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8.
ABSTRACT '

Zeolite L is a novel synthetic zcolite .for which’

promising adsorption properties have previously been

reported. The sorption behaviour of Zeolite L and of the
structurally related zeolites erionite and offrétiteAwere
studied in. the present work, using rare gases as sorbates.
Ton-exchanged forms prepared for the adsorption experiments
wére Li;y Na-, K—; Cs—-, Ba- and La-enriched forms of L; Na-
and K-enriched forms of efiéhite- and decationated forms from
all three zeolites. The degrees of 1on-exchange were found

to be restricted within spe01f10_11m1ts for a given zeollte{

‘ Unit.dell’parameters of the ion—exchanged_fd?ms'of L were.

determined and a dependence on cation compositién_foupd, o
Reversible changes in the structure at high température were
found for all ion-exchanged forms of Zeolite L (except LilL
and HL) and for decationated offretite. Irreversible altera-
tions were observed for the exchanged fbrms,of erionite. For
the Ba-form of zeolite L éﬁ X-ray structure anélysis §howed

a migration of the Ba cation at high temperatures.

For all sorbents the saturation capacities for-Ar(77.3°K),
isosteric heats of Kr, micropore volumes (via'Ar adsorption),
cquilibrium constants for Kr and thermodyhamic propertiés-of
the éorbént/séfbate systems were determined.

Further studies were made onvseleéted systems as follows:
a) Krypton isotherms on KL, Bal and Lal were used to
evaluate the coeffiéients,‘A, of the isotherm_equationA
K]:fgiexp(2A1cS+ gAzc2 2A303
properties in the standard states-

+ +..) and the thermodynamic

b) from argon and xenon adscrption on NaL, XL and BaL,

" isosteric heats, ent roples and other fhermodynamic prOpertles

were determined; _
¢) krypton adsorption on decationated forms of the three
zeolites was used to calculate and compare entropies of the

sorbed gas.
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Syntheses of zeolite L apd_related structﬁfes Jelded

pure; well crystalline samples of L; new phases Na, K-BB

and Li, K-VV; and poorly crystalline offretite. Reproduc--
ible’ co—crystalllsatlon of zeollte L, erlonlte and offretlte
was found and attributed to bulldlng units common to the

three zgolites. Dpltaxy of L and offretite and 1ntergrowth.

of erioﬁite and offretite were often observed.,
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1o Zeolites, Zeolite L and related structures

Among the alumosilicates(1) zecolites present an
individual group, because of their typical open frame-
work structufes, enclosing channels and cavities, These
interstices comprise the free volumes of a structure,[
and are filled with cations and water molecules, both

locsely bonded and capable of replacement(Z).

The cations maintain the neutrality of the frame-
work structure(1). Since they possess a considerable
freedom of movement, they undergo ion-exchange. A wide
variety of industrial techniques(j)'are based on these
properties of the =zeolites. The scavenging of radio-
nuclides is one of the most interesting achievements in

this field(4).

Zeolitic water(!)_is easily and reversibly removed
by heating and evacuation. The resulting dehydrated
crystal is, in many cases, highly stable. 1Its emptied
channels and éavities, which now provide a free pore
system, have diaumeters of molecular dimensions. The
diameters are "quite precise and controlled as accurately
as the nositioné of the lattice atoms surrounding them".(5)
The pores aré tailored all yo'one or a f;w sets of dimen-
sions(6). These facts form:the main basis for the extensive
application of zeolites in industry as molecular sieves(B)

selective sorbents(5), desiccants(7) and catalysts(8).

The;structure of a given zeolite is its most specific
- and individual characteristic, dominéting even its chemical
composition. On the basis of their structures, zeolites
are classified in seven groups(6) named after typical
meubers: analcite, natrolite, chabazite, philipsite,
heulandite, mordenite and faujasite. Yugawaralite(9) does

not belong to any one of the above groups.
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The chabazite group was one of the first to attract
the attention of physical chemists{10). Tt consists of
the zeolites gmelinite, chabazite, erionite and levynite.
In addition, two felspathoids = cancrinite and sodalite
hydrates = are usually grouped with the chabazite family.
Offretite and zeolite L should be included in the above
list, in view of their structures, which were recently

determined(11,12).

The members of the chabagzite group are normally hexa-
gonal or trigonal. They possess a common type of simple
chains of l-membered rings(6} and in most cases they have
SBU%* in common, such as hexagonal prisms, cancrinite and

gmelinite cages.

Within the chabazite group, small subgroups could be
formed, consisting of members which have a greater mutual
resemblance, than that possessed by the group as a whole.
Zeolite L, offretite and erionite form such a subgroup.
The structures of the three zeolites reveal their cloéer

relationship.

Information about space groupég unit cell dimensions,
chemical composition and free volﬁmes of these three =zeolites
'is presented in Table 1, Each of the considered zeolites
has, parallel to ifs £ direction, chains of alternatively
following caﬁcrinite cages and hexagonal prisms (Figs. 14,

b and c¢). For zeolite L and offretite the chains are
identical, having in each layer exactly the same orientation
of the cancrinite cages (Frig. Za);_ The chains in erionite

are built in a different way: each cancrinite cage is rotated

# SBU - secondary building units.
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The space groups and unit cells with their

contents for the three zeolites considered

ffretite Ericonite Zeolite L
POm2 P6., /mmnc P6 /mmm
o] 3 . o] o]
a = 13.31A a = 13.26A a = 18.,kA
o o o
c = 7059A c = 15.12A c = 7.5A
(Ca,Mg,Kz)z.sAés (Ca,Mg,Naz,Kz)a.s K6Na3AL9
511303615H20 A59512707227H20 512707221H20
Bennett and Gard Staples and Gard Barrer and Villiger
(1967) (1959) (1969).
Sheppard and Gude :
(1969) | ;
v¥l = 1160 V = 2320 Vv = 2205
#2 = = =
Vf Loo Vf 800 Vf 610
V¢ = o.40 Ve= 0.40 Ve= 0.28
v v Vv

o
*1 v - volume of the unit cell, AB.

o)
*2 Vf- free volume of the unit cell, AB.







Fig 2a
Chain  in
Leolite L and
Offretite

Fig 2b
Chain in

Erionite
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on its axis through'600 relative to the previous cage.

(Fig. 2b).

In zeolite L the chains are Jjoined together to form
planar twelve‘membered rings, which circumscribe wide
channels running in the ¢ direction with "entrances" of
7.1-7.83 and largest free diameters of 13A (Figs. 3a and
La)., The joining of the chains in erionite and offretite
does not result in planar twelve membered rings. Distorted
twelveimembered rings are formed with a maximum free dia-
melter of 6.33. In offretite these twelve membered rings
forw cylindrical channels, parallel to the ¢ direction
(Fig. 3b and 4b). In erionite they circumscribe only cavi-
ties down the ¢ direction (Fig. 1¢) with the above diameter
and with a length of 15.12&. The cavities are capped at
the top and bottom by six membered rings (Fig. 3c and 40) _
and are joined tcgether by eight membered rings with free
diameter B.SX. Apertures of eight membered rings exist also
in offretite., They give access from the main channel to

side pockets (Fig. 1b), which consist of gmelinite cages(6).

From the above description and figures it is easy to
visualise not only the identical chéins (see p. 15 ) parallel
to the ¢ direction in zeolite L-and offretite, but also
identical layers, perpendicular to ¢ direction, in erionite
and offretite (Fig. 4b and 4¢). This exact resemblance of
"particular domains of the structures of zeolitg»L, offretite

and erionite has an important effect on their crystallisation.

From the above a similarity could be deduced also for
the type and magnitude of the free volumes of the threce
zeolites. The channel systems in zeolite L and offretite
are fairly similar (Fig. 3a and 3b), while erionite and
offretite possess exactly the same total free volumes, but
these are distributed in different types of voids (Fig. 1b,c






a. Zeolite L.~

3

" b. Offretite.

Figs. 4a, b and c.

C.

¢ projection.

Erionite.

Unit Cells.

18.
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and 3b,c). Since it is in the free volumes within the
structure that the adéorption takes place iﬁ'éase of
zeolites, this resemblancelis of great importance. It

is directly connected with the adsorption behaviour of
zeolite L, offretite and erionite. Thus, adsorption of
large molecules should be common for zeolite L and offre-
tite. Adsorption of large molecules will be limited in
erionite by the eight membered rings, therefore its behaviour
will be drastically different from that of offretite in
such cases. Conversely, for small molecules, penetfating
the eight membered rings, the 3dsorption behaviour of

erionite and offretite will be closely comparable., .

However, the type and magnitude of the free volumes
in a2 structure is a dominating, but not the only factor
which controls the adsorption behaviour of a given zeolite.
The total chemical composition, the nature and position of
cations could greatly alter the properties, exhibited by
the same zeolite. This makes it desirable to have all possi-

ble information, including the above, when studying adsorption.

The positions of the cations in zeolite L are known(11).
The cations are accommodated at four different types of
sites named in Fig. 4a and Table 2 as sites A, B, C and D.

Site A is located in the middle of the hexagonal prism;

TABLE 2%
. Fractional .
Cation | Site Gccupancy. X y z
Na, X A 0.7 1/3 2/3 0
K(1) B 1.0 1/3 2/3 1/2
X(2) C 0.9 0 1/2 1/2
Na(2) D 0.6 0 0,303 o}

* From the data of Table 1 in (11).
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site B ~ in the middle of the cancrinite cage; site C -
midway between the centres. of two adjacent cancrinite
cavities; and site D - in the main channel, in front of

the midway position.

The positions of the cations in erionite and offretite
have still not beendetermined with certainty. The first
proposal (13) had assumed that the cations are “situated
with random distribution on the principal axes of the cavi-
ties", That assumption was later disregarded and one
cation position was located in the middle of the cancrinite
cages(14) (Fig. 4b and c¢). In the present research this
question is further elaborated on the basis of ion-~exchange

and adsorption data.

2. Literature survey on Zeolite L, Erionite and Offretite

Synthesis of zeolite L was first announced by Breck

and Acara in 1962(15). Formulae were given for the prepara=-
tion of the zeolite at 100°C from K - and (K,Na)-alumosilicate
gels. From the original K- and {K,Na)~ forms of zeolite L,
those containing Ba,'Ca, Ce, Mg, Sr and Zn were prepared for
which 20 to 70% of ion-exchange was reported. A considerable
édsorption of water, rare gases, benzene,-iso-butane, ) |
thiophene, cyclohexane, p=xylene and m~xylene was observed,

but no detailed adsorption study was attempted.

In 1964 Darrer and Marshall(l6) had obtained from Ba
containing aluminosilicate gels crystals termed Ba-G which
sorbed oxygen, and were subsequently foﬁnd to resemble’
zeolite L. However at that time the sample was not further

inves%igated.

In a series of synfheées from K- and (K,Na)~alumino=-

silicate gels, Zdanov also obtained zeolite L.(17)

Barrer and Lee(18) investigated adsorption of n-paraffin
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(01-07), iso=-butane, benzene and cyclohexane on the zeolite
and found properties which indicated a fluid character in
the sorbed phases but with some physical restriction beyond
that obsérved in the bulk liquids. The saumple used was

jdentical with L-IC (see p. 68 )

Barrer and Kanellopoulos(19) established that sorption
of amwionia and "“awmonium chioride" vapour on the K form of
zeolite L was reversible and that sorption from the mixtufe
of ammonia and hydrogen chloride, obtained from the dissocia-
ted ammonium chloride; was several times higher than from
the pure gases. Decationated forms of zeolite L were prepared
and their thermal stability and the adsorption of awmonia

were investigated.

Natural erionite was first described by Eakle in 1898(20)
and natural offretite by Gonnard in 1890(21). Erionite is ‘
abﬁndant in nature{22), but a few years ago it was still
considered as a very rare mineral(13). Offretite is found
in Montbrison (France)(21), in the Palau Islands and in the

Caroline Islands(23).

The problem of the identity of the two zeclites is of
interest. After comparing the X;ray powder patterns Hey and
Fejer(24) stated that offretite and eriomite are identical.
In 1967 Bennet and Gard(12), on the basis of electron diffrac-
tion and X-ray single_crystal,studies, established that
offretite has a structure which is distinct from that of
erionite (see p.13).

In agreement with Bennet's and Gard's work, Harada(25) "
drew attention to thé difference between the AABAAC type of
stacking of layers for erionite and the ABC stacking for
offretite. '

Recently, Sheppard and Gude(26) showed that offretite -
characteristically has indices of refraétion that are higher

than those for erionite and in addition that offretite has a



negative optiecal sign, while erionite has a positive one.
Those facts can be used as auxiliary means for distinguish-

ing between the two =zZeolites,

‘Eberly found(27) that long chain n-paraffins above
n-heptane were hardly sorbed by Li, Na, Ca, Sr and K forms
of natural erionite and that nitrogen was not sorbed by
K~erionite at —19600. Peterson et al(28), cn the other hand,
found a considerable uptake even of C1h' and sorption of
nitrogen at ~78°C on a sample rich in X, Both studies reported
a maximum degree of ion exchange of 90%. Peterson et al(28)
noticed differences in sorption propert1es»among the eight

samples investigated.

Barrer and Peterson{(29) calculated interaction potentials
between n-paraffins and the oxygen atous of eight membered
rings in erionite, chabazite and zeollte 5A. In accord
with the calculated values they found for one of the sawmples
investigated that the rates of adsbrption of n-paraffins
were in the order: 5A> chabazite>» erionite., However, a
second sawmple of erionite showed rates of adsorption nearly

the same as those in 5A.

Eberly found(}O) that adsorption rates of n-paraffins
(05-08) on erionite decreased markedly with the molecular
weight at the paraffin, while on 5A these rates remained

nearly constant.

According to Ames,natural erionite showed good cation
selectivity(31) and a feplacement series independent of the

hydration state of the entering cations(32).

Adsorption and ion-exchange studies on natural offretite

have not been publlshed so far.

In 1960 Breck and Acara patented a synthe31s of zeollte
T(33) which was believed to be a synthetic erionite., The

zeolite is prepared from (X,Na)-containing aluminosilicate
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gels. It was found that only molecules with critical
: 0

dimensions under 5A can enter the internal cavities.

‘Shortly after the above patént,a series (34,35,36)
of similar syntheses using different starting materials
were published. The products were described as identical

" with erionite and zeolite T.

Bennet and Gard(12) showed that it is not correct to
identify =zeolite T with ecrionite, but with a disordered

intergrowth of erionite and offretite.

Before this finding of Bennet and Gard, several.works
were published on ion-exchange(37,38) and édsorbtion(39.ho)
properties of synthetic samples considered as erionite,
Shirinskaya et al(37) prepared crystals enriched in Ni, Co,
Zn, €4, Ca, Sf, Ba, Mg and Pb and found degreeé of ion
exchange between 40 and 67¢%; and also a reversible exchange
back into the original (X,Ma)~ forms, with the exception
the phases enriched in Pb, Ba and Sr. The staBilities of
the crystal lattices of the latter three forms were investi-
cated(38) by X-ray powder method and water adsorption. No
damage of the structures was observed. Zdanov and Novikov(40)
prepared decationated forms by aéid treatment and found
that the water sorption on these products and on the NHh*

form depended on the temperaturé of outgassing.

Sherry carried out an ion-exchange study(41) on zeolite T
after Bennet and Gard's publicatioﬁ. ﬁe considered the
species as almost pure offretite and found 75% maximum ion-
exchange and a strong preference towards cations of large

size with the exception of K* and NHQ+.

Further relevant details from the above papers will be

discussed at anprohriate'places‘in Chapter 3.
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3, Aim of the present work

The principal aim of the present work is to study
the sorption properties of zeolite L, using rare gases
as sorbates. A series of ion-exchanged forms was . i
prepared to investigate the dependence of the properties
of zeolite L uponlthe cation composition. Rare gases’
were chosen for this purpose, because cof the simplicity
of their molecules. Conclusions drawn frou such systems
can give basic information about the behaviour of both

polar and non-polar sorbates(42).

The thermostabilities of different jion~exchanged forms
of zeolite I were also of interest in this research. In
connection with this, the alteration of the structures
during dehydration was examined and attempts were made to
locate cation nositions in the hydrated and the dehydrated

state for one sample.

The conditions of syntheses of zeolité L were a further
object of this work, both from a practical and theoretical
point of view. The practical interest arose from the need
to prepare a pure and well crystallized phase of zZeolite L.
The theoretical one was connected with the importance Qf

the SBU in the cases of zeolite co-crystallization.

Zeolite L is a new sorbent with a variety of possible
applications(15). Previous work on the zeclite has been
far from sufficient and therefore a further iﬁvestigation is

timely.

As zeolites erionite and offretite.are closely related
to zeolite L, it was of interest to compare the properties
of these three zeolites. The information on adsorption
properties of erionite and offretite in the literature is
quite scanty and there is much ccentradiction due wmainly to

misidentification., Thus it was desirable to combine research
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on L with at least partial investigation of the two other
zeolites. TFor this purpose a few ion-exchanged forms of
erionite and offretite were prepared and investigated,
Decationated forms of the three zeolites were also examined,
as were molecular sieve properties of erionite towards rare
gases. The conditions of syntheses of erionite and offretite

were likewise of interest both practically and theorctically.



CHAPTER T

THEORETICAL BACKGROUND AND GENIERAL INFORMATION

26.
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1., DIFFRACTICON METHCDS FCR STRUCTURE INVESTIGATIONS

1.1 X~RAY DIFFRACTION

1.1.1 Crystal symmetry and application of the >
X-ray method

Atoms, ions and molecules in solids usually pack
regularly with a long range order., Thus, any crystal may
be considered as being built by periodic repetition in three
dimensions of a certain atomic arrangement termed a unit
cell., A full description of a crystal structﬁre requires
a determination of the space group(43), the size and the
shape of the unit cell and the position of all atows in the
unit cell., The elaborate and sophisticated way of achieving
this by diffraction of Xe-rays from a single crystal or
crystalline powder is based on two main facts: 1) The
sﬁecific periodicity of a given crystal determines (according
to Bragg's law(43) ) a unique diffraction pattern. 2) The
nature and position of the atoms in the unit cell determine
the intensities of the lines (powder methods)} or spots

(single crystal diffraction) of the pattern.

For the purpose of the present work, certain aspecfs of
the above problem will be dealt with briefly. They are
indexing of X-rav powder patterns; calculation of intensities

of the diffracted lines; and Fourier synthesis.

1.1.2 Indexing of X-ray powder pattern

Indexing of an X-ray powder pattern consists of the
assignment of Miller indices(43) to each line of the pattern.
This is done by relating the directly measured.angles thz
to the indices (hk{) through the squared reciprocal lattice

vector r*z(hj). The iatter is often called, in practice, Qhki’



2 -
2 1 hsin®e :
Qm{& I‘* - d'2 * - - A- 2' .lll'\l 0 s ( 1 3 1"1)
hke :

¥ = hRax? 4 kb2 4 £2:#%2 4 2nka*bFcosy* +
ZhZa*c*cosP* +
2k€b¥cFcosC¥* ... (1.1=2)

(hk¢) Miller indices. Give the coordinates of a point in
the reciﬁrocal space.,

d,.g spacing between planes (nkl)

©,.¢ DBrags angle(43).

A wavelength of X-ray.

a¥*, b¥ and c¢¥* lengths of edges of the reciprocal lattice.

OC*,P * and ¥* dinteraxial angles of the reciprocal lattice
unit cell;
In the.case of a ﬁexagonal lattice, the above equation

is simplified to

N a*® 48Rk ... (1.1-3)

Qe = (h% & hk + k?)ax® & £2c42

1' l"’ 9, 16 e etc.

N = 1,3, 4 % ... ete. AL?2

Although the quoting of d-values and the relative
intensities is alone an accepted method for characterizing
a sample (ASTM system), an indexed pattern provides much
fuller information., This makes it possible té'estimate a
change in the wmagnitude of the lattice parameters or to:

interpret an alteration in the intensity of certain lines,

1.1.3 Scattering of prdys by.a unit cell; the structure

factor and computation of intensities

The efficiency of scattering of X-rays by an atom is

known as the atomic scattering factor - fj’ and it is
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expressed as

fj = AQ' ® o o8 (1.1"“1")
) A ' :
c N
Ao - full scattering power of the atom.

Ac -~ scattering power of a single, free electron.

Whereas the scattering from an atom depends on the number
and distribution of its electrons, the scattering from a
unit cell depends oh its total atomic compositidn and
arrangement. The resulting scattering of a unit cell is
expressed by a complex quantity F = a structure factor(ilh)
J -
= Z fjeZWi(_IL‘j +ky; ¢ Lzg) T (g,1-5)
=1 -

Frie

J - number of atoms in a unit cell

fi - atomic scattering factor.

x‘j,y‘j and Zj - fractional coordinates of an atom in the
unit cell. '

(hke) - Miller indices.

y

The structure factor is often expressed in terms of

its real and imaginary components:

Fl’lk*t—_: .A."'iB s e 00 (1.1"6)
A = ZfJCOSZTt(hxj Ky, + zz'J) eee. (1.1-6a)
B=£fjsin2W(th+kyj+ezj) eee. (1.1-6D)

The magnitude of the structure factor is called - the
structure amplitude ‘IFhk4 H
2 2

\Fl']kal - . A A B s e s e (101"7)

The intensity of scattering is directly related to

thké‘z' For the pdwder method the relation is:
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| . , .
T, = I, L LM, [s Firce l .. (1.1—8)

I - intensity of the direct X-ray beam.

M, - pmltiplicity factor of refiecting planes, which
is given by the number of planes in a crystal which
contribute to the same diffraction arc. '

_ l4cos28

L - Lorentz polarization factors(i4l) L o 'where @ is

P P sin@cos

the Bragg angle.

s - scale factor; a constant having the same value for

reflections recorded on one photogranh.

1.1.4 ~ Fourier syntheses

As the atoms are arranged in a periodic fashion in
space, the electron density also~varies perjodically throﬁgh
the crystal, The structure could be deduced, or structural
alteration found, from the positions of peaks of the electron
density wmap. The three dimensibnal electron density function
'P(xyz) is the Fourier transform of the sum of all the

structure factors F with their phases.

hke

1 . -
fj(xyz) = 7 rrx FhkﬁexP('Z“l(hx + ky + €z) ) ... (1.1-9
h k £
V = volume of the unit cell,

The other quantities are as defined previously.

The summation is to be made over all possible values
of hk€ and requires knowledge of the struéture factors and
their phase angles(44). The last are not experimentally
obtainable(4%4), so the Fcﬁrier syntheses are usually carried
out with gradual refinement of the phases on the basis of a
number of methods to estimate them or by use of the trial

and error methods.
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With the calculated values of the Fourier

" transforms(1.1-9), two types of Fourier maps are
computed: maps based on the calculated values of
the structure factor, Fc,Aand maps based 6n the
"observed" values, Fo’ of the structure factor. From
the differences of the corresponding ?(xyz) values
in the above maps, difference Fourier maps are produced,
which "judge" the fit between the computed structure
and the real one. The‘quality of the fit is usually

expressed by the reliability factors:

R(w) [Z l(ui“obs"- chal l) I] DT (1.1-10)

[): I(Iobs-ical) | ] /x Tobs _ o (101-11)

R(1)

R(F) - reliability factor based on the structure factor.

R(I) - reliability factor based on intensities.
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1.2 ELECTRON DIFFRACTION

1.2.1 Specific features of diffraction of electrons

by crystals. Application.

The general principles which govern X-ray and
electron diffraction*! are broadly similar. There are,
however, a number of important differences which enable
the results from the two methods to complement each
'other(hB,&6). A specific characteristic of the electron
beam""2 is its short wavelength which determines most of
the practical and theoretical peculiarities of ED. Some

of them are considered below.

The electron beams interact far wmore readily with
matter than X-rays, and this makes it necessary to use in
practice very small single crystals of SOOX up to 10002’
edge. Thus, the D is a useful method for studying fine
crystalline mterials, from which a single crystal large
enough for X-ray diffraction cannot be selected. This isof&w

the situation in the case of synthetic =meolites.

The short wavelength has its theoretical importance
in explaining the formation of ED patterns from single .-
crystals(45,47) and their resemblance to the X-ray ones
from the precession camera(hS). It is also the reason
' for extremely low limits of the Bragg angles in ED.,  This

last result follows from a direct applicatibn of Bragg's

law: : ,
(o]
Example: A = 0,042A at V = 80kv,
. O
dhkg = 0.5A o
Sing =< ghkC = _2_)_\__ = 3

#¥1 ©Electron diffraction will be abbreviated to ED.
%2 TFast electrons(45) are under consideration. In the

text the term "electronswill refér only to fast ones.



Many formula’simplifications(45,47) and experi-
mental techniques(45,%46) are based on the small Bragg

angles in case of ED.

A few important applications of ED are identification
of minority species of crystals in mixtures; elucidation
6f the unit cell and thus the vnroviding of data for’
indexing X-ray powder patterns; examination 6f selected
areas froﬁ a crystal agglomerate; and correlatien of
the morphclogy of a crystal with its unit cell. Some of

the above cases will be elaborated in the text.,

1.2,2 Electron diffraction from polycrystalline
materials. Calibration of the electron

microscope.

ED from polycrystalline materials is an analogue of
the Debye-Scherrer method, but the short wavelength of
the electron beam makes it possible to derive simpler
relationships, which are the basis for solving ED patterns
from polycrystalline materials and also for calibration of

the electron wmicroscope.

From the diagram presented in Fig. 5 it follows that:

R

tgRe T

-—
=

h,kZ o.; (1-2"‘1)

R - radius of a reflection ring from (h,k,Z2) planes.
L -~ tlength" between the sample and the film. '

'Combining Bragg's law with the above equation and
taking into account the limits of Bragg angles (see p. 32)
one could obtain the following expression for the inter-
planar distances (dhke)'

dhké

AL , o
A= A a (1.,;-2)‘

A - wavelength of the electron beam at a given voltage.
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The "length" L, as described above, is in fact
a Tictitious length which depends upon the lens magni-
fication. That becomes clear from the optical ray
diagrams (Fig, 6), presenting an electron microscope

in use for high magnification and for ED.

It is usual to refer to AL as a diffraction
constant of the electron microscope at a given voltage,
The values of AL must be determined for each standard
set of lens setting used. That, .in practice, is done
mainly by the use of a standard of Au and conprises the

calibration of the electron microscope.

1.2.3 Electron diffraction from single crystals.

Formation and solving of the patterns.

The theoretical importance of the short wavelength .
of the electron beam, mentioned above, becomes apparent
when one considers the conditions for reflection in
reciprocal space(43). The low values of A cause the
radius of the sphere of reflection to be considerably
larger (2724at 100kv) compared with the distance between
the neighbouring reciprocal lattice points. It is, ‘

" therefore, adequate for many purposes to consider that

the sphere of reflection approximates to a plané(h?).

Thus, if a plane of the reciprdcal lattice is tangential

to the reflecting sphere, a cross—-grating pattern will

be formed and on the photographic film an enlarged project-

ion of a plane of the reciprocal lattice will be observed,
(Pig. 7).



In order to derive the formulae used for solving

ED patterns, let us consider ED from a single row of

atoms. n Fig. 8(&9)_such a casc 1is presented, The

36.

electron beam falls at an angle é o’ while the diffrac-

ted bean is propagated at an angle § . From the above
figure it follows that:

P ;n_éo -& | ceee (1.2-3)

- angle between incident and diffracted beam, equal

to double the Bragg angle.

The Laue condition(50) could be applied to the above

case:

hA = acosc o ¥ acos§ vere (1.2=0)

A - wavelength of the electron beam,

h - order of reflection.

a - distance of separation between the atoms. ’

If the equations (1.2-3) and (1.2-4) are combined and the

small value of the Bragg angle is taken into account, it

follows that:

Lf, ="‘p—.‘)l"— M.... (1.2-—5)

asin§
o

"Further cocnsideration of Fig; 8 gives

tgf = %— | ev. (1.2-6)

which helps to transform équation:(1°2—5) to one of the

final relationships used for solving ED patterns of
single crystals,

hAL
I etbt— v s e 1.2"'
S asingo . ( 7)
s - separation distance:between diffraction bands.

AL - diffraction constant of the electron microscope.
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¥hen the electron beam is pernendicular to a row,

equation (1.2-7) is simplified to:

= _lléli ; s e (102—8)
a .

If two ‘rows of atoms are considered, and the beam is
perpendicular to both, the separation distances of the
two diffraction bands (Fig. 9) will be expressed as
follows:

s = AL s = AL (1.2-9)

a b

- separation of the rows along a* direction.

- separation of the rows along b* direction.

The relation between the reciprocal lattice constants
a* and b¥ and the real lattice constants a ard b follows
from equation (1.2~9) and simple geometrical consideration

of Figo 9

AL o
a* 2 b* e s 0 (10&‘1

s , = a*sin(fi-y) = 2= reson. b*sinﬁﬂ~¥7 =4%E = s

¥ - angle between lattice directions a and b.

As the reciprocal lattice ceoenstants are measured
directly-from the ED pattern, equation (1.2~10) makes

it possible to estimate the constants of the unit cell,

Depending on the orientation of the crystal towards
the electron beam, corresponding reclationships bave been
worked out(49)., In the case of arbitrary orientation the
reciprocal lattice vector r¥* (see p.28 ) for a given point
of the pattern can be measured and compared with the

theoretical value.
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1.2.4 Stacking faults

These faults arise {rom disordered stacking of layers
in a crystal structure. The presence of such faults can
be proved by an exémination of the electron- or X-ray-
diffraction patterns of a single crystal. An elongatioh
of the spots is observed, sometimes leading to streaking,
in the direction of the faulting. This behaviour is
found because the Spot size is determined by ‘the thickness
of the crystal normal to the plane responsible for the .
reflection. This dependence is expressed by the following

relation:
B = AL | vee (1.2-11)
t L »

B - width of the spot.
t - thickness defined as above,

AL - diffraction constant of the electron microscope.

If we apply the'above equation to a faulted crystal,
we must not use the external thickness, but the thickness
of the unfaulted region. In the case of a heavily faulted
crystal, these regions will be thin and fhe spots corres-—
pondingly elongated., In the limiting case the spots will

be drawn out into streaks.

