealed off at the basc of the
neck. If they were not dehydrated, the irradiation
decomposed the water (14% by weight) present in the
sample, as upon unsealing the ampoules (24) a pressure
of the order of one to two atmospherc was observed and
considered to be due to the prescnce of hydrogen and
OXygen.

3e2.2, Details of Irradiated Samples:- All the samples

for the present work were irradiated in the core of

"Herald" at Aldermaston. Bach of the samples irradiated
will be discussed, according to the details supplied by
the U.K.A.BE.A. recactor group.

After removal from the reactor, all the samples were
allowed to decay over a period of onc week, this being
sufficient for all the expected activitiecs to have decayed
to an inappreciable level. Samples were, however,
monitored upon return, with a Dynatrcn Monitor unit, type

1021C, and feund within permissible limits.
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Buperscript ¥* has been uscd throughout this work
and refers to irradiated and demage sample of Na— _
mordenite, i.e., those which were observed to suffer
a loss in sorptive capacity. The standard samples

are denoted by the superscript O.

Sample ls— (Na—mordenitei) This ﬁas irradiated in

the fast flux of "Herald" at Aldormaston to an integrated
neutron flux of 1.615 x 1017 n/cmz, a&eragod over tho
fission neutron spectrum. The dose was measured employing
Ni gg (n, p) Cogs tiaHSmutation; a nickel wire was
included with the sample. The sample was found to be

14.7% damaged, using Na—mordenite/Argon system at 90.19KO.

*

)
2 19 2
total integrated neutron flux of 3.3 x 1077 n/em® and
the damage was 60.0%

Sample 23~ (Na-mordenite This was irradiated to a

) ’ * .
Sample 3s~ (Na~mordenite.) This reccived an integrated
neutron flux of 1.79 x 10 19 n/cm2 and was damaged slightly
more than sample 1.

*
Sample 4:- (Narmordenite4) This was irradiated to a
maximm integratod neutron flux of 1.36 x 10°0 n/cm2
and was found to be completely amorphous and to absorb

only a minimum of Argon sorbate.

* .
Sample 5s- (Na—mordenite5) This was alsc found to be

100% damaged at an integrated neutron flux of 5.0 x 1049
n/cmz. ' '

*
Sample 63— (Na—morden1te6) This was irradiated to a total

dose of 3.48 x 1018 n/cm2 and the damage was 2.8%.
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. N .
Semple Ts- (Na—mordenite7) This received the same

dose as sample 1,

Sample 8 and 10s— Both were irradiated to a total dose
of 3.60 x 1077 n/cn®  and the damage was 65.4%

¥*

)
11 19 2
t0 a total integrated neutron flux of 2.8 x 1077 n/cm

and was found to be 49.5% damaged.

Sample 11:~ (Na-mordenite This was irradiated

*
12) This was ancther silica
ampoule designed for gas analysis and irradiated to a
total dose of 2.35 x 1019 n/cmz. Mo gas could be found

when the seal was broken under a vacuum of 107> rum. He,

Sample 12:~ (Wa~mordenite

*.

Sample 13z~ (Na—mordenitel3) This was irradiated at
liguid nitrogen temperature, using the facilities provided
at Aldermaston. A Special silica ampoule and break seal
apparatus of the dimensions shown in Fig. (9) were designed
for this purpose. Great care was taken in maintaining
liquid nitrogen temperature, throughout this experiment.
This sample was irradiated to a total dose of 0.712 x 1018

n/om2 and the damage was 5.5%.

Sample 14:-— (Na—mordenite§4) This was irradiated exactly
- under the same conditions as sample 13 and received & total
dose of 0,80 x 1077 n/cm2 The damage in this casec was
found to be 19.2%.
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4.1. Gas Adsorption

4,1,1. Detection of Damage in Irradiatcd Samples:—

The method employed to determine the damage sustained
by the zeolite was to compare the amount of argon sorbed
at 9§Kij11the unirradiated material with the amount sorbed
by thé irradiated samples. Approximately 120 c.c. of
argon (W.T.P.) are sorbed at a pressure of 54 cm. Hg by

one gram of standard material.

All unirradiated and irradiated samples were outgassed
according to the standard procedure (see section 3.2.1.
page 66 ). Sorption runs with argon at 9OK? were repeated
in order to construct an accurate isotherm., The results
of these runs for unirradiated and irradiated samples are
shown in figure 10. Distinct decreasesin sorptive capacity

were observed with the samples givén in the following table.

Table 1.
Sorption of Argon and Krypton

Doée Saturated Capacity | % loss in Cap.

r
Sampl iNeut

afple ! ?z/zga) ¢ For Aggon%For Kgyptqn For | For

L (90K°) 1 (153K°123K") Argon Krypton

Narmordeniteg 120 cici 104.7 c.c!
* { i
Na—~m0rdeni’b(§; 10 6151{1019 ' 10209 CaoC 8903 " 1402% 1505%
* ( : .
§a—mordenitg;3,3x1019 | 52.3 44.6 " 156.Th | 59.4%
Na~mordenite|1.79x10%7 | 101.2 87.3 " 115.9% | 17.2%
* 3: '
Na-mordenite|1,36x10%° | 0 o v {1008 | 1008
* 4,
Na-mordenite . 5,0x1017 0 o v 1006 100%
* |
gafmordenitg 3.48x1018 118.3 102.1 " {1.7% | 2.9%
Na-mordenite | 3. 60x10°) 48.1 36.4 " | 60% |65.8%
# 8-10 |
Ne~mordenite ! 2,8x10"7 61.8 52,3 " {48.4% 150.5%
*
Na-mordenits|0.712x10°8 | - - 5.5 | -
* .13 19
Na—mordenlii 0,80x10 - - 19.2%6 | -
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In order to ascertain if neutron irradiation affected
the most energetic sites, sorption runs were also conducted
on irradiated samples with krypton at 25C0 where Henry's
law is obeyed., In this case the volume of the gas sorbed at
52 cm. Hg. pressure was about 20 ce.c. (N.T.P.) /g. There
appeared to be no observable change in the case of Na—mordenite;
(1.6 x 1019 n/cmz)a However, Na—mordenite: showed about 31%
damage, whereas in the sorption run with argon at 98K?, the
damage was 57%. This suggests that radiation induced
damage does not have noticeable effect on the most energetic
sorption sites when the fast neutron dose is 1.6x1019 n/cmz,
but as the dose is increased even the energetié sorption

sites are affected to some extent. Results are shown in
¥*

5

fact that some of the energetic sites are still capable of

figure 11. The plot for Na-mordenite_. at 2500 supports the

. O
sorption, whereas no sorption of argon at 90K was observed.
#*

1
25¢° $0-1506° in -10C° increments. Coincident isotherms

Sorption of Na-mordenite, with krypton was studied from
with unirradiated material were obtained down to - 100¢°
(fig. 12). However, at - 110C° it showed 14.5% difference
in sorption capacity, and this loss in sorption capacity
increased slowly to 15.5% by -150C°. It seems that at
temperature <f—1OOC° gas molecules do not have sufficilent
energy to‘diffuse into channels through windows which must

be slightly smaller than the krypton atoms. This phenomenon
was found with NWaX (1). Irradiation with fast neutron
causes the lattice to contract but no smail areas of complete
collapse can occur or the sorption in the irradiated material
would be emaller than that for the standard sample at all

temperatures.

*
The result of sorption runs with krypton for Na—mo_rdeni’cel
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N . .
and Na—mordenite2 in the temperature range - 120 to - 1500O
are shown in figure 13. These results were employed to

obtain isosteric heat data.

4.1,2, Adsorption of Krypton by Na-mordenite

Henry's law of adsorption is given by the following

equations—

Below 0C°, all the isotherms constructed Tor krypton/Na-
mordenite sysfem were found to be linear within the limits
of detection up to between 20 and 40 c.c. adsorbed (N.T.P.)
after which they gradually curve towards the abcissa. The
low temperature isotherms were "rectangular" in shape corres—
ponding to type 1 of Brunauer (9) classification which rep-
resents uni-molecular layer adsorption. The plots shown

in figure 13 are typical of the isotherms constructed, all
of which were found to be free of hystersis, i.e. adsorption
points coincided with desorption points. Figure 13 also
shows the isotherm at temperature -120 to -150C° for 60%
dameged sample. They have been constructed along with the

standard sample so that a comparison could be made.

4.1.3. Saturation Capacities of Na-mordenite for Krypton

Saturation capacities,vi.e. the volume of gas required
to completelyvsaturate the intercrystalline volume, can be
obtained by the various methods described below, together
with their applicability or otherwise to the sorpticn of

krypton by Na-mordenite,
(1) By extrapolating the linear position of a graph of logy,
P against loglo V.

(2) Extrapolation of the rectangular isotherm as far as the
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saturation vapour pressures for each temperature, when a
direct reading of ¥ sat. is possible on the ordinate axis.
For krypton at —15000 this involves an extrapolation from
appreximately 54 cm. Hg. pressure up to 96 cm. Hg. and even
larger at higher temperatures. Such extrapolation introduces
too gfeat anh errory hence this method was not employed.

(3) Comparison with volume of water required to saturate
the intercrystalline pore space. This method is open to
criticism as it assumes that the water and kry?ton molecules
both occupy the same cavities and channels.