If we considered a structure which is built by stacking
of layers, the thickness of the unfaulted regions will be
determined bv the number of consecutive, correctly stacked
layers. The lower this number, the thinner-the region and
the lconger the épots. On the other hand, when the layers
are all packed correctly on top of each other, an unfaulted
crystal of a great thickness is built up and the streaks

shorten so that only small spots exist,

Stacking faults are more readily detected by electron-

than by X-ray diffraction from a single crystal, because

of the smaller single crystals used in the former technique.
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2. MODIFICATION AND SYNTHESIS OF ZEQOLITES

2.1 MODIFICATICN OF ZEOLITES
2.,1.1 Modification by ion-exchange and decationation

A simple way of modificatioh of zeolites is by ion~-
exchange. Cations are always ‘present in the zeolite voids
in number electirochemically equivalent to the negative
framework charge whereas‘water and other neutral molecules
are only casual visitors(BI). The nature, size, density
and position of the cations are of importance because they
alter respectively the polarity of the structure, the actual
free volume within it, the size of the apertures and, to
a considerable extent, the stability of the structure. Thus,
the cations in a given zeolite influence both its molecular

sieving properties and heats of adsorption.

Cations located in or near apertufes or windows giving
access to intracrystalline cavities will, by obstridcting
the windows, reduce rates of ihtracrystalline diffusion of
molecules, especially when the windows are of small or moder—
ate size ~ for example, when they are ecight membered rings.
Cations which are within the cavities and channels attract
polar guest molecules in particular and will share space
with them and thus will influence both initial isosteric
-heats and the adsorption capacity. ©On the other hand
cations in small subsidiary polyhedral cavities, such as
hexagonal prisms, cancrinite cages and small side pockets
inaccessible to guest molecules will have no direct contact
with these molecules and will effect mainly (if not solely)
the stability of the structure. TUsually only the catians
in the first two kinds of positién readily undergo -ion-
exchange at room temperatuie and moderate concentrations.
Thus, their number per unit cell determines the degree of

ion~exchange under these conditions.,
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An exchange of cations of the same valency but
different size (K” =2 ¢s*) alters the fraction of the
free volume occupied by éations, while the density of
cations remains constant. An exchange of cations of
different valéncy, but of comparable size (2K*=—=Ba®*)
produces the opposite result. When the difference in
valency is greater (3K+g:2La3+), the density of the
cations is further altered. All these exchanges will

also modify the local electrostatic field in the structure.

The importance of cations has led to various attempts,
mainly by X-ray diffraction study, to locate both cation
sites and degree of occupation of each kind of site.
However, cation positions cannot be regarded as established
with the same certaihty as those of the framework 0, Al
and Si(6). Thermal and positional disorder, partial
occupancy of sites, twinning and other imperfections, and
frequently lack of crystals big encugh for single crystal
X-ray diffraction, have usually hampered the investigations;
- Considerable success has been achieved in the caée of less
porous zeolites like natrolite(52) and gismondite(53},
where there is only one kind of fully occupied cation
position. For zeolites with more open structures the
problem is far more difficult. More than one type of
cation site may gxist(54,55) and often the sites are only
partially occupied. Furthermore, both the number and
positions of cation sites depend on temperature and degree -

of dehydration(6).

Exchange to the hydrogén zeolites (decationation)

. brings a specific modification of significance in cata-
lysis by =zeolites, Treatment by dilute mineral acid is
used for decationation of highly siliceous zeolites(56),
while for all others, the decationated forms are obtained.

by heating the NHh—zeolite:
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\l/ \I/
si si
, o+ ' |
O NH, 0 .
~ 7 : . 7
-;Si-o—lz-o Sis —-9751-0-,}6 HO-Si% + NHg cees (2.1-1)
o ' o .
L, . { ‘
Si Si
/N ‘ /1N

Decationated forms are usually reported as less stable
.to heating than the parent forms, containing Na+, Ca++,
etc. (57,58). Cowmpletely opposite observations were
recently announced(59), clainming étability of' decationised
zeolite Y up to 1000°Cc, An explanation of this effect was
offered(60), based on the role of the chemical water and

foirmation of cationic aluminium:

\|/

\I/ 71
Si 0
! {
0 i H
}—Si-O—./,‘«.é (') sif s 3H, 0~}—-Sl~0 H H-0-5i< + AL (oH) (2.1=2)
/ ' \ . \ 3 [ ] »
0 H
] I
si ' ? .
1\_. si
, N
\t/ Ny
Si ?i ,
Tt _
(') o AZ(OH)2
>s A sid + AL (OH) Si-—O*-u?&e—O—ol-{ + H0 .. (2.1-3)
0 _ - 0 ’
I _ !
Si Si
7\ . N

The above mechanisu in fact treats a case where decat-
ionation is followed Dby dealumination(61). However, if

this mechanism is correctd ény technique'in which a little

of the chemical water is kept in the system during the
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heating process, might be favourable for obtaining a

stable product.

A partial decationation of zeolites can occur when
they are treated with water(15,62). It was found(62)
that such hydrolysis depends strictly on the Si/A¢
ratio in the zeolite, regardless of the nature of the

zeolite. The higher the ratio, the less the hydrolysis.

Zeolites are fairly stable towards alkali. Neverthe-
less, treatment by alkali solution can lead to a partial
dissolving of the zeolite and in many. cases a recfystalli-
sation into another structure has been observed(6R). An
impressive example of that is the formation of basic sodalite
from NaA, after treatment of the latter with 10% NaoH(Gh).
Similar undesirable "modifications" should be always borne
in mind while carrying out an ordinary ion-exchange in

strongly alkaline solutions.
2,1.2 Zeolite modification by pre-sorbing polar molecules

A gquick and reversible modification-of certain zeolites
has been achieved by presorption, at low temperatures, of
small polar molecules 11kerﬂ5 H 0, CH3NH2 Such molecules,
strongly held and immobile at 1ow temperatures, can reduce.
the diffusion~coeffﬁﬁentsof other non—pdiar sorbates within
the crystals(65) progressively and selectively. The effect
was found(65} to depend on the time of cooling the sample
after presorption, presumably because fast cbbling rates

result in a different, non-equilibrium distribution of the

presorbed molecules..

.

Similar modifications can occur when a zeolite is
partially dehydrated due to the residual water molecules.
The wide and often split endothermal peaks in the DTA
curves of znolites(66 67) indicate that one wmay easily

leave residual water.
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2.1.3 Thermal stability of zeolites

The chemical reactivity of zeolites towérds water
at high temperatures makes them liable to damage during
the activation(68). Realization of this led to an early
appreciation of the importance of raising the teuperature
slowly during dehydration, in order to prevent sintering.
Recent information on the migration of cations during
heating and dehydration(6) makes it necessary to consider

also the rate of cooling the sauple.

Zeolites with high 5i/AZ ratio are known to be
of high thermal stability(66). It has also been pointed
out(66,69) that the nature of the cations in the structure
is of importance. Poor thermal stability has been reported
beth for polyvalent heavy cations like Cu, Co, Fe, Ni, etc.
(69,70) and for cations with small radius, such as Li(70).
A generalisation, however, is hafdly possible, as for
different structures the cation which improves thermal

stability can be different.

The degree of ion-exchange also effects the stability
and the optimum degree of ion-exchange is different for

different cations(69).

The thermal stability of zcolites can be influenced
by the sorbate, such as gaseous hydrogen halides oxr water.
In the case of such sorbates, damage can' occur after a

sihgle adsorption/desorption cycle (1?0)0

Thermal stability can be influenced by the degree of
washing of the zeolite. It has been found(73) that the
sfability of NaX containing an excess of alkali is poorer

than that of NaX washed free from alkali,?

The dispersal of synthetically obtained zeolites
considerably affects their stability(74). Usually, the

higher the dispersal, the poorer the stability.



2.2 SYNTHESES OF ZEOLITES

2.2.1 TFactors governing zeolite crystallisation

In nature zeolites are formed under alkaline,
hydrothermél conditions(1). For syntheses of zeolites
in the laboratory natural processes are -usually closely
imitated(75). Zeolite crystallisation could lead to
any one of a range of products, and kinetic as well as
thermodynamic factors determine the finmal product,
Impqrtant factors include the composition of the reaction
mixture, and the temperature and pressure, but many
examples could be given(75,76) to show that the type of
product obtained deperids also on the state and origin
of the raw wmaterials used, on the individual steps in
the whole procedure and on the length of time for
crystallisation. Some of the above factors may be
considered more fully. TFor a particular synthesis, one
usually restricts the ratio of Si and A , waterAcontent,
pH and nature of cations. Some autheors eniphasise the
importance of each of these factors in the order in which
they are listed above.(75,77) The importance of cation~
type is illustrated by the formétion of zeolite A from
Na=-containing mixtures and of =zeolite F from corresponding

K-containing mixtures(78).

_ As far as the individual steps of the process are
concerned, the most importaht are the order of introducing
the ihvredients of the mixture (15) the manner and the

time of their mixing (33), the interval between mixing of

the components and proceosing them, i.e. time of ageing (77L
time of heating (75}, and time of keeping the crystals in
contact with the mother liquor(78).

Long-term empcrical work has suggested the following
important conditions for zeolite syntheses: reactive

starting materials, such as co-precipitated gels; a
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relatively high pH; low tempefature hydrothermal conditions
at saturated water vapour pressure; and a high degree of
supersaturation of theAcomponents in the gel, which leads

to nucleation of a very large number of small crystals(78).

2.2.2 Mechanism of zeolite crystallisation

Synthetié zeolites are often not true equilibrium
phéses because where highly reactive amorphous reactants
are used - which is the case with fhe mixtures for zeolite
syntheses - mefastable ensembles ma& easily form and persist.

- The Ostwald step rule(79) has a wide application here.

The actual 'routes’ through which the zeolite nucleation
goes are not yet clear. It seems unlikely that the growth
of complex alumosilicates crystals proceeds by capture of
single 51ouhf and A3045’ tetrahedral ions and cations by
the developing lattice. Barrer considers(75) that a conden-
sation polymeriéation of polygonals or polyhedral ions is a.
more probable way of zeolite growth: One could think of a
variety of simple complex anions of joined Si-Al¢ tetra-
hedras,-such as 4=, 6- or 8-membered rings, cubic units
and hexagonal prisms (Fig;'10a).- Such units may be recognized

in many zeolite structures(6). -

Tf some terminal OH groups are visualised in the above.
secondary building units (SBU), a further condensation
polymerisation could take pléce and-producelarger aggregates
like those shown in Fig.'10b. Such chains of lY-membered
rings are found in various structures and, in addition, a -
number of hypothetical structures can be described on the

basis of symmetry operations involving them(11).

By Jjoining the above described rings, cubes, prisms,
chains, etc., it is possible to produce SBU still larger

in size such as cancrinite cages, gmelinite cages and
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Fig. 10 Condensation polymerisation(75).
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cubo~octaedras. Such units also exist in many zeolites(6).

Physicél proof of the existence of the.polygonal and
polyhedral anions in alkaline aqueous media, containing
alumina and silica is hard to obtain, but at least there
is some evidence(80) that soluble anionic species existing
in the liquid phése of the reaction mixtures are respounsible

for the growth of zeolite crystals,

The systems,‘frdm which zeolites crystallise are
essentially heterogeneous ones, The problem which phase
is of primary importance in zeolite nucleation - the solid
or the liquid - has‘been discussed by several authors.
One view(78) holds that the zeolite crystals are formed in
the solid phase of gels, and that the components of the
liquid phase do not directly affect the crystal formation.
In a considerable number of cases, Zdanov et al have
shown(77) that, on the contrary, gel crystallisation cannot
be attributed to the Si-0-A{¢ network in the gel skeleton.
In almost all cases investigatgd, they have found the silica
content in the solid phase of the gel to be greater than
that in the zeolite crystals, so that the crystal formation
has to proceed not only by fearraﬁgement of the structure
of the (Si-0-A? ) network of the gel but with changes in
its composition. An example of fhe role’Bf the liquid
phase is the case of recrystallisation of zeolite A into
zeolite.x when its mother liquor is washed out and replaced
by inNaOH(81). Several similar examples have been also
observed(64). '

2,2,3 Co-crystallisation of zeolites

The simﬁltaneous or consecutive growth of natural
zeolites seems to occur readily since zeolite deposits
usually consist not of one but of several zeolite phases.

Specimens resulting from hydrothermal syntheses in the

laboratory or in industry are also frequently mixtures
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and the tendency of synthetic zeolites towards co=
crystallisation is a well known problem there. Co-
crystallisation is not'surprising considering that the -
zeolite crystallisation process invblves competitive
nucleation of several metPastable phases, as discussed
ip the previous section. Information given in Table 3 )

illustrates cases of co-crystallisatiomn.
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TABLE 3. '

Data from hydrothermal syntheses

Co-crystallising‘phases : Cation} Reference‘
Analcite, mordenite. Na (117),(121),(63)
Analcite, sodolite. ' Na (121)
Analcite, mordenite, ferrierite. Ca (119)
Analcite, phillipsite. ' X (83)
Analcite, phillipsite. Na (63)
Analcite, mordenite, wairakite. ca (82)
Analcite, cancrinite. | Na (75)
Epistilbite, harmotome. ca  [(119)
Epistilbite, heulandite. Na (120)
Faujasite, chabazite, phillipsite. Na,K (31)
Faﬁjasite, phillipsite, sodalite,v :

Linde Y. , Na (81)
Faujasite, sodalite. TMA%*Z [(119)
Faujasite, phillipsite, erionite. Na,K (40)
Sodalite, harriotome. ‘ TMA (119)

NaX, NaY, sodolite. Na (63),(122)
Chabazite, phillipsite, K-I. ‘ X (122)
Chabazite, phillipsite, zeolite F. X |t3w), (35)
Chabazite, erionite. | ' -~ K,Na (77)
Na-chabazite, phillipsite. Na (63)
K-chabazite, phillipsite. K (83)
Chabazite, zeolite F, zeolite K~I. K; . (77)
Phillipsite, mordenite. ' Na (63)
Phillipsite, chabazite, erionite. - K, Na (122)
Tomsonite, epistiibite, ' Ca (119)
Zeolite A, sodalite. - Na (81), (140)

%1 Cation contained in the alumosilicate gel,

¥2  Tetramethyl ammonium cation.
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3. ADSORPTIGN

3.1 THERMODYNAMICS OF ADSORPTION

In spite of the long history of the study of
adsorption an& extensive experimental work in that
field, the applicatioﬁ of thermodynamics to physical
adsorption in a comprehensive way is quite recent.
There are several ways in whicﬁ the adsorption system
could 5e regarded from a thermodynamical point of view.
In modern therﬁodynamics two main approaches have become
popular. The first considers. the adsorption system as
a two component system‘of sorbate+sorbent in equilibrium
with unadsorbed sorbate. This is the method of solution
thermodynamics, introduced by Coolidge(8h), but developed
in detail by Hil1(85). The method leads to an evaluation
of partial molar thermodynamic properties. The latter
have been found(86,87) to be more sensitive to small
differenceé in energy of the adsorbed molecules, than
the corresponding wmolar properties. In the second approach -
that of the adsorption thermodynamics{88) - the sorbed
molecules are regarded as a one component phase in the
field of an inert éorbent phase. Thié approach leads to
an evaluation of the molar therwodynamic properties and
operates Qith the so~called "spreading pressure', g(ss) as
an independent characteristic of the sorbate. The evalua=-
tion of Z is tedious and may lead to errors in the calcu-
lated properties. In general this method is less often
applied. ‘ 1

, In the present work the approach of solution thermo~
dynamics is employed more frequently, but this of adsorption‘

thermodynamics is also used.
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3.1.1_ Thermodynamic properties of the sorbent/sorbate

systoem.

Isosteric heat.

The mosf explicit and widely used thermodynamic -
characteristic of a given adsorption process is its iso~
steric heat, qst,(89) which is usually evaluated from
the Clausius-Clapeyron equation. For a vapour which
obeys the laws of perfect gdses, this equation is given

in the following well known form:

Slnp | _ HF;H1 R (R cee (341-1)
ér ), . ®Rr®  &T RT

P - equilibrium pressure of adsorption.
T -~ equilibrium temperature of adsorptlon.
ﬁé - molar entalpy of the sorbate in the gas phase.
H,- differential entalpy of the sorbate in the adsorbed

phase,

The isosteric heats are obtained by plotting [nP
for a fixed uptake vs 1/T for each of a series of experi-
mental isotherms measured at dlfferent temperatures. The
integral (molar) heat of adsorption, -ASH can be estimated
by a graphical integration of plots of the differential
quantities,Aﬁh, (= —qst) againsﬁ the corresponding amounts
adsorbed, n:

. n, |
AF‘ = i AHan - e (3.1-2)
1 o

If we define an ideal surface as one which is
energetically homogeneous (case A) and an ideal sorbate
(case B), as one whose molecules do not interact with each

other, we can present four typical curves showing the depen-
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dence of -‘AH (or - AT ) on the amount adsorbed (89). The
curve will be horlzontal only when both cases A and B are true.

Entropy of sorption

can

The differential entfopy of sorption(90), 4A§1,
be expressed as: ‘
- - 0 AH :
) AS.' = S.I - Sg = ‘—-'1-‘— (3,1.-.3)

e differential entropy of the sorbate in the sorbed phase.

- molar entrony of the sorbtate in the gas phase.

3 0§ »
g8

- equilibrium temperature.

(<]
The value of Sg can be coumputed from the tabulated

standard entropies of gases, Sgo(91). For this purpose the

following formula can be used. T

co o dar

o o c
sg = sg + Rln P /P + f p (3.1-—&)
) , . “p T
o .0 oy ‘ ' © '

P”y, T = standard pressure and temperature respectively
P, T - equiiibrium'pressure and temperature respectively.
cés ~ specific heat of the sorbate at pressure p.

If we combine equatlons (3.1=3) and (3.1-4) we obtain

the followlng expression:

T
- of e 50 v ah Lo (3.1-3)
T T

which can be used for evaluation of the differential entropy'

of the sorbed phase, 51. From the latter one can calculate
. o«

the integral (molar) entropy of the sorbed phase, S, by

the method described for the calculation of ¢5H (p :52 )

An examination of equation (3.1-3) shows that when
z&H ( =-q_ ) 1s,°h1th1n experimental error, independent of T,
the functlon (S +-E—~-Spcalled the half standard entropy

of sorption - is also,within experimental error, temperature
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independent. This fact is used for obtaining by extra-

polation the values of §1 for temperatures exceeding .

those of the experiment.

Affinity of sorption.

The change in the chemiéal potential,wAéL, when a
mole of sorbate is transferred isothermally and reversibly
from the gés phase of standard pressure P° into an infinite
amount of sorbate-sorbent mixture at equilibrium pressure
P is expressed as: o

PO

-At& = Rt ln = (3.1-6)
P _ ) o
The values of-A@Lare a measure of the afflnlty of adsorption
and can be directly computed from the adsorption isotherms.
A practical important characteristic of a sorbent is
'its selectivity towards different sorbates. A quantitive

measure of this is provided by the affinity of adsorption.

3.1.2 Thermbdynamic broperties of the sorbent.

When adsorption tékes'place, the sorbent also undergoes
an alteration. It can be shown{(92) by using Gibbs-~Duhem
equation that the change in the chemical potential of the

.sorbhent, A%iz,-is given by the following-expression:
. : P P .

Aty = (pmf,° = [ vap - BN f—’-‘— ar (3.1-7)
| A - m Mo P | -

{42 - the chemical potential of the lattice forming units
of the sorbent, when the sorbate is imbibed.

fézo- the chemical potent1a1 of these units when free of
sorbate. ,

Vv - fhe volume of the lattice forming units.

M ~ molecular weight of the above volume.

x - weight sorbate in g per g sorbent‘
- molecular weight of the sorbate. ' : L

P - equllibrium pressure.
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P

‘The term J‘VdP is usually ignored andAF{z can be

evaluated by ggaphical integration of plots of.§ against P.

3.2 PHYSICAL MODELS OF THE SORBED PHASE

In order to give a physical description of the sorbed
phase, different theoretical models are usually tested by
'comparing the measured thermodynamic quantities with those
predicted from the models. Two models of the sorbed phase
are often examined: those for localiséd and non-localised

sorption,

According to the ideal localised model(93) the molecules,

adsorbed on immobile, identical sites vibrate about mean
positions on these sites and do not interact with each other.
The isotherm equaticn deduced for this model is the well

known Langmuir isotherm:

o = __1.%); : A. vee (3e2-1)

- Jdegree of coverage of the surface.,

pressure of the gas in equilibrium with the sorbed phase.

b - constant. .

It has been shown{94) that b is expressed as:

b = KO e—q/kT LRI (302—'2)
Ko - term dependent on the thermal entropy of adsorption.
q - heat involved when a molecule is adsorbed,

The quantity b will be constant if the standard free
energy of adsorption on each site is constant(95). This
is a necessary and sufficient condition for a?plication of
the Langmuirt's equation. Accordingly,Lahgmuir’s isotherm
follows under rather wider conditions than those normally

given.

For ideal localised sorption the differential entrcpy

of adsorption, §1, can be expressed as the sum of the
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differential thermal entropy, S and the configurational

_ ‘ th'
entropy, Sc:

S, = § s ' o2~
5, th * 5S¢ (3.2-3)
According to the localised model, the last term,

§c’ is given by:

§c = R!?,n _(.153)— (3.2—11)
Hence, equation (3.2~3) allows evaluation of the differential

thermal entropy, S which must be independent of 6.

th’
Taking into account the interaction between the adsorbed

molecules, an equation similar to (3.2-1) but with an extra

energy term has been derived(96). Its application seldom

has more success than that of Langmuir.

The mobile model assumes that all the molecules have

sufficient thermal energy to surmount the potential énergy
barrier between sites so that they possess translational
freedom. If the equation of state is that of Volmer the

adsorption isotherm for the mobile model is given as{97):

P =K - exp -2 T (3.2-5)

The effect of interacﬁionvbetween sbrbed molecules has been
considered by Hill(98) and the above equatioﬁ has been

altered accordingly, assuming van der Wa@ls equation of state.

Experience has shown that the above two models, and
their variations - including the BET equation - are seldom-
quantitatively valid.v The discrepancies are commonly
attributed to the heterogeneity of real surfaces(89). In
the case of micfoporous sorbents like activated charcoal

or zeolites it seems that there is also another reason
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which increases these discrepancies. The reason
concerns the actual nature of the sorption phenomena

in such sorbents.

3.3 ADSORPTION IN MICROPORES

Pores with radii below 162 are considered as
micropores(99) and adsorption in solids possessing
mainly such pores is regarded as different from that
in other solids. McBain held such kind of wview and
in the ear;y'1930's he introduced(100) the term per-
sorption to dsscribe sorption in the fine'pores of
activated charcoal. Considering zeolites, he talked .
(ibid, p.171) about the "artificiality of the concept
. of adsorption upon the so-called interior surface ..a"
Recently the specific feature of adsorption in micro-

pores has been discussed at length by Dubinin(99).

We can describebthe peculiarities of adsofption‘
in micropores in the following way: Owiﬁg to the size
of the micropores the action of the adsorption forces,
set up by the solid body is felt within the whole free
volume of these pores. In such a "volume force field",
the adsorption isblikely to be more a process of volume
filling than of surface covering. Indéed, in the limited
space of the micropores, the molecules successively
adsorbed cannot form adsorption layers and the cuétomary
convention of layer by layer coverage and monolayer
surface arca(89) lose their physical significance. The _
volume of the micropores turns out to be a more appropriate
characteristic of the microporous sorbents than its
surface(99). Barrer introduced in 1958 the term "mono-
laver equivalent area"(101) as one which should replace
for the case of zZeolites, the classical term of monoiayer

surface area. The new term can also be applied to other
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microporous sorbents.

If in the case of adsorption in micropores, the
classical Langmuir or Volmer view cof surfaée coverings 1is
unsatisfactory, the alternati#e is to turn to a general
adsorﬁtion theory, which does not specify a model of the
sorbed phase, such as Polanyi's potential theory of
adsorption(102)."Accprding to this thedry, the adsorption
space in the vicinity of a solid surface is characterised
by a series of equipotential surfaces, The adsorption
potential, € , of each such surface is different and is

given by the following expression

P -

€= RTe{n —> (3.3-1)
P

P - saturated vapour pressure of the sorbate.

P -~ pressure in the gas phase at equilibrium.

The adsorbate is considered to be a liquid-like phase

with volume W, where

¥ = (3.3-2)

X
x = weight of gas adsorbed in grams at the equilibrium

pressure P.

f’ - density of the liquid at the equilibrium temperature T.

A plot of Evs W produces a temperature independent

characteristic curve(102) for a given sorbent/sorbate systen.

From this curve it is possible to predict the adsorption at

different temperatures. ' Co L

Polanyi made no attempt to derive an expression for
the adsorption isotherm, which was the strongest feature
of his theory and at the same time an essential weakness,
Dubinin and co-workers applied Polanyi's theory particularly

to microporous sorbents and offered(99) an equation for
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the adsorption isotherm by introducing the term affinity
coefficient,f3 y and accepting a Gaussianvdistribution

of the adsorption potential in the volume of the sorbent.
The affinity coefficient is expressed as a ratio of the
temperature independent parachors of a given substance, P,

and a standard one, Po,

p=—+ ceee (3.3-3)

P
o

The equation of the adsorption isotherm is as follows:
x = Wofexp -—ﬁls— (2.303RT 10g10 &)2 e (3.3-4)
. P

X - amount adsorbed in prams.

W_~ total volume of all the micropores.

P -~ eqgilibrium pressure of the gas.

P ~ saturation vapour pressure of the gas.

K -~ constant, characterising the pore size distribution,

From plots of logx against 1ogP°/P, one can estimate
the total volqme of the micropores, Wo, which is the
desirable characteristic of a microporous sorbent. Further
in his methbdvDubinin suggests equations for isosteric

heats and some thermodynamic functions(99).:

kALthough a development of Polanyi's theory, Dubinin's
method, 1is based on some different concepts from those
accepted by Polanyi. The latter considers the equipoténtial
surfaces as approximately reproducing the geometric shape
' of:the adsorbent surface and thus he gives a significance
to the surface of the sorbent. While applying Polanyi's
theory to microporous sorbents, Dubinin rejects the concept
of a surface and regards strictly the adsorption in this
case as a volume filling phenomenon. (He even entitled his

method."theory of volume filling of micropores").



60.

It is hard to judge the correctness of Dubinin's
method and its total approach, since at the present
moment sufficiently complete information on the adsorption
field in micropores can be obtained only from adsorption
experiments. This fact, indeed, kcepns the method still
far from a real theory. However, numecrous experiments(99)
havc supported Dubinin's method and thus it has at least
a value of a good approximation for adsorption in micro-

porous sorbents,

3.4 EMPIRICAL ISOTHERM EQUATION.

Besides the above discussed classical adsorption
models and the Dubinin's phenomenological method, another
way of describing the adsorption phenomenon is based on
general thermodynamic relationships together with a
virial equation of state for the sorbed phase. Such an
approach can lead to .an cmpirical isotherm eqqgtion and
evaluation of the thermodynamic properties of the sorbent/

sorbate system. We can start by applying Van't Hoff's

isotherm:
. (o]
a . a
AG==RT €n[-=\ - +RT & n —=- vee (3.4=1)
. \a eq a® '
g ‘ g

4 G - change of the free energy of adsorption.

- activity of the gés, which is adsorbed.
a_ - activity of the gas,in the gas phase.
eq - refers to equilibrium state.

o - refers to arbitrary state.

If the sorbate is in its standard state(103) and
the arbitrary state is aso = ago = 1, equation (3.4-1)
leads to an estimation of the equilibrium constant of
.adsorption, K, through the change of the standard free

energy, A c%:
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-2 a
AG = AG® = =T £ n (;S— eq = ~RT & nK eeo (3.4-2)
- g

Further we can involve the change of the entropy and
o
entalpy at standard state, AS resp. AH,O.

o o o '
AG A1 :
—§—£7—=As° = RZnK-i—RT-(S—C—I-l—}Sﬂ- ~ 4 ve. (3.4-3)
&T §T T T

The equilibrium constant can be also expressed as:

a c
s _ s¥

a e P
8 1 i-

e (3.12k)

Cy ~ concentration of the adsorbed phase as the number

moles per litre free volume of zeolite.

P . - equilibrium pressure of the sorbate in the gas
phase. ' _
¥ - activity coefficient of the sorbate.

In section 3.1.,2 in this chapter the change in the

chemical potentialpof the sorbent is given as:

. m i .
0 -

A(uz may also be written
~JL
Af'(?_ = \rdP . ) LU ) (30&‘5) .
o
- 3T is the tension that would have to be applied to the
sorbate free zeolite to reduce its chemical potential to

that of the zeclite when sorption has taken place. J

is the equivalent of an osmotic pressure,

Combining equations (3.1-7) and (3.4-5) we get:
: P

' MRT IS

o
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The ratio M x
YV m

represents c, and equation (3.4-6) can
be rearranged as: '

, p -
jT.J . = J__ Csdp - « o (30&'—7)
C_RT - c P
S 8 o
- 7T
For the osmotic ratio ‘C =F~ Wwe can write an
ordinary virial equation: s
. ,
it _ 2 .3
SR " 1+ AC + AC T +A5C 7 4 e (3.4-8)

By combining equations (3.4-7) and (3.4-8) we can.derive

the following expression for the adsorption isotherm:

2A02+&AC3.-.) " s (301"-9)

K = cs/P exp (2A1Cs + 5 AC 3 440

where Y = exp(ZA | + % Azcsz g ABCS3 ees) . (3.4-10)

Thus the eguilibrium constant K may be obtalned from plots
of {nc /P vs. C_, as {nx is the extrapolated value of

nc /P when C —-0. If sufficient data is not available
for extrapolation, 5 may be estimated by solving several
simultaneous equations like (3.4-9). In this way the virial

coefficients will also be obtained,

, In the standard state, the activit§ of the sorbate,
ags must be unity. By substituting this in equation
(3.4=4) we can estimate graphically the concentration C:
in the standard state. ' :

‘ The method describéd here provides also a sensitive
test of the ideal adsorption models. The test is made
by a comparison of the empirical activity coefficients
with those derived for the given model(93,97).
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3.5 FCRCES AND ENERGY INVOLVED IN THE PHYSICAL ADSORPTION
3.5.1 Physical adsorption forces.

Since fhe adsorption results from interatowmic or
intermolecular interaction, the forces involved are the
same as those in any other physical interaction phenomenon.
The physical interactions encountered in the case of
adsorption of non—polar-molecules are dispersion, close-

range repulsion and polarization forces.

The dispérsion forces(104) originate through the
rapidly changing electron density in an atom (visualised
by London as "orchestra of instantancous dipole moments"),
which induces a corresponding electrical moment in a near
neighbour and thus leads to attraction between the two
of the two isolated

atoms. The potential energy, ED’

atoms, sevparated by a'diStance r is given as:
. A ‘ .
E, = --;3 eoe (305-1)

A - constant of interaction..

According to Kirkwood and Miller(105) the constant A

relates the polarizabilities &, and O and magnetic
susceptibilities >&G and &% of the two atoms with the
mass of the electron, g, and the velocity of light, c.

The relation is as follows:

2 _Oh d>
X/e, + A/,

A = 6me . (3.5-2)

The potential energy of dispersion forces between
adsorbed molecules and a plane surface, EDa, is given(106)
as: : '
a N Ta

E =

LI (305-3)
D 62> :

Z - the perpendicular distance from the adsorbed atom
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to the surface of the solid.

N ~ number of adsorbed atoms per unit volume.

The repulsion forces arise only at short distances
when the electron clouds of the two atoms overlap suffi-
ciently. The energy due to repulsion forces between two

atoms at distance r is expressed empirically as

E = | [} (3-5’2‘)

6
' =Aro . s
B ~ constant; B = ) , where r, is the equilibrium

separation distance.

The potential energy resulting from dispersion and
repulsion interaction of two atoms is then given by

Lemnnard-Jones 6:12 potential:

6

1 r -
E. + E_ = --A( - ° eee (3.5=5)
D R .r6 2r12 .

Polarization forces arise if an atom or molecule
is placed in an external electrostatic field, F. This
field induces in the atom or.molecule,-a dipole moment,
f{ind' The potential energy, Ep, of this intrbduction is:
F

» = = -1 dF?
p I [Hind arF 2 UF
o ' '

- the mean polarisability of the atom {molecule).

ees (3.5-6)

If we consider a field created by an isolated cation

with a charge e, at a distance r from an atom (molecule),

CAT

the corresponding energy, E ", will be expressed as:.

p

2
B OT L L e/t cer (3.5-7)

In the general case of adsorption of non-polar sorbates,

the dispersion forces represent the major contribution to
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the total energy of adsorption. The dependence of the
dispersion forces on the distance from the surféce and
the coordination number of the sorbed molecule results
in considerably stronger fields within pores,than above
" a plane surface. De Boer and Custers(107) have shown .
this by calculating the dispéfsion energy of molecules

at different surface environments.

3.5.2 Interpretation of heatsvof adsorption in terms

of intermolecular forces.

We can consider the isosteric heat at OOK, qsto'

At such a low temperatiuwre only the potential energy need
be considered and if =zero-point energy is neglected, we
can write:

qQ ° - -ﬂ— n —8-2’- ces (3.5-8)

st 1 SrH

P,T,n2
¢ - interaction energy of the sorbate with the sorbent.
n,- moles sorbate in the mixture. '

~ moles sorbent in the mixture. .

‘As was mentioned before, for non-polar sorbates’ the
total potential energy comprises only dispersion (ED),

repulsion (ER) and polarization (Ep) components, so:

¢ = ED + ER + Ep ) seo e (305"9)
For rare gases the isosteric heat does not vary
appreciably with the temperature(68) and formula (3.5-8)
holds for other temperatures as well. However, calculation
of g is difficult and in many ways uncertain. Information

about many physical quantities is needed and often the
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numerical valués of the constants are not known with
accuracy.(108) Attempts have been made to calculate
the heats of adsorption of rare gases in zeolite X{(68)

and mordenite(108) and of ammonia amd carbon dioxide inm
faujasite(109 & 110).



CHAPTER II

MATERTALS, APPARATUS AND METHODS
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1 MATERIALS

1.1 SORBATES

The sorbates used were spectroscopically pure Ar
and 0,, Kr (99-100% balance Xe) and Xe (99-100% b?;ance
Kr). All sorbates were supplied by British Oxygen
Company Limited. -

1.2 SORBENTS

The sorbents used were:

Name Supplied from Supplied as |Label Note.

Synthetic . = -

zeolite L Union Carbide(15)| K,Na form |L
Synthetic ' , '

zeolite L These laboratories K,Na form |L-IC{Contaminated

o ) ' by gibbsite,
M. Damm. . _ ER and OFF.

Synthetic These laboratories K,(CHB)hN* OFF

offretite R. Aiello. fornm
Natural Pine Valley,Nevada,K,Na form |ER

erionite U.S.A.

The following ion-exchanged forms were prepared

- from the aboye'samples:

Sample | Ton-exchanged forms . Label

| Hydrogen, lithium, sodium, [HL; LiL; NaLj

L potassium, caesium, barium KL; CslL; Bals

o and lanthanum. LaL.

L-IC Sodium, potassium and calciumNal-IC; KL-IC; CaL~IC.
OFF Hydrogen. H-QFF.

ER Hydrogen, sodium and potass-

ium. H-ER; Na=ER; K-ER.
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These selected ion-exchanged forms gave an
opportunity to investigate several effects on the

adsorption behaviour:

1. Cation size at constant valency for a given
structure, (LiL; NaL; XL and CsL) and for different
structures (. and KL; NaER and K-ER).-

R. Cation density in a given structure (KL; Bal.;

lal’ - specially the first two cases, as the sizes of

the cations are very similar).

3. Influence of the framewvork (HL, H-GFF and H—ER).

1.2.1 Preparation of cation-exchanged forms of

zeolite L, erionite and offretite.

All the ion-exchanged forms of zeolite L and erionite
(except HL and H—ER) were prepared by a direct mixing of
a given amount of the original sample with a nearly
saturated solution of the corresponding chloride (Table %),
The mixtures were left at room temperature for about
72 hours, shaken from time to time and then filtered,
wéshed and dried. The washing should ideally be continued
until the crystals were free of chloride, but because of
hydrolyéis,'exceSsive washing was avoided, and traces of
C¢ may have remained in certain of the samples (see Table 4).
All the ilon-exchanged forms after washing and drying were
left for equilibration with water vapour for at least a

"week, in a desiccator with saturated NHucﬂ.

1.2.2. Preparation of decationated forms (H-farms)

of zeolite L, érionite and offretite.

HL and H-ER were prepared from the NHh-form of the
corresponding zcolite, following heating at 350°C for at

least 24 hours in a stream of 0,



TADLE 4

3

JIon Exchange Concentration of Concentration
form Salt Purity the saturated g/ 100 g+ H,0 Notes
solution :
NaL,NaL-IC,Na~ER | NaCl - AnalaR 36.5 z/100 g 30
| H,0 at 25°C
KL,K1-IC,K~ER. KNo3 KC1 AnalaR 31.6 g/100 g. 28
H20 at 20
(2776 g/100 or
H0 at 25°C)
Cal-IC CaCLé.6H20 AnalaR 74.3 g/100 g- 60 Traces of Cé'
» - , ’ H20 at 25 C
BalL BaCl ,.2H,0 AnalaR 39.9 g/100 g. 35
: H,0 at 25
LiL Licv;6H20j | AnalaR 78.5 g/100 g.’ 70
) H,0 at 20
CsL cscl .aq AnalaR 186 gr/100 g 100
, H,0 at 25°C
ralL LaCl .3H,0 |BDH29008 - 50

‘0l
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20, + 2NH,lzeolite—» 2H-zeolite + 4H,O0 + N

2 ve. (2.1-1)

2
The NHh-forms were prepared by the technique
described above for the other cation-exchanged forms.

H-OFF was prepared from the original sample

containing K ~ tetramethyl ammonium ions by heating at

500°C in a constant flow of 02:
‘g B - 3 ' -
Ky« [ (CHB)!‘I\]X Zeolite + 15x0, —= L J K, H p-Zeolite

2 APPARATUS

An apparatus was built (Fig. 15) consisting of three
volumetric systems (A, B and C); two gas reservoirs
(D1 and Dz); Toepler pump (E); two outgassing systems
(F’ and Fz); pressure measuring device (G) and pumping
system (H). A gas reservoir and the Toepler pump are shown

on Fig. 12 in more detail,

2.1 PUMPING SYSTEM ANKD VOLUMETRIC SORPTICN SYSTEM

The pumping system consists of a single stage mercury
diffusion pump, backed by a rotary oil pump. A single
volumetric system (Fig. 13) contained a bulb gas burette(1);

manometer(2); adsorption bulb(3); communication volume

B C

The manometers were constructed from 0.6 cm. diameter

‘ (dead volume, VD), Joining volume V and cold volume V..

Verdia tubing. A calibration mark was fixed on the arm
of the gas-line. The calibration of the gas burettes was
effected by weighing with mercury(92). ‘
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2.2 THERMOSTATS- AND TEMPERATURE CONTROL

Thermostats as described previously(68) were
used for obtaining temperatures between -20%c and -15000{
The organic liquids, used for filling the internal

Dewar of the thermostat, were as follows:-

TABLE 5
Temperature interval Liquid
-20°¢c to ~40°C Methanol
-10°% to -100%% Petrolcum ether
-100°%¢c to -150%¢ Tsopentane

The temperature control was realized by a Sunvic
controller(68) and the accuracy obtained was ip.1°C.
The temperature was read by a vapour pressure thermo-

meter, chosen as indicated in the table below:

TABLE 6
Temperature interval ~Vapour
-18%¢c to -40°C n-butane "
-40% to -68°c . Ammonia
-70°c to ~108% Carbon dioxide.
-105°C to -150°C Ethylene.

Direct baths of liquid nitrogen and liquid oxygen were

also used.
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-3 METHODS

3.1 ' PREPARATION OF SAMPLES FOR ADSORPTION.
"QUTGASSING OF THE SAMPLE '

About O.5g of the samﬁle was placed in a weighed
sorption bultb and its weight determined accurately.
The bulb was thenvcarefﬁlly blown to a bent glass
tube with a stopcock and a cone. The volume of the

tube was determined beforehand by weighing with mercury.

A standard procedure'waé followed for the out-
gassing of most of the samples. The sorbent was out-
gassed at room temperature to about 10-5mm.Hg and the -
temperature then raised during evacuation, by not more
than 70°C per hour,; up to 350°C. Outgassing was’
continued at 35000 for 24 hours (or longer, for the
inifial outgassing) and finally the temperature was
slowly lowered to room temperature over an interval of
at léast 3 hours. Outgassing of sorbates between runs,
waé carried out under milder temperature conditions of
200°C for at least 5 hours. It had formerly been accepted
that only the rate at which the temperature of the sample
was increased was of importance (because of the danger
of sintering by release of excess water) and the rate
of coolihg has usually been neglected. Possible re=-

siting of cations at high temperature duriné outgassing(é)
| makes it desirable to regulate the speed of cooling so
as to permit ion-distributions to adjust towards those

appropriate for room temperatures.

3.2 MEASUREMENT OF ISOTHERMS
Measurement of the isotherm involved reading the
dosage and equilibrium pressures at fixed températures.

The time allowed for reaching the equilibrium was about
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an hour for temperatures lower than —15000, and not

less than 20 mins., for other temperatures.

The amount adsorbed was expressed in cc (at STP)
sorbate per gram of dehydrated zeolite; ‘or as the
number of molecules of sorbate per unit cell of dehy-

drated zeolite.

All the pressures were read on a cathetometer with
an accuracy of 0.005 cm.

3.3 X—RAY"EXAMINATION

The X-ray powder method, with CuKq radiation was

used for the following purposes:

é) identification of species from syntheses;

b) characterisation of the ion-exchanged forms';

c¢) estimation of the changes in the sample after
outgassing ' '

d) observation of the alteration,‘which occurs while
heatiﬁg the zeolite

e) estimation of the positions of thé cafioﬁs before
outgassing ' ‘ '

£} estimation of the positions of the -cations after

outgassing.

For a, b and ¢ a Guinier camera was used. This
technique was found to be not satisfactory for case <,
because of low accuracy in estimation of the intensities
and- an inevitable rehydration of the sample} Attempfs
to overcome the first difficulty by X-raying a mixture
of the sample and a standard (Pb(NO3)2’ quértz or a chosen
convenient zeolite) did not give sufficient improvement,
but using a diffractometervinstead of a GuiﬁierAcamera
gave reliable evidence of the irreversible alteration of
a few lines after outgassing. The problem of rehydration .
was solved by using a Lenne camera(111), which allows a
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continuous diffrac#ion pattern to be taken, during heating,
in the range from room temperature to 1200°c. A coﬁparison
of the patterhs on the Lenne camera at room temperature,
before heating, and at high temperature, after outgassing,
gave the infcermation needed, although a pumping system '

attached to the Lenne camera would be an inmprovement.

For case d continuous patterns, taken from room
teuperature up to'550°C or 700°C cn the Lenne camera, were
used. For cése'g powder patterns were obtained, on the
same camera, at SSOOC after a given time_of heating of the

zeolite, causing full dehydration.

~For the purposes of case e powder patterns were recorded,
on an XRD-~6 diffractometer(112) to give more accurate esti-

mation of the intensities., ’ N

3.4 FRLECTRON MICROSCOPY AND ELECTRON DIFFRACTION

The electron micrographs and electron diffraction
patterns were obtained on electron microscope Philips

EM100. .

A sample for microscopy was prepared as follows:
A few drops of a weak (0.5g./100 \) solution of Formvar
in chloroform wéré spread on a microscopy slide and allowed
"to dry, leaving a thin film in abput one minute. The film
wvas cut into small, roughly-square pieces (about 3mm> area)
The‘glass with the film was fhen gently dipped into water,
on the surface of which the film-squares floated. By insert-
ing an electron—microscoée grid, held inba pair of forceps
under each piece of film and lifting it, the film was
mounted and left to dry for about 30 minutes. ‘A suspension
was made by shaking a few specks of the zeolite with distilled

water and the strength adjusted by estimate the cloudiness

visually.
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A drop of suspensioh was put on top of the already prepared
grid, covered with a film, left for abcecut an hour

to dry and then fitted into a specimen holder(45.).

The sample prepared this way was used for obtaining

both electron micrographs and electron diffraction
patterns. The electron micrbgraphs were taken by

means of the usual technique(45.) at 80kv and range

of magnification between 2000 to 12000-fold. The

negatives were enlarged about 3 to b-fold in printing.

Electron diffraction patterns were taken at 80kv
or 100k¥v in the following manner: The crystal chosen
at a given magnification was singled out by means of
adjustable leaves of a shutter, which operates at the
intermediate image(47). The magnification was dropped
to zero and after that'thé microscope was focussed until
»the'electron—diffraction pattern was observed. This was
then recorded on 35mm film. 'In'printing the photographs
an enlargement of:about 10 to 12-fold was obtained, so
that the distances between the spots could be easily
measured in mm. A sténdard electron diffraction battern
of Au was taken and used aé a reference for moreaccurate

AL calibration(45:).. ' -

3.5 ~THERMOGRAVIMETRIC AND DIFFERENTIAL THERMAL
‘ ANALYSIS
A Stanton thermogravimetric balance TR11 was used
and the temperature was raised from: that of the room up
“to 1200°¢ over a period of about 5 houwrs, using the slow
cam.(113). The charts obtained were used for sevéfal

purposes:
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a) to estimate the loss of water at atwmospheric
pressure up to 500 C, where a plateau was usually

observed. The water content s0 obtained was

considered along with that determined by 1gn1t10n,
b) to compare the TGA curves of different samples;

c) to characterise the behaviour of the zeolite in
the whole temperature interval, for cemparison with
DTA data and X-ray patterns f{rom LENNE.

A cla551cal DTAwerecarrled out on Dupont 900 DTA.
A direct heating of the reference mater1al and the sample
frou room temperature was found to be unsatisfactory and
the samples were therefore cooied'with 1iquid'ni£rogen

before starting the run:

3,6 CHEMICAL ANALYSES AND SPECTRCSCOPICAL METHODS

Classical silicate analyses(114) were employed for
detérmining the commlete compositioh of the sorbents.
The degree of ion—éXChange wvas determined spectrophoto-
metrically(175) after full digestion of the zeolite(115).
K*, Naf and Ba++ were determined using absorption spectra,

. . + + . , . .
and L1+, Cs and La+ using emission spectra,

The degree of decationation was estimated by deter-.
mination of the cat:on deficiency of the decationated

form comparcd w1th the orlglnal sample.
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CHAPTER IIX

RESULTS AND DISCUSSION:.
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1. ZEOLITE CRYSTALLISATION

Syntheses of zeolite L were carried out for bractical
and theoretical reasons. It was found {p.160) that sauples
L-IC (p,68;) had higher adsorption capacities towardé-rare
gases, compared with sample L (p.68 ), but lower stability.
Comparison by electron microscopy'(EM)_and X-ray techniques
revéaled, for L-IC, poorer crystallinity and the presence

of contaminants. To prepare pure, well crystallised phases

of zeolite L and structures related to L, both hypothetical(1ﬂ

and nétufally occurring, was the practical aim. Repeated
and reproduciblé.co-crystalliSation of phases with common
building units made the phenomenon of zeolite co-crystalli-
sation and the role of éhevsecondary building units of

thebretica} interest.
1,1 SYNTHESES

Two types of synthéses have been completed. Firstly

. the feported composiéions for syntheses of zeolite L(15)

and zeolite T(33) (which was originally considered (p.22 )
to be erionite) were used. Secondly, variations of these

compositions were explored. -

Examination of the reported éompositions (Téble-?)
indicates close similarity in the conditions for syntheses
of zeolites L and T. The mole ratio of silica to aluﬁina
was | 20 for all except L¥, for which it was 17.7. The
alkali-oxide to silica ratio was close t6 0.4 for all cases,
except TB’ fpr which the value was 0.5. A common value

of 40 for the mole ratio of water to alkali oxide was found

% Subscribed symbols for each zeolite refer to different
preparation as given in the corresponding patents (15 and

33). ‘ o | S
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TABLE 7.

Compositions and conditions of synthesis of .
Zeolites L and T(15,33)

L, L, | Ty Ty 'T3

1 | KoH(g) 28.7 {13.7 |41.1 ] 7.16] "8.57
2 | NaoOH(g) - 7.3 | 43.2 |15.5 | 15.9

3 NaALOz(g) - 5.0 | 30,0 - 5.0

L AL(OH)B(g) 5.6 | =~ - 5.0 | =

5 | "syroN"(g) 130,0 {124.¢ [145.0 |130.0 |124,2

6 H20(cm3) 1 17,1 | 845 01,0 [86.1 [127.3
7 | t°c . 100 100.0 [100,0 }100 120.0

8 | T (hrs) - 1169 64.0 1160.0 | 8.8 | 8.0

9 SiOz(g) 1 30.35 | 30.64 219.83|38.55| 36.64
10 SiOz(moles) 1 0.638 0.610 3.63§ 0.638 0.610
11 AL203(moles) . 0,036 0.G30 0,18; 0.032 0.030
12 | Na,0 (moles) | 0.000 0.121 1.097 0.197 0.231
13 | X,0(moles) 0.253] 0.122] 0.364 0.064 0.076
14 | Na,0+K,0(moles] 0.253 0.233 1.463,0.25% 0.307
15 HZO(moles) . 6.042l 9.551 57.343 0.875 11.937
16 Na20(K20+Na20) 0.000 0.520] 0.749 0.750 0.753
17 (Na20+K20)/S10£ 0.396] 0.582( 0.392 0.399 0.503
18 Sioz/ALzo3 | 17.7 |20.3 20,00 20.00{ 203
19 | H,0/(Na,0+K,0)| 23.8 |41.0 |39.20] 33.20 38.8
L, and L, - preparation 1 and 2 respectively from (15).
T1, T, and T, - preparation 1, 2 and 3 respectively from (33),

2 3
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for Lé, T, and T The temperature was 100°C for all

1 3°

preparations except that-of T The order and wmanner

35
of mixing the cowmponents was the same.— Homogeneous
solutions of alkali-aluminate constituents were prepared

and added, with continuous stirring, to the "Syeton“ sol.

The only significant difference between the composi-
tions for preparation of zeolite L and T was in the mole
ratio NaZO/(Nazo + KZO)’ which was 0.75 for all T formulae,
but 0.00 and 0.52 for L
of.crystallisation of T

1 and L2 respectively. The time

2
for the remainder of the preparations.

and T3 was noticeably shorter than

In Tables 8 and 9 are summarised the conditions -and
results of syntheses. Because in 30% of the cases of the
first series (Table 8) amorphous material was obtained, in
the second series (Table 9) the time for crystallisation
was in general extended. iﬁ the second series, the composi-
tion of the initial solution was altered significantly for
two cases - 15" and 16" - and only for these are the full
composition”given in Table 9. For all cases the time of

crystallisation is given.

The purest and Best Crystaliine phase of zeolite L
obtained was 1' (Fig. 14). The X-ray powder pattern cont-
ained only linhes relating.to the true structure(11) and
the crystals wgré formed. They were slightly larger than
- those supplied by Uhion Carbide (Fig. 15>. ‘Preparatioﬁ.L1
reliably produced a single phase of L for cases 1', 1%, 20
~and 3", The.only other phase found»dsing preparation Lj_
was gibbsite (Fig. 16}, as seen in cases 3', 5' and 4", or

as a mixed phase with L, in case 11°',.

Preparation L2 led to pure phillipsite for cases 8¢,

7" and 8" (Fig. 17); and to a mixture of zeolites L,

erionite and offretite in cases 2!, 5", 6", L-IC (Figs 18a,

.f



TABLE 8.

Compositions and conditions of synthesis - Series I

Order Number of Experimenf

(K 2 3' |4 |50 7il 8t {10t { 110 {12 {130 1h j16] 171118 {19
KOH(g) \ 28,7113.7|14.3 6.8 p4.3(6.8]7.018.4 [15.0(8.0(3.5[3.5[4.5/2.0}1.8{7.2
NaOH(g) = | 7.3] - PB7]1.0{2.0{2.1|2.0 | 2.0{2.5]1.8{1.8|0.8/3.7|3.8| =
NaAIloz(g) . .. had 5.0 hand 2.5 - 2.6 300 205 -— 2'5 1.2 1.2 1.2 105 - -—
AL(OH)B(g) 5.6/ - [ 2.8 - 2.8/ -] - |- 13.00=}|=1}=1=] =}1.291.4
"SYTON(g) 130.0 12,2 {65.C {62.1 |56.0 62 O[42.2]52.5 |65..0 [60.0 [27.0[27.0{25 31.3|31.3127.5
Hzo(c.m3) 17.1]|84.5] 6.5542,2]65.0{822157042.5}10.0 |45.0 23.0123.0{23.023.0|22.0{ 5.0
t°c 100 100 |- 100 {100 | 100 {100| 100|120 | 120 [120|103| 103{103| 103| 103 103
hrs. 169 1103 | 103 | 64 | 100| 64} 48|100 | 84| 48[150[100| 87 100| 4§ 48
- Preparation L, | L, |1, L, | Ly| Lyl Ly L, p1 LZI,L2 L, L, T, Ti T,
X=-ray result L L G 1 A G | A PH! A L+G| A |not dist A | 0FF. G| A
: - o E tingui- l‘: : :
‘shed, :
B .| = o o 3 9
%o |"w|o B H egh g |8
E z, g Q . 'g 0; Q b= Y & et COI‘n ég g N
- "Electron a 3] ol v - 'Sn .-(3 8‘,‘3 f; g B g shaped . oo
‘Microscopy. N - S IO vl e <8R T I |erystaly gl
| eI CERTE mal "law SOk E 1 leofeel 1
ol o g o 3 6 SH HEEES ARES
P Rong o §o 0 o H % Eoog A =R
. : 0N N & 8."0
i 85
H o gl o

L - Zeolite L; ER ~ Erionite; G - Gibbsite; PH - Phillipsite; A - Amorphous.

L1 and L, - see Table 7. . OFF- Offretits
Tqs T2 and T3 ~ see Table 7. :

*H8
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TABLE 9.

"SYTON" .
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Other symbols - see Tables 7 and 8.

0S - old

"SYTON",

NS = new















18b and 18¢). Semple L-IC was the first to be shown to
be a mixed phase. Presence of different species was
revealed by examination of\its X~-ray powder pattern

(Table 10). Reflectlons additional to those of pure L{11)
were d = 4,82 A associated with gibbsite, and d = 11.4,
6.60, 3.71 and 3.58 which are typical of erionife and
ocffretite. |

_Formula T, yielded offretite with traces of L. The
~crystals were well formed, large pods (Fig. 19).

" Two new ﬁhasss which could not be identified were
~also obtained. The first was named Na,K-BB (13' and 1471)
and second, Li K-VV (14", 15", 16"). Table 11 and rigs.
20a and 20b present their X-ray powder patterns and

electron micregraphs respectively.

The results of the above two series of syntheses
showed that lack of sodium cations favours crydtallisation
of L (p. 84), while the converse favours crystallisation |
of erionife and/er'offretite. (1t is diffieultrto disting-
uish erionite and offretite in a mixed phase - see p.95 ).
It was of interest to find whether a further increase of -
the'sodium content would result in pure erionite or offre~
_tite. A third series of syntheses was- performed for thls

purpose.

The results are given in Table 12. Pure offretite
was obtained only in case 811, but was poorly crystalline.

Pure erionite ‘was not obtained,

An increase of' the sodium content above the limits
set by the formulae for preparation of zeolite T(33) led
to crystallisation of a) chabazite, from concentraﬁed
solutions (H 0/(Na 0 + X 0) = 26.4) - cases 3" and 4"; and
-b) faujasite, from more dllute solutions (H 0/(N &) + X O)
= 52) - cases 5"t and 6™
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X-ray powder patterns of L-IC, L, Erionite and Gibbsite.

L-IC L Erionite _Gibbsite
d K intensity d X intensity d'g intensity| d X intensity
16.0 vs 16.0 vs - - - -
1.4 W - - 1.4 vs - -
- - - - 9.161 m = -
7.90 w 7.90| w - - -
7.52 s 7.52] s 7.50[ s - -
6.60 w - - 6.60 s - -
- - - - 6.29| m - -
6.02 i 6.02 m - - - -
5.82 o] 5.82 m - - - -
- - - - 5.62| m - -
- - - - 5.37| m - -
h8z| w [ - - 482 ve
.61 vs L.61| wvs 4 .60 "s- - -
h.ho m Lol m - - - -
- - - - - - 4 .38 s
k,33 m 4,33 m L.34 s 4.36 m
- - - - 4,16 | m - -
13.91 ‘vs '3.91 | vs - - 3.75 W
3.71 ] w - - 3.71] s 3.62] w
3.65 | m 3.65 | m - - 3.39], w
3.58 w - - 3.58 vs 2.44 m
3.48 m 3.48 m - - P
- - |- - 3.30| m
3.29 m 1 3.29 m 3.28 s
3.19 s 3.19 | s 3.18| m
- - - - 3.16 vs
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. TABLE 11. S
X-ray powder patterns of samples Na, K-BB and Li, K~VV

Na, K-BB ' Li, K=VV '

d X ' ~ intensity d R ;intensity
9.80 w _ 8.20 w
4,90 W 8.00. w
3.20 s ' 750 W
3.08 _ - vs - 6.50 -m
2.77 W 5090 s

. 2.75 m 5,60 m
2.64 s | 5430 m
2.58 W ' 4,65 .m
2.44 m 4,08 m
2.41 w ~3.88 W

' 2.25 - m 3.78 w
2,14 W 3.60 w
2,04 - 3.36 s
2.03 m ‘3,30 w
1.99 W 3.24 m
1.96_ , w ' 3.15- m
1.88 . W 3.05 m
1.77 wo . 3.02 w

tes 0 wm 2.99 m
1,72 w 2.88 m
1.67 | W © 2.68 w
1.66 m 2.65 w
1.64 w 2.55 W
1.59 W o 2,46 . w







TABLE 12

Composition and conditions of syntheses - Series III

Order number of experiment

For the meanings of the other symbols, see

Tables 7 and 8.

1" and 2 3" and Lo 5in and 6"6" 7;".and gur '9m and 10"

preparation. L2 T1 Té T1 T2

hrs. 168 178 168 168 172
Nazo/(N20+K20) 0.60 1.03 0.98 - 0.80 0.78
(Na,04K,0)/510, 0.40 - 0,30 0.1k 0.38 0. 46
Sizo/ALzo3 20,30 .20.00 21.27 20.17 ' 21.27

H,0/ (N,04K ,0) 15.5 26.36 51.96 20.58 17.07

X-ray result py | PH PH + CH FAUJ A OFF PH I
CH : CH~

' CH - Chabazite.
O
FAUJ - Faujasite. F
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1.2 CO-CRYSTALLISATION AND INTERGROWTH OF
ZECLITE L, ERIONITE AND OFFRETITE.

The data from:the previous section showed (samples
L-IC, 2', 5", 6" and 17') that zeolite L, erionite and
offretite tend to grow together. It was also found that
Linde T contains small amounts of zeolite L, shown by the

presence of the reflection d = 16,00, which belongs to L(11).

Before considering further the problem of.co—erystalli-
sation of the three zeolites, it is neceésary-%o'discuss
the possibility of dlstlngu1sh1ng between erionite and ' _
_offretite. It had previously been reported that X-ray powder.
patterns of the two zeolites were jdentical(24), and more’
recently that they could be distinguished by single—erystal
X-ray or electron diffraction, but with less certainty by
the X-ray powder technique(12). 1In the present work with
synthetic samples if_was foﬁnd, however,athat three fairly
strong diffraction arcs occurred only in fully ordered
~erionite: 101 (d = 9.16), 201 (d = 5.37) and 211 (d = 4,18).
These could be used for purposes of distinction. Flg. 21

presents the X-ray powder photographs. '

‘ " The co-crystallisation of the three zeolites was
detected by the X-ray powder technlque, but as the latter
is not easily able to detect the presence of small amounts
of impurities, the samples were further cxamined in the
electron microscope. All samples showed, in different
proporfions, the presence of flakes, rod-like erystéls and
hammer-shaped crystals as well as conglomeratee of these
(Figs. 18a, b and ¢ and 19). Electron micrographs on a

scanning mlcroscope* (Fig. 22) and carbon replica micro-

¥ obtained by D. Mainwaring.
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graphs (Fig. 23) give infermation about three-~dimensional
shape of the crystals: The flaky crystals were disc-like
.agglomerates and the rcd-shaped crystals were cylindrical.f
The head of each hammer was a smcoth continuation of the
shaft, thus show1ng that each hammer is formed by epitaxy

(see reference 138).

Electron diffraction patterns of - the various particles
were interpreted by comparison of measured spot spaclngs
(p. 38) with those calculated from the known unit cells of
offretite, erionite and zeolite L (Table 13). .Though it was
difficult to obtain an electron diffraction pattern from
‘a single flaky crystal a few such patterns were successfully
recorded (Fig. 2#) and were found to. correspond with that

expected from a crystal of L lying on its basal plane.