(4) Plots of (P/y) against (P) were drawn for the isotherms
constructed between the temperatures -120C° and —15000.

These plots give a straight line at low pressures (in acc-
ordance with.Langmuir isotherm) which becomes very gentle
curve at higher pressure. From the limiting slope of these
graphs in the high pressure regions, values of saturation
volumes may be obtained. Since the curvature of these plots
is barely discernable, a reliable value of V. sat is easily
calculated. The resalts thus cbtained both for irradiated

and wnirradiated samples are tabulated as follows:—

Table 2
Saturated Capacities for Standard and Damaged Samples (c.c.
K- (N.T.P.)/g. dehydrated Na-mordenite

1 3 } B M
Temp.! Na- OiNa— < Na— % Na- % Na- %
(C”) . mordenite”} mordenitei |mordenite ‘mordenitercimordenite

!
CoCo %42.7 C.C.

GoCo 146.4 coc.

c.C. (50,3 c.co.

-120 | 87.0 c.c. 175.4 c.c. 39.4 cec.
~130 | 93.0 c.c. :81.0 c.c. i41.0 c.c.
-140 | 100.0 c.c. '86.0 c.c. 43.5 c.c.
-150 {104.7 c.c. 189.3 c.c. 5.7 c.c.

o O o O

c.c. 153.1 c.c.

: 1
s .
H 1
t
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1\Tau—mordenite;—)e sorbed only 3.0 c.c. of argon at 9OKo and

54 cm. Hg. pressure, whereas the standard sample sorbed

120 c.c. argon under the same conditions. The "isotherm"
was found to be non-reproducible, even if a few hours were
allowed for "equilibrium" to be attained before cach pressure
reading was taken. Gas was found to trickle in continuously
at 9OK°° Since krypton is a larger atom than argon, no
attempt was made to measure the sorption of krypton in this
sample, and the % loss in the saturation capacity is quoted
as 100% for this samplc. Na—mordanitez also gave similar
results. The % loss in saturation capacities for the other

samples are shown in the following tables-

Table 3

% loss resulting from radiation demage in saturation capacity

for krypton:—

vemrvan

¥ { H

{
¢ . i

Temp Na— Na~- Na~ Na- Na—

(c°) mordenit% ‘ mordenit% mordonite xno:r-cleni’;’eéL mordeni;s%:
-120| 14.9% | 59.3% 100% 65.0% 49.6%
-130| 15.2% 59.6% 100% 65.5% 50.1%
-1401 15.4% 60.0% 5100-,”6 65.7% 50, 5%
-150 15.6% 59.7% 100% | 65.4% 50.7%

An x-ray photograrh of Na—mordenit% showed a few single
lines, thus indicating mostly amorphous material.  Therefore,
it can be concluded that Na-mordenité suffercd some form of
lattice collapse as a result of an integrated neutron flux
of 5.0 x 1019 n/cm2e Since the high temperature krypton
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sorption indicated a lattice contraction the sorption of
hydrogen, which 1s smaller in size than argon or krypton
was studied. However, as with argon little hydrogen was
sorbed by this sample. However, the sorption of hydrogen
in Ne~mordenitd at 98K: was measured and compared with
standard Na-mordenite. A decrease in damage from 50%
(with argon at 98K?) to 26% was observed as shown in figure
1ldc. This could be argued on the basis that more hydrogen
molecules are capable of diffusing through the contracted
channels of Na-mordenite than argon or krypton because of
the smaller size of hydrogen molecule whereas in the case,
of Na—mordenité there is complete collapse of the lattice
or complete collapse of the entrances of the channels such

that no sorption can take place.

4.1.4. Intracrystalline volume of Na-mordenite:-

Baturation capacities of Na-mordenite for krypton
decreased with increase: in temperature. This is shown

for the standard and irradiated samples in figure l4a.

The intracrystalline volume of Na-mordenite may be

calculated as follows:-

At the saturation vapour pressure of krypton at -150C°,

one g. Na-mordenite sorbs 104 c.c. (N.T.P.) gas. Since

one mole (83.8 g) occupies 22.4 litres at N.T.P. 104 c.c.

is equivalent to 0.389 g of krypton. The density of
liquid krypton (adsorbed gas is assumed at saturation to
possess the properties of bulk fluid, (see following
section) at -150C° is 2;390 g/c.c.  Therefore, 0,389 =
0.163 c.c. krypton at N.T.P. sorbed by one g of anhydrous

Na~mordenite.

Figure 14b shows the plot of tabulated liquid krypton
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densities at various temperatures. The calculated
densities of sorbed krypton gas are also shown, using

the value of 0.163 c.co/g Na-mordenite as intracrystalline
volume. Since the saturation capacities of krypton in

the damaged samples is less than for the standard samples,
it i1s reasonable to assume that the intercrystalline volume
will be proportionately less. Using values of 0.132 c.c.
/g and 065 c.c./g for Na—mordenite; and Na—mordenitez
respectively, the plot of sorbed krypton density against
temperature are then found to be coincident with the plot
for Na—mordenite®. Since the density plots are almost
parallel to that for the liquid krypton densities, it may
be concluded that at satﬁration, sorbed krypton approximates
to the state of a bulk fluid, both in standard and damaged

samples.

4.1.5, Isosteric Heats of Sorption of Krypton in Na-

mordenites—~

Isosteric heats of sorption for the system Kr /Na-
mordenite have been measured from zero coverage up to approx.
0. 0.95. The Clausius-Clapeyron equation (A) was used to
calculate the isosteric heat. Integrating this equation
between the limits T
P. and PZ’ thens

1 and T2, corresponding to pressures

1
S R @
Ty T
orAH = 2.303 R. logy, F1/ ['m.1, ] ()
2
T1~To
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Plots of loglo P against V, (the amount sorbed) were used
to obtain the values of AH which are plotted against ©
(Where O in this case must be taken as the average of the
saturation capacities at T, and T2) in figure 15. Six
plots of A H may be obtained from four isotherms, and an
average plot should provide a fairly accurate illustration
of the change in AH with® . The curve for the damaged )
sample, Na~mordenite§ was found to be coincident with the
curve for the standard sample (fig. 15), but the curve

¥*

obtained from the 60% damaged sample of Na—mordenite2 is

flatter, indicating a more homogeneous sorbent (fig. 15).

The initial heat of sorption is more than l'k.cal/mole
larger than in NaX (1) showing that sorption is occurring
in a much more compact channel system. In section 1.2.1.
it was shown that Na-mordenite consists of large channels
of diameter 5.8 A° and small channels of diameter 4.0 4°.
Since krypton molecule has a diameter of 3.9 Ao, it appears
that initial high heats are due to the sorption in the 4.0 A°
channels., Decrease in heats of sorption to 4.9 k,cals/mole,
represents sorption in the large éhannels of diameter 5.8 Ao,
At ©=0.75 when sorption is beginning to take place on sites
such shat the krypton atoms are not in immediate contact
with the chamnel walls, a further decrease in the heat of

sorption is observed.

The heat burve obtained for Nawmordenite; was identical
with the heat curve for the standard sample within experimental
*
errors. Na—mordenite2 showed a decrease in the saturation

capacity which could be attributed to either of the followings—

(a) General lattice contraction, same no. of cages but some

or all smaller in volume or
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(b) Complete destruction of some cages, leaving others

virtually intact or
(¢) Combination of both (a) and (b).

If some amorphous regions were formed on neutron
irradiation and no sorption took place on these regions,
little change in heat curve would be expected. The 15.5%
damaged Na~mordenite agrees with this. However, if (D)
or even (c) ocourred then Henry's Law sorption would be
affected, i.e. at 25CO there should be loss in capacity..
Na—mordenitei shows no decrease in sorption capacity at
25¢° although it is 15.5% damaged at lower temperatures.

If (a) operated then sorption characteristics would be

little affected by contraction until this contraction was
considerable. It would seem as was found with NWa-X that
contraction is the dominant factor on irradiation. When

60% demaged sample was studied, it gave a heat curve different
from the standard sample (fig. 15). It showed 30% decrease
in sorption at 2500° Contraction is now considerable and
possibly no sorption is occurring in the small channels .of
diameter 4.0 AO, although in all probability some complete

collapse of the structure is also occurring.

The AH curve for the 60% damaged sample is much more
uniform in nature, dropping only from 5.05 k cals/mole to
4,18 k cal/mole over the whole range of 8. The sorbent is
therefore much more homogeneous in nature. This may be
produced if sorption in the small channels does not take
place. The following calculatiomswere made in order to
find out if small channels are blocked to krypton sorption

at low temperatures.

Volume of unit cell of Na~mordenite = ax b x ¢ 10—24Cm3

. . . . 0
(where a, b and c are dimensions of unit cell in 4 , Ssee
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fig. 1 ). Taking density of anhydrous Na-mordenite as 1.8

c.c./g. No. of unit cell/g can be calculated as =

102 o 20
= 2,063 x 10 pore volume was

axbxox 1.8

found to be 0.163 c.c/g (see page®7).

,'. Pore volume of unit cell = 0.163 = 795 403

2,063 Xjézo

From Na~mordenite model it is found that one unit cell
consists of two large channels, therefore, considering

the channels elliptical in shape, the volume of large
channels can be calculated as =2x Tl xaxbxc (where
a2 and b are the radii of the channel and c¢ is a dimension
of unit cell).