Figure 25 shows an electron diffraction pattern from
a rod-like crystal which was identified as a faulted erionite.
There are streaks runnlnb parallel to S and the spots
corresponding to 8 odd are weaker than those for ¢ even.
This Suggests the occurrence of stacking faults (pu 39) in
layers normal to ¢ resulting in emall regions of offretite

within the crystal.. In fact this pattern can be considered

TABLE 13. :
arameters 80 KV " 100 KV o o
. _ a A c A
Zeolite a*mm c*mm a*mm c*pm ‘
Zeolite L 1.32 2.81 | 1.19 2.53 | 18.4 7.5
Erionite 1.835 1.40 1.65 | 1.26 | 13.26|15.12
Offretite 1;835 2.79 1.65 2.51 13.26| 7.56
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as an intergrowth of erionite and offretite. The exact
proportion is difficult to estimate although it seems

likely that erionite forms the major part. Figure 26

is an electron diffraction péttefn obtained from the shaft.
of a hammer-shaped crystal. The pattern is interpreted |

“as a faulted offretite‘with ¢ parallel to the shaft. This
pattern differs from that in Fig. 25 in that the spots
referred to above with ¢ odd, have now disappeared, but

the streaks parallel to c still persist. Faults therefore
occur in stacking layers normal to ¢. When electron diffrac-
tion was directed only at the head of the hammer, the pattern
in Flgure 27 was obtalned which corresponds to that of a
crystal of zeolite L with the c-axis 1n the direction of

the shaft. '

The relation between the a-axes of offretite of the.
.shaft and zeolite L of the head was established by electron

diffraction patterns taken to include both parts (reference

138) It was concluded that in the two phases both the a-

and c-axes are parallel.

In order to explain the result juét described it is
necessary to 1ook more closely ‘at the ‘crystal structures
(Table 1), "All are frameworks in which (Si, A )0, tetrahedra
join at their apices to form rings of 4, 6, 8 and 12 tetra-
hedra. Each structure has as bulldlng units 11-hedral
cancrinite cageé and hexagbnal prisms. - Identical layers,
perpendicular to the ¢ cirections exist in erionite and '
offretite, whilst idenfipal chains parallel to the <
direction occur in the L and offretite structures. Using
the notation in which six-membered rings centred on the
three possible six-folq aﬁes in the unit cell a#e labelled

A, B and C, offretite follows an AAB sequence, whereas
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‘erionite has a longer AABAAC sequence. The faulting of
offretite aﬁd erionite can be appreciated when-the_éimi-
larity of the two structures, differing only in séacking
Sequence, is considered. Faulting will ocecur where fhe
regular sequence is broken by the occurrence -of a random.
layer, A, B or C} Erionite shows a tendency towards three"
layer repetition and therefore 1ntercalates regions of
offretite. The offretite 1nterca1at10n is made manifest

by the weaker é odd reflections in the pattern on Fig. 25.

On the other hand faulted offretite shows no tendency
for higher nericdicity than 3 énd so remains essentially .
an offretite with frequent faults. 1In general these kinds
" of faulting will entail thé preﬁence of A, B and C layers
in comparable number,;ﬁith coﬁsequent blocking of the
main channels and alteration bf the molecular sieve behav-
iour. However, other»kinds of faulting can occur in .
offretite. This faulting may be easily‘visualised by
generating the framewotrk structure of offretite through a
symmetry operation involving chains of four-uembered rings,
similar to those occurring in some other zeolites having
non-intersecting, parallel main channels, for example
zeolite L, cancrinitg and gmelinite(11). Periodic variations
from the ideal offretite chain are p6§51b1e, which can '
introduce kinds of faulting that do not obstruct the main
chamnel. These types of faulting cannot be distinguished
by electron diffraction from those which block the channels,
but the molecular sieve behaviour of faulted crystals should

serve to differentiate between them.

The hammer-shaped crystals probably owe their peculiar
shape to epitaxial growth betWeen‘a head composed of
zeolite L and a handle of offretite. Since both structures:
contain identical chains, sﬁmdarly orientated with respect

to their unit cells, the epitaxy may be explained by some

N 4
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of the chains passing through the interface and-effeéting

a firm union betﬁeen the two crystals. It wouldvalso be
necessary for there to be an approximate latticé fit for
not one, but a whole array of linking chains. Figure 28
shows a brbjection down the c-axis of the chains in offre-
tite and zeolite L upon which certain indicated chains
nearly coincide. A coincidence would result in a ratio
EL/aO = 1.4, which is close to the experimeﬁtai value 1.388
and within the limits set by Wilman(141). A question which
naturally arises here is whether the offretite or the
zeolite L was present first. However, a careful examination
of the electron micrographs has revealed geveral hammers
with two shafts(138) - an example is given in Fig. 29 -»591
whereas double-headed hammers have not so far been observed.
These facts seem to indicate that offretite shafts have

grown on heads of zeolite L.

From the foregoing observation it can be concluded
that zeolite L grows predominantly in the a direction in ‘
a flaky habit, whilst offretite and erionite have a prefer-
ence for growing in the ¢ direction in a rod-like habit.
The structural causes of the favoured blaty habit of
zeolite L, an spite of the'presenCe of the chains accounting
for the fibrous, aéicular or prismatic- habits of offretite

and erionite, are not known.

X-ray powdér diffraction fails to distinguish between
offretite and strﬁctural'intergrowths such ‘as zeolite T,
in which there is a fairly high proportion of epioﬁite '
stacking. The appearance of hammer-shaped crystals in a
given sample is an indication of the presence of both
offretite and zeolite L and can be used as such when the
X-ray powder method fails to show their presence (sample 21).
Hammer-shaped crystals have been encountered previously but

not identified(78). It is always advisable to examine



104,

. specimens of offretite and erionite by electron diffraction
to detect whether faulting occurs. This is particularly
important when samplses are intended as sorbents. The data

in section 4.1.2 reveal that K-erionite does not sorb‘Ar,

in contfasf.tb the Na-form. A sample of K-offretite,
faulted by erionite, will not sorb Ar, but the corresﬁonding '
non-faulted form will. Thus, in case of faﬁlting of offre- -
tite by erionite, sieving properties are deterwined by the
erionite layers. However, faulted and unfaulted samples of

offretite will have virtually the same X-ray powder patterns.

The data in section .1 gives the following sequence

of the saturatlon capacities for Ar at 77.3 K:

Noat H-0FF > Nsat H-ER D'sat =L

Accordingly, the presence of offretite and erionite in L
will result in highef adsorption capacity than that of

pure L. The saturation capacities of Ar found on L-IC
‘conflrmed this (Table 30°'). Capacities for Ar of L samples
contamlnated by K-erionite would however, be expected to

be lower than those for pure L.' In fact, the capacity of

Ar on KL-IC was found to be higher than that of KL (Table 30 )
demonstrating that erionité is the minor contéminant and the’
offretite faulting is of a typé'that‘does not obstruct the
channel (p.10R). Quantitative conclusions are not possible
as neither the erionite/offretite,ratio nor the degree of

faulting is known.

1.3 EFFECTS OF SECONDARY BUILDING UNITS
ON CC-CRYSTALLISATION.

The simultaneous growth of zeolite L, erionite and
offretite; all of which possess common building units

" (cancrinite cages and hexagonalprisms) suggests that such
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units hay form in solution as precursors éo nucleation of
crystal growth. 'Spch units may well originate from chains
and rings'of 5104”4 and A Ou-s tetrahedra, surrounding

a cation in solution. Condensatlon-polymerlzat1on of poly-
gonal and nolyhedral ions, as discussed before(75) may then
result in formation of stable nuclei. This mechanism is
supnorted by the fact that cations are included withih these
units in the final structures(11,14). The idea that the
~dinitial orientation around the cations may be of decisive
importance for directing the process of crystallisation of
~zeclite L, erionite and offretite is supportéd further by
the following observations:s The value of the NaZO/(NaZO +
K,0) ratio was the. only essential difference in the
patented compositions for syntheses of L and T (Table 7).
It was found in the present work that compositions without
Na+ are most favourable for obtéining pure L, and also that
the ratios Na 0/(Na 0 + K O) together with H 0/(Na 20 +K,0
are determlning for erlonlte/offretlte, chabazite and

faujasite preparations. (Tables 8, 9 and 12)

The co-crystallisation of zeolite L, erionite and
offretite conveniently 1llustrates the tendency of phases
which possess common building unlts to co-crystallise.
there domains of the structures are common to each structure,
1imiting cases of co-crystallisation are observed, such as
the epitaxy of offretite and L (sommon chains - p. 12) and the

intergrdeh'of erionite and offretite (common layers, p 16).

Co-crystallisation of zeolités cannot always be attri-
buted to the presence of common building units, but this _ _
‘appears to be true for a number of cases. Table 3 summarises
somefco-crystallisiﬁg phases found by other authors. The
following cases taken from this table further illustrates

this point:
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co—crystallising phases conmon building units

faujasite/sodalite . sodalite cages
zeolitelA/sodalite sodalite cages
faujasite/chabazite hexagonal prisms
chabazite/erionite ‘ hexagonal prisms
epistilbite/hormotome "~ (layers of four-membered
epistilbite/heuleudite ( rings, joined by eight-
'. ' ’ é membered rings.

Four and eight (or six)-membered rings are common for
many co-crystallising phases of Table 3 - chabazife/phillip—
site, erionite/phillipsite, analcite/mordenite, analcite/
cancrinite, but as such small building units are incorporated
into the majority of zeolites, their presence cannot be
considered as decisive for co-crystallisation. A more
probable reasocon for the above cases is the presence of
cdmmdn chains of four-membered rings of the type described
in(11). Examination of the data in Table 3 shows that
analcite and phillipsite frequently co-crystallise. It is
possible to consider that these two zeolites are formed in
the initial stages of crystalllsatlon and are then trans-
formed,/partlally or fully, into other phases. An appllcatlon
éf ‘the simnlexity principle, proposed by Goldsm1th(139)
explalns the prior initial formation of analcite and phillip-
site, as their structures are more hlghly disordered (with _
higher entrOpy) than the phases with which they co-crystallis-
ed. Transformation:of 6ne structure into another in the |
mother liquor shou]d.ﬁevconsidered as a speéial case of
co-crystaiiisation, involving a reorganisation of structures

already formed. In such cases, a correlation betwecen the
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secondary building units of the initial structure (most
disordered one) and that to which it transforms will be
of significance. The fact that the synthetic.ieolites
are not necessarily equilibrium phasesAand that Ostwald's
rule(79) sometimes applies to the zeolite crystallisation .
processes (p. 46 ) makes the variety of the simultaneously

existing phases large and generalisation difficult.
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2. ION-~-EXCHANGE

Ion-exchange was used to prepare modified zeolite
sorbents. The extent of ion-exchange towards differeht
cations aflrbom temperature and concentrations near
saturation was determined for éeolite L and eriodnite,

In the present section the results of these lon-exchange -
experiments will be éonsidered. Analytical.and X-ray .
characteristics of each ion-exchanged form will also be

discussed,

2.1 CHEMICAL CHARACTERISTICS OF THE
ION-EXCHANGED FORMS OF ZEOLITE L -
. ERIONITE AND H-OFFRETITE.

The samples of L, L-IC, LR and OFF described on p. 68
were used for ion-exchange. Table 1h'gives,the total
chemical composition of L, ER and OFF. ‘

TABLE 14

Chemical composition of the original samples

of zeolite L., erionite and offretite

o] ghsmeimetne te o st wesghe | suenssocs oxies
~ 2 2 2 273 2 2
L 14.05 0,70} - | - [15.20]59.06|10.90 KéOd.gNa200°1
*=A£20365102&H20
ER |3.90/5.05/0.63 -  |14.76]64.39 |11.90 Na200.6K200°30a06.
| A€ ,0,7510,5H,0
OFF* { 5,96] - - |11.,60(13.82|61.45{ 8.10 (TMA)20O.6K200°h
| AL 10,7510,3H,0

* results provided by Dr. R. Aiello. ' e
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Results o} analyses of the ion—exchepéed forms of
L, ER and OFF are given in Table 15. ' Samples having
the following unit cell coupositions were used as
references, for determining the degree_of ion—exchange.
K9A¢95127072 for Lj; Na6KBA19Sia7O72 for ER and
KhAghSiIHOBG for OFF. Both .the residual potassium and .
the entering cation were determined spectrophotometric-~
ally (see p.79 ) for each form of L, except HL and LiL

where only the residual potassium was determined.

For the erionites the degree of ion-exchange was
- estimated by measuring (spectrophotometricallY) the
amount of potassium and sodium on each sample; and for

H-OFF by measuring the amount of potassium only.

From the degree of ion-exchange (Table 15) the
following characteristics were calculated: compositions
of the unit cells; weights of the unit cells and the

numbers of unit cells‘per gram of dehydrated sample.

_ Water contents (Table 15) were determined from the
weight losses on ignition. For the decationated forus
however, this loss includes hydro;yl water. The latter
was calcuiated froﬁ the degree of ion-exchange for each
of the samples; The values obtained, expressed as a
pefcentage of the dehydrated weight are 4.6% (HL); .
5.3%(H-ER) and 4. 3%(H—0FF) The amount of hydroxyl water
for the metal-cation exchanged forms (e.g. for Na HK6AE9 127072)
was below O. 5% and was neglected. On the basis of the

zeolitic water in each sample, the numbers of weter mole~

cules per unit cell were determined (line 6 in Table 15).

Originaliy the. amount adsorbed was calculated in
cc(STP) of sorbate per gram of dehydrated sorbent (agg).
It was considered (p.158) to be more con#enient if the
amount adsorbed was expressed as the nuwber of molecules

of sorbate per unit cell of dehydrated sorbent (N———)



TABLE 15

Chemical characteristics of the ion-exchanged forms of zeolite L,

erionite and offretite.

Sorbent ‘ : 4 ‘
Characteristis HL LiL NaL KL | CsL BaL LalL | K~ER | Na-ER [H-ER H—OF
EH O% referred to dehydr ol - : :
feight.x1 27.5% 24.6 15.8 | 12.3] 11.5 | 16.6 | 17.3 | 13.5 | 17.1 |21.9%2 20,
 Degree of ion-exchange, : ’ A
r %  equiv. 82.3 | 31.4 | 32.5 9.8] 32.6 33.6 | 34.7 | 43.8 } 11.6 |86.5) 78.1
. Idealised formula of L |
HR* 8 1
unit cell.  |HgKR** L1 HK R|Na HK/H KHR| Cs K Rl BaHK R LaHK R | K. Na R Na7K2R HgKR H KR,

Weight of unit cell. ' 2‘199.3 2403.0 _‘ 2434 ,0 | 2466.1) 2654.3 [2525.0(2488.9 R472,5 [2395.0 2200.6 1115.

Number of u.c.per gram,

1020, ' 2.741 2.50 2.48 | 2,44 2.27 2.38] 2.41 2.42) 2.52|2.74 5.3
Iap molecules per unit - f : .
“cellx3, ‘ 27.4 | 33.0 21.4 1 16.9| 17.0 23.0 | 23.9 | 18.2 | 22.1 [20.4 | 10,2
~k,coeff.for transfer _ ‘ .
ﬁaasg into NﬁEE 0,098 oﬁ1o7 0.108! 0.11Q] - 0,117} 0.116 0.1153} 0.108 0,106 o.ch 0.0

. *1  estimated as loss'of weight by ignition.
*2 hydroxyl water included.
*3 estimated on the basis of the zeolitlc water. '

*4 - R = A£98127 72, R, = Ac45114 36°

‘oLt
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A coefficient k for_convertingiigg into NGE— for each

sorbent is given on line 7 of Table 15 and can be used -

for recalculation of the adsorption data where necessary.

Several points arising from the data of‘Tablé 15.

deserve attention:

1. The extent of ion~exchange of zeolite L towards .
different metai cations is restricted to values in the
range 31-~34%. As about 38% of the cations are thought to
be sited in the main channel(ii), it seems that under the
present.experimental conditions only these ions are availe-
able for exchange. This confirms and extends to different
catidns the results of Barrer and Villiger who found by
structural analyses(11) that after an exchange at room
.temperature, the channel is occupied by k' (in potassium
enriched form of zeolite L) and by Na® (in the sodium
enriched form). - '

Breck and Flanigen(15) have reported a variety of
degrées of ion-exchange of L towards different cations:
av. 25%_(Zn2* and Ce3+); av. 4o% (Li*, nNa*, Sr2+, ng+)
and as high as av. 72% for Ba2* anda ce**. The_ion-éxchange
proceduré,was the usual one of miiing the original sample
‘at room temperature with solutions of the corresponding
.chloride, sulphate or nitrate and washing the product obtained
with distilled water. The mixtures were vigorously stirred
and this, together with the differences in solution concen-
'trations, are the only differences between the procedure of
reference 15 and that of the present work. The high value
of 73.2% exchange found by Breck and Flanigen is difficult
to explain on the basis of the structure of zeolite L. Of
the eight samples investigated by Breck and’Flanigen, four
gave about 40% exchange which is\close totthe-percentage.
of cations in the main channel, | o

However, as adsorption in zeolite L takes place'iﬁ the

.
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main channel, only the exchange of the cations sited there

~ is relevant when preparing samples for adsorption.

2. Zeolite L undergoes partial decationation dufing the
ion-exchange, as a result of which a deficiency of about
one cation pef-unit cell is present in all metal cation-
exéhanged forms studied. A decationation during washing 
of newly synthesisedsamples of L has also been reported by
Preck and Flanigen(15), although numerical data are not
available. In the ion-exchange of L carried out by Barfer
and Villiger(11) decationation was not observed. Their
procedure included washing of the product with a weak solu-

tion of NaCH, wnichlékplains the absence of decationation.

3. The ion-exchange of natural erionite also shows a
-prestriction on the number of the original cations that.can
'~ be replaced. It can be'concluded, from comparison of the
composition of the original sample and of the.K-ER‘and
Na-~£R prepared from it, thaf four of the nine cations per
unit cell cannot be exchanged. This corresponds to 459
cation equivalents. Limitation in the degree of'exchange
of up to 40% has been reported by Peterson et al(28) and

of up to 50% by Eberly(27). All these results ‘can be
‘related to the work of Gard et al(14) who located one cation
‘position in the middle of the cancriniteméage. As there

are four such sites per unit cell, the number of cations
sited there is equal to the number of cations whic¢h do not
undergb-ion—exchange. Similarly, ion-exchange in I, suggests
that the cations in the cancrinite cages do not undergo
exchange at room temperature. Cations in the cancrinite
cages appear to be trapped at low temperatures in L and

erionite structures.

The exchangeable cations in erionite are thought to be
in the large cavities. There are two large cavities per

unit cell and there will be about five such cations per cell.

Lot
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The cation distribution in erionite will be further discussed

" on the basis of the adsorption data in a_léter section (4.1.2).

h.vThe extents of ion-exchange for decationated forms, vid
the NHu;ferms? of L and ER are almost twice those found for
the metal-cation forms (line 2, Table 15). Barrer and -
{anellopoulos(19) prepared NH,L at 100°C and also found an
extensive exchange (84%). They attributed this to exchange
of allicatiOns in the unit cell except those in the cancrinite
cages. The calculated value for this exchange is 78% which
is in approximate agreement with the experimental value. The
same explanation can be accepted for the present data, but"
the reason for the special behaviour of NH4+, cqmpared with
the metal cations, is not clear. The ion size is not the
cause, as NHu* (radii 1.42 3(123) ) is larger than the alkali
metal ions used (Table 16). V

For H-ER the observed high degree of jon-exchange for
NH4+ makes it necessary to consider the possibility of

exchange of the cations in the cancrinite cages.,

As only a single sample of offretite was investigated
no conclusions based on the degree of ion-exchange could be
made. This case has been discussed elsewhere(126).

2.2 X—RAY EXAMINATION OF THE TON-EXCHANGED
FORMS OF L.

It was of interest to investigate the effect of differ-
ent cations on the structure of zeolite L. For this purpose
X-ray powdér patterns were taken at room temperature on a
Guinier camera for all ion-exchanged forms and used to
compute the unit cell. Sharp lines of medium intensit&,
each corresponding to a single‘reflection(ii) were sélected.’
and their position'aqcurately measured on a Vernier scale.
The lines selected were 001, 210, 220, 310, 301, 221, 311 and

321. Pb(N03)2 was used as a standard. Corrected d spacings
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were calculated by applying a computer program Delkor(127).
With the d values so obtained the unit cell dimensions

of each form were calculated. For this purpose a conputer
program CDLS(128) was used. The results arc listed in
Table 16.

TABLE 16

Unit cell and cation dimensions for ion-exchanged

forms of zeolite L.

- a c v R cation*|V cation|Vv, cations

Sorbent X X Xg X 23 u%?%‘?EIl
‘ Ad/u.c.

AL 18.357 | 7.597 | 2217.12 - - L. ‘

LiL 18.409 | 7.551 | 2216.11] 0.60 0.90 1.80

NaL 18.485 | 7.514 | 2223.43] 0,95 3.58 7.6

KL 18.450 | 7.529 | 2219.84 1.33 ] 9.83 19,65

CsL 1 18.4L7 | 7.545 | 2223.,67 1.68 19:80 39.60

BaL 18.436 | 7.528 | 2215.69] 1.35 10.27 10.27

LalL 18,349 | 7.527 | 2194.69] 1.15 1 6.35 6.35

* the data obtained from (123).

Table 16 also gives the radlus and volume of each
catlon together with the total volume of cations per unit
cell. :

The dependence of the unit cell axes on the cation
size is presented graphlcally on fig. 30, We can divide
-the 1nvest1gated cations into two families:; cations with
the same valence but different size (Li . Na . K and Cs ),
and cations with different #alence and hence cation density
per unit cell, but of approx1mately the same size (K , Ba R+

and La3+). Fig. 30 shows that both a and ¢ cell dlnen51ons

R
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are dependent on the cation size as follows:
21i € ®§a* > T+ > Zcst

cLi > ®Nat < °k* < Ccs+-

Thus with the exception of LilL the increasing cétion size
‘fésulted in econtraction of a and expansion in ¢. The
valence of the cations mainly influences the a dimension
(curve 2 on Fig.BO)-the_higher the valence the lower the
a value - but no méasuraple effect of valence was observed

on the c dimension.

The dependence of the volume of the unit cell on the
volume of cations per unit cell is shown in Fig. 31. Constant
cation valence corresponds to constant volume of the unit
cell, which is thus independent of the size of the bation,

Lil again being slightly exceptional. Decreasing cation
valence is followed by an increase of the volume of the unit’
cell. One might attribute this behaviour to the differences
in the volumes occupiéd éer uﬁit cell by the cations of
different valence. An examination of column 7 of Table 16
shows, however, that the differences in the corresponding
.volﬁmes for cations of different valence are smaller than
those for cations of constant valence (for example

XL, LalL vs CS@, NalL or vs CsL, XL). Such an explanation,
therefore is not tenable. | ' |

The'distribufion of the cation chargevin the main
channels of L may also be considered as-a cause. For mono-
valent cations, three electrostatic charges are sited at
distances apart of 5.58 K(11)'which is the separation between
neighbouring sites in the main channels. For cations of
higher valency suéh a distribution is no longer possible,
~the limiting case being LaB+ :

, where all the charges will be
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concentrated at the location of La3+;' Such differ- .
éﬁt'charge distribution may deform the unit cell différéntly.

The computed unit cells for all ion-exdhanged'formsiof
L were used to calculate the d spacingé for each form using
a computer program Apol(129). From the‘obtained powder patterns
of each ion-exchanged. form the d spacings were also directly
measured” by Guinier ruler.  The intensities °~ were visually
estimated and the. data are given in Tables 17 and 18. The
patterns of Lil, NalL and KL showed almost identical intensi-
ties of the cofresponding lines and only the KL pattern is
therefore tabulated., The only exceptions. were the reflections
300 and 201 which are observed as weak iines on patterns of

1il and Nal, but are absent for. KL. -

By comparison the intensities in the CsL pattern are
considerably different. reflections 210, 001, 111, 301 and
321 being absent, whereas in the other patterns they héve
strong or medium intensity-(see Table 17)}. The bresence of
~reflection 201 for HL alone, and absence of 111 from CsL,
BalL and Lal, represeﬁt significant differences in the patterns.
Other minor differences can be found by directly comparing '

each pair of patterns.
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17.

X~-ray powder patterns®* at room temperature

119.

of* HL,, XKL and CsL
HL - KL
a 2~ | ma /1, | 4 2~V | mer | 1/1 hkl | I/T
15.90 | 100 vs 15.98 | 100 | vs 100 | vs
9.18 | 110 W 9.22 | 110 w 110 m
-] - - 7.99 | 200 W 200
~ 7.60 | 001 m 7.53 | 001 s . - -
6.00 | 210 s 6.04 | 210 s 210 W
AP RN B R . gl
4,59 220 s 4,61 220 vs 220 s
4,41 ] 310 W 4.u3 | 310 m 310 m
4.35 | 301 m k.35 | 301 - |-
3.93 | 221 s 3.93 | 221 vs 221 s
3.69 - s 3.66 - vs - m
3.51 - s 3.48 - vs - m
3.29 | 321 o 3.29 | 321 s - -
3.18 - s 3.19 - vs - m
3.09 - m 3.07 - vs - m
2.92] 222 s 2,92 | 222 vs 222 m
- - - 2,80 | 421 m - -
2.65] 600 m 2,66 600 vs 600 w
2.63 - w 2.62 - m - m
- - - - 2,56 - m - -
- - - 2.48 - m - m
- - - 2.43 - m - -
- - - 2.20 - s - w
1.89 - \ 1.89 - s - m;
- - - 1.82 - m - -
- - - 1.78 - w - W
- - - 1.69 - m - -
- - - 1.53) - m - -

* Lines found to be weak in all patterns are omitted.
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X~-ray powdér_pattefns* at room temperature

of Bal. and LaL

laL
a a? hkl /1, a 3! hk1 I/1,
15.97 100 Vs 15.89 100 vs
7.53 001 s 7.53 001 s
- - - 6.80 101 w
6.04 210 s 6.01 210 s
4,61 220 s k.59 220 m
h.43 310 w bk 310 m
%.35 301 w 4.33 301 m
3.93 221 vs 3.92 221 vs
3.82° 311 W - - -
3.67 - m 3,70 - s
3.49 - s 3.49 - s
3.29 321 m 3.28 321 W
3.19 - s 3.19 - s
3.07 - s 3.07 - s
2.94 501 m - - -
2.92 222 s 2.91 222 vs
2.80 421 w - - -
- - - 2.73 402 w
2.68 511 — "J 2,67 511 v
2,66 600 m F 2.65 600 m
2.62 - W 2.62 - vw
2,42 - w - - -
- - - 2.20 - m
1.89 - m 1.89 - m
- _I - 1.81 - w
- - - 1.78 - w
1.57 - m 1.57 - m’
1.53 - m 1.53 - . m
# Lines found to be weak in.both patterns are omitted.
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3. BEHAVIOUR ON_HEATING.

The behaviour of zeolite L dn heating was studied
by DTA, TGA, electron microscopy and X-ray techniques,
The aim was to characterise the dehydration processband
to invesfigate possible alteration of the structuré during
"and after heating. A partical investigation by TGA and
X-ray techniques was also made on samples of erionite and °
offretite. | |

3.1 DIFFERENTIAL THERMAL ANALYSES (DTA).-

DTA data for Lil,, NaL and Csl are preéented on Fig. 32
and for KL, Bal and LaL - on Fig. 33. - All ion-exchanged
forms of monovalent cations showed similar DTA curves with
a wide endothermal peak starting at about 1QO°C and ending
at 300°C. Each main peak is wmade up of two narrow endce
thermal peaks, of poorér definition, posifioned reéﬁectively.
at 130°C and 220°c.(LiL); 125° and 205% (NaL); 125°%
and 200°C (KL) and 130°C and 210°C (CsL). These narrow
peaks are sharpér for the cases of small cations - LiL and
NaL, than for KL and CsL (Figs. 32 and 33). It is well
known(66,119) that an endothermal peak in the interval
100°c-%400°C in DTA curves of zeolites corresponds with
- dehydration. The presence of several individual endotherm-
al peaks is reasonably attributgd(66,119) to the presence of
different types of zeolitic water, i.e. to the existence
of energeticaliy different sites for water molecules in
~ the structure. Thé better the definition of the peaks, _
the greater the difference in binding‘energy.of the water
sites. It cén be aésumed, therefore, that two energetiéally
well defined water sites exist in Lil and HL, but'they ére_ler
differentiated in XKL and CsL. - The separation in case of
small cations may be dﬁe to their 1arger_hydration energy

as shown in Table 19.



N

] ’ ]

Fig. 32

200 300

DTA CURVES for LiL, NaL and CslL.

w .,

T ul



AT°C

\ "\s o '

| //\e\ S ——— Ll

\ \ 200'(2 - —-—-— Bal

' 7 \ . /

\ / \ /

BV \ior?

;e vy ' ,

100 200 30 W e e
Fig.33  DTA CURVES for KL Bal and Lal

7l



124,

TABLE 1

Heats of hydration of cations inmn
"k cal/g ion (124)

4+ + + Ba2+

Li ‘Na

K Cs

136 14 .9k 80 376

The water molecules in the main channels of Zeolite L
can be divided into those mainly concentrated around the
cations and those more hearly free of the cations. In
accordance with Table 19 the smaller alkali metal cations
would, therefore, be expected to have the observed more
distinct DTA peaks. '

DTA curves of Bal and LaL also show wide endothermal
peaks in the same temperafure interval as in the previously
discussed cases, but these peaks are different in shape.

For BalL a deep sharp peak at 120?C‘and a flat one at 200°¢ -
are observed while for Lal one disfinguishes a narrow peak
at 210°C and a badly defined one at 125?C. This difference
can again be attribﬁted to the different heats of hydration.
of the cations. The narrow ehdothermal peaks, much deeper
than in the case of monovalent cations, are;probably due

- to water from strongly bonded clusters around Ba2+ and

Las*,

3.2 THERMOGRAVIMETRIC ANALYSES (TGA).

TGA analysis served mainly to estimate'the loss of .
weight for the sorbents. TGA curves were obtained for all

samples of L, for K-ER and for the original sample of
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offretite. (The latter contains TMA*).

The TGA data are presented in Figs. 34 and 35. The
loss of weight is calcu;ated relatively to the hydrated
weight. The TGA curves of HL, LiL and OFF show contin- .

 uous loss of weight up to 1000°C. For all other sorbenfs,‘
well defined plateaux are observed. The temperature of
the beginning of each plateau and the corresponding loss
of weight are given in Table 20. The loss of weight in
the table is calculated relatively to the dehydrated'weight

for convenient comparison with the data of Table 15.

TABLE 20

Data from TGA .

'Sorbent NaL KL | csL Bal - | LalL K-ER
Loss weight %{12.8 | 12.0 { 9.9 o1 | 15.4 | 11,2
- t%. | 500 | 520 | 500 520 | - 530 | 400

L

A comparison of the déta in'thé ahpve table and in
Table 15, line 1, reveals that the loss 6f weight estimated
by ignition exceeds the corresponding values estimated from |
TGA curves. However, the order obtained for the different
ion—exéhénged forms is the same:i

LaL >BaL > NaL > KL > CsL
This order is in good agreemenf with the cation size and
cation densities of Table 16. The ion-exchangéd forms of\
'L which have the highest weight losses in Table 15 are
those for which TGA curves showed continuous loss of weight
- HL and LiL. The effects on HL could be understood in

terms of the dehydroxylation process (p.42a) continuing up

.