I

4804°3

", Volume of small channel

(795 - 480) = 3154%

Volume of small channels was also calculated from geometry
of unit cell, considering four small channels in a unit
cell.

.. Volume of small channel/unit cell = IT x 2% % 6.6 x 4
03
= 332A (where 2 = radius of channel, 6.6 = length of
channel and 4 = no. of channel/unit cecll). Therefore
volume of small channels calculated from geometry is in
fair agreement with the volume calculated by subtracting
the volume of large channel from the total volume, within

reasonable error.

Taking ratio of capacity of Na—mordenite/g with only
large channels to the capacity with all the channels, it
is shown that 60% sorption tekes place in large channels.

¥*
This ratio for Na-mordenite, (60% damaged at low temperature
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and 30% damaged at high temperature) was found to be 57%°
This can lead %o the suggestion that part: of zeolite is
contracted and part of it is completely damaged. As the
diameter of small channels is 4.0 AO, therefore on irradi-
ation these channels become too small for krypton (3.94 dia)
sorption and it can be assumed that practically no sorption
is taking place in small channels. The large channels

have diameter 5.8 A°, even on contraction it would still

be large enough for krypton sorption but at low temperatures,
small numbers of krypton molecules have got sufficient energy
to diffuse through therefore damage appears to be more.

At higher temperatures krypton molecules have more kinetic
energy and most of them can easily get into the channels,
thus decreasing the damage at higher temperature. This

has been supported by reduction in the initial A H in case

of Na—mordenite:. As the large channels are also contraciing
then there will be fewer molecules of krypton sorbed on sites
removed from the chann=l walls so that the final AH should
be greater and this explains the change ih heats at higher

0 value in case of 60% damaged sample. It can, therefore,.
be concluded that large channels in Na-mordenite are

probably responsible fgr most of sorption. Na-mordenitég
(65%) and Na—mordenite*

11
within experimental errors.

(50%) gave similar heat curves

All these samples werc checked for crystallinity by

x-ray analysis. Na—mordenite; (5.0 x 1019n/cm2) had

only a few single lines in the photograph, indicating that

most of the sample was completely amorphous.

* ’ '
Na~mordenite, (3.3 x 1019n/cm2) when compared with the

standard sample, the following observations were mades—-
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i) Noticeable displacement in all the visible lines in

a direction indicating a decrease in lattice dimension,
i.e. a lattice contraction.

ii) Bvery line was not only displaced but also broadened,
indicating some disorder in the lattice, e.g. distortions

resulting from interstitials and vacancies. The x-ray
*

2
the idea of contraction of the lattice.

data and heat curve for Na-mordenite,, therefore, support

4.1.6. Change of Heat of Sorption with Temperatures-—

The isotherms for the system krypton/Na-mordenite,
over a temperature range +25 1o -100¢° were constructed
and employed to determine if there was any effect of
temperature on the isosteric heat, and if not, to establish
the value of A H in the range 8= 0 to 0.3 for very low
temperature studies. There does appear to be a slight
change in AH with temperature, the heat of sorption
decreasing as the temperature decreases. The high temp—‘
erature isotherm data (+25 to - 100C°) could not, there-
fore, be employed to establish the value of & H over the
range @= 0 to 0.3 for the low temperatures (-120 to -150C°)
data.

IABLE 4
Tewps. of .  AH | Temps of 2 AH
2 isotherms | (k cal/mole)| isotherms (k cal/mole)
(c°) (oc)

+25 0 5.1 -100 -120 4.8

0 =40 5.0 -120 =130} = 4.8
-40 =70 5.0 -120 =140 4.7
-0 =90 | 5.0 -120 -150 4.7
=10 -90 4.9 -130  -140 4.8
-70  -100 5.0 -130 -150 4.6

=90 __-100 © 4.9 I 140 -150° 4.6
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4.1.7- Comparison of Isotherm Data With Ideal Models
of Sorbed States-

Henry's Leaw P = X 6 does not apply over very extensive
range of © , therefore, other isotherm models have to be
considered. Localized and mobile the two main types of
sorption possible were mentioned in section 2.1.4., each
represents an extreme case and the experimental results
may not agree with one or the other over the whole range
of coverage. The various limiting isotherm models will

now be discussed.

4.1.8., Localized sorption with no interaction between

sorbed moleculess—~

Langmuir (40) derived the following cxpressions—

1

K, = P (1-8) (Model 1)

3]
where P = equilibriur pressure and © = dogree of saturation.
If an isotherm model is applicable the isotherm constant X
must be independent of © over the range © = O to 1. Plots
of K1 against ©, for the isotherms conducted at temper-
atures =120 to —150Co, are shown in figure 16. It is
noticeable that this simple isotherm model for localized
sorption improves as the temperature is lowered and Kl is
fairly constant up t0© = 0.60 at -150C°. Between © =
0.7 and © = 0.95, Ki rises very rapidly to a maximum before
decreasing again. No data could be obtained beyond
@ = 0.95, as the saturation vapour pressure of krypton
at —150C0 it too high. However, since the decrease in
Kl at this high coverage is attributed to capillary conden-
sation and multi layer formation on the zeolite surfaces,

it is not relevant to this discussion of intercrystalline
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sorption; although the increase in Kl up to the maximum
is. A pronounced increase in K1 has previously been
observed by Barrer and Reu:roft (61) Barrer and Stuart
(62) and Rees apnd Williams (1). Barrer and his associ-
ates explained the increase in Kl, in terms of a change
thermal entropy. Thig assumes that the energy of sorption
between sorbate and sorbent remains constant up to the
whole'range of & , but in the present work it is already

shown in fig. 16 that X, is constant up to © = 0.50 and

1
that beyond this value of © , krypton molecules are sorbed
on sites away from channel walls which led %0 a decrease

in AH, giving rise to corresponding increasec in Kl'

Any isotherm model which allows for sorbate molecule
interactions should be more realistic for the sorption
studied, since in the confined interspaces of Na-mordenite,
sorbed molecules are certain to exert thelr attractive

forces towards each other.

4.1.9. Localized sorption with interactionss—

To allow for sorbate molecule interactions, the
simple Langmuir expression for localized sorption may
be adapted by the addition of an exponential term contain-
ing the energy EW/Z, which is the interaction energy
between a pair of sorbed moleculess (N.B° 2W/ES is nega-
tive because it is‘an.energy of attraction) and z is
defined as the co-ordination number of a molecule when

sorbed on & sorption site.

K, = P (1-9) exp. -2W6

) (Model 2)

e RT
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We shall now discuss how the values of the total molecule-~

molecule interaction energy (2W) were obtained.

4.1.10, Determination of Experimental Values of the

Total Molecule~molecule Interaction Energy (2W)s—

It was shown by Barrer and Reucroft (61) that an
experimental value of 2W could be obtained from the iso-

therm model X,. Equation (M) may be written asz-

log

10

P(L-06) = o2w logloe + log oK, (10)

e RT

By plotting lo

go P (1 -6) against ©, we obtain in

%)
the range of validity of this isotherm expression, straight

lines of negative slope equal to 2W logloe from which

s

RT
value of 2W can be obtained. These plots are shown in
figure 21 to be linear up to® = 0.5. Logarithm of the
isotherm constant K2 can be obtalned by extrapolation to
the ordinate axis. The slope of these plots changes from
negative tc positive around € = 0.5, which does not, how-
ever, mean that the attractive forces existing between two
krypton molecules become a repulsive force, but rather that
the isotherm model is unsatisfactory beyord this value of
8 . The values of (2W) so obtained are shown in the table
followings—
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TABLE

. =120 Average

-140 | -130 ‘
‘ - For© . ForoAl

Na-
mordenite

i
! i
l

et vt Anmimaa - e

M2 38 -

i) Fore 382 364 | 341
494 455 1 - 419

ii) Foroa 532 435

Na~

mordeniteE ;

i) For © z 341
!

Mo -
- 436

350 | 330 ;340
i1) For6A | 492 1 403 | 423 | 425

The values shown in table 5 for © and 64 (adjusted ©
as explained on page 165 ) are used for calculating through-
out this work.

The difference between the experimental values, 358
and 340 cal/mole, for 2W, may be the result of experimental
error, or more likely could be explained as follows. From
the.x-ray data discussed in section 4.1.5., it is believed

*
that there has been a lattice contraction in Na-mordenite..

. The sorption results support this by showing that the ?
nunber of krypton molecules that fill the channels at
saturation, is less than for Na-mordenite® under identical
conditions. Therefore, as 2W /z is constant for krypton
the value of 2W will depend on z. When the lattice
contracts, due to irradiation, z will decrease and 2w will

also be smaller.
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Plots ofK2 against & for the temperature range
-120 to -150C° are shown in figure 17. In each case K,
is constant up to 8 = 0.5, after which it starts increasing
rapidly. By being constant up to & = 0.5, at various

temperatures studied, K, provides & better explanation

than K1 for sorption ofzknypton by Na~mordenite, it is
unsatisfactory above this value of 8. It should be noted
however, that since this model is valid up to & = 0.5, it
does explain the interactions between the sorbed molecules

up to this point.

4 second exponential term was introduced intc the

expression for K by Barrer and Reucroft (61) i.e.

2

Koy = P (1 -90) exp. (-2W6 ) exp £ (8) (Model 24)

S RT

Whére the first exponential term has the usual significance
and the scecond exponential term allows for the "freezing"

of the sorbate molecules as they gradually lose thermal
entropy by filling the intercrystalline pore space. For

the system, carbon tetraflouride sorbed by NaX, an expression
which satisfactorily explained the isotherm data up to 6 = 1,
was obtained by them. However, the values used in the exp

f () term were purely arbitrary and is therefore of little

gignificance.

On comparing figure 17 and 18 it is observed that in

the case of the 60% damaged sample K2 becomes constant

almost up to o= 0.75 whereas in the standard sample it was
constant only up to 6= 0.50. Due to the contraction in the

' *
channels, the sorption capacity of Na-mordenite, has decreased

2
considerably and a large fraction of the krypton atoms must
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be sorbed on the channel walls. The rest of the krypton
molecules are sorbed on sites removed from the channel
‘walls. The decrease in A H found previously occurs at

*
occurs. Na~-mordenite

coverage where a rapid rise in K 1

2
(15.5%) gave K2 values identical with standard sample.
Rees and Williams (1) have shown that this rapid

increase in K, and K, at high coverage in NaX is not due

to thermal en%ropy cianges but must be due to the decreasing
heats of sorption. = The maximum in the A H Vs © curve was
assumed to indicate that sorption in the'range 04¢04£0.75
takes place on a uniform field of surface potential while
subsequent sorption occurred on sites of reduced potential.
In order to test this the:d:ry they multiplied all € values
by the factor 1.33 i.e. © = 0.75 now becoming ©4 = 1.

(A1l adjusted values represented by ©A).. Similar treat-
ment was applied to Na~mordenite data. As the channels
and cages in Na-mordenite are smaller than the supercages
and windows in NaX,; it was expected that the factor in this
case would be smgller than 1.33, because of smaller number
of krypton molecules which are not in contact with the
channel walls. This factor was found to be 1.25, there-
fore; all the values of © were multiplied by 1.25 and ©A
was obtained. Plots of K2 against ©A at various temper-
atures are shown in figure 19. K2 is now constant over
the range 0<4©A £ 0,90, which is a considerable improvement

on the constancy of K. calculated from the original © values.

2
Little change is observed in Kﬁ at lower coverages but when

©A -1, K, now decreases instead of the rapid increase found

2
as ©-—1. The decreasing values for the equilibrium con-
stant may be due to larger values of 2W caused by Z decreasing

already discussed.
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When the same factor 1.25 was applied to 60% damaged

sample, the rise in K, at higher coverage 1s replaced by

, 2
a drop in K2 in this range of coverage but the constancy
of K2 over the initial range of © 1is not much improved.

This was quite understandable, as we have already shown
from x~ray analysis and changes in isosferic heat curve,
that the channels of Na~mordenitez have contracted. There-
fore, there will be fewer krypton molecules adsorbed in the
channels reduced in size but the fraction sorbed in immed~
iate contact with the channel walls is increased. This

*
suggests that the adjustment factor for Na-mordenite, will

also be smaller, The plots for various factors aregshown
in figure 20a, and it is clear that wmaximum constancy of
K2 is obtained when © is multiplied by the adjustment
factor -of 1.15, It means that the adjustment factor
should go on decreasing as the damage increases. In
present work we did not study samples in the range 65-100%
damage, because of the difficulty in subjecting the samples
to the specific dose required but in the 65% damaged sample
" the adjustment factor was found to be the same as for the

60% damaged sample.

These results indicate that the hypothesis put forward
by Rees and Williams is satisfactory for the sorbent studied
in this work. The adjustment factor of 1.33 for the open
NaX is .reduced as expected to 1.25 for the more compact
Na-mordenite and in a damaged Na-mordenitez which is known
to have a contracted lattice, the factor is further reduced
1:0.1.15°
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4.1.11, Localized Sorption with Interactions making

allowances for changes in Configurational

Intropys-
The isotherm model Kﬁ can be expressed as followss—~
K. = P(1—é) (/3+1~2e)z
3 (Model 3)
© (2 - 26)
r- ' O .: 1
where i = il - 46(1 -8) (1 - exp. (-2m) ) i ®
©L ZKT ]

The value of 2W has already been obtained, various values
for Z (3,4,5) were taken. K3 appears to be insensitive

to changes in Z, and the plots are found to be practically
coincident with K2 plots as shown in figure 17, showing
that K3 is also constant up to © = 0.5 and then increasing
rapidly. It,therefore, appears that changes of configura-
tional entropy (allOwedkfor in Model K3) are also unable

to explain satisfactorily the increase in the -isotherm
constant beyond € = 0.5. The adjusted factor 1.25 used
for model 2 was also applicable in model 3 and the plots

for the adjusted values are shown in figure 19.

4.1.12, Mobile sorption without interactions between

mutually sorbed moleculesgs—

The following equation was derived from the velmer
equation of state (38) :-

.K5 = P(1 Qe) “éxp. (-9) (Model 5)

S} 1l1-0
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It is shown in figure 22 that K5 decreases over the entire

range of © , and hence this model 5 inadeguate.

4.1.13. Mobile sorption with Interactionss-

Hill (38) derived the following expression from the

van der Waal's equation of state.

Ko = P(1-0) exp. ( -6+ «6) (Model 6)

8 , 1 =6

where o= 28'/’bK.’I‘ a and b being two dimensional van der
Waal's constant for the adsorbate.(Related to three dimen-
sional constant by an expression given by Hill (46) .

Plots of K6 against © are shown in figure 22. K6 decreases
steadily with © and could be explained by one of the foll-

owings-

(i)  the thermal entropy increases for the more tightly
packed molecules, which is unlikely,

(ii) the van der Waal's equation of state used in the

derivation could be inadequate for this system. (This

is partially responsible).

(iii) the system is not one of the mcbile sorption at all.

Trom the above discussion it can be concluded that
sorption of krypnton by Na-mordenite is‘localized at low
temperatures (~150C°). The constancy of K, and K3 is
excellent over the range 046 £0.5. The addition of the
molecule-molecule interaction term in model 2 makes a
decided improvement but the added sophistication of allowing
for changes in the configurational entropy due to the mutual

gorbate attraction does not improve K3 over K2.- K2 is
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further improved when adjusted © values are used so that
only sorption occurring on a uniform field are considered.

K2 is now constant over the range 0464 4 .90.

It should also be emphasised that it cannot be assumed
that a particular model adequately explains the sorption
process occurring,; even if one of the ideal models does
- provide a constant value for K.  Young (22) and Barrer
et al (64) have already noted that a far more rigorous
test of the state of the sorbed phase can be obtained by
loocking at thermal éntropy. Thermal entropy must satisfy
certain criteria, in order to explain the experimental
data (36).

(1) It should be independent of ©, and

(i1) It must be positive,having a reasonable physical

magnitude.

Therefore, the entropy functions associated with the

isotherm models, shall now be discussed.

4.1.14. Entropy of ocelusion of krypton by Na-mordenite.

Localized sorptions—

The entropy of sorbate, as shown in the theoretical
section (2.1.4), may be expressed as follows:-—

Ss = Sth + Se (9)

where ég, S%h, Sc represent +the differential molar entropy
of sorbed gas, thermal and configurational entropy terms
respectively. This expression ig confined to systems of
localized sorption, where the sorbate possesses no degree

of translational freedom. The configurational entropy is
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related to by the expressions—

Se = Rln (1-8) (10)
)

and the molar entropy of the sorbed phase, at equilibrium
pressure P and temperature T, is given bys-

Ss = AH/

. + Rln (2IT m KT)3é2 KT/P + 5R (8)

b °
Both of these expressions contain known constants; e.g.
R, K, h etc.; and experimentally obtainable functions such
as © and AH. Therefore, if the isotherm data is avail-
able to provide P and A H, a value of Sth for any value of
© , at any temperature may be calculated from equation (9).
Pigure 23 shows the plots of the differential entropy
functions (~150¢°) S5 and Sth for Ne-mordenite® and Na-
mordenite ; (60% damaged). A steady decrease in Ss was
observed in the standard sample up to € = 0.5 and up to
' * As Sth, the differ—

2
ential thermal entropy should be quite sensitive to changes

8 = 0.75 in case of Na-mordenite

in the characteristics of the sorption sites. . Fig. 23

- *
shows that this is the case as Sth for Na—mordenite2 is

‘reasonably constant up to © = 0.75 as against standard

sample where it is constant only up to © = 0.5; showing
the effect of reduction inQChannel.size in Na—mordenite;
due to irradiation. These entropy factors are the same
for Langmuir's model and for modified Langmuir model K2

#

which allows for mutual sorbate molecule interactions,’ ..