*¥ TMA - tetramethyl ammonium cation.
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to high temperature. For the case of LiL, wve could
suppose that during the heating the sample.ﬁndergees
partial hydrolysis to give some LiOH and hydrogen: L
zeolite., Decomposition of LiOHioccurs at 610°C at

atmospheric pressure(123).

As mentioned‘previously, the TGA curve of OFF is
obtained on the origiﬁal sample containing TMA. Decoinpo-
" gition of TMA during heafing (p. 71) is obviously the
reason for'the continuous loss of weight. This result
cannot be related to the data of Table 15 as in the sample there
used the TMA is already burned out. S

3 3 X-RAY INVESTIGATION OF THE SORBENTS'
DURING HEATING. -

For all the sorbents the structural alterations, if
any, were investigatea durihg and after outgassing. - The
hydrated structures at room temperature were used as refer-
ences. Deviations frou the reference state were determlned
quantitatively by measuring the unit cell dimensions and
qualitatively by visual estimation of change in the inteneity
of the lines in the X-ray powder patterﬁst Fach fully
hydrated sorbent was X-reyed at room temperafure; the _
temperature was then increased slowly and the saumple contine-
uously X-rayed un?il fully dehydrated. The'investigations
were carried out on a X-ray powder camera with heating -
Lenné (p.77 }. A ﬁlatinum holder was used and on each pattern
the platinum lines are observed (d spacings 2.27, 1.96, 1.38
~and 1.18 (130) ). For most of the samples the dehydration
process during heafing under atmospheric pressure was précti—
cally completed at’ about 500°C, (section 3.2} and heating
was therefore stopped at 550 c. Each sample, except KL,
was heated 30 hrs. The time for cooling is given in Table‘21.'
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TABLE 21.

Time for cooling of the samples on

Lenné camera.

Sofbent HL LiL NaL KL* CsL BaL LaL¥*
Y cooling hrs., 9 8 12 | - 1 37 10 -
Sorbent - ) H-ER " Na-ER K~ER "H~OFFP
4” cooling hrs. 16 | - 36 . 16 16

% Conditions further described on Figs. 40 and 43,

Heating up to femperatures where a collapse-of stfucture
occurs and thus ést?mating the limits of the thermal stabil-
ity was of interest, but experimental'diffibulties prevented
~ this. After the collapse'of the structure a glass?like
bsubstance was formed that damaged the Pt mesh of the sample~-
holder. For this reason, heating up to 1200°C was performed
only once - on KL. It was found_that the structure persists
until 700°% (Fig. 36).

3.3.1 Data on ion-exchanged forms of L.

In Flgs. 37 -43 X-ray ‘'patterns of all the 1on—exchanged
forms of L are presented. Each pattern was 1ndexed
‘ accordlng to the computed unlt cell at room temperature
usifig program Apol(129), The measurements for estimation of

the unit cell dimensions at different temperatures were made

: v
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using a Guinier ruler. A standard could not be used

because of the single sample-holder in the Lenne camera.

The above technique is that usually used in such cases(126).

The reflections measured were 200, 210, 220, 310, 001
and 301, Tney were selected according to the requirements
described previously (p.113) and with the additional condi-
tion of comvenient hké values for manual computation of
the unit cell (p.28).i At a given temperature each value
was measured at least three times and the mean value of

'dhk& estimated.

No alferetionvof the unit celi with the temperature
was found tor CsL and noticeable, but smal%,alterations
wvere observed for Lil, NaL and KL. For the_ietter three
samples data for selected temperatures only are presented
in Table 22. There is a elight'expansion of the unit cell
constants of LiL. o - '

Much larger alterations of the unit cell constants
with the temperature were found for HL, Bal and LalL - Fig.,4l}
Table 22, For almost all the sorbents an increase of 3'
value is accompanied'by a decrease in ¢ value., At about
200°¢c the values of a go‘through a maximum and the values
of ¢ through a minimum. At about 500°C both 2 and ¢
‘constants of Bal ana Lal have regaineaitheir original values

at R.T.*, while th°3¢~§f HL are contracted.

On the pattern of HL (Fig.l37) onereaq see a merging
at about 200°C of line 112 (d = 3.51) with %10 (4 = 3;47)
and of line 302 (d = 3.08) with 330 (d = 3.06). The lines
split again after 250°C. These effects on the pattefn can
be well understood.from considerations of the unit cell

: dimensions at these temperature intervals,.

*Tt is remarkable that the alteratlons of the unit cell

* R.T. = room temperature.


















TABLE 22,
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Alteration of the unit cell ponsfantS-during heating

for ion-exchanged forms of zeolite L -

&° HL BaL’ LaL

aX cg aKl CX ax CX
T _

Rt |18.36| 7.60 | 18,45 | § | 18.35 | 7.53
100 18.36 | 7.60 | 18.44 | @ 18,36 | 7.53
150 (18,38 | 7.55 | 18.47 | §.. | 18.42 | 7.5
200 18.42] 7.50 | 18.53 p 18.47 | 7.52
250  |18.4%0| 7.51 | 18.48 _§ 18,42 | 7.52
300 18,30 | 7.52 | 18.46 o 18,38 | 7.53
400 [18.24| 7.52 | 8.4k | o 18,36 | 7.53
500 18,24 | 7.52 18.44 18,35 | 7+53

LAL NaL KL

RT 18,41 7.55 | 18.48 7.51] 18.45 | 7.53 |
200 |18.43| 7.55 | 18.49 | 7.50] 18.46 | 7.52
500 18,42 7.57 | 18.51 7.50| 18.46 | 7.52

TABLE 23.

Alteration of the volume of the unit cell during

heating for ion-exchanged forms of zeolite L

t%| .m0 | LiL | NaL | UKL _BaL ‘LaL
RT [2217.1 | ‘22161 | 2223.4 | 2219.8 | 2215.7 | 21947
200 |2203.7 | 2220.8 | 2220.5 | 2219.2 | 2239.0 | 2224,0
500 [2166.6 | 2224.3 | 2225.3 | 2219.2 | 2215.7 | 2194,7
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Alteration of the intensity during heating

TABLE 24.

in the X-ray powder patterns of ion—exchanged

forms of zeolite L.,

SAMPLE | hkl | t%c | I* SAMPLE|] hkl | t%°c | 1#
100 | 140 | 1 100 {150 | i
2 110 | 10| 1 1170 | 150 | a
001 10 | 4 101 | 150 | D
101 140 | 1 200 100 | A
100 | 150 | 1 g 200 1200 | D
; 110 | 150 | & 001 | 180 | i
. 200 | 150 | 1 501 or 420, 200 | d
201 | 200 | a 501 ork20) 300 | 4
311 160 | D 600 | 100 | d
: 600 | 300 | i
100 | 150 | i 600 | 500 | a
110 { 150 | 1
HEHR
311 | 150 | D
200 | 200 | 1 200 1150 | A
' 200 | 300 { D
100 | 130 ) 4 101 _| 190 | D
L 110 1 130 | A . 111 | 180 | i
= 200 1 130 | 4 3 201 | 200 | A
201 | 160 | A 201 | 300 | »
311 1501 D. 211 | 180 |. D
100 | 150 ] i 310 | 180 | i
5 | 110 ] 150 | 4 301 | 180 | 1
3 200 | 150 | 1
311 150 | d
* Legend for the intensity alteration:
i - increasing
d - decreasing.
A - a line appears.
D -yé»line disappears,

141,
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dimensions of HL, BaL and LalL are.largest at a moderate
temperature .(200°C) and almost negligible at high tempera~
ture. Apparently, therefore, it is not the temperature
which alters the unit cell dimensions, but the loss of
zeolitic water which occurs largely in the interval around

200°C (see section . 3.1).

On the basis of the calculated unifvcell'dimensions the
volumes of the unit cells of all samples were computed for
each ion-exchanged form. The results for three selected
températures are presented in Table 23. The unit cell of
HL is essentially contracted at high temperature; that of
LiL, - siightly expanded° BalL and LalL show’ falrly strong -
maxima at about 200° C, but at 500 C the voluues are viirtually

the same as those at R.T.

In contrast to the above results an examination of .the .
line intensities showed persiéting_changes with the tempera-
ture for all ion-exchanged forms. The data are presented
in Tabie 24, As the intensity of the lines is directly
related to the pdsition and nature of‘the atoms in the unit
cell (p. 27), the inten51ty alterations during heating must -
be due to migratlon of ions and water in the structure and to
loss of water. It was of interest to distinguish which
reflections are affected by water and wﬂ&ch by cafion_‘
migration. From the data in Table 24 we can select reflect-
ions such as 100 and 110 for which the intensity increase
during heating is common for all the ion-exchanged forms,
including HL. For all the samples this increase occurs in
the interval between 130-18000. The intensity alteration of
these reflections,_therefore,‘could be attributed to water

migration and loss (see section 3.1 and 3.2).

Common for all the metal—ion—eichanged forms, but not

for HL, is an indreasé of the intensity of the 200 and 201
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reflections attributable to cation @igration during
outgassing and heating. Further we find (from the data

of Table 2&) that a decrease of the intensity of 311 is
common for all 1on—exchanged forms of monovalent cations.
For polyvalent cations (BalL and LalL) alteration is observed
in the intensity of a greatef number of reflections (501,
600, 310, 311),

3.3.2 Data on ioh—exchanged forms of

erionite and on H-OFF

On Fiés. i5-48 the Lenné camera X-ray patterns for
K~ER, Na-ER, H-ER and H-~OFF are presented.* The lines
measured for estimation of the alteration‘cf the unit cell'
of erionite were 100, 200, 300, 400, 002 and 006, and for
offretite, 100, 200, 300, 40O, 001 and 002. The unit cell
constants are presented on Table 25, The data for erionite
are ?lotted on Fig. 49, A monotonic decrease of é and
inecrease of ¢ is_cbserved for éll the sorbents. As a result
of the opposing alterations of a and ¢, neighbouring reflect-
ions with large Q index and those of large h and k indices
merge together above 200%°C. This is best seen on the pattern
of Na-ER, Fig. 46: line 204 (d =.3.1h)ﬂmerges with 310
(¢ = 3.18) and line 214 (d = 3.85) merges with 400 (d = 3.86).
These lines remain merged at high tempefatufe (compare with
HL, Fig. 37).

The volumes of the unit cells calculated at R. T. and
500 °c are given in Table 26. A contraction of the unit cell
~is comumon for all the samples, being largest for K~ER and

almost negligible for H-OFF.

The results of examination of line intensities are

: . ' O
*¥ In erionite patterns, two weak lines, d = 5.05 A 1 and
o_ _ ,
d = 7.20 A 1,- were found to belong to inpurity in the
natural sample (ER) - see p. 68. ’
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TABLE 25. '

Alteration of the unit cell constant during heating

- for ion-exchanged forms of erionite

K-ER Na2-ER H-ER ‘ H-OFF

O, . : .
t C o | o o o o o o o
a A . c A a A c A a A c A a A c A

RT |13.23} 15.17 | 13.28 | 15.19 13.27 | 15.17 13.24 | 7.53
100 13.18 | 15.20 | 13.25 | 15.23 | 13.24 | 15.19 13.23 | 7.573
'goo 13.10 | 15.23 13.23 | 15.29 13.20 | 15.27 | 13.20 | 7.55
300 13.04 | 15.25 13.21 | 15.31 13.18 | 15,32 13.20 7.5%
, Juo0 13.01 | 15.26 13.19 | 15.32 13.17 | 15.34 13.19 | 7.57
Q{ ‘ 00 13,01 | 15.26 13.19 | 15.32 | 13,17 | 15.34 13.19 | 7.57

‘ TABLE 26,
' Volumes of the unit cells of ion-exchangedforms of

erionite and H-OFF at room and high temperature

o Sample - S _
t°c K-ER Na-XER H-ER H~CFF
RT ' 2299.3 2320.6 2313.4 1142.0
500 - 2237.1 2308.2 2304 ,2 1140.3
TABLE 27.
, . Alteration of the intensity during heating of X-ray powder
q"” o patterns of ion-exchangedforms of ericnite and H-OFF
' K-LR “Na-ER - T H-ER H-OFF

nkl | t% JI* |bk1 | t° | 1* | nk1 |¢%°c |I* [nkl | ¢%C | 1
100 | 180 |4 100 | 160 | i 100 | 150 | i 100 | 120 | i
101 | 180 i 101 | 160 | i 101 150 | i 001 120 | i
110 | 180 |1 110 | 160 | i 1170 | 150 |4 110 | 120 | 1
201 {170 |d 201 | 300 |4 "~ l200 | 300 | a
200 [ 170 {D ' 201 | 300 | 4

I* see the legend for Table 24,



150,

presented in Table 27. An increase in the intensities of
the 100, 110 and 101 reflections is common for all erionite
samples and can be attributed (éee p.141) mainly to water
migration and rewmoval. The intensity .increase of the 100
and 110 lines is common for all ion-exchanged forms of

L, ER and for H-OFF, impIYing'that water removal affects
the three structures in the same way. It is prooable that -
the population of the planes 100 and 110 is altéred in all

structures.,

3 4 STRUCTURE REFINEMENT POR DEHYDRATED
BaL, AT HIGH TDMPERATURE

Fourier syntheses were made to refine the structure 0£ 
BaL after dehydration. The main aim wés to determine the
position of'Ba2+'after dehydration. - The refinement is still
in progress. The results so far obtained are given on p.l81
in the Apvendix. At the present stage the reliability
factor. found is R = O.2§1, and it is certain that barium
cation migratés during dehydration from the positioh : -

0, 0.3, O to the position 0.19, 0.33, 0.

3.5 THERMAL STABILITY .

Interest in the thermal behaviour of zeolite L orlgln—
ated from early adsorptlon experiments on KL-IC and
VaL—IC, which indicated that different condltlons of out—
gassing altered the adsorption capacitles. Both KL-IC and
NéL-IC’showed about 20% lower adsorption of Ar at 90.4°K
after a second outgassing (40 hrs. at 360°C). The effect
was investigated in detail on KL-~IC: repecated heatingé in
vacua were performed and after each run’an.Ariadsorption‘
isotherm at 77.3°K was determined. The éonditipns 6f out-~

gassing between the runs are given on Table 28 and the



isothermsare plotted on Fig. 50.

TABLE 28.

151.

Sorbent |Isotherm]Vacua during Outgasged Outgassing Rate of| Rate of
‘ No. heating at t C |time (hrs)| heating| cooling
mm Hg ~ ’ :
1 - - 360 50 75°c/hr [150°c/hr
o 2 3.107¢ 360 20 50°C/hr 100°c/hr
-\ 3 2.10”6 360 16 80°%c/nr |.80%/hr
.k_/‘ - .
4 3.107% 350 58  150°c/hr | 80°C/hr
5 2.1070 360 15 80°%c/nr { 70°c/hr
1 3.10~6 360 20 50°C/hr | 50°C/hr
2 2.107° 200 10 50°C/br | 60°c/nr
) -3 h.1o'6 360 20 80%/hr | 60°c/n
w0 - ) .
o 4 2.1070 360 16  350°C/nhr B00°c/
_ - , : -4 10 min.
: -6 o o
5 5.10 . 360 20 4o“c/hr poO~C/
_ _ 10 min.

Cutgassing conditions also modified the adsorption .

capacity in the case of Ar at 77.3°K on'CéL (Table»28 and

Fig. 51).

at 360°C and low rate of cooling were found to favour re-

producible sorption capacities.

A low rate of heating, maintaining a high vacuum

This was confirmed on BaL

for which good reproducibility was obtained for four separate

isotherms of Ar at 77.3°K.

The adsorption capacity was always

checked after a series of isotherms on a given ion-exchanged

form and found to be satisfactorily reproduceable for all forms
of sample L supplied by UC (see p.68 ). It was found (p.90 )

that L-IC was contaminated with erionite, offretite and gibbsité
and also was finer (Figs. 15 and 18a). The Guinier patterns and

.
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diffractometer charts of K-IC and NaL-IC before and
after heating showed that heating destrdyed the gibbsite
(1ine d = 4.72 2 which belongs to gibbsite vanished)-
and that the intensities of the lines - 111, 210, 301,
311 and OOZ.Qere drastically altered. ‘

The observed behaviour of KL-IC on heatiﬁg was not
fully explained, but several factors may be relevant. 1In -
section 3.3.2 it was found that the unit cell of erionite
always contracts as a result of heating and outgassing, '
while the unit cell of L remains essentially the same, f
This suggests that; as well as-the gibbsite, erionite in -

L-IC may suffer irreversible damage during heating.

The influence of the heating and cooling rates, found -
both on KL-IC and on CsL, could be related to the location
6f cations in noﬁ-equilibrium position. The migration of
cations considered in sections 3.4 and 3.3.1 makes the

above arguﬁent credible.
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4, ADSORPTION.

.1 ADSORPTION OF Ar AT 77.3 AND 90.4°K. .

Baths of 1iquid nitrogen and oxygen respectively were -
used for sorption measurements at 77. 3%k and 90'h°K. Although

equilibrium was practically established after 30 winutes,

forty minutes to one hour were allowed before taking a reading.

Isotherms of Axr at 77.3 %k were measured on each of the
investigated sawmples. All isotherﬁs were reversible, an&
with the exception of SOme ion-exchanged forms of L-IC - all
were reproducible. Reversibility wéé checked by desorption
measurements either after completing the whole isotherm'or.r
by desorption at intermediate pressures. Reproducibility was
confirmed by méasuring parts or all of each isotherm afﬁer

an interval of a few weeks.

The édsorﬁtion of Ar on each sorbent at 77.3°K was used
to determine the apparent saturation capacities(89) for Ar
at thisAtemperatufe;:the micropore volume(99) and the affinity
of sorption. These characteristics are’ a convenient basis

A

fér comparing the sorbents;

Adsorntion of Ar at 90. 4°Kk was measured on a few samples
-of L and L-IC, and affinities and anparent saturatlon capa01-
ties were derived therefrom, although the results for Ar at

77.3°K provided similar and sufficient information.
M;J.1_ Data on jon-exchanged forms of L.

Isotherms of Ar at 77.3°K on ion-exchanged forms of L
are plotted on Fig. 52 and the numerical data are given on
" p.258a.. The amount adsorbed is expressed in cc(STP) argon pef
gram of déhydrated sorbent. All isotherms were rectangular
and most were of type I in the BDDT classification(89). A
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The isoctherms in L and LiL are léss rectangular in

shape from the others,.for which saturation is alréady
approached at pressuresvgs low as 4 cm Hg. The isotﬁerm
in HL and Lil in form approach those of type II(89).

The absence of cations in the cavities of the HL structure,
and'the small size of Li+,probab1y well recessed into the
anionic oxygen framework, may accoﬁnt-for the isotherm

contours.

As a result of the.difference in atomic weight and
valency of the cations in the different forms, a gram of
dehydrated crystals contains a different number of unit
cells in each case (Table 15, line 5). Therefore equal
weights of different ioﬁ-exchanged forms possess different
free volumes even if the free volume per unit cell for all
ion-ekchanged forms is the same. In Fig. 53 _the same
~adsorption data as that on Fig; 52 is presented, exprésSing
the amount adsorbed as the number of molecules of sorbate
per unit cell of dehydrated sorbent, NET;.; The new |
relative position of the isotherm of IIL is notable: Contra-
ry to Fig. 52, there is not on Fig. 53 any pressure region
where the. adsorption. of Ar in HL, excéeds that in Nal, KL, -
Bal and LaL. Alterations of the order of the isotherms in
Lal, NaL, XL and BalL at low pressure can also be seen.

The most femarkable changes are those observed for HL and
.CsL because the differences between their unit cell volumes
is the greatest. To facilitate cofréct couparison almost
all subsequent isotherms will be ﬁresented in coordinates

i
N
Ue.Ce

vs P cmlg.

The apparent saturation capacities for Ar at 77.3°K
were calculated for all ion-exchanged forms by plotting

P cmHg u.c. S 1 PUIRE | ‘
N : then b =(72}.
N molecules V° P culg, the limiting slopes then being Né%-)
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The results are given in Table 29. With the exception
of LilL and CsL all the cavnacities are similar, decreasing

in the order: -
NaL. > KL > lLaL > HL > Bal > LiL > CsL
TABLE 29.

Apparent saturation capacities for Ar at 77.3°K.

o

Sorbent HL LiL NaL KL CsL BalL LalL

Ng, o/u.c. 13.2 [11.7 142 | 13.5 | 9.7 [12.8 | 13.3

NaL has the higheét capacity although one would have
expected higher values for HL, LiL, Lal and BaL. Estimated
"water contents by ignition and by TGA (Table 15_énd Table
20 respectively) follow in the expected order HL>LaL>BaL>NaL.
In a brief note on adsorption properties of ion-exchanged
forms of L, Breck and Flanigen(78) also found that the
capacity of NaL exceeds that of BaL and CsL.

For forms confaining monovalent ions only, one finds
a surprisingly low saturafion capacity for LiL, cowmpared
with NalL and KL. A similar anomaly for the Li form has
been found for adsorption of O, at 90.4°K on Li-chabazite(83)
Adsorption of Ar and 0, at 90.4°k has also been found(68)
to be lower on Li-faujasite than on Na-faujasite for pressure

below 30 em.Hg.

The order expected is'usually based only on cations
radii and wvalences. Decreases in their size and numbers
would be accompanied by an increase in the free volume per
unit cell in absence of other alterations. From section 2.2,
Figs. 30 and 31, it is khown that the decrease in cation '

density is accompanied by a contraction of the unit cell .
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volume}5 There are, therefore, two competihg factors
connecting the free volume of the unit cell in zeolife L
with the decreasing cation density. These qualitative
considerations make the sequence of saturation capacities .

reasonablexfor ail forms save .IIL and LiL.

Information relevant to the low saturatioh capacities
found in HL and Lil can be found in the TGA data (section -
3.2) and_stfuctural results at high temperature (section 3.3)
In the TGA curves of HL and LiL no plateau is observed, in
contrast to the other forms of L. The completeness of de-
hydration of HL and Lil. under the experimental conditions
(p.75 ) is therefore not certain. Higher temperatures for
outgassing are not'pracficable, because of thé—danger'of
damage to the structure. HL and LiL wefe'the only forms
which showed irreversible alteration of tﬁe unit cell on
heating (Tables 22 and 23). HL, in addition, is the oﬁiy
sample which exhibifs signs of crystal collapsé before
55000 (Fig. 37). 1In which way éach of these factors contri-
butes to the poor saturation capacities of HL and LiL it is
not known. Howevef, it is not surprising that these two

samples display unusual adsorption behaviour.

A few isotherms of Ar at 90.4°K are presented on Fig. 5k4.
The samples used are Nal, KL, BaL_éhd ﬁ;Lfic;KL-ICvand
CaL—IC. AThé apparent saturation capacities are here expressed
in cc(STP)-per gramAdehydrated sorbent, and given in Table 30.

TABLE 30.

Apparent saturation capacities of Ar at 90.7°K3

Sorbent NaL-IC CaL-IC KL-IC | NaL ‘BalL KL

o _ ' 4 —
aar oo 112.0 | -109.2 94.8 |102.6 {92.3 |89.3
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- The results conveniently demonstrate the greater adsorption‘
of ion-exchanged forms of L-IC compared with the corres-
ponding sawuples of L. _This is due to the présence of erion-
ite and offretite in the L-IC sample. (Fig. 56)

L. 1.2 Ion—exchanged forms of erionite and H~OFF.

Comparlson w1th the data on L.

‘In Fig. 55 and 56 (p.260) are given isotherms of Ar at
77.3°K in H-ER, Na-ER, K-ER and H-UFF, together with those
in HL; Nal. and KL for comparison. Isotherms in H-ER and
H-OFF are rectangular compared with that in HL. Of the three
sorbents, H-OFF exhibits the highest sorption at all pressures
in the interval investigated.* 'K-ER practically excluaes Ar’
and the extrémely low uptakes observed (less than one tenth
of that for Na-ER and H-ER) is attributable, in part at.least,
to adsofption on the external surface. The apparent capaci-

ties 6btained'are givén in Table 31.

TABLE 31.
Apparent éafuration capacities of Ar at 77.3°K.
Sorbent K-ER " Na=ER '~ H-ER H-OFF
NSATm/u.c. 1,& 13.10 13.40 | - 15,0%

A comparison of Tables 29 and 31 reveals the following

order of decreasing saturation capacities for corresponding

¥ As the unit cell of offretite is exactly half that of
erionite (p 13), the amount adsorbed on offretite is

presented on Fig. 56 in NE .
2U.Co
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ion-exchanged forms:

H-OFF > H-ER > HL
Na-ER < NaL
K-ER <K KL

Con51der1ng the- free volumes per unit cell for each
of the 1nvest1gated zeolites (Table .1, p. 13) one would
expect H-OFF and H-ER to exhibit approx1mately the same
saturation capacitles,‘which would be higher than that of
_HL. In fact H-ER exhibits considerably lower capaC1ty
than H-OFF. However, the erionite sample (see p. 68 ) was
found (p.143) to contain some impurities. Also the data
of. section 3.3.2, Table 26 show a considerable contractlon
for erionite during and after heating, but a negligible
alteration for offretite. This could mean poorer thermal
stabllity for erionite and hence, a lower adsorption capa-
city. Flnally the packing of sorbate molecules in contin-
uous offretite channels and in the finite cavities of

erionite may be different;

Information in the- l1terature on sorptlon by K—BR is
contradictory,_51nce rejection of Ar by K~-ER has been
reported(27) as well as considerable adsorpt10n(28) At
the time of the above publications, the distinction between
the structures of offretite and erionite was not known, and
the contradiction may be due to incorrect mineralogical
identification. Possibly in reference 28 the sample con-
tains offretlte. A - A . |

The results of the present work and of reference 27
on K-LR suggest that a cation is p051tioned in such a way
as to prevent the entry of Ar molecules (d = 3, 83 A) The

aperture of the eight-membered ring (3 5 A - 4.7 A), through
which the molecules must pass, could easily be blocked by a’

potassium cation (d = 2.60 A) ‘sited nearby.
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Fig. 55 clearly shows the effect of the same catlons

* and X ) on two different frameworks - zeolite L and

(Na™.
erionite. While for zeolite L the replacement of K by

Na* does not cause any essential alteration of the.adsofp-
tion behaviour,\en erionite this replacement involves a-

" shift from a'nOn-sorbihg to a strongly adsorbing form. The
explanation is certainly the presence of a large (twelve~
wembered ring) aperture for passage of the sorbate molecules

in L, and a small one {eight-membered ring) for erionite.

It was of interest to find out if K-ER and Na-ER
possessed sieving properties towards rare and permaneht
gases., Adsorption of oxygen did not occur within K-ER at
77.3 h and 195.2 K, whereas Na-ER was at 273. 2 °k capable

of 1nclud1ng even xenon.

4.1.3 Estimation of micropore volumes of ion-exchanged
forms of L, ER and of H-OFF.

The data of the previous sections, 4,1.1 and 4.1.2,

' showed that often the apparent saturation‘capacities depart
from those expeeted_from a consiaeration.pf the unit cell
volumes and the size and valence of the_eatione. Where-~
ever possible, an explanation for the abnormal cases has
been sought frem.the results of sections 2.2, 3,2 and 3.3.
’However, the saturation:capacity muet'be a direct function
of the free volume ﬁer unit cell. "It was therefore of
interesf to atteﬁpt to estimate, fof each caee, this‘free

" volume and relate it to the satufation capacities found.
For this purpose Dubinin's method for determination of the
micropore volume of sorbents(99) was employed (p.57)-.
Equation 3. 3-4 from Chapter I can be presented in logarithmlc

form as

: S 2 . i '
Lex =gy £ 4 —/%‘-2- (2.303 RT £g —5°-) coee (Ba1-1)
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At constant temperature

7%2- (2.303 RT)2 = const ='n ‘ Cees (9.1—2)

and so

. ;2
. P ) .

2 : )
Plots of é%x vs ( [g 7 ') should give straight lines
and the value of the intercept will ‘give the micropore
volume, Wo. The amount adsorbed X was expressed in grams
of sorbate per gram of dehydrated sorbent; the densities
wére taken in g/cc, so that the microﬁdre‘volume Wo was
‘directly determined.in cc/g. The density of liquid argon
used for the present computation was‘fl77 =3°K o 1.1 g/cc(131)
The saturatlon vapour pressure P was calculated from the
follow1ng formula(132)

_ 0.05223A

ngmm = 5+ B

where - I N -
A ="682600
B = 609605

Figs. 57 61 show the Dubinin plots. At pressures
near saturatlon, a dev1ation of the points from a straight
line is observed on all the graphs, Similar deviations ‘
have been observed(.133)} for the adsorption of nitrogen on
activated carbons at 77.3°K. In generél, it is believed(99)
" that the method is more accurate for.fegions of low'ﬁressures.
.ngever, the technique used in the present yvork (p. 76)

does not provide satisfactory accuracy at low pressure, S0
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the complete isotherms were used and fhe most probable
straight lines drawn. The Qaiues of the micropore volumes
per gram dehydrated sorbeht, Wo ce/g, are presented in
Table 32. Also included are the values. of the micrdpore

o o
volume per unit cell, Wo', expressed in A3.

TABLE 32.

Micropore volumes of ion-exchanged forms of L.

Sorbent HL | LiL NalL KL CsL BalL LaL -}

LA ce/g  }0.137/0.110 | 0.143 0.155 0.097 {0.128 | 0.138
wo'§3/u.c. 500f 450 580 540 430 530 570

TABLE 33.
Micropore volumes éf ion-exchanged forms of erionite
‘ and of H-CFF. - '

Sorbent "H=ER | Na-ER . K-ER H~GFF

W, cc/g ‘1 o.179 0.157 0.019 0.187
o _ . . ,

Wo'A3fu.c. 650 630 70 690

The values found for LiL and CsL are much smaller than
those for the rest of the samples in Table 32. This is in
é gdod agreement with the éaturation capacities found
(Table 29). TheIQicropore volume of HL is less, than those
of NaL, XL, LaL and BalL, which again agrees with the sequence
of the saturation capacities, with the exception of BaL.
Also of note are the very simiiar'micropore volumes.of NaL

and LalL on the one hand and of KL and Bal on the other. ' The

c



latter pair shows, in agreémgnt with the saturation
capacities, that the free volume of an ion-exchanged
form containing a polyvaieht cation is not.necessariiy
larger than that of a monovalent cation of the same

size.