U Lo Lo s e anrany chemros,
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Sc can be caloulated from equation (10) when the
distribution of the sorbate molecules on the sorption
sites is a random one, When mutual sorbate interactions
affect the distribution of the sorbate molecules then é&
is given bys—

S = R1n (1-0) - 2ZRin (2 - 20) + W/, (B-1+20)  (26)

© P+1-20 A

There is little difference between Sc as given by equation
(10) and Sc® given by equation (26). The second and third
terms in equation (26) introduced because of the non-rand-
omness’of the distribution of the sorbed molecules almost

cancel each other leaving Rln (1 -©) as the dominant term

. &0 0
in Sc¢” and changes of Z and 2W do not affect these conclu-

sions. The plot of Sc is shown in figure 25,

In conclusion, then of the localized models K2 proves
to be the most appropriate. Considering both the constancy
of this isotherm model, and the fairly constant value of
thermal entropy over a wide ramze of @ , this model is
considered to best explain the sorpticn of krypton by Na-

mordenite.

Na—mordenite; (60% damaged) was employed to find out
if neutron irradiation resulted in any change in the concl-
usion drawn regarding the isotherm model and corresponding
entropy functions, for sorption of krypton by the standard
sample. Some significant changes in thermodynamics properties
have already been observed, e.g. change in isosteric heat

curve. The heat of sorption curve in case of standard sample
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suggests that decrease in heat may be due to sorption on
non-wall sites around © = 0.8, fig. (15). The AH Vs ©
curve for 60% damaged sample, also shown in fig. (15) is
much more wniform in nature, suggesting that sorbent is
much more uniform in nature. This might have been pro-
duced as sorption in small channels does not téke place
as shown by the calculations on page 92 . Therefore; as
suggested by Rees and Williams (1) that only sorption
between €= 0 and 0.80 is taking place at a homogeneous

. 1 K2 and
K3 are therefore due mainly to the rapid decrease in A H
as shown in fig (16), (17) and (18). In order to test
this thecry all © wvalues were multiplied by the adjustment

surface potential, and the rapid increases in K

factor of 1.25, which makes a decided improvement on the
constancy of K, with 8 fig (19). This adjustment factor
makes a decided improvement in plot of log 10 P(E_;;i)
against © shown in fig. (21 a,b), the plot now being linear
to © A approaching 1, fig (21lc) and (21d). In figure (18)
K2 against © A is shown for a sample of the same sorbent
which has been irradiated with fast neutrons. This treat-
ment has been proved to contract the lattice, which is
further supported by a smaller adjustment factor (1.15) in

this case.

_ If localized sorption model is operative then Sth
should be constant independent of 6. Sth is not very
constant as shown in fig. (23), when 64 is considered
Sth is now greatly improved, fig (24). These results
indicate that the hypothesis put forward by Rees and
Williams (1) is satisfactory for the sorbent studied. The
ad justment factor of 1.33 for the open NaX is reduced as

expected to 1.25 for the more compact synthetic mordenite
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and in a damaged mordenite which is known to have a

contracted lattice the factor is reduced to 1.15.
*

Ne~mordenite. . (65% damaged) and the Na~mordenite,,

(50% damaged) supégrted these observations by providing
data similar to Na—mordenite*, within experimental errors.
The close similarity in the results for standard and Na-
mordenitei (15.5% damaged) indicate that although a loss
in sorptive capacity was observed, the sorption of krypton
by the damaged zeolite still agreed best with the ideal
model of localized sorption, with mutually sorbed molecule

interactions.

4.1.15. Irradiation at liquid Nitrogen Temperatures-

and Na-mordenite were irradiated

%*. %
13 4
to a fast neutron dose of 0.712 x 1018 /o’ and 0,8 x 107

n/cm2 respectively at liquid nitrogen temperature. This

Na-mordenite

experiment was carried out in order to find if any annealing
of damage in Na-mordenite occurred during irradiation under
normal reactor temperature of Ca. 80c° and also possibly
during outgassing at 36OCO under the standard treatment .

: 13
was found to be 5.5% damaged by argon sorption run at liquid

of samples prior to sorption measurements. Na-mordenite

nitrogen temperature. Great care was teken in maintaining
liquid nitrogen temperature throughout the irradiation and
until the argon sorption run was completed. It was then
allowed to warm up to room temperature and sorption run
repeated. No change in the damage was observed. Heating
of the sauple even up to 36OCO for 24 hours did not appear
to anneal any damage. Plots of various sorption runs are

shown in figure :6.



2 -
IE RS AT SS SyneRasE I SRSEgR O] T 1P RSN SY EFSHRREEY 4E RAE SR 00 ERTRS PEGEE SRR T T By T - yuR gaa: . .
SREsasaay sopanains T HhERp e i H + I R e ja3s BTy Yoy Fekas Eans 7 88 poavs Ry
L : K i Fpges Snki A t . t T -
gy H e LI 15 = T i BN 2 T 1 + e e 4
]+ t+ 1 s gy Poeny pasey $1 s ry Bewad gwey paca
- 4 T - : > -
T T + - + it + » iy - e : N PRDEE ShuEY PRETA I b DUONY P SRSIS PO S8R0
HuRy NpESY o4 s o Luy : 1 s pat ngou +irt
8 nbaed fobsysases + : o [od fanuamyass boen s ey B e e, t T ppets ; ;s Lyt to .
T : i —
B el Rk t 7 =
putioel Sonds : i : e resy sus; == P St By : - e
-1 puus P SPOES FIe1 1 t e T + T
- it ; B
fakiciug oot ind ’ e — s
- 29 3 S Gy oy
+ %
3 T IR A owas FueEe ¥ jad swee I i T — Dy
1 T 1 Hrp—tt T T o
b e T s e pord 4 1 T =
- — " Il M
I + ais gy t b Sanen Saead Reeen

t T i T ]
¥ jass gunat nes T 17
1 e RE ewEy maE b +
T T
pYBavESE] 1 € SRk Ranwk bans :
rdus i 1 T T e +
« s e i T T r
et T TH 7151 T
t 1 =T 1 1 Frf iy puans
1 T 1 I . i H+ T+ I e 5
: et wa ienm T
Cr T e e e H
NS REENS IARucey bunas =
g B T R R aan iy o3 ey prans
: T R EUSRY pRgy i B pos
Ing PEEtn [RattSIeey Fisiyasd t T T 4+
T o ;’*"’* + 1 e R o
: T fomataetsd seaney: RS Seu

l2T




128,

Na~mordenite:4 showed 19.2% damage. No annealing
effect could be observed with this ample as well. It
can be concluded, therefore, that Na-mordenite does show
damage when irradiated to a fast neutron dose of 0.712 x
1018 n/cm2 at liquid nitrogen temperature, and it appears
not to have been annealed by heating the sample up to 360¢°
for 24 hours. Therefore, it can be assumed that no damage
has béen annealed out while ocutgassing the samples after

irradiation.

The damage is found o be less when Na-mordenite is
irradiated at 80C° under the same dose of fast neutron.
This is probably due to the fact that at liquid nitrogen
temperature, some of the atoms displaced by neutron bomb-
ardment do not have sufficient energy to recoumbine and
also to move about and fill vacant sites, whereas ab ambient
temperature of reactor it is possible for the displaced
atoms having comparatively more enhergy to occupy some of
the vacancies created by irradiation and thus annealing

out the damage.

4.2. Neutron Irradiation:-

The previous section dealt with the effects of neutron
irradiation of Na-mordenite in respect of its krypton
adsorpiion properties. This section includes some obser-—
vation and some simple calculations for the damage arising
from fast neutron bombardment and for the nuclear trans-—

mutations due to thermal neutrons}

Figure 27 shows a plot of % loss in capacity for
sorption at --15OCO and 2500 against neutron dose. The

plot shows that Na-~mordenite is completely damaged, when
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the integrated neutron dose is 5.0 x 10%? n/cm2 for ~150 ¢°
sorption, but at 25C° the damage is 60% for the same neutron
dose.  On comparison with the plot for NaX, it is quite

clear that Na-mordenite is more susceptible to damage than
NeX.

4.2.1 Calculation of the Number of Atcms Digplaced by

FPast Neutron Irradiations~

235

Neutrons obtained from fission of u atom, range
in energy from 0.5 to 15 Mev, the average for the purpose
of calculations usually being taken between 1 - 2 Mev.

In the present calculations value of 1 Mev will be used.

The maximum amount of energy in an elastic collision
that may be transferred to an element of atomic mass M,
by a neutron of mass N = 1, and energy E, is given by:-

Boax = (1817) 2 (18)

which approximate tos-

4y (1)% °F ’ E/M (19)

For a silicon atom it is one tenth of the incident neutron
energy, i.e. 0.1 Mev, This is applicable %o a direct
head on collision between the neutron and lattice atom,

in glancing collision, the energy transferred would be
correspondingly less. The average energy transferred

is E= E mdx/2 = 0.05 Mev, which is considerably larger
than the displacement energy of an atom, usuwally taken as
25 ev. It is, therefore, quite clear that as long as the

bombarding neutron possesses energy in excess of M/2 x 25 evy,
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it will continue to displace lattice atoms upon collision.
The number of primary collision resulting in displacements
due to each bombarding neutron, may therefore be expressed

ass-—

Nd

I

E max/4 By = E/ZEd = 0,05 Mev. (22)
2x25 ev.

1000 displacements

According to previous calculations (section 2,2.3u page 48
this estimate is of the order of five times too large; i.e.
approx. 200 primary diéplacements occur per incident neutron.
These 200 projectiles atoms resulting from every fast
neutron, travel throughout the lattice causing ionization
and excitation until they come to rest as interstitial

atoms or fall into vacant site.

Dienes and Vineyard (51) showed that the number of

primary atoms displaced per g. by a bombarding neutron is

given by:-
Np = @. t. n. Cd.
where @ = instantanecus neutron flux
=  time
n = number of atoms per g. target and
Cd =  the displacement cross-section of the

lattice atom.

Since each primary "knock—on" produced many more
displacements, Np corresponds to only a small fraction
of the total number Nd of displacements. The following
table gives the values of "n" for Na-mordenite, the cross-
section of lattice atoms and the number of displacement

corresponding to neutron doses of 3.3 x 1019 n/cm2 and
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19 2 .. * ¥
5.0 x 107 n/cm”, (Na—mordenl‘te2 and Na~morden1te5
respectively) calculated using the following formula as

shown in section 2-2:3.

Np. E. L. £

Na (27)

Ed. (14N)°

Table 6

Percentage of Atoms Displaced

Atom{No.of Cross- Nd(xlozo ;% No. of atoms displaced
atoms ?ectiog corrected) -
l1g.Na~ | (bafns)|3.3x :5.0x 3.3% '5.0x : 1.36x
woxdgnitel . 1019,:1019 1 019 *10192'10192 1020
(x10°7) n/cm) n/cm Mm{ﬁm n/em” i n/em
i H
‘ ;
si | 8.0 4 3.6 1 5.5 2.% | 4.3k T.0% | 18.7%
A1 | 0.80 2.6 | 0.21? 3.1 {1.3% § 2,641 3.9% | 10.7%
Nat | 0.70 3.7 0. 30i 4.5 | 2.8% % 4. 7“ 6.4% | 17.1%
o 119.01 8.0 124.0 137.0 [6.2% |12 8% 20.0% | 53 o
; i : ’
| 3 . :

The calculated numbers of atoms displaced are tco large.
This is to be expected since the the©:ry mekes no allowance
for "replacements", i.e. the exchange of roles between the
moving atom and the staticnary one. In practice, the ratios
of theoretical to experimental figures for displacements
range from 3 to 10, (21, 51) the ratioc for guartz being 5.
The ratio for Na-mordenite structure would probably be less

and when a factor of 3 is taken, 53, 12, and 6.2% approximate
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displacements of oxygen, the element mainly affected by the
radiations; correspond to losses in sorption capacity of 100,
60, 15% respectively. Since silicon and aluminium atoms
are bonded through oxygen bridges tetrahedrally, 53% dis~
placement of oxygen would represent the breaking of two
bonds per silicon or aluminium atom, and this should lead
to lattice collapse with complete loss in sorption capacity.
This also agrees with the experimental finding that % loss
in capacity d-(dose)5/39 as shown in fig. 28 which suggests
thét approximately two oxygen atoms have to be displaced
from each silicon or aluminium before any loss in sorption

capacity develops.

4,2.2. Calculation of Specific Activities resulting from

the irradiation of Na-mordenite with slow neutrons

The yield or specific activity of an element is glven
by equation &7 page 52 . = It has already been shown in
. 28
2.2y ‘
section that_A113 g 8114
specific activities which would completely decay within

31 and 0819 atoms give

a few days, but the formation of Mg24 from Na23 could be

of some interest.

2 2 2
a ;™ (n, y) Tap 4o e, 4

The actual weight of magnesium produced in a sample by
the A -decay of the unstable Na24, may be calculated as.

followss~—

Mass (of Mg) = 7.7 x 1077 a.m.8. ' (28)

where 4, T and S are defined at page 54 , the mass of
magnesium equals to 8.0 x ZLO"7 g / g of Na~mordenite
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(anhydrous). Divalent Mg T ¥ ions, aebound to affect
the sorptive properties of the zeolite, however, the yield
‘of magnesium is so small that it is extremely unlikely that
the isosteric heat curves would show the slightest change.
Much heavier thermal neutron dcses would be necessary to

produce any appreciable effect.

4.2.3. Discussion of Effects of Neutron Irradiation on

a zeolites:-

It was assumed by Crawford and Wittels (16) that the
lattice vacancies and interstitials resulting from the
neutron irradiation cf quartz, were almost.entirely due
to oxygen atoms. This assumption was made because the
oxygen and silicon atoms have displacement cross sections
of 8.0 and 4.7 barns respectively; because there are more
O atoms than Si atoms per unit volume; also because more
energy is required tc displace a Si atom. The latter
reason arises because each Si atom is covalently bonded to
four O atoms, whereas each O atom is joined to only two
neighbouring atoems. The same applies to the structure of
Na-mordenite, the cross section of Al and Na' being 2.6 and
'3.7 barns respectively and the oxygen atoms outnumber the
other ztoms. It is, therefore, expected that a high per-
centage number of displaced oxygen atoms, Will result in
a2 collapse of the lattice.

Appreciable damage to Na~mordenite occurs at a slightly
lower dose than for NaX, i.e. approximately 5.0 x 1019n/cm2
as opposed to 7.0 x 1019 n/cm2; this might be expected
because of high alumina and silica contents (10:1) of Na~
mordenite as compared to NaX.  Although oxygen having

capture cross section for neutrons 8.0 barns are usually
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responsible for damage in the zeolite but Si with greater
cross section (4.7 barns) than Al (2.6 barns) can also be
displaced and have some effect. Therefore, high silica
contents of Na-mordenite is one of the factors iﬁ producing
damage in it at a lower neutron dose than in NaX.  Density
measurements showed there to be a distinct increase in
density for the completely damaged sample (5.0 x 1019 n/cmz),
from approximately 2.0 g/c;c. of hydrated Na-mordenite to
2.5 g/c.c.; representing a 25% increase. This is of the
same order as the density increase observed for vitreous
silica. Primak (18) suggested that the displaced atoms

in vitreous silica lodge in the cavities within the lattice,
so permitting a general relaxation of the structure into a

more compact arrangement, thus increasing the density.

Work by Levy and Kammerer (65) on the neutron irradi-
ation of diamond, led Dienes and Vineyard (51) to make
tentative conclusion that in diamond, a drastic collapse
of the crystal lattice occurs rather suddenly at high
exposures. This also might be the case with Na-mordenite,

see figure 26.

It has been observed that annealing of damage is
possible simply by heating the sample. Primek and
Szymanski (19) found that vitreous silica could be grad-
ually annealed at 3OOCO and Primek et al (18) found that
diamond was annealed above 100C°. Two samples of Na-
mordenite were irradiated and analysed at liquid nitrogen
temperature. When these samples were heated te 36OCO
for 24 heours, no annealing out effect was observed. There-
fore, it can be concluded that while outgassing the sample
at 36000, before sorption measurements were made, annealing

of any structural damage did not take place.
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4.3, Some Experiments with Cation Exchange in Na-—

mordenite

After determining the effects of neutron irradiation
on the sorption properties of Na-mordenite, it was of
interest to ascertain the effect of irradiation on the
exchange properties. Therefore, a few cation exchange

experiments with Cs+ and Ba++ were carried oub.
Chemical analysis of two samples of Na-mordenite,
expressed as % weight, gave

Na, 0 = 6,0% AlOg = 12.0% Si0

% -
> 68.6% 10 = 14.2%

2:
The oxide formula may therefore be written ass—

(3.50) Na 0. (4.0) A1,04. (39.5) 510,.  (26.5) B0
The cation deficiency was assumed to be counter-balanced
by the presence of hydronium ions. The high silica to
alumina ratio (10:1) is partly responsible for the high

stability of Na-mordenite as compared with that of most

cther zeolites.

Cnly 4 out of 8 sodium ions per unit cell have been
definitely located (3), the others being assumed to be
distributed within the large channels. The four cations
which have been located are in the centre of the windows
(free diameter 2.8A°) in the channels of about 4.04°
diameter, which connect the wider channels (5.8A°).
Complete ion exchange should therefore, be possible with
‘any univalent cation of diameter not exceeding 4.0A°%
cations larger than this may be unable to replace these

4 Na+ions, thus imposing a maximum exchange of 50% on
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systems involving such large ions.

4.3.1. Exchange Technigue

A few gm. of Na—mordenite was labelled with active

Na22 obtained from the Radiochemical Centre, Amersham.
Na~mordenite was stirred overnight with a solution of
Nazzél of the required specific activity such that one
gm. of Na-mordenite labelled with Na22, when dissolved
in a 30 ml solution of ¥a@l and counted in a halogen

quenched liquid Gieger-Muller counter tube type M6H,
' gave approx. 2000 counts/min. The tagged Na—-mordenite
was then washed with distilled water, several times in
order to remove Cl and stored over a saturated solution °

of ammonium chloride at room temperature.

A definite amcunt of tagged Na-mordenite was weighed
out into ‘dry pyrex tubes which had already been boiled
in distilled water for a few hours to remove alkali., 30 ml
of exchange solutions of various strengths were added to
the tubes, which were then sealed and rotated in an oven
for 2-4 days at 250°. This length of time was found to
be sufficient for the systems studied for equilibrium to
to attained. The solution was then centrifuged and
the resultant Na+ion concentration in solution was deter—

mined by the liquid counting technique.