The wvaliues of Table 33 agree well with the values
of the saturation capacities of the sorbents involved
(Table 31). '

The free volume of zeolite-sorbents is frequently
estimated on the basis of waterycqntent(68;109). In the
present study the high values of water content found‘for
LiL and HL (Table 15) are in disagreement with the observed
adsorption behaviocur. This method of estimating the free
volume is.therefore not fully satisfactory and illustrates

the usefulness of Dubinin's alternative method..A

h,1.4 Affinity of sorption ..

‘ ‘A quantitative measure of the affinity of a sorbate
for a certain sorbent is the decrease in the chemical
potential,ﬂbﬁl, when the gas is transferred reversibly aﬁd
isothermally from the gas phase at standard pressure Po = Tatm
intoAan infinite amount of sorbent-sorbate mixture at equie-
librium pressure'Pé |
- P
| —_AC'{ =" RT 4n-P—° —
The above equation was used to calculate the affinity
of Ar‘at different émounté adsorbed fof‘all‘sorbents investi-
gated. The plots for the ion-exchanged forms of L are
shown in Fig. 62, and those for ion-exchanged erionite and
H-OFF in Fig. 63. The same curves in HL and NaL are:%peatéd
in Fig. 63. . _ o
In Fig. 62° lal, NaK, Bal and KL have higher affinity

.
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for Ar and HL, LiL and CsL,a lower affinity. The sorbents
of the first groﬁp are thoée'with the larger micropore
volumes (Table 32). A comparison of the affinity of Ar
tcocwards the decationated'forms of L, ER and OFF shows that
the affinity is greatest for H-OFF and lowest for HL. The
order of the affinity of these samples is the same as thé

‘order of the caiculated micropore volumes‘jTables 32 and 33).

. Fig. 64 gives the affinity curves of three seleéted
samples - Nal., NaL-IC and CaL-iC for Ar at 77.3°K and 90.4°K.
The greater affinity for L-IC samples is attributable to

the preeence of erionite and offretite on L-IC.

%,2 ADSORPTION OF Kr IN THE TEMPERATURE RANGE
130°k - 240%.

Krypton isotherms were measured for each sorbent- at af
least five femperatures in the range 130°K - 240°K. The ‘
equilibria served to determine isosteric heats, affinity of
sorption, eqﬁilibrium constants and energy of adsofption in
the standard states for all the systems studied. For ion-
exchangéd'forms of L cohtaining cations of different valency,
(KL, BaL and Lal), the 'virial! coefficients required to
" describe the experimenfal isotherms were calculated, together
with the thermodynamic properties of the standard states.
For identical ijion-exchanged forms of =zeolite L, erionite and
offretite - HL, H-ER and H-CFF - half-Standérd entropies
(p. 53) and entropies of the sorbed phase were calculated

from the isosteric heats.

4.,2.1 Isotherms.

All krypton isotherms were reversible and réproducible.
Equilibrium was established in about 15 minutes; however,"

half an hour was;aliowed between readings. An outgassing'
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temperature of 150°CVwas used between runs. FHeating and
cooling was carried out at rates not exceeding 50°C per
hour. Outgassing under such conditions was sufficient for

complete desorption.,

The isetherms, expressed as numbers of molecules per
unit cell vs pressure are given on Figs. 65-73 and the
numerical data in the Appendix. All'isotherms were of
type I of the BDDT classification(134). Among the isotherms
on 1on-exchanged forns of zeolite L, those containing only

monovalent cations were generally less rectangular than the
| corresponding ones on Bal and LaL. Thus avrelatively
stronger_sorbate/sorbent interaction is presenf on the

forms containing polyvalent cations.

Although, as previously indicated, argon isotherms at
77.3°K on the IiLL and LiL‘(Fig. 5%) were significantly diff-
erent in shape from the rest of the series, with krypton

such differences were not apparent.

Krypton isotherms in H-ER and H-OFF were similar and
more rectangular than those in HL (Fig. 65, 72 and 73)
This was also observed for argon adsorption at 77.3 K on
the three sorbents and was attrlbuted to stronger sorbate-
sorbent interactions in H-ER and H-OFF. These differences
for both argon and krypton can be related to differences in
structures of the sorbents (p. 13 ). In the channels of
Aoffretlte (and cavities of erionite) of free dlameter '
d = 6.3 A the adsorption fields and b1nd1ng energies should
be stronger than in the wider chennels of zeolite L, with
| 7 1-7.8 A. (The sequence of the values of the 1sosteric
heats of Kr on HL, H-ER and H-OFF confirm this;'(p.192) )

A cowparison of Figs. 65, 72 and 73 reveals also that
for corresponding temperatures and pressures the amounts

adsorbed on HL are much lower than on H-ER and H-OFF. This
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could be attributed to the smaller free volume (Tables 32 & 33)
as well as the weaker sorbate/sorbent interaction of HL

compared with H-ER and H-OFF.

4,2.2 Isosteric heats.

Isosteric heats of sorption (p.52 ) were determined

using the integral form of the Clausius-Clapeyron equation:

g ot = m e —_— - —— veo (Bo2-1
v, 2.303R T, - T,
. A H 1 ' . :
' B __-_—1-—- . o . ) _
or (g P = - 2.303R B T +. const. e o e (1‘02 2)

For the purpose of finding £5H1, three types of plot
were used: those of ZgP vs ,; for constant a and for each
of a series of temperatures those of'ZgP,vs a and of Z% —_—
vs a (P is the pfessure in cmHg and a is the uptake in
cc(STP) per gram dehydrated sorbent}. Average values of
AH from the first two methods only were estlmated unless a
51gn1flcant discrepancy occurred in which case the values
© of the third method were taken into account. In this way
values of¢kﬁ1 were obtained with a maxi;um deviation from

the mean curve of # 0.15 kcal/mole.

No evidence of a temperature dependence ofAH1 was-
found within the limits of the experimental error. Barrer
and Stuart(68) have also found, for argon adsorption on
zeolite X, that the isosteric heats were not, within the

error, functions of temperature.

In Table 34 the average isostefic heats are tabulated
for different 1on-exchanged forms of L. The heats were '
graphed both as functions of uptake a (cc(STP) of sorbate
per gram of dehydrated sorbent) in Fig. 7h'4nd of uptakeT"r



TABLE

Isosteric heats (--Aﬁ1 kcal/mole) of Kr on ion-exchanged forms of L.

a¢° HL LiL NaL KL CsL BaL Lal

1 & n -af, " -af; | p -AfR, y -aH, n -8, n -aH, - 4 i,
5 36/‘ 4,56 Lé | 4,75 351 5.00 37 | 4.60 - - 39 | 4.75 - -
10) 73| L4.30 91 4,50 70 | 4.98 74 1 4.39 103 | 4.81 78 | h.71- - -
151 109 4,20 136 4,39 | 105 4.88 111 L.29 154 h.s9| 117 | 4.70 108 '5.23
20 | 146 4.01 182 | 4.23 140 4,80 | 148 | 4,14 206 | 4.43 ) 156 | 4.63 | 145 5.11
251182 | 3.95 223 | 4,10 175 | 4.71 | 185} 3.98 | 258 | 4.321] 195 | 4.60 182 5.28
301 220 | 3.81 272 | 4,01 210 | L4.67 | 222 | 3.80 | 310 | 4.25]| 234 | 4.52 | 218 5.02
351256 | 3.68 | 318 | 3.90 | 245 | 4.52 | 260 | 3.59 | 360 | 4.17] 274 | 4.k49 254 5.06
49 292 | 3.42 | 364 | 3.74 | 280} 4.34 | 296 | 3.32 | 410 | 3.98 312 | 4.43 | 290 4,85
ksl 328 | 3.19 k10 } 3.55 | 315 4.19 { 334 | 3,03 | - - 352 | 4.4 326 h.65
501 366 | 3.07 | 455 | 3.32 | 350} 4,10 | 370 | 2.82 - - 390 | 4.38 | 362 L. 21
55| 400 2.90 | 500 3.21 385 | 3.92 | Lov 2.64 - - 430. | 4.23 398 3.82
60| - - - - 420'| 3.70 | w45 | 2.40 | - - w0 | 83 | 435 | 3.79
65| - - - - k55 | 3.56 - - - - 508 | 4,01 - -
701 - - - - 490 | 3.36 - - - - 546 | 3.79 - -
751 - - - - 525 | 3.21 - - - - - - - -
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(cc(STP) of sorbate per unit free volume of the sorbent)

in Fig. 75. The scale a was introduced to remove the
dependence of‘L‘.H1 on the free volume*. Changes in relatlve
position of the curves of CsL and LiL - both sorberits with
lowest free volumes —are noted when Figs. 74 and 75 are

compared.

In Fig. 76 the isosteric heats of Kr on the decationated
forms of zeolite L, erionite and offretite are presented.
Isosteric heats are plotted vs 7 and some numer1ca1 values

are given in Table 35.

~ In all the systems studied, the isosteric heats decreased
with the increaeing uptake, thus showing heterogeneity(89,135)
towards Kr for all sorbents. A comparison of the slopes of
the isosteric heat curves showed that the apparent hetero-

geneity was lowest for Bal, and greatest for Lal and HL.,

The initial isosteric heats of Kr on different ion-
exchanged forms of zeolite L, with the exception'of LaL,
fall within a range-of + 0;3 kcal/mole. On the other hand
the initial isosteric heats on identical ion-exchanged forms
of the three structurally distinct sorbents used are widely
different. (Fig. 76). Also diffe}ences arise in the slopes
of the curves of heat vs amount sorbed for all the forms of
zeolite L (Fig. 75) in contrast with the similarity of the
slo?es for HL, H-ER and H-OFF (Fig. 76). From this observa-
tion one might conclude that, for the systems investigated,
the SOrbate/frameworkAinteraction determines-the initial
heate of adsorption, while .sorbate/cation interaction causes
much of the energetic heterogeneity of the sorbent towards |
a given non-polar sorbate. The experimental evidence presente
ed here is consistent with this conclusion, but is insuffic-.

jent to prove it. Investigation of a variety of catione

* the values of micropore volumes are used (Table3Z).
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TABLE 35.
Isosteric heats (—Aﬁ1 kcal/mole) of Kr on H-_ER'and H-OFF

es H-ER | _H-OFF
& lz : —AI-I1 . 7 -AITI"
5 28 5.42 u - : -
10 56 5.28 - -
15 1 sk 4,95 - -
20 112 L.,92 110 5.55
25 140 4,70 137 . 5.50
30 1 168 4,62 165 5.39
35 196 b.lbs 192 . 5.22
40 224 4.39 220 - 5.17
L5 252 4.35 . 248 5.03
50 280° 4.25 27k 4,81
55 308 bo12 302 - 4,70
60 336 - | 3.80 | 330 4.58
65 - 364 3.76 358 b4t
70 - - 385 5.30
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exchanged forms of erionite and offretite might provide

further confirmation.

4,2,3 Affinity and selectivity

Tn section 4.1.4 the affinities of Ar at 77.3°K were.
calculated for a11 the sorﬁents. Affinities, ~At4, towards Kr
were similarly calculated (cf section 4.1.4). For this purpose

- isotherms at the temperature closest to 140°K were sélected.
The.reéults are presented on Figs. 77 and 78

The groups of sorbents of high (LaL, BaL, NaLL and KL)
and low (HL, LiL and CslL) selectivity are still distinguishable
(see section h.lfh), but less clearly so. Considerable.alter-.
ation of the relative positions of the curves of sorbents of
the first‘group was observed, NaL and Bal having the highest
affinity for Kr, instead of Lal as found for Ar at 77.3°K.
The order of HL and LiL, in the second group has been reversed,
However, the sequence of decreasing wagnitudes of —Afi‘for '
Kr on different sorbents still tends to follow the sequence of
the decreasing micropore volumes (Tablefﬂ.). The less clear
distinction for Kr between the two groups of sorbents may be
explained in terms of the distancekfrom saturation.Micropore
volumes should be more deciéive in their influence éé satura-

tion is approached.,

4.2.#A Empirical isotherm equations.

An empirical isotherm equation méy be defived by a thermo-
dynamic argument if one assumes that an equation of virial
» form relates pressure and mean concentration of sorbate within
the zeolite (p.60-). The equation serves to evaluate the
equilibrium constants for the distribution of sorbate betﬁeen
gas phase and crystals, and the énergies of sorption iﬁ’the

standard states. These equilibrium constants are significant
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for comparing different sorbate/sorbent systems.

Equation 3.4~9 from Chapter I (p.62 ) can be

written as

Cc

_fn ls 3 2 4 3 ...
ln K = [ 5 * 2A1CSY+ 5 AC. + 3 A3 C= +ee- "’(h’sz)

Depending on the definition of the parameters the
above equation can be written in either of the following

two forms: .

1. Concentration in number of molecules sorbate per
unit cell of dehydrated sorbent (Numc
in cmHg (P culig): ' ’

) and the pressure

. ' ]

2. Concentration in moles sorbate per litre of free '
volume of the zeolité (C;nvg)and the pressure can be.
replaced by concentration of the sorbate in the gas
phasé in moles per litre (Cg m'/!): v |

I xv — ln E-S-+ 28°C. + 22 ¢o2 :
=T MGt 2955 e Ll (a2-5)

The'equilibfium constant K" is dimensionless and
has the advantage that the thermodynamic functions calcu~—
lated from it are independent of the chosen units of
pressure and concentration. K' has ‘the advantage of being

more readily calculated from the experimental data.

-~ As explained previously (p.62 ) the equilibrium

constant, K, can be estimated taken as the iﬁfercept

c . .
at G = 0) of plots lne® vs C . At this limit: K' = fnX
S c ) n-P NS . np
~and K" = nC%' Plots of zg p Vs N were used for esti-

mation of K'. PFigs. 79, 80 and 81 illustrate such curves
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for Kr in NaL, BaL and LaL. The best smoothed curve
based on the experimental values of ,lg g-vs N was
obtained by computer, using a best fit polynomial

‘program(136)f

- The values of K" were derived from those of K'.
However, plots gég vs N for rectangular isotherms fequire
long extrapolation (see Figs;,79; 80 and 81). For such
cases K' or K" should nofvbe considered as the equili-
brium constants, but as coefficients defined by the vi;ial
isotherm equation (p.195) applicable only over the experi=

mental range of concentrations.

From the equilibrium constant K", the standard energy

of sorption, A;Eo, can be obtained from Van't Hofft!'s isochore

aln x* _ AE° '
. d =
4T RT2

,For‘all the'sorbents; plots of Zg k" vs % are giﬁeh
on Figs. 82, 83 and 84. Thé values of AE® were estimated
from the>slopes-of.the straight lines obtained. For each
experimental temperature a corrected value of the equi-
librium constant, K"¥, was read from thé graph. In Tables
36 and 37 values of the equilibrium constant, K"¥* and the
standard energy of sorption,-g;Eo are given for LiL, Nal,
CsL and for HL, H-ER and H-OFF respectively. 1In Table hd
.corresponding values for KL, Bal and LaL could be found.
For an improved comparison between all investigated sorbents,
‘an équilibrium constant, K;*, at an arbitrary temperature
of 166.6°K was read from each graph. The values are given
in Table 38. |
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TABLE 36.

Equilibrium constants (K"*) and standard energy @AE®)

for adsorption of Kr in ion-exchanged forms of L.

LiL  AE® = -3.6 kcal/mole” .

T K 143.5 162.1 176.6 195,3 | 221.0

lex* | 4784 |3.779  |3.375 |3.041 }2.392

Ku* 2.€4,10']6.08.10° |2.40,10° | 9.14.10°| 3.09.102}-

MaL AE® = =3.5 keal/mole” .

TK 130,0 144,8 153.6 175.2 195.3

lgxv | 5.370 |4.431 4271 3.443 3.231

K" 1.16.1073.13.10(1. 45,10 | 3.55.10° | 1.27.10°

CsL AE® =-3.5 kcail/mole“1

T K 143,2 176.7 193.4 211,.7 223.8

fexn h.o123 13,474 ]2.962 [2.833° | 2.425
Kn* 2.32.10° [2.46.10°| 1.04.1075.07.10°| 3.22,10°
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TABLE 37.
EQuili'brium constant (x"*) and standard energy of

adsorption ( AE®) for Kr in decationated L, ER and OFF.

HL AE" =

-3.60 kcal/mole” )

7%k 142.5 161.7 189.9 210.1 230.6

¢ K" L .785 3.607 2.732 2.225 2.019
K% 1.78.10h 5.05.102 | 6.92.10% | 1.68.10%2 | 1.21.102
H-ER  AE® = -4,00 imal/mole"1

oK 141.9 171.3 187.4 211.5 229.3

tg K" k,.513 3.%29 3.390 2.972 2.397
K * 4.68.10" | 7.02.103 | 2.45.102 | 7.24.10% | 1.80. 102
H-OFF  AE® = -4.60 keal/mole™

7%k 1440 163.8 190.7. 213.8 231.8

Lg K" 5.676 5,011 4.030 3.342 |2.856
Kn* h.7h.1o5 6.61.104 8.61.103 2019.103 8.81.10‘2
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TABLE 38.
~ Equilibrium constants,Kg*)for adsorption of Kr
at arbitrary temperature T, = 166.6°K.
Sample HL LiL NaL KL CsL
ki* | 2.64.107 [4.62.107 |6.11.107 1.15.10% | 4.28.103
Sample BalL LaL H-ER H-OFF
KD * 7.90.103 | 4.79.103 |9.44.103 [5.15.10"

The order of decreasing magnitudes of the arbitrary

equilibrium constants K;* isse
H-OFF > KL > H~ER D> Bal > NaL > LaL > LiL > CsL > HL

Platsvof lg K" vs %'enable equilibrium constants at any
temperature, in the experimental range to be read, while
an extrapolation of these plots gives _an estimate of the

equilibrium constants outside this region.

The standard energies of sorption, ¢1E°, are very

kcal .+ kecal .
close (from 3.h “ole to 3.6 mole) for all forms of =zeolite L.

On the other hand the values for HL, H-ER and'H-OFF are

found to differ (3.6 keal o HL vs 4.6 KS2L £ H-OFF) .
mole : mole .

Analogous arguments to those made to explain the parallel
effect on the initial isosteric heats leads to the conclu-
sion that framework/sorbafe interaction is the determining

factor here too. (p.190}.



h 2,5 Coefflclents A and the properties of the -
standard state for adsorption of Kr on
NaL, BalL and KL. .

Any isotherm can be expressed.by an equation similar
to 4.2-4 (this Chapter). By solving a system of simulfaﬁeous_
equations of. the form of equation 4.2-4, for a number of
different points along the curve of an vs N, the cqeffiéiénts
Aj, A 5, etc. can be obtained. A céﬁputer program(136)
was usea to evaluate these coefficients for krypton 1uotherms

on XKL, Bal and LalL (Table 39).-

The degree of each polynomial, required to describe the
corresponding isotherm, are élso tabulated. By-means of the
coefficients fouﬁd, each isotherm of Kr on KL, BalL and LalL
was computed. The points obtained by computation are plotted
on Figs. 79, 80 and 81. (Allowahce is made for plottingtin
coordinates. Zg % vs N). Using the values of AE° and Kﬁ*,
the standard free energy, AA? énd entpdpy of sorption as®

at sfandard state were calculated from

AA° = '_er_n Kn* . cee (B.2-6)
- v o . . o ‘ ) .
ASO = - AA + A? —~ ‘ .' PR (hoZ"‘?)

values AA° and AS® for each temperature on a given
sorbent are presented in Table 40. From differentiation of
equation (4.2-7) with respect to the temperature we see that

the standard entropy of sorption is independent of tempera-
. 2 (aAAO

rure _ 'bT .b T
~with the above, of the present data. The values of - AS

= 0). Table 40 illustrates the agreement,

for Bal and Lal. are of the same ofder and a factor of two

greater than that found for KL. This indicates that an
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TABLE 39.
Virial coefficients from empirical isotherm egquation
for adsorption of Kr on KL, BaL and LaL.

T°K Al A} Al AL D*
160,9 O.47 -0.23" 0.05 0,01 L
177.3 0,05 -0.01 0.01 - 3
221.7 | 0.13 | -0.01 - - 2 g
192.7 0.03 -0.02 ~-0.01 - 3
209.6 0.35 -0.12 0.02 - 3
134.5 1.45 -0.51 0.06 0,01 4
162.3 | -0.82 0.49 0.10 | -0,01 4
177.0 0.62 -0.:30 0.06 | -0.03 I
182.7 | ~06.16 0.18 | -0.05 | o.0t 4 3
190.4 | 0.39 -1.17 0.04% | -0.01 4 o
194.6 0.06 -~0.01 ~0,01 - 3
209.3 | -1.23 | -0.96 0.17 - 3
159.6 0. k41 ~-0.08 0.01 0.01 b
175.2 | 0,64 ~0.35 0.09 -0,005 L
196.4 | -0.07 0.07 - - 2 .
218.2 0,13 =0.11 0.03 - 3 g
223.8 | 1.16.| =1.03 0.29 - 3
166.3 | =034 | 0.12 -0.01 - 3

* degree

of the polynomial.
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Computafion_of the thefmodynamical functions on

.the basis of the virial isotherms.

Adsorption of Kr on KL.

K'* - AE® |- aa® mlgge- CsO"

T Améiéu L g ca{ f call_; - as® o . ° cules | mole
t.c. cm | ole - |mole LN, P° cm ] peru.cd litx

132,91 57.54 }1.48.10°. 330! 3130-| 1.99 0.017| 0.85|0.98
160.9| 4.80 {1.59.10M = | 3080 | 1.97 | o.21 | 0.85] 0.97
177.3| 1.73  [6.31.107 n | 3070 | 1.99 | 0.58 | 0.83) 1.00
221.7| 0.19 |8.71.10%9 v | 2970 | 1.92- | 5.21 | 0.85] 0.95
192.3] o0.72 {2.82.10% v | 3020 | 1.93. | 1.40 | 0.83] 0.99
209.6| 0.33 |1.32.109 n | 2980 | 1.98 | 3.07 | 0.86]0.96

Adsorption.of'Kr'oanaL ]
134.5| 56.10 |1.12.107| 3640 2950 | 4.11 | 0.018| 0.90] 1.00
140.3 | 30.34 6.31.104' | 2830 4,11 | 0.033] 0.951{ 1.00
162.3| 4.33 1.05.10? n | 2970 4.15 | 0.231] o0.98 ] 0.95
{177.0| 1.5 fu.07.103] o | 2980 | 4.15 | 0.646| 0.97 {0.97
182.7 1.10 2.-95.103 " 2850 h,15 | 0.902| 0.98 | 1.00
{190.4 | o0.75 |2.14.10° n 12980 | k.11 | 1.325] 0.90} 1,00
194.6| o.54 |1.59.10> w | 2800 | 4.16 | 1.825| 0.90]0.95
209.3| 0.26 |8.32.102 w | 2770 | 4012 | 3.745 | 0.95 | 0.97
Adsbrptidn‘of_Kr on LaL .

41,5 16.41 5.01;1oh 3530] 2910: | 4.36 | 0.06 ;"1;00' 0.58
159.6| 3.73 |8.91.103| v [ 2830 | 4.36 | 0.27 | 1.00]0.95
175.9| 1.10 |2.57.103] n | 2760 | 4.35 | 0.91 | 0.91] 1.00
196.4| 0.3% |7.08.10%] v | 2670 | 4.36 | 2.94 | 0.90]0.99
218.2| 0.1z |z2.24,10%] v | 2570 | 4.38 | 8.33 1.0 | 1.00
223.8| 0.08 [1.78.10% | 2550 | 4.38 [12.5 0.95 | 0.93
166.3| 2.06 |5.13.10%] 2800 | 4.37°| 0.48 | 0.92] 0.97
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equilibrium transfer at standard state of a msle of sorbate
from the gas phase into the sorbed phase is accompanied by
a greater decrease of the disorder of the krypton holecules
on BalL and LaL. compared with KL.; An explanation might‘lie

in the difference in the polarlsatlon energy of K ’ Ba2+ )

3+

and La and in the distrlbutlon of the cation electrostatlc

charge per unit cell for each case.

‘A useful characteristic¢ of a given sorbate/sorbent
system is the concentration of the sorbed phaseAin the )
standard state at a glven temperature. As at standard state
the activity of the sorbed phase is unlty, the state associa-
ted with K'# will be defined by_a
No-z

(concentratlon C z Ei can be obtained from plots _a,_Vvs N

=1 (concentration
—~=S-Ue C. t

)and the state assoclated with K"* w1ll be aé % = 1

as the values of N corresponding to as = 1. The values.ofs
.ag were calculated at a glven uptake N from a = K'*,P .,
(_ee P 6() Examples of curves a_ vs ‘N are given in Figs.
85, 86 and 87 and the values of N° obtained are tabulated

in Table 40, The concentration C:$ are also given (For.-
calculation of C: see p.280 in the Appendix). The accuracy
of the estimated values of N® is unsatisfactory as the
cﬁrves_gs_vs N are expoﬁential and the value of N? lies in
the most inaccurate part of the curves. N® can be obtained

indirectly from that equilibrium pressure, Po, which corres-—

ponds to a_ = L
o 25 1 i B - '
P . = 'Ki"' = R" e e (ll-°2-8)

From each plotted isotherm the value of N° corresponding
to P° can be read with ceftainty provided the isotherms are
not too rectangular. Mean values of N°® and Cgl have béen

estimated in this way where pos51b1e.

The activity coefflclents,af , of the sorbed phase can

.r
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5L (p.62). 1n Figs. 88, 89 and 90

the activity'coefficient of Kr on KL, BalL and LalL are

" obtained from }’=

presented,as functions of the concentration, sérVing to
further characterise the sorbed phase. For different
temperatures at a given concentration, the values are.
the resultant of the opposing influences of the equili;
brium constant, K!', and the equilibrium pressure, P,
becanse whéh

Ty 2T,
'one has .

Py 2> Py

[ /
K1'< Ké
4,2,6 Half standard entropies and entropies of

the sorbed phase for Kr on HL, H-ER and
’ H-QFF.

Differential entropies of sorption;£8§,,were calcu-
lated directly from the isosteric heats,l&ﬁ1, according

tO‘eq. 3.1-3 in Chapter Il ]
s . AH
AS, T
The ﬁalues were used to calculate the differential molar

entropies of the sorbed phase, §1 (p. 53)

, T , .
= _ A o Po - dT Afh :
SI = Sg + R Zn;- + ‘f Cpg~ *+ —7 ceee (4-2-9)
T
(4]

where Sgo = 39.2 e.u. for krypton at 298°k(125). The
calculated differential molar entropies for the sorbed
krypton on HL, H-ER and H-OFF at selected temperaturef
are given in Table 41 and plotted as a function of the ,
amount adsorbed, NETE.; in Figs. 91, 92 and 93.. In Fig. 94

T
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Half standard entropies (-A§h) and entropies of the
sorbed phase (§i) for Kr on HL, H-ER and H-OFF.

‘E - A8, 8, -AS§, g, - A5, 5,
S 0 . [»] (o] (o]

o T = 142,57K T = 161°K T = 189.9°K

1 16.78 | 18.75 16.78 | 19.38 16.92 | 20.03

2 17.19 18.34 17.09 19,07 17.08' 19.87

3 17;25 18.28 17.11 | 19.05 17.29 | 19.56 | 2
I 17,37 | 18,16 17.24 | 18.92 17.32 | 19.63

5 17.76 | 18.07 || 17.32 | 18,84 17.36 | 19.59

T = 141.9% T = 171.3% T = 187.4°K

1 | 18.69 | 16.82 || 18.76 | 17.67 || 18.46 | 18.43

2 18,74 | 16.77 18,89 | 17.54 18.732 18.77

3 18.93 | 16.58 19.00 | 17.43 19,00 | 17.88 |
A 19.24 | 16.27 || 19.31 | 17.12 19.34 | 17.55 i
5 19.81 | 15.70 20.09 | 16.34 || 19.87 | 17.02 -
6 | 19.93 | 15.58 || 20.35 | 16.08 | 20.1% | 16.75

T = 144.4% T = 178.2% T = 213.8%K

2 20.38 | 15.23 20.30 | 16.34 20.13 | 17.72

3 | 21.01 | 14.60 21,13 | 15.51 || 20.78 | 16.77

t | 22.81 | 12.80 | 22.92 | 13.72 || 22.5% | 15.01 | &
5 23.91 { 11.70 23.99 | 12.65 || 23.70 | 13.85 | §
6 25.22 | 10.39 24,90 | 11,74 || 25.07 | 12.48 =
v 25.69 9.92 25.66 | 10.98 25.67 | 11.78
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plots for different sorbents at similar temperatures are
presented. The dotted parts of-all'entrbpy curves were

calculated from the half standard entropy, Zlgh, defined

asz:
- R - . -
- A4S, =8, - 8§, we (4.2-10)
0t ' ) C ) ' )
Sg .— molar entropy of the sorbate in the gas phase at
the equilibrium temperature of adsorption and pressure
o

P =1 atm."
Values A;gh_were obtained from the relationships
AH,

A5, = T

]

o . . o
+ R gn P ' see (h02-11)

The half standard entrdpy of sorption should be inde-~
pendent of temperature, provided.ZXI-{1 can be taken within
experimental error, to be independent of temperature. The

constancy of Z§§hlis proved by the data of Table 41,

An exaﬁination of the equation 4.2-9 shows that there
are two terms only which‘depénd on the upfake: R [n %ﬂ and
5%§l; The first decreases with the uptake, but remains
alwéys positive while the second is always negative., If

we ignore the interaction between pairs of sorbate'molecules,

~ then, for homogeneous surfaces Ay will be constant at each

-af

, T
uptake until a monolayer is completed(90) and for hetero~-

geneous surfaces ! will decreaée.(in absolute value) with

T
the uptake. The following curves are given as an idealised

~illustration of three limiting cases:

1} | - o 51

uptake

uptake

N~

caselal) - Ménolayer adsorption on homogeneous surface. -
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uptake ///'

~— —uptake

Case(b) -~ Multilayer adsorption on‘hémoéeneous surface.

-AH 1

wit

uptake ‘ - uptaké

Case(c)~- SMUnolayer adsorption on heterogeneous surface.

The experiwmental entropy'curves'found'for Xr on HL, H=ER
and H-OFF (Fig. 91,92,93 and 94) all decrease with the uptake.
In section 4.2.2 it was shown thaf the above three sorbents
are heterdgeneous, but they are not so much so .as to produce
the maximum. TFor a homogencous éorbent in which sorption is
localised the equation for the configurational entropy is

- R &n—-(P 55) .This w1ll be assumed to be a first approxi-
matlonto(s Sm)forthe present systems. Examination of curves |
91, 92, 93 and 94 shows that the order of decrea511g entropy
for the three sorbents at a given uptake is: .