- 4.3.2. Radioactive Counting Technique

The equipment employed consisted of a halogen quenched
liquid Gieger-Muller counter tube, type M6H at an operating
voltage of 400 volts. The cocunts were recorded on an
automatic scalar unit in conjunction with a probe unit of

dead time 300 u secs. The counter tube had a capacity of
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10 ml and was filled to the same mark each time.

The number of counts recorded cn this scalar unit
were all corrected for the background (approx. 20 counts/

min.), and also corrected for the dead time by means of

equations—
No
N, = (28)
1 - 1% No
where NT = true count rate per min.
No = observed count rate per min.
t = dead time (minutes)

The solutions were usually counted for three successive
periods of 300 seconds to obtain an average count.
Between counting each solution, the G.M. tube was thorou-
ghly washed to remove contamination. To show that all
activity had been removed, a background count was made

each time.

4.3.3, Ne-mordenite/Ba' Exchange System

Figure 29 (a) shows the exchange isotherm constructed
for the standard sample. Complete exchange could not be
accomplished and the maximum achieved after rotation with
several fresh Ba++ solutions was approx. 72% The iso-
therm obtained for Narmordenite: (60% loss in sorptive
capacity) showed the decrease in exchange capacity; shown
in fig. 29 (a).

4.3.4., Na—mordenite/0s+ Exchange System

The exchange isotherm constructed for the standard
sample is shown in fig 29 (b). Complete exchange of Cs'
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ion for Na' is possible, and from the shape of the curve,
it is obvious that mordenite exhibits a very strong select-

- + . s A
ivity for Cs ion. When a similar isotherm was constructed
% :

for Na—mordenitez, a distinct decrecase in exchange capacity

was observed as shown in fig. 29 (b).

4e3:50 Effects of Keutron Irradiation on the Cation

Exchange Properties of Na-mordenite

 Pour of the eight Na' ions per unit cell, which have
been definitely located (3), lie in the 2.84° windows in
the 4.OA0 channels; while the other 4 Na' are distributed
within the dhannel, these can be easily replaced by any
ion small enough tc diffuse through the same channels.,
They should all, therefore, be replaceable by the Cs’ ion,
to give 100% exchange, as was observed. Ba't exchange
on the other hand, leads to the problem as to how one Batt
ion can replace 2 Na+ions which effectively lie in neigh~-
bpuring channels. If Ba++ ions are assumed to occupy the
same sites as dc the Na' ions, then a redistribution of
the anionic chayge on the frame-work must occur. However,
if Ba't ions are assumed to be located in between the two
sites previously occupied by Na© ions, then 100% exchange
should be possibles (as the distance between the two sites
is of the order of 3A°). However, the maximum exchange
observed experimentally was only 72%, suggesting that the
Ba'™ ions might well occupy'different sites altogether,
or that stacking fault (see page?5 ) might lead to trap
the individual cations, thus restricting exchange by the
Ba't ions, but at the same time allowing complete exchange
by the Cs' ions.

Several exchange experiments were conducted with
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. * * *
Na—mordenitel, Na—mordenite2 and Na—mordeniteE. Isotherm

*
for Na-mordenite, lie on the plots for the standard sample.

It may be eitherlthat the cation exchange properties of Na-
mordenitei are unaffected by a neutron dose of 1.6 x 1019
n/cm2 or that any effect lies within the experimental error.
On the other hand Na—mordenitez showed a distinct decrease
in exchange capacity for cst and BT It has already
been shown that Na—mordenitez sustained a 60% loss in
sorption capacity (see page®5%6). Analysis of cation
exchange isotherms show a 73% and 77% loss in exchange
capacity for Ba++ and Cs+ respectively. We know from
sorption results that therc is a 30% loss in sorption
capacity at high temperatures and 60% loss at low tempera-
tures, suggesting that there is a considerable degree of
complete collapse of lattice (30%) accompanying a general
contraction of 30% (see page?495 for discussion on this
subject). However, ion exchange results show a much
higher loss in exchange capacity indicating that this
cohtraction and complete damage is locking up the higher
percentage of the exchangeable Na* than one would expect
from a random distribution of the cations. Exchange with
Na22 in Na~mordenite shows that 25% of the cations are

available for exchange.

In case of Na—mordenite; (100% loss in sorption
capacity) exchange with cs™ and Ba't was found to be
practically non-existant, which was expected as this
sample was found to be completely amorphous by x-ray
studies and o have sustained a complete loss in sorption

capacity.

It can be concluded that there is no definite effect
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to the zeolite up to and including a neutron -dose of

1.6 x 1057 n/cm2e Only a dose of 5.0 x 1019 n/cm2
would render the zeolite useless for the purpose of
cation exchange. Therefore, in conclusion Na—mordenite
is quite resistant towards the damaging effects of radi-

ation as compared with other cation exchangers.
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APPENDIX

ISOTHERM DATA

equilibrium pressure (cm. Hg.)

Na—mordeniteo/Argon

P
0.551

0.832
1.672
2.014
2.571
4,141
5,341
7.561
10.067
12.501
14.786
19.833
23.513
27.563
35.343
42.531
50,651

90 x°

90.
461
103.
105.
108.
110.
111.
112,
114.
115.
116,
116.
117.
118.
119.
120.
120.

98

Na-mordenite /Argon

0.601
1.331
2.561
4,991
6.431
8.101

90 K

70.
8.
85.
88.
92,
95.

V.
132

331
512
312
301
401
132
131
612

147.

volume of gas adsorbed at equilibrium (cc W.T.P. /g

anhydrous Na~mordenite)

Ha—mordenltel/Argon

90 k°

200

861

334
413
431
181

913

512
781
319
642
320
455

P v
10,301 96,461
13.331 99.631
17.551 100.361
22,551 101.450
32.001 102,981
37.516 103.312
45.112 104,031
52.512 104.512
Na-mordenlteA/Argon
90 K°
0,321 28,321
0.461 33.321
0.552 37.771
0.751 40,561
1.144 44.506
2,307 47.366
5.033 50.103
8.661 51.672
10.571 52.891
14,671 53.723
18.532° 54,013
32,101 54.833
46.342 53.455
52,481 56.321



0.002
0,009
0,012
0.015
0.022
0.028
0.040
1 0.051
0.070
0.085
0.101
0.175
0.280
0.565
0.806
1.023
1.266
1.588
1.853
2,393
2.931
3.639
4.907
6.663
8.003

~150C

Na-mordenite® /Krypton

v
35.501
48.718
51,336
54.312
58.616
60.343
63.712
65.344
68.131
71.012
73.121
15.512
77.601
82,101
84.532
86.731
87.311
87.912
88.202
89.713
90,113
92.544
95.033
96.112
97.818

12,884
19,123
29,011
36.512
53.410

.010
040
.051
.065
075
.088
.118

»133

2291
. 440
779
- 244
- 481
436
. 261

=339

o w2 O O 0O O O O O O O O O O

:235

-150C

~140¢°

148.

vV
98.337
99.620

100,121
101,313
102.231

36.931
39.532
42,103
45.510
47.101
49.733
51,001
53.345
56.661
58.903
64.332
T0.7T1
72.206
73.671
86.103
88.761
89.931



6.663

8.275
10.001
12.251
15.233
20.302
27.510
33.012
43.570
50,220

0.032
0.181
0,209
0.245
0.305
0.357
0.437
0.575
0.789
1.012
2.109
2.755
4.875
84459
11.913
14.132

-140¢°

-130¢°

v
90,561
91.343
92.531
93.230
94.731
95.100
95.832
96.003
96.691
97.410

33.301
39.510
41.312
44.543
46,123
48.001
50. 501
58.103
63.771
69.584
73.382
76.582
79.532
83.530
86.511
87.032

P
18.151

22.628‘

28.564
34.209
41.657
51.382

0.094
0.407
0.708

0.754

0.807
0.897
0.912
1.321
1.766
2,230
4.312
7.568
14.750
24.738
34.012
41,512
52.811

0.147

-130¢°

~120¢°

~100¢°

G

149.

88.441
89.109
89.931
90.012
90.630
90.891

32,480
40.103
43.344
46,406
48.811
49,513
52.321
57,381

61.374

65.131
72.655
75.850
81.334
83.362
84.071
84.558
85.214

24.466



0.295
0.454
0.723
0.793
0.910
1.003
1.755
2.133
3.467
4.095
4.7744
8.019

10.137

13.121

16.178

19.976

23.131

32,086

38.064

53.305

0.321

0.645

Ol 958
1.581
1.688

-100¢°

v
28.401
32.312
34,221
34.512
36.321
37.617
40,509
43,366
46.178
48.536
51.331
56,501
53,881
61.407
63.443
64,327
65.113
67.662
68.551
71.319

20.501
23.561
25.311
28.032
29.781

0.661
0.876
1.191
1.533
2.446
4.121
5.013
8.551
10.632
13.761
15.981
24.532

3l.
35.
41.
44.
47.
50.
544
60.
62.
64.
65.
66.
67.

14.
17,
21,
23,
30.
771
40.
=544
49.
52
53.
<471

37

47

51

150,

505
871
629
707
282
534
415
491
382
162
657
123
194

731
621
371
366
434

612

301
410
661



151.