Si mw 2 51 p-rr 2 S1 H-oFF
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This:order .cannot be explained in terms of the micro-

pore volumes, values of which are in reverse order:

Vi OFF> wH ER > w (p.171).

the order of © for the three scrbents is as follows:

Thus for a constant uptake,

<9

H—OFF H-ER < 9 1L

t

Substitution in equation for the configurational entropy.'
§c’ leadsl. when assuming the thermal entropies to be the
same, to Tesults cmnrary to- those experimentally 'othned i.e.

81 HL<' s1 H-ER < 1 - OFF and 2. assuming SthHL>SthH -ER >Sth HOFF
to the order of'§] observed

4.3 ADSORPTION OF Ar, Kr AND Xe ON NaL, KL-
AND Bal AT TEMPERATURES IN THE RANGE
" 120°k-273°K.

4,3.1 Isotherms.

NaL, KL and BaL were chosen for adsorption’ studies
with Ar, Kr and.Xe at.a series of temperéturés. -Isotherms
' were measured at intervals of 10 to 25%°K in the range
120°-200°K for Ar, 130%°K-270%K for Kr and 170°K-273%K for.
Xe. The'adsor?tion equilibrium was found to be established
within 15-20 minutes and 30-40 minutes were allowed before
reading each equilibrium pressure. The isotherms:were
reversible in all cases. After'compieting a series of
isotherms for éach gaé the reproducibility was checked by
repeating one of the isotherms of the'series. " Reproduci-
bility was found to be'satisfactory. As Xe condensed
anpreciably in the nitrogen trap the latter had to be -
removed while pumplng out the system, for short perlods

at regular intervals.

The isotherms of Ar, Kr and Xe obtained on NaL, KL - .
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and BaL are given on Figs. 95—100 and 67, 68 and 70. A
comparisén of the isotherms of a given gas on each sorbent
indicates more energetic sorbate-sorbent interaction(89)

in BaL, than in KL and NalL.

All isotherms were type T in the BDDT classification(13h)
In contrast with the present results, in zeolite LiX,
Kiselev et al (137) obtained upward inflections at low’

pressures for Xe adsorption.

One can compafe the behaviour of Ar, Kr and Xe on a
given sorbent, by takihg isotherms for all gases at the
same femperatﬁfe. As such experiments were not performed,
the comparison was made in the following manner: At an
afbitrary pressure of 30 cmHg, the upfake'for each gas at
comparable temperatures was read from the graphs and tabu-
lated in Table 2. _The uptakes of Kr and Xe are similar

~and ‘are approximately'fwice that of Ar.

TABLE 42.
Uptakes at pressure 30 cmilg

NalL KL ‘ " BaL
°k N m/u.c. | T°K [N mw/u.c. | T°k |N m/u.c.
ar | 162.0] 4.7 |169.4| 3.6 |16k.9| 3.6
Kr | 163.7 7.2 160.9 7.2 1162.3 7.2
Xe | 169.4 6.9 169.3 6.1 171.2 6.4
Ar | 189.7 1.8 l188.4) 1.7 185.8 1.8
Kr | 186.2 5.8 209.6 4.0 182.7 5.6
Xe 181.0 6.0 210.9 k.3 187.5 6.1
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4h.3.2 Isosteric heats.

The isosteric heats of adsorption (p.52 ) of Ar,
Kr and Xe on Nal, BaL and KL were>determined from the
isbtherms“by the three pfocedures previously indicated
in section 4.2.4 (p.186). Examples are shown on'figs.
101, 102 and.103: The average values of isosteric heats
‘obtained from each of the procedurecs were graphed to give
the mean curves of A.H1 vs uptake. In Fig. 104 such -
curves for Ar on NalL, KL and Bal are presented and the
" points calculated by the different methods are distinguished.
The numerical data are given on Table 43, For all other:
- systems the curves of isosteric_heats vs uptaké are drawn
using the average isosteric heats from the first two
procedures and averagé of both plotted. An accuracy

+ 0. 15 ca; was achie&ed.- If appre01ab1e dlscrepancy anpear-
ed then the thlrd method was also used.

A better comparison between the three sorbents can be
nade if the isosteric heats are presented (Plg. 105) as a

function of the common_scale 7 (see p.190).

The isosteric heats of the three gases on Nal, KL and
Bal. were found to follow the normal order
‘AH1 Xe ‘AH1 ke 7 AH]‘AI‘
Examination of the slopes of the plots of isosteric heat vs

~at any one uptakelz

7 indicates that the apparent heterogeneity towards Kr and
Ar, in contrast to Xe persists over the whole interval of
studied. The curves for Xe show a horizontal pért'in o0
region of 0-200, followed by a rapid decline in the
~region of 7 200-400, This behaviour is compatible with
energetic heterogenelty 51m11ar to that observed for Ar

and Kr, oft'set by a sorbate-sorbate interaction which is

larger for Xe and is sufficient at first to keep the isosteric
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TABLE 43.
isosterjic heats (-Aﬁ1 kcal/mole) of Ar on NaL, KL and BaL.

NaL KL BaL
- - AH, calculated from
2SS _ L ,

& ng vs‘1/'I"'. /gP’ vs a Zg Phvsal gPvs1/T| g P vs a gP/a vs a| g Pvsift| g P.VS a| gP/a vs al
5 3.47 | - 3.48| 3.2 ]  3.26 3.25 3.67 3.62
6 o : 3.4 - 3.65 |
0 3.43 _ | 3.16 o 3.10 3.67 ' | 3.75
15 3.38 3.41 ‘ 3.17 3.07 3.15 |  3.67
16 . . 3.60
0 3.28 o 3.31 3.07 | 3.10, 3.58 | 3.63
5 3.22 3.27 3.01 3.05 3.55 o 3.64
6 | | | - 3.60
0 3.17 3.12 2.90 : 2.97 3.53 | 3.62
5 3,06 3,01 ' ‘ 2.97' 2.85 3.60 3.61
6 . .'3.60
0 2.96 - 2.89 2.58 | 2.54 3.58 3.54
45 2,76 2.85 2.50 2.40 3.63. 3.56
46 » ' . 3.45 |
50 - 2.72 . 2.65 2.29 2.33 3.51 a 3,48
55 2.49 2.56 2,20 3.47 3.45
22 2.37 2,31 2.09 2.00 3.43 3'4§ 3.1

2
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- heat nearly constant,

YWe can pfesent thé decrease in the isostérié heats.
from an arbitrary low 7 value (171 = 50) up to an equally
arbitrary high 77 value (7 2 = 400) for all gases and
sorbents. (Tabite 44). The values express the overall

heterogeneity as a function of the nature of the sorbate

and the sorbent.

TABLE 4,

Decrease in the isosteric heats (z&.31 kcal/mole-1) \

of Ar, Xr and Xe on NalL, KL and BalL.

NaL’ : KL ' BaL

1

T {72 POTRY 749 | 7242072 T4 | 7 2 PO )2
Ar|3.40 | 2.401 1.00 | 3.25] 2.12| 1.13 3.69| 3.58] o0.11
xr|5.00 {3.90| 1.10 | 4.ko| 2.65| 1.75 |#4.70| 4.38] 0.32
Xe|5.60 | 3.46| 2.14 ]| 5.10]| 3.20] 1.0 |6.00] 4.80] i1.20

-~ AH, at arbitrary /Z .

Sorbate

The initial heats of a giveh sorbate are close in value
for different sorbents as_pfeviously revorted for Kr on all
ion-exchanged forms of L{p.187) and now confirmed for the
Ar and Xe.b The same behaviour was found for Ar in Li, Na,
K, Ba and Sr forms of zeolite X(68). Initial isosteric
‘heats on Li, Na, K, Ba and Sr were all within a range of
+ 0.5 kecal/mole. - A |

In the case of'kfypton (p. 190) it was concluded that
the initial isosteric heats are deterﬁined by the framework/
sorbate interaction; The sane argument'can now be.extepded

to the results from Ar and Xe and to the results for Ar in
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zeolité.X(68). The apparent hetefogeneity on the other

. hand differs among the exchanged forms. " For example in

" BaL Afﬂ was nearly constant for both Ar and Kr, while

NaL and KL exhibited noticeable heterogeneity toward the

two gases. Barrer and Stuart (i.b.) have found that ibhf
exchaﬁged forms of zeolite X, which were most energetically

. heterogeneous, containedVCations which showed the gréatestA
polarizing power and for non-polar sorbates, such as Ar, Kr
and Xe, have attributed the heterogeneity to this property.
Heterogeneity was much inéreased‘when the sorbates possessed
permanent electric moments. For some cases of the preéent

" study (1nclud1ng those of Kr on all 10n-exchanged forms) .

this explanatlon holds (LaL exhlblts the highest heterogenelty)
but it cannot be applled to all cases (BaL vs NaL, KL for
example). Close initial isosteric heats but distinctly
different heterogeneities have also been found for adsorptlon
of krypton on different forms of morden1te(92) and Ar on

Na- and H-mordenite(108).

4.3.3 Entropy of adsdrpfioh.

The entropy of adsorptionzﬁ§3 (p. 53) for a given uptake

and temperature, T, can be calculated from isosteric heats:’

AH

1
T -

AS1 =

The entropy. of adsorption will depend on the amount
adsorbed in a manner similar to that of the isosteric heats,
but this dependence will, in additioh,be a function of temper-~
~ature. The entropies of adsorption of Ar, Kr and Xe on
Nal, KL and Bal, at selected temperatures are>given in Figs.
106, 107 and 108. TFor a particular sorbent/sorbate system,
the lower the temperature the greafer the_decrease_df the

entropy when sdrption occurs. One can consider the slope of-
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~ Fig. 108 ','Ar, Kr and Xe on Bal
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the cufves of 2&§1 vs N as a measure.pf the heterogeneityv
at a given temperature. The heterogeneity so estimated
"is more strongly in evidence at lower temperatures. Curves
of A§1
heterogeneity of different systems at a common temperature.

vs N are a convenient basis for comparison of the

4.3.4 Empirical isotherm equations for -

adsorption of Ar, Kr and Xe on BaL.

. BaL was chosen as an example for estimation of equi-
.1ib}ium constants and the standard energies of the three
'gases,‘Ar, Kr_and Xe. Activity coeffidients for the sorbed
argon were evaluated and were compared with those calculéted

from isotherm models.,

As described before, the equilibrium constanf K' can
be obtained from the intercept at N — 0 of the graph of’
/n % vs N (p.195). From the equilibrium constant XK' the
dimensionless equilibrium constant K% (p.280) was calculated,
The values obtained are given in Table 45 (for Xr see Table |
36 and 40). The equilibrium constant XM was used to obtain
the standard energies, AE°® kcal/mole. In Fig. 109 (for Ko
see Figs. 82 and 83) the blots»of fg K" vs 1/T are presented,
and in Table 45 the values of theienergies are tabulated.
The values of the equilibrium constants for Xe dominate thosé'

at the corresponding temperature for Ar-and Kr.

The equilibrium constants for the three gases read at
an arbitrary temperature T, = 166.60 (Table 45a) make this

comparison clearer.

Thé Valueé of the equilibrium constants Obtained for Ar
were .used to calculate the activity coefficients (p.62’j.
The theoretical activity coefficients were also calculated
accerding to both Langmuir(QO) and Volmer(90) isotﬁerm models
(Table 48) and in Fig. 110 are shown the correspénding . ’
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Fig. 109 Ar and Xe on Bal



state A E° kcal/mole for adsorption of Ar and Xe

TABLE 45. -

Equilibrium constants,X"*, and energy at standard

ahy

<«

on Bal
A o _ kcal
r on BalL AE = =-2.90 m
°K 123.5 {137.5 h51.8 . j164.9  h72.0 |185.8 | 193.2
ng" 3.93 3,21 2,78 2.40 2.03 1.69 1.58
' 2 2 .
K 5.61.1031.45.103 4.57.10 2.00.107, ¢ s7.5 | 2.8
Xe on BalL AE°? = -5.80 keal
mole
Tk | 181.5 199.3 pRo4.9 [223.1 |239.2 |258.3 |273.2
bexn | 5.12 .22 4,20 |3.45 | 3.1 | 2.67 | 2.33
K" * 7.95.10" 1.66.1ﬁ 1.26.10'3.52 10| 1.51.103 | 6. 30.10%| 2. 14.10
TABLE k5a.
Equilibrium constants’Kg*;at.ah arbitrary témperature‘
T = 166.6°K. ’
a =
Ar Kr Xe
1.66.102 7.90. 107 3.40.10°
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TABLE 46.

Activit& coefficients of the sorbed phase.

isotherm équﬁlibrium constant activity coefficient.
. T c

. . _ .9 . _ sat

Pangmulr. K = *ﬁ(T:E) XL, = E;;;:E

Vol r  - K = 2 . e{ 9 = —S§23~ ex R
mex . T TH(I-6) °¥P [1-8). [¥v T T___-¢ °*P C_-C

Empirical | K = c é?n(éA é?gk 024 )X 2.

v ' P * 17272 g = exp(ZAIC‘I%AZC +es)

curves of )’vs Ce (the concentratlon Cs is expressed in

moles sorbate per 11+re of free volume of sorbent) Volmer's
model gives fairly good agreement w1th the experimental
isotherms at iow concentration of the sofbate, but the

values at'high concentration are quite unrelated to the
experimental ones. Calculations on the basis of the Lang—

muir model give values well below the exber1mental ones.

\ A ]

To . estlmate e (for Langmuir and Volmer equations) the

saturation values C were obtained from the limiting

sat’

slopes of the plots % vs P (ref. 72 ) at the exper1menta1
5

temperature. The lower the temperature, the smaller was

the deviation from a straight line. Thu$ the more accurate

values for Cs and 9, are those‘for the low témpératures,

’
123.5°K and 13;.8K. The activity coefficients estimated
from the ewmpirical isothernm cufves, practically-coincidé.
with the experimentai Onés (see p. 62). The‘poér accuracy
of Csat might be one of the reasons for discfepan?y between
the experimental and theoretical curves. Iowever, it is
unlikely that the real thermodynamic state of the sorbate/

sorbent systems here discussed can be deScribed,satisfactopily

(4
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in terms of assumptions needed in deriving either Lang-
mir's or Volmer's isotherm(90). Numerous additional
tests of ideal isotherm models on zeolites(92,19,18)

carried out up to now emphasize this point. ‘
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- SUMMARY

1. Synthesis and crystallographic aspects. Well crystalline

zeolite L has been synthesised and it has been shown that
‘this crystallisation from gels occurs best in the présence

of XK' free of Na*., & repeated co-crystallisation of eribnite,
offretite and L has been obserfed and explained in ‘terms of
the common structural.unifs which are 11-hedral cancrinite
cages and hexagonal prisms. Piroof of the epitaxy of L and’
offretite and the intergrowth of erionite and offretite was
obtained by electron diffraction of selected areas.

A clear distinction between erionite and offretiteAwas
demonstrated by means of the X-ray powder techniques. As
this method is the most common for zeolite identification,
the above distinction_is of considerable practicél importance.

2. Exchange behaviour. Limited exchange was found at room

temperature on zZeolite L and Qﬁ erionite (ER), namely 31—3#%
~for L and 45% for ER. Consideration of this in relationiég
earlier work(11,14) demonstrated differences inAexchangeability
of distinct catibn sites in the structure. ©Omn the basis of
 the ion-exchanged and adsorption results for Ar on K-ER and
Na-FER, a suggested distribution per unit cell ist four cations
in the four cancrinite cages and five cations near the eight-
membered rings in the two large 23-hedral cavities.

The extent of ion-exchange for NHA+ was found to Be more ’
than twice as great as for the other investigated cations.

3; Thermal stability. DTA investigations’ distinguished two

types of zeolitic water in forms containing small alkali metal

cations or>polyvalent cations. The IGA.curves of HLL and LiL

showed weight losses (attributed to dehydroxylation) continuing

up to temperatures as high as 1000°C. For theée samples

- peculiarities in adSOrption propérties were foﬁnd-wﬁich may

be related to the above behaviour on heating.: .
For ion—exchangedAforms of L, the a and ¢ 1attice constants

. . i s R o '
shoved maxiwum and minimum values respectively at 200°C. At

Lor
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550°C the constants were then found to regain their room
temperatiure values, with the exception of HL and LiL.
Drastic alteration of the powder line intensities was also
observed in the same temperature interval. The migration
and loss of the watef has been suggested as a main reason
for the extreme values of a and ¢ constants at 200°¢c. ;
For erionite, heating and outgassing wa$ found to
result 1n contraction in the a and expansidﬁ-in the ¢
dimension together wlth an overall contraction of the unit
cell volumes. Also at about 200°C drastiq-alteratibns of
“both position‘and intensity of the powder lines were observed.
The water migration and loss was found té'affect in all
three zeolites the 100 and 110 reflections. o ‘
Structural analysis on Bal has shown Baf'"-'L tb‘be position~
ed, like X* on KL(11), at 0, 0.303, O at room temperature
-in the hydrated state, whereas at high temperature (550°) and
after dehydration, the position 0.19, 0.38, O was occupled
The 1moortance of rates of cooling after outga551ng is a
practical implication of the above flndlng.

L. Sorption Properties. Adsorptlon of Ar at 77.3 K on all

ion-exchanged forms of L showed the following sequence of

saturation capacities per unit cell.
.

NaL > KL > LalL >HL > BaL > LiL > CsL
The water content per.uﬁit cell waé found to follow the order
L1L> >LaL >BaL>NaL >CsL>KL- .

and the order of theAabove'satﬁration capacities could not,
therefore, be related to the free volume in thé structure
found on the basis of the water content, Micrbpore volumes_
of the sorbents, estimated using Dubinin's method,’ were in

‘the sequence

NaL >LaL >KL > BaL >HL D>Lil > CsL



250,

and thus relate well to the saturation canacities of.Ar
observed.

Arpon adsorption at 77 3 °kK on ion-exchanged erionite
showed strong dependence on catlon size - Na-ER v1gorously
sorbed Ar whereas K-ER did not sorb this gas at all, Mole-'
cular sieving separation of rare and permanent gases on
exchanged forms of ER was not achieved as Na-ER included Xe,

whereas K-ER rejected even 02

The iSOSte?ic heats of Xr showed stronger sorbent—sorbate
interaction in cases of H-OFF and H-ER, than in HL. Thisbwas
attributed to the narrower channels in offretite (énd cavities
in ER) than in L. | ., .

The initial isosteric heats,_qst, of Kr, fqr all ion~
exchanged forms of L were similar, but differed fer:

HL, H-ER and H-OFF. Different variations of q_, with amount
sorbed were observed for all the exchanged. forms of L towards
Kr and for NaL, KL and BaL - towards Ar and Xe. The sorbate/
framework interaction was considered to be the determining
factor for the initial isosteric heats and the sorbate-cation
interaction - for the apparent heterogeneity. Thermodynamic
equilibrium constants for the distribution of Kr between the
~gas phase and the crystals were estimated. Standard energies
of sorption of Kr were similar for all L sorbents
(3.7—3.6 tsiil) but differént for HL, H-ER and H-OFF.

The adsorption isotherms rcould :ot pe expressed in terus
of equations based on idealised models, Empirical equations:
were, however, found which eatisfactorily described the
measured‘isotherms, taking Kr on KL; Bal. and LaL es,examples.
The successful equations had the form

K = S5 exp (2440, + a0+ B o3 4. )
P 2727s 3 37s :
where the A's depend on temperature and on the gas-sorbent

Cd

system, but not on concentration.
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Parameters used Symbols Accuracy
equilibrium teémperature. 1%k 4 0.1%K
equilibrium pressure in cm Hg. Pcm Hg- 4 0.005cm Hg

" uptake in cm’ (s.T.P.) per :
gram of outgassed zeolite. a ce//%. + 0.05cc/g.

uptake in number of molecules
per unit cell of outgassed

zeolite.

Nm/u.c.

+ 0.005m/n.d
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Ar on HL at 77.3°K._ contd.

P cmHg a ce/g | N m/u.c. P cmHg a cc/g N m/u.c.
0.045 45.21 b, 431 6.831 85.23 9.119
0.197 68.92 6.754 3,604 80.78 8.643
0.453 8,15 7.659 0.931 75.20 ° 8.046
0.952 81.14 7.952 _

2.557 90.07 8.827 Ar on NaL at 77.3101{

h,342 98.75 9.678 0.020 65.63 7.095
6.516 100,08 9.808 0,204 90.32 9,756
8.352 108,75 10.535 0.354 96.64 10.439

11.315 114,01 11.173 0.971 100.25 10.827
13.552 117,62 11.527 2,205 103.04 11.128
15.102 120.75 11.834 2,836 105.76 11,422
18,121 130,10 12,749 5.843 109.21 ° 11.795
15.794 | 122,10 11.966 7.984 111.28 12.018
12.006 115,01 11.271 12,052 114,72 12,389
9,213 108.32 10,615 13.614 116.81 12.615
7.322 102,26 10.021 15,261 120.80 13.464
1.856 86.10 8.438 18.207 130.23 14,065
0.287 72.15 7.071 15.781 - 122.04 13.180

Ar on LiL at 77‘28°K 10,123 114.02 12,314
' 6.351 109.63 11.84%0

0.103 56.16 6.009 4,052 107.21 11.579
0.327 70.23 7.515 1.461 | 101.68 10.981
1.253 73494 7.9M " Ar on KL at 77.3°K |
2,232 S 79.13 8,467 . 0,023 k2,37 ., - 4,661
b.314 81.92 8,765 0.068 76,42 ' 8.352
7.722 86.40 9.245 0,173 85,22 9.374

11.134 92.04 9.848 0.431 - 88.41 - 9.72h
14,056 97.37 |.10.418 1.220 94,02 10,342
17.003 102,24 10,939 3.413 100,03 11,003
15.514 99.15 10.609 8.321 105,60 11,616
10.723 91.84 9.827 11,134 111.21 12,233




259, °

coﬁtd. _ contd.
P cmlg a cc/g - N._'m/u.c. f P cmHg a cc/g |N w/u.c.
' 13.252 ‘T13.36' 12,469 0.823 88.40 10.254

16,204 118.10 12.991 1.212 90.34. 10.475
18.207 122.81 13.509 2,551 95.26 11.050
13.940 114,04 | 12,544 b.72h 98.85 11,467
9.216 107.63 | 11.839 7.682 100.20 11.623
5.513 102,24 11.246 11.670 102.56 11.897
2.353 97.20 10.693 17.231 108.16 12,547
0.781 91.28 10.041 13.923 104.96 12,175
Ar on CsL at 77.2;K | ﬁb 8.423 100.6j 11,671
0.038 f 58,26 6.816 3.671 96. 24 115164
0.425 62.15 70271 1.576 92.48 10.728
0.723 65.28 7.638 0.625 86.48 10.032
2.451 70.10 | 8.202 Ar on LaL at 77.33K

7.314 76,40 8.939 0.065 - 89.35 10,7305
9.583 77.76 9.332 0.263 92.43 10,722
14,463 €1.05 9.&83' 0.914 97.26 11,282
18.351 83.67 9.789 . 3.h22 ' 103.28 11.980

116,250 82.43 | 9,644 7.264 106.00 12;296:

11.812 79.31 9.279 9.843~ 107.20 12,435
8.207 76.98 9.007 12,860 109.04 12,649
6.671 75,44 8.826 17.811 [ 114,42 13.273
3.983 72,02 8.426 18,434 - 119,36 13.846
1.820 66.86 | 7.823 15,412 111.10 | 12.888
0.152 60.96 | 7.132 11.863 108.32 12,565
Ar on Bal at 77.2°K 9.220 107.60 12,482
' ’ 6 5.061 104,64 12.138.
0.010 49.34 | 5.793 A

0.070 70431 9.315 2,074 100,48 11.656
0.163 80.45 | 9.332 0.532 95.60 11.089
0.460 84,48 | 9.799 '



Ar on H-ER at 77.3°%K

260,.

contd.

P emHg a cc/g N m/u.c.’ P cmHg a ce/g N m/u.c.
0,023 | 87.32 84557 8.735 123.20 13.059
0.152 | 111,22 10.897 5.483 | 120.75 .| 12.799
0.713 117.10 11.758 2.562 118.31 12,540
1.620 | 122.91 12,045 1.352 | 115.15 | 12.206
3.12h | 126.40 12.387 Ar on H-OFF at 77:q§K
6.262 | 130,12 12.752 ‘ _ , ,

9.251 131.21 12,886 0.030 68.53 3.426
12.314 | 132.92. 13.026 0.123 111,54 5.577
1,662 | 134,24 13.155 10,514 121,20 6.060
17.8014 | 136.15 13.343 0.881° | 127.24 | . 6.362
19.703 140.33 13.752 :1.67h 134.63 - 6.731
18.61%4 | 137.15 13,441 2.156 137.16 6.705
15.631 | 134.72 13.203 3.718 141,13 7.056
12.822 132.94 13.028 5.582 143,72 7.186

7.113 | 130.72 12,811 8.916 146,24 7.312"
3.81% | 128.16 12.559 11.301 148,05 7.403

1.182 | 120.65" 11.824 15.723 150,03 7.501
Ar on Na-ER at 77.2;K 19,464 156.93 7.846
0.057 82.13 '8.706 19.133 152,80 7.640
0.160 | 106.10 11.247 12.126 | 148.63 7.431

C.663 | 111.12 11.779 7.463 145,21 7.261

2.052 116.73 12.373 5.135 143.06 7.153

%.351 | 120.11 12.732 1.272 131.15 . 6.558

7.321 122.50 12.985 0.231 115.24 5.762

9.473 123.76 13.119
14,620 126,22 13.379
17.382 127.15 13.478
19.524 131,32 13.919
18.156 126,91 13,452
12.731 | 124.85 13.234




261,

Ar on K-ER at 77.3u0K.

P cmllg a cc/g N m/u.c.
0.612 3.20 0.342

1.863 5.56 . 0.594

2.581 7.13 0.763

5.914 9.53 1.020

9.631 10.98 1,175

14.623 11.06 1.183
18.547 | . 11.63 1.244

19.630 12.12 1.497
20.153 - 23.60 2.525

19.063 11.08 _' 1.186

15.257 - 11.00 1.177

11.753 | 10.09 | 0 1.176
7.718 - 10.56 1.130

3.894 8.51 _ 0.611

1.103 h.62 0.9k




262,

Ar on Nal at 127.9% contd. contd.

P cmlig N m/u.c. P cumHg N m/u.c. P cadHg | N m/u.c.
0.231 1.045 || 19.759 5.736 . _
0.456 1.837 || 10.266 | ‘u.641 19.963 {. 2.163
0.682 2.372 | 4,642 - 3.163 13.262 1.509
1.925 3.489 | 1.367 1.312 5.484 0.711
3,012 h,172 % Ar on NaL at 162.0%]| 3.408 o.h17
4.869 5.021 | 0.302 0.153 || Ar on NaL at 189.7°K
9.348 5.846 - 0,487 0,248 0.386 {_ 0.032

17.399 6.783 3.006 1.201 1.480 0.118

27.620 7.513 5.941 1.797 6.289 0.487

43,353 8,194 12.420 2.846 13.837 0,963

48,971 8.249 20.518 | 3.804 |l 19.937 1,271

38.970 8.001 30.416 4.759 28.316 1,764

21.216 7.099 43,730 5.697 L4, 083 2,503

13.062 6.308 50,031 6.052 38.308 2,261
7.892 5.634 4o.615 | 5.499 . |I 24.993 1.578
L,694 4,816 27.860 I .501 9.867 0.701
1,664 3.023 14.956 3.241 3.386 0.287
Ar on NaLl at 145.5°k 8.164 2,212 Ar on NalL at 195.0°K
0.380 0.456 1.783 0,681 0.938 0.0k41
0.947 0.915 Ar on NaL at 176.9°K 2,011 0,087
2,047 1.823 0. 526 0.122 7487 0.249
2,613 2.187 - 0.889 0.207 18,003 0.579
3.734 2,785 2,433 0.335 22,468 0.711
6.562 - 3.825 4,386 0.586 34.103 0.993
-.282 | L.ouy 6.834 0.866 45,780 1.205
14,380 5.205 10.701° 1.301 40.583 1.092

23,016 6.007 16.130 1.803 || 29.497 0:871

37,968 6.95U4 27.264 2.806 11.751 | 0.356

49.158 7.381 42.399 3.980 4.385. 0.172

33.716 6.701 33.265 3.251 - '




-

, 263,
Kr on NaL at 130°K Kr on NaL at 153.6°K  r on NaL at 175,2°

PcmHg . N m/u.c. P cmHg N m/u.c. : P emHg N m/u.c.
0.011 h.551 || 0.015 1.352 - 04397 0.738
: 0.312 6.150 0.341 2.771 || 0.867 | 1.505
L 1.140 6.807 1.205 4,619 2,487 3,064
1 5.162 7.786 h.155 6.148 5.508 | L.175
! 7.35 1 8.ou3 || 10.136 6.989 || 7.050 I ,645
113,334 8.513 || 18.416 71409 12,700 5,410
19.448 | 8.799 26.035 7.683 18.823 5.973
29.780 © 9.149 40.322 7.993 25,832 6.289
k1.612 9.487 51.329 8.303 42.585 6.720
52,496 9.708 32.381 7.811 33.310 6,502
39,009 9.372 19.327 7.416 20,398 6.130
21.392 8.871 12,943 7.129 15,061 5.730
15.050 8.610 || 7.480 6.678 - 9,351 4.989
10.554 8.311 || 1.586 5.085 ~ 3.656 3.629
4,268 7.534 Xr on NaL at 163.7°H| 1.322 2.165
Kr on NalL at 144.8°x 0.342 ; 1.943 |l Kr on NaL at 186.2°K
0.050 2.352 0.825 | 2.963 0.497 0.hsh
0,357 3.994 I 1.713 3.802 1.192 | 1.030
0.866 . "5.332 3,825 | Lk.,902 3.015 | 2.09%
3.302 6.573 11.703 6.301 || 6.776 3.473
7.585 7.266 19,008 6.812 11,416 4,336
10.093 7.430 31.938 " 70287 .16.995 5.007
19.963 7.921 || 44,512 7.609 || 27.845 | 5,683
28,990 8.203 || no.512 | 7.501 42,530 6.299
¥5.162 | 8.625 || 25.003 7.008 34,170 | 5.949
52,230 '8.832 13.337 6,811 24,517 5.452
40.855 8.527 || 6.296 5.597 13.339 4,654
22,162 7.996 2,382 4,350 8.853 ‘| 3.843
14,702 T 7.762 1.052" 3.387 h.556 | 2.772
6.024 7.031 ' " i 1.607 1.315
1.705 5.903 | ' '




- 26“'

Xr on Nal. at 195.301{ co_ntd.' Xe on NalL at 20'-7._5%‘:
P cmllg ; N m/u.c. . P cmHg N m/u.c. P culig | N m/u.c.
1.018 | o.s572 | 3.822 | 5.291 0.391 | 1.573
L4.5hs5 1.823 § 5.410 5.498 0.907 2.759
7.266 2.546 | 10,717 6.065 1,961 | 3.604
12,700 3,503 | k.14 6.313 L,668 4,280
17.020 3.991 | 26.300 6.784  10.559 4.695
24,524 4,485 44,103 | - 7.256 13.371 4,829
h2.275 5+355 47.539 7.463 22.972 5.087
37.497 5.132 31.711 6.963 by, 521 5,448
29.312 4.709 18.006 6,498 42,619 5.398
14,988 3.738 7.595 5.785 29.088 5.236
9.685 2.89L 1.769 k.708 17.736 | 4,948
5.061 1,982 Xe on NaL at 181,0°K  8.559 4.598
2,990 1.358 0.236 | 1.962 3.527 hoo6h

Kr on NaL at 209.7°K  0.551 . 2,901 Xe on NaL at 223.2°K
0.430 0.150 0.892 | 3.551. 0.431 0.810
1.391 0.392 1.867 4,160 1 0.818 1.346
3.100 | 0.70k4 4,238 4,763 1.012 2,067
8.067 1.652 8.043 5,208 || 1.89%4 2.437

1h . 546 2,428 12.620 5.457 2.315 2.962

26.865 3.647 20,075 5.747 6,474 3.887

b1,644 h.622 || 32,513 6.034 7.800 4,018

51.101 4,943 44 142 6.377 1| 15.791 4.505

33.7h2 4.105 50.840 6.566 26.100 .| h.770

19,902 .| 3.074 36.314 6.118 37.919 %4.930 .