-70¢° oc®
-~ F v P v
34.991 60.441 43.028 29.662
50.321 62.537 45.728 30.532
-400° igigo
1.071 8.823
1.206 9.731 4.660 2.029
2.321 12,511 _ 6.143 3,228
3,017 16.633 8.352 3.945
5,010 22,655 11.957 - 5.873
6.761 26.113 15.015 7.409
13.131 35.761 . 18.262 8,600
22,561 41.732 22,049 10,000
29,998 45.066 28,398 12.359
36.430 47.511 37.798 15.504
42.006 49.326 51.967 19.839
53.610 51.501 : N
Na-mordenite, /Xrypton
g =1500°
2.115 2.1 0.010 20,515
2.877 3919 0,012 22,321
3. 901 4632 0,018 25,122
4.593 5.442 0.023 28.701
1.845 9.202 0.031 30.712
12.551 13.202 0.040 32,432
16.301 16.529 0.051 35.012
22.120 19,090 0.081 38.772
28,207 23.193 0.095 40.712
33.930 26,016

0.126 42.321



152,

P v P v
0.266 46.203 1.055 58.512
0.493 50.661 1.159 60.712
0.699 ' 55.721 2,407 63.338
0.756 58.662 2,977 64.191
0.936 60.771 3.258 67.812
1.211 62.612 4.006 69.122
2.166 69.321 5.195 71.496
2.376 70.832 7.233 - 75,112
2.473 71.401 9.881 T7.414
3.681 14.551 12.543 79.541
5.199 77.161 16.321 82.331
7.802 82.331 21.563 83.817

10.101 84.401 32.493 85,012
16.501 87.490 40,712 85.612
25,012 89.133 53,312 86.5:3
32.016 90.361 .
38.010 91.032 -130¢°
52.551 92.356 0.116 22.101
0.187 26.461
-140¢° 0.269 28.801
0.049 26,662 0.311 34.443
0.072 28,112 0.381 36.712
0.091 30.321 0.455 40.321
0.105 35.717 0.570 42,201
0.164 40.090 1.305 49.441
0.185 41,311 1.426 50.317
0.225 45,012 1.657 52.223
0.306 50.134 2.715 56.314
0.668 53.312 3.233 59.881



4.605

8.304
14.733
18.230
20.531
33.932
42.531
51.630

0.363
0.562
0.612
0.713
0.857
0.985
2.161
3.253
4.907
8.124
10.793
14. 480
22.448
29.456
35.566
41.080
52.608

=130C

-120¢°

o]

64.
70,
4.
76.
[
19.
19.
80.

25.
30.
.321
36.
38.
41.
47.
52,
58.
63.
65.
68.
1.
72,
13.
14.
15

551
432
632
513
307
013
633
706

512
132

910
719
514
617
881
013
123
471
414
713
911
616
501
557

0.
0.
0.
0.
1.
1.
2.
2.
2.

P
061
134
295
562
133
323
301
525
951

4.577

5.

T
10.
.032
12.
17.
21.
26.
36.
44.
52,

11

= O O O

410

55
201

101
513
016
171
102
012
321

2132
- 294
-643
.225

-100¢°

v
9.
12,
18,
26,
33.
35.
43.
44.
45.
50.
51.
55.
58.
58
60.
63.
64.
66.
67
67.
68.

12.
16.
26.

355
771
120
612
871
501
441
931
301
140
334
121
061

.816

371
441
512
311

.012

701
912

«322

591
32l
322

153.



2,458
2,841
£4.949
5.393

6.294
9.687

11.437

12.781

14.149

20.056

26.299

31.393

36.202

43.250

52.519

0.455
0.981
1.121
2.012
3.321
6.347
12.553
21.367
30.712
39.891
52.512

~00C

34.316
40,232
44.123
45.412
46987
534532
55.701
57.321

61.890
63.023
63.891
64.871
65.821
67.321

7.430
13.321
15.012
26.132
33.512

43.321

50.401
56.012
58.532
60.121
62.321

1.212
2.433
4.451
6.123
9.532
16,713
26.124
31.610
43.612
51.321

2.118
2,723
3.193
3.671
5.530

6.541

9.605
13.616
15.625
23.513
30,633
36.534
43.321

4.829

-40¢°

v
8.321
12,512
20,012
24.932
30,129
37.343
43,512
45.523
49.321
51.321

2.587
3.603
4,013
4.631
5.671
7.210
10.413
14.124
15.212
20.593
24,012
27.412
29.512

2.031

154.



0

+25C
P v

- 5.812 3.941

6.442 3.221

8.693 3.601
11,960 5.453
15.606 7.030
18,294 8.431
22,511 9.670
28,162 12,200
37.231 15.636
53.088 19.897

3
Na—mordenitenlfKrypton

=150¢°
0,012 10.201
0.017 11.351
0.026 13.422
0.049 15.313
0.070 18.501
0.098 20.601
0.181 21,322
0.239 23.211
0.373 24.522
0.548 25,740
0.756 26,423
0.928 27.711.
1.127 28,412
1.665 29.630

2,197 31.424

2.768
3.509
5.173
6.961
9.006
10.331
12.156
17.384
27.391

38.116 .

52.517

0.055
0.078
0.118
0.224
0.316
0.444
0.810
1.076
1.487
2.448
3.345
4.099
4.947
7.261
9,572

=150C

33.344
34.710
37.099
39.322
41,377
41.910
42.887
43.577
44,981
45.533
46,322

7.610

8.155

9.338
11,501
13.736
15,515
17.727
20.491
24.466
28,883
30.555
31.670
34.131
37.510
39.011

155.



12.001
15.206
22.375
29.991
38.563
51.731

0.206
0.288
0.436
0.813
1.153
1.614
2.911

3.822

5.274

8.637
11.854
14.578
17.336
25.754
33.370
41.701
52.605

0.543

-130¢°

-120¢°

40.
41.
42,
43.
43.
44.

12.
14.
16.
19.
20.
22.
25.
28.
31.
35.
37.
39.
39.
40.
40,
41.
41,

10,

483
335
531
101

616
193

113
660

334

450

322
313
17
113
730
808
622
019
445
531
882
133
602

501

0.659
0.917
0.995
1.351
2.501
3.595
4,892
8.893

11.643

15.919

26.007

35.680

43.131

51,181

0.155
0.202
0.773
1.554

3.554

4.943
5.632
9.559

12,209

17.455

32.374

45.338

53.853

~1206°

-1000°

11.341
12.712
13.011
15.773
21.454
24.716
27.610
31,813
34,011
35.476

37.212

38.030
38.939
39.531

4.322

5.892

8.321
11,000
15.266
18.501
20.544
24.632
26.311
28.677
32.491

34.901
36.661

156.



0.532
0.853
1.682
-3.157
4,762
8.913
11. 997
14.314
16.360
26.230
36,215
45.280
52,686

1.503
3.133
6.341
9.934
12.506
17.544
25.163
34.311
42.515
52,165

3.531

3.

6.
10,
12,
16.
22.
24,
25,
26,
29.
31.
33.
34.

5.
12,
16.
19.
20,
22,
491
28.
30.
31.

25

70

732

322
172
511
517
930
190
055
100
854
153
111
733

011
220
123
532
432
610

600

233
988

503

7.607
12.553
13.973
27.533
37.501
47.551
53.122

3.361

5,681

7.334
15,019
23.543
30.101
40,096
51,781

T.247
12.234
15.760
21,619
31.963
36.339
49.650
52,321

157,

12,122
15,010
18,507
20.616
23.500
24.433
25,506

2.987
4.231
5.983
10,212
12.897
16.301
20.011
22,443

2.108
3.512
4.631
6.080
8.135
9.1708
12.443
13.112



158.

*
Na—mordenitell/Krypton

P v P v
0.010 14.200 0.148 14.891
0.020 15.351 - 0.254 16.801
0.029 18,402 0.346 19.236
0.051 20.323 0.474 21.015
0.073 25.611 0.840 23,301
0.121 , 26,223 1.106 - 26.491
0.210 28.112 1.517 30.466
0.403 29,252 2.478 34.313
0.576 30.740 3.375 36.505
0.786 31.243 4.129 37.076
0.956 32.701 4.977 39.891
1.157 33.124 7.291 43.343
1.695 34.360 9.602 45,101
2.227 36.244 11.987 46.438
3.539 38.434 15.336 47.533
5.203 39.710 23.475 48.351
6.991 42.099 29.199 49.100
9.036 46.307 37.563 49.661

10,361 47.410 51,813 50.193
12.186 47.809

17.414 48.891 -1300°

27.431 50,125

38.146 51.533 0.301 18.131

52.547 52.432 0.388 19.606

o 0,401 22,344

=140C 0.913 25.405

0.053 13.106 1.513 26.223

0.081 14.032 1.714 28.133



Qo O B oM

26

.119
.822
271
.730
11.
13,
18.

548
987
036

054
33.
40,
51.

703
981
056

-130¢°

31.
34.
37,
41.
43.
45.
45.
46.
46.
47.
47.

717
133
307
818
262
109
545
351
8712
132
781

0.
0.
.971
-037
.015
796
.013
- 197
10.
15.
<TT5

[0 B ) B S N

25

34.
42,
52.

551
697

771
900

780
762
012

~120¢°

16.105
17.341
18.127

159,

19.110 .

21. 37T
27.445
29.998
33.106
37.318
39.899
40.876
43.122
44,011

45.451
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