10.188 | 1.967 24,810 5.881 k7.133 | 5.069

1 5.503 1.183 16. 864 5,671 b4.496 | 5.031

Xe on NaL at 169.4°K  6.095 4.932 33.298 '4;878
0.092 | 1475 [ 2.783 4.396 20.647¢ | L.624
0,158 3.136 10.972 4,257
0.783 4.256 | | ; '3.720 | '3.308




| . 265,
xe on NaL at 239.2°K Xe on NaL at 273.6°K Ar on KL at 145,2°Kk

P cmHg N m/u.c. _ P cmKg [N m/u.c. } P cmHg N m/u.c.
1,015 - 0,751 1.226 | 0.233  0.692 | o0.457°
2.697 1.701 5,117 0.862 1.524 0.864
6,900 2,953 || ~ 8.025 | 1.295 2.514 1.508
9.166 3.387 18.002 2,235 4,42 2,557

14,022 3,808 25.528 | 2,758 5.518 | 2.883

17.556 3.998 35.862 | 3.127 10.431 4,194

29.681 4,307 hée.146 3.453 14,078 L.856

43.615' L,624 43,035 3.361" 23,714 5+919

36.758 4,470 32,110 | 2.988 37.126 6.827

26.215 L, 243 12,263 | 1.770 46.308 7.115

11.330 3.578 6.717 | 1.086 42,163 6.989
4,432 2.390 2.699 | 0.479 32.586 6.521
2.135 | 1.978 || Ar om XL at 124.4°% 16.523 5.109
Xe on NaL at 258.1°K  0.283 % 1.381 [ 7.331 3,429
1.510 0,464 ' o0.451 | 2,104 |l 3.416 2,053
3.015 0.826 0.937 | 2.924 0.879 0.654
5.253 1.437 1.135 | 3.271 Ar on KL at 158.,4°
6.908 1,756 2.838 | h.520 0.634 0,251

11.115 2,433 3.399 | 5.081 1.513 0.478

13.447 2,698 5.610 5.658 - 2.035 | 0.719

16.868 2,974 10.641 | 6.503 3.374 | 0.915

27.953 3.508 21.323' | 7.435 6.318 1.792

hs.112 3.985 37.750 8,126 - 8,924 2.393

33.154 | 3.706 46.589 | 8.383 11.887 2,907

21,178 3.269 N1.128 | 8.214 14,718 3,407

16.278 2.914 29.295 | 7.798 19.049 h,012
9.142 2,171 .72 | 6,983 25.011 h.6h9
4,656 1.301 6.290 | 5.768 34.253 | 5.410
| | 5.511 | 5.322 44,004 5.907

2.368 4,098 40,723 5.751
0.623 | 2.452 31.921 [ 5,198




266,

contd. contd, contd.
P cnlig N m/u.c. P cmHg N m/u.c. l P cmHg N m/u.c.
. : .
22,732 4347 43,264 2.268 29,218 8.005
10.979 2.796 34.627 1.873 42,639 8.364
4.513 1.358 25.534 1.402 ! 49,125 8.667
Ar on KL at 169.4°k| 14.121 0.798 38.846 8.314
1-853' 0.304 G.621 G.507 27.830 7971
3.314 0.551 4,692 . 0,279 19.160 7.623
5.013 0.816 Ar on KL at 176.9°% 12,625 7.358
6.924 1.102 1 0.795 0.063 4,870 6.599
8.518 1,368 1.623 G.185 Kr on KL at 160.9°K
11.217 1.652 2.908 0.338 0.118 o.hS%
16.313 2.261 4.491 0.465 0.224 1.108
22.918 2.958 10.825 1,031 0.520 1.596
32.813 3.882 1 19.685 1.685 0.613 2.317
44 409 L.643 32.863 2.638 1.328 3.433
39.382 4,372 43.915 3.189 4,127 5.128
28.516 3.487 138,418 3.411 5.612 5.552
21,269 2.752 38.641 2.973 10,672 6.209
13.342 1.879 28.0L46 '2.315 17.450 6.688
9.138 . 1.416 13.703 1.277 28.235 7.202
4,326 0.708 7.315 | "~ 0.739 || 46.240 7.739
Ar on KL at 188.4% 2.248 0.263 40.053  7.508
1.387 | o.124 Kr on KL at 132.9°K| 25.441 7.081
3.231 0.197 0.112 2,453 13.307 | 6.456
6.207 0.384 0.205 ' 3.385 7.789 5.889
8.213 0.468 0.815 5.003 1.921 082
11,264 0.659 1.860 5.891 0.838 2.869
17.892 1,012 7.191 6.809 Kr on KL at 177.3%k
29.412 1.684 10.488 7.081 0.338“| 0.385
39.579 2.139 14,878 7.498 0.674 0.758
45,612 2.412 19.489 | 7.686 2,471 | 2:196




267.

contd., contd. Xe on KL at 169.3%k
P cmlig N m/u.c. P cumHg N m/u.c. || P cmHg N m/u.c.
3.869 2,978 5.521 1.367 0.109 2.273
8.306 4.253 6.673 1.613 0.260 3.366
11,119 - 4.879 10.718 2.276 2,504 4 478
16,609 5.325 13.821 2,681 74205 5.053
25.893 5. 98 19.986 3.278 11,070 5.352
43,151 6.%29 26.612 3.806 2h.964 5.938
3%.371 6.281 33.768 4,261 45.857 6.599
24,370 5.802 46,119 5.913 35.280 6.335
16.165 5.301 42,561 4,723 19.015 5.789
6.188 3,831 34 .896 4,288 9.423 5.254
1.382 1,153 24,619 3.652 5.107 4.849
Kr on KL’at 192.3°K| 16.937 3,006 0.858 3.716
0.924 0.678 8.322 1.863  Xe on KL at 180.5°K
1.638 0.849 4,113 1.062 0.120 1.561
2,641 1.249 Kr on KL at 221.7°H] 0.295 2.527
3.713 1.622 1.300 . 0.263 . 2.568 3.687
6,122 2.412 5,016 0.859 8.282 4,664
8.197 2.783 9.050 1.488 18.019 5.189
13.386 3.685 11.962 1.8132 21.795 5.482
17.987 4,203 15.931 2.178 - 27.246 5.625
26.627 .938 22,583 2.716 45,126 6.095
41,526 5.759 32.200 |. 3.436 49.970 6.212
34,819 5.407 45.325 | 4.038 '38.900 5.898
2k, 624 4,783 51,279 IRANA 24,258 5,45k
16.868 4,063 40.827 3.865 12,281 h,015
11.321 3.387 29.538 3.198 54534 4,297
5.316 2,066 20.686 2.513 1.008 3.041
Kr on XL at 209.6°H| 13,970 1.985 Xe on KL at 199.2°K
0.628 0.287 6,744 1.175 0.059 0.407
1.623 0.537 3.408 0.666 0.133 0.879
3.128 0.859 0.312 2,005 -
g




268,

contd, --
B ‘ j
P cmHg N m/u.c. P cmlg N m/u.c. P cmlg N m/u.c}|
0.830 2,780 Xe on KL at| 226,6°K ? Xe on KL aJ 273.4dK
3.280 3.578 0.735 0.487 - 1.177 0.133
4.579 3.803 1.470 0.879 | 2.292 0.226
7.291 4,197 2.006 1.343 | b4.995 0.506
9.330 4.375 %495 2,296 || 10.759 1.138
18.025 4.583 7.701 2.798 E 15.345 1.555
29,681 4.8i8 11,019 . 3.095 23.000 2,045
46.665 4,978 15.421 3.367 130.297 2.351
37.596 | 5.946 |I 23.485 3.588 Wh.o2k ) 20713
23.315 4,721 ©31.790 3.748 33.725 2.451
12.211 4,431 42.613 3.901 20.112 1.962
5.705 3.968 48,742 3.938 13.227 1.374
2,058 3.217 39.240 3.863 7472 0,813
0.632 2.372 || 24,225 3.636 Ar on Bal at 123.5%K
Xe on KL at 210,9°%% 14.109 3.301 0.221 1.294
o.412 | 1.018 5.680 2.498 0.485 3.051
0.561 "1.289 2.735 1,658 10.623 3.614
1.036 1.705 ||Xe on XL at 258.3°k 1,674 | 54153
2.516 2,501 1.160 0.247 1.803 5.614
4,017 3.021 3.008 0.635 2,312 6.005
6.372 3. 442 h.572 0.925 5.247 6.861
10.215 3.798 5.575 1,066 . 7.473 7.382
15.418 4,052 11.344 1,878 13.105 7955
23.841 L.236 14,429 L2124 20.350 8.352
30.692 4.397 122,821 2,634 29.968 8.573
46.401 4,572 40.755 3.198 45.895 8.789
39.723 4.521 || 32.308 2.971 36.626 . 8.695
34,214 L, uké 18.175 2.343 25.559 8.497
22.342 L.203 8.118 1.431 18,926 8.321
13.226 ~3.946 2,290 0.491 9.851 7.693
5.467 3.283 : 4,367 6,650
1.623 2,145 - 0.805 4,562




‘26‘: a_' |

Ar on Bal at 137.6% contd.

P cmHg ™ N m/u.c. P cuHg N m/u.c. P étitHg I~ m/u.c.
0.142 0,302 18.392 4.610 Ar on Bal at 172,0°K
0.315 0.657 || 21.610 5,066 |l 0.772 0.195
0.867 1.458 29.609 5.382 2.381 0.438
1.232 1.845 LY, 748 6.042 3.326. 0.568
1.712 2.811 || 41.583 5.848 || 5.607 0.891
2.341 2.956 || 35.096 . 5.587 6.610 1.036
3.608 3.862 27.248 5.229 9.615 1.357
5.211 4.492 19.396 4,698 18.967 2.195
7.403 5,158 14,728 4,262 30.984 2.907
9.526 5.592 8.811 3.418 L4, 515 3.585

12,410 5.961 5,419 2.591 40,003 3.386

18.233 6.591 Ar on Bal at 164.9°K| 33.u48 3,125

31,187 7.115 . 0,965 0.239 2h.283 2.503

hh.512 7,487 1.870 0.451 13,844 1.696

37.794%  7.283 3477 0.919 8.623 1.232

26.789 6.976 h.758 1.205 4,364 0.730

14.526 6.212° 8.979 2.018 Ar on BaL at 185.8°K

10.918 5,812 11.758 2,467 - 0.941 0.079

{ 5.896 . h.7u3 " 14,607 2.701 2.954 0.210
| 2.671 3.228 19.163 3,098 4,281 |. 0.321
Jar on Bal at 151.8°Y 23.928 | 3.394 8.325 0.604

' 0.393 0.328 35.326 '| 3.864 12.629 | 0.863
1.214 0.774 46.785 L.372 19.783 1.250
1.803 1.090 38.240 h.o22 28,321 1.681
2.987 1.549 31.008 3,712 h3,172 2.384

] 3.801 2,087 20,798 12.190 || = 50.000 2,724

6.612 2.864 | 10,545 2,271 || - 40.518 2.235

10,589 3.678 I 6.222 1.593 26.273 | 1.574

12,018 3.942 2.310 0.643 18.662 1.184

13.426 4.109 | o 10.10% | 0.731

6.057 0.451




270. R

Ar on Bal at 193.2°K ¥r on Bal at 1&0.3°K Kr on Bal at 177.09K

P- cmHg N m/u.c. P cmHg N m/u.c. t P cmHg |N m/u.c.
0.922 0.071 0,168 1,864 0.635 1.045
3.062 0.155 0.333 3.750 1.578 1.943
6.496 0.358 0.512 5.321 2.615 2.684
11.515 0.665 1.328 6.163 _', 4.834 3.765

15.872 0.828 4,780 6.899 5.421 4.036

24,010 1.216 6.658 7.127 11.425 | 5.097

35,314 1.586 12,744 - 7.497 18.233 5.642

47.503 2,045 19.836 7.718 32.284 6.193

44,938 1.838 - 36.968 8.093 39.315 6.350

27.915 1.350 50.738 8.231 43.726 6.419

19.548 1.025 40.326 8,056 48.437 | 6.589
9,209 0.503 32,127 - ' 7.923 k2,103 6.398
4. 463 o.256 Il 16.266 7,642 30.580 | 6.121
Kr on Bal at 134.5°K 9.232 7.330 15,042 5.433
0.108 2.510 2,089 6.391 7.928 h.638
0.245 h,2ul Kr on BalL at 162.3°k 3.284 | 3.082

' 0.316 | 4.861 0.318 t.341  f  1.347 | 1.507
0.506 5,71k 0.754 . 2.833 Kr on BaL at 182.7%
0.892 6.420 1.920 4,277 0.280 0.274
1.626 6.789 2,368 4,736 0.659 0.683
h.154 7.410 3.614 5.462 0.927 0.926
4.897 7+ 506 6.750 - 6.C37 1.155 1.188

- 12,859 7.943 - 10.600 6.5496 -2.309 1.931

23.321 8.235 13.923 6.693 3.246 2.442

37.521 8.402 22,618 ‘6.976 6.781 3.687

Ls5.643 8.466 28.348 7.119 - 8.006 3.915

42.934 8,418 44,088 |  7.333 14,160 h.813

33.033 | 8.397 35.565 7.292 20.053 | "5.281
18.Lk22 8.125 20,043 6.903 30,013 5.632
8.725 7.778 g.750 | 6.360 || B44.523 | 5.916
2,170 6.889 5.163 5.843 || 47.120 | 6.020

0.986 3.659 41.612 5,903




271,

vcontd. _ : contd, .

Ip emlg N m/u.c. P cullg N m/u.c. | P cmHg N m/u.c.
27,340 5.551 I 15,136 3.527 Xe on Bal at 171.2%
17.826 5.092 19.527 3.974 0.054 2,457
11.279 1. 496 24,760 4,327 0.126 3.599

4,066 2.829 36.450 L.908 0.292 - 4,234
1.978 - | 1.58% 4%, 370 5.113 0.783 4.672
Kr on DaL at 190.4°K 38.753 4,987 1.637 5.058

| o.624 0.531 “ 29,819 L ,640 3.716 5.562

1.707 1.087 18,082 3.758 9.h32 54799
3.784 1.856 © 13,015 3.312 19.560 6. 141
4,863 2.265 7+530 2.452 27,729 1 6.332
7.795 2,885 4,067 1.632 %1.635 6.605
11.520 3.hol Kr on Bal at 209.3°kff 48.981 6.712
15.823 3.917 1.327 0.309 .| 38,780 6.527
25.587 L,712 2,781 0.£96 25,416 6.317

129.256 L.,916 h.892 1.123 13.643 5.983
54,500 | 5.459 6.310 1472 | 6.360 5,645
40.830 5.371 8.929 1.7h43 2,265 5.217
26.293 | 4.772 11.821 2,126 0.348 4,486
21.485 L 402 13.806 2.359 Xe on Bal at 181.5%K

8.970 3.076 18.017 2.706 0.186 - 2.364
5.896 | 2,485 || 24,811 3.172 0.318 | 3.725
2.520 1.384 33.221 3.723 1,682 4,672
Y Xr on BaL at 194.6°K 49,597 4.530 2.997. 4,993
0.598 0.292 43,278 4,163 7.635 5.507
1.628 0.787 36.812 3.862 9.850 5.632
2,549 1.109 26,614 3.327 21.765 5.962
3.760 1.507 i 21.138 2.943 32.007  6.094
5.777 2,144 15.816 2.548 13,915 6.234
9.418 2.838 10.372 1.958 b L7.805 6.286
10.869 3.115 3.077 0.773 Lo.,724 | 6.197
h1 | |
1
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contd. . ' contd, . contd.
i
P culg N m/u.c. IE P cmHg N m/u.c. P cmiHg | N m/u.c.
31.308 6.083 4i.s2h | 5.327 16.580 | 3.976
14,281 2.786 %1.658 5,272 27.091 4,298
5.613 | 5.348 26.277 5.236 42,564 4,424
0.503 4,048 14.305 5.075 33.975 | 4.374
Xe on BalL at 199.3%k| 4,438 4,575 1 21.316 L, 15k
0.163 1.736 | 1.213 | 3.821 14.037 | 3.782
0.399 2.787 Xe cn Bal at 223.1°K 6.782 | 3.031
0.963 3.963 - i|' 0.342 o.s24 {1 3,702 | 2.303
- 2.856 4 478 1,031 1.431 { 2.360 1.720
6.130 4,904 * 1.836 2.294 ,? 1.523 1.059
12.253 5.211 2.298 | 2.642 ! Xe on BaL at 258.3°K
25,462 5.399 I 4,579 | 3.594 0.975 | 0.315 |
46.862 5,492 2.880 | L4.oks 3.158 | 0.913
44,356 5.468 12.293 4,301 T 6.212 1.552
32.067 5.403 21.215 %.531 7.465. 1 1.778
19.87h 5.324 34.190 4h.640 14.550 2.659
7.664 5.008 43,513 4.723 22,919 3.095
§.392 o761 || 39.858 | 4.691 35.236 | 3.430
1.640 4.236 27.161 h.61h 43,311 3.495
Xe on Bal at 204,9°k|| 15.525 4.394 -} 40.928 | 3.468
0.335 1.739 9.845 | 4,186 | 28.220 | 3.296
0.604 3.038 5,744 | 3.812 17.715 |- 2.833
0.935 3.562 3.430 | 3.217 12,112 2.398
2.219 b,141 1.405 1.888 4.770° | 1.264
3.810 | 14,486 Xe on BaL at 239.2°K 1.772 | 0.532
7.780 4,836 0.965 0.463 Xe on BalL at 273.2°K
11.130 | b4.997 1.180 | 0.847 1.153 | 0.165
18.135 5.139 1.738 1.389 2.655 0.429
23.126 5.206 3.423 | 2.197 4,506 | 0.695
33.495 5.309 5.114 2.78é 6.425 0.973
50.840 5.416 9.077 3.352 11.520 | 1.587




contd.

273.

~contd. contd.
P mHg N m/u.c. P cmlig N m/u.c. P cmHg N m/u.é.
1h.158 1.862 1.354 2,182 7.876 1.708
21,327 2.387 2.110 2.684 1.656 0.428
26,175 2.608 L .06k 3.305 Kr on HL at 210,19k
142,515 3.075 6,027 3.628 1.390 0.101"
36.410 2.976 9.910 L.12h k.615 0.358
18.54h 2.187 15.064 h.h1s 6.2L46 0.507
8.701 1.298 22.319 L.779 . 10.655 0.816
3.133 0.510 | 29.231 4.907 16.982 1.243
1Xr on HL at 1%2.5 7] 43.680 5,203 22.532 1.558
0,065 1.748 41,185 5.175 33.361 . 2,030
0.213 2.380 32,486 L.94s 46.076 2,628
0.4lL1 2.883 20.703 4 .682 Li k27 2.529
0.910 | 3.4m 14,980 4,408 35.106 2,163
1.823 | 3.79% 8.214 3.912 29.616 1.906
2,075 | 3.902 1.203 1.87k 15.590 1.179
3.685 | 4,470 Kr on HL a{ 189.9°K 7.834 0.624
7.765 4,956 0.518 0.179 3.026 0,202
15,550 5.399 1.096 '0.324  Kr on HL at 230.6°K
21.030 5.587 ° 3.260 0.817 2.314 0.069
31.110 | 5.863 b.112 1.002 3.867 0.124
44,517 | 6.019 6.771 1,502 5.928 0.254
48,472 6.181 9.511 " 1,907 - 9.546 0.367
35,134 5.90L 11.909 2,221 16.184 0.612
24%.213 5.687 14.950 2.497 21.328 -0.793
11.458 5,190 18,845 2,876 27.165 0.974
L9k 4,526 23.963 - 3.157 Lk.719 1.496
3.567 4,167 34,743 3.627 38.627 1.312
Xr on HL at 161.7°K 43.926 4,058 'q 32.135 1,143
0.374 0.712 40.819 3.896 2h,213 0.858
0.662 1.306 27.322 3.321 18,345  0.687
1.099 1,694 15.838 2.597 13.073 0.493
1. | 7.082 0.‘315




Kr on LiL at 143.5%

27h. .

contd. contd,
P cmlg N n/u.c. P cmlg N m/u.c. P cnllg }N m/u.c.
0.133 1.655 52.690 6.069 8.592 . 2.392
0,327 | 2.731 31.921 5.801° § 13.314 2,956
0.538 3.462 22,853 5.632 18.987 3.322
1.015 4,196 - 16,072 5.394 23.80%4 3.582
1.909 4755 | 6.518 4.573 32,724 3.998
3.614 5.281 2.834 3.312 46.312 4,352
5.798 5. 579 1.013 | 1.807 44,809 4,283
9,656 5.923 (r on LiL at 176.6°K. 37.321 4.058
11,600 5.958 0.632 |, 0.586 29.213 3.862
16.430 6.204 1.295 1.164 20,079 3.376
22,340 6.350 | 2.451 1,705 11.613 2.725
30,005 6.477 g 2.932 1.900 5.207 1.833
45.112 6.568 | 4.010 2,412 {Xr on LiL at 221,0°%K
41,753 6.534 E 6.94k 3. 154 1.551 0.150
27.615 6.413 9.480 3.716 2.519 0.206
18.103 6.273 12.070 3,954 4,110 - 0.340
7.864 5.721 19.038 A 7,650 0.705
2.130 4.796 25.335 4,705 12,420 1.091
0.316 2.502 31.898 k.923 17.715 o 1.481
Kr on Lil at 162,1°k| 45.231 5.237 25.794 1 1.990
0.738 - 1.316 I 35.624 5.004 32.839 2.379
1,060 2.203 || 29.923 |- 4.824 45.136 2.854
2,015 2.719 20.200 4,492 50.385 3,018
2.957 3.495 15.206 4,196 35,095 2,426
3.968 4,002 5.583 2.821 27,023 2.012
7.906 4,851 1.017 0.872 21,632 |+ 1.698
12,460 5.279 ' Kr on LiL at 195.3°% 10.318 0.897
14.823 5.387 1,012 | 0.362 6.816 | = 0.596
19,500 5,528 1.538 | * 0.746 ’ |
28,480 5.795 2.376 . 1.032
45.002 5.986 %.186 1.607




Kr on CsL at 143,2°% Xr on CsL at 193.4°%k

275.
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-

contd,

P‘cmHg N m/u.c. |} P cmHg N n/u.c. P cmHg N m/u.c.
0.194 1,538 0.928 0.312 é_ 21,690 | 1.929
0.305 2.184 2,107 o.494 | 9.700 1.107
0.613 2,661 3.321° 0.769 ; 5.215 0.687 |
0.915 3.654 4.164 0.897 | 2.687 .| 0.339
1.243 3.906 6.322 1.308 | Kr on CsL at 223.8%
3.312 4.577 7.116 1.434 0.215 0.023
6.503 5.065 11.723 2.079- 1.903 0.069

14,381 5.387 13,018 . 2,313 3.321 . 0.122

27.384 5.535 21.145 2,869 5.474 0.192

4l 513 54593 28,231 3.218 10.770 | 0.388

50.382 5.614 45,614 3.728 15.925 0.522

36.485 5¢522 44,102 3.697 20.422 0.669

25.138 5.505 35.007 3.476 I 25,626 0.838
9.757 5.191 23.624. 3.002 | 32.080 1.011
1.857 4,287 17.118 2.553 4y, 487 1,354
0,103 3.220 9.625 1.842 43.817 1.294
Xr on CsL at 176.7°K  5.133 1.124 3l,212 1,215
0.847 0.796 2.726 0.616 23.278 0.735"
1,093 0.895 Kr on CsL at 211,7°K  7.107 0,253
2.023 1.584 0.777 0.139 '“ Kr on Lak a¢>1h1.9°xf
2.959 1.978 1.903 0.286 0.180 2.924
5.501 2.749 ' 3.798 0.537 0.346 3.902 |
8.831 3.288 . 6.476 0.818 0.887 5.573 |

15.500 3.809 7.679 0.995 1.875 6.294 j

19.366 3.992 12,185 1.312 3.791 6.924 |

28,447 h.204 15.012 1,503 4,390 7.077

44,615 4.563 17.285 | " 1.659 ii 8.980 | 7.59%4

40.198 4,519 25.519 2,117 12,380 | 7.734

24,329 | 4,198 34,418 2,408 18.887 | 7.939
12.375 3.596 hs.410 2.698 27.908 8.057
5,973 | 2.589 43,412 2,638 45,121 8.293
1.916 | 1.449 33.015 2,388 51.187 | 8.318

, “ o



contd.’
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contd, contd,
P cmlg Y m/u.c. P cmlg N m/u.c. P cmHg N a/u.c,
41.987 8.178 2,843 2.932 25.614 4,508
32.418 8,098 4,915 3.693 16.158 4.039
21.231 7.953 6.634 4.362 8.716 3.232
14.015 7.725 . 7.913 4.518 2,017 1.213
3.211 6.752 12.631 5.163 Kr on Lal at 196.4%k
0.520 4,763 15.710 5.358 1.212 0.459
Kr on LaL at 159.6°K 21.696 5.617 2.919 ' 0.516
0.453 2,096 | 31.36% | 5.898 3.748 1,206
1.104 3.592 45.324 | 6.234 6.686 1.950
1.676 4,125 41,397 | 6.168 10.535 2.597
2.815 4.089 33.012 5.970 12.660 2.856
5.004 5.719 26,843 5.768 16,960 3.356
6.280 6 . OBl 18,104 5,487 21.905 3,667
9.250 6.289 10.664 4,973 25,075 3,749
13,305 6.569 5,723 4,065 35.875 b.179
19.180 |  6.760 3.928 | 3.438 | 4,518 4,292
28,958 7,043 1.122 1.1462 49,980 4,372
42,513 7.162 || Kr on Lal at 175.9°K 37.126 ho173
53.780 7,405 0.432 0.310 I 29.516 3.953
41,017 7.138 1.256 0.931 "15.627 3,147
33.672 7.008" .' 3.312 ~1.745 8.311 2,198
19.195 |  6.789 4.739 2.h21 Kr on LaL at 218,2°%K
11.186 6.432 6.625 2,792 “ 1.894 0.324
3.948 5.452 9.642 3.396 3.625 0.496
0.631 | 2.58% | 13.9217 | 3.932° | 6.217 0.849
Kr on LalL at 166.3°K19.875 | 4.306 9.423 1.320
0.315 0.658 | 28.013 | 4.635 14,617 £ 1,849
0.673 1.011 36.338 4,860 18.824 2.197f
1.&35 1.879 46.380 5,066 24,586 2,516
1.782 2,250 41,012 | 4,807 I 43.018 3,162
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contd. » contd. contd.
P cmHg |~ m/u.c. P cmHg N m/u.c. P cmHg N m/u.d.
40,485 3,078 21.294 7.912 ho2hy -} 2.963 .|
30.978 “2.828 1 31.627 | s8.os8 | 7.976 3.686
21.527 2.384 L5.325 8.187 9.398 3.517
17.620 2.003 | 39,768 8.173 12.960 4,291
12.132 1,564 26.138 7.991 . 18.763 Lh.667
8.318 1.076 15.614 7.768 24,064 4.879
h.625 0.729 7.139 7.310 30.105 5,158
Kr on LalL at 223.8%) 3-896 6.8h2 - 37.995 - 5.396
1.115 | 0,182 0.018 3.016 46.700 5.599
2.312 0.224 Xr on H-ER at 171.3%]| #3321 5.498
54134 0.458 0.245 0.943 32.013 5.183
9,847 0.795 0.897 2.530 21.639 h,7hs
12.470 0.991 2.271 3.564 14.619 4,382
15.815 1.155 3.590 4.0h42 5.887 3.382 .
21,259 1.443 6.380 L,709 1.968 1.963
27.008 1.669 7.321 4.893  lir on HER at 211.5%
41,956 2.105 11.455 5.306 0.874 0.448
37,012 1.911 16.310 |  5.697 2.813 0.984
22.618 1.481 20.777 5.955 6.792 1.674
17.868 | 1,293 26.121 6.194_ | 8.219 1.983
7.106 0.61k4 33.240 6.415 11.343 2.428
4,011 0.356 ko.590 6.579 16.026 2.296
Kr on HER at 141.9% 4l . 848 6.70k ° | 21.813 3.128
0.002 1.044 39.019 6.510 28.145 3.397
0.029 3.629 23,568 *6.071 37.097 3.642
0.248 h.492 - 8.914 5.068 || 46.321 3.786
0.433 5,598 4.583 4.371 i 42.230 3.679
1.382 6.215 1.318 2.842 34.626 | 3.582
2,768 6.579 Kr on HER at 187.4% || 25-%31 | 3.321
4,983 7.038 0.703 1.023 17.157 3.024
8.580 7.409 1.328 1.524 ‘ -
13.680 7,717 2.693 2.387
| I




278.

_ . cantd, - contd. contd.,

P cmHg N. m/u.c. P cmHlg N m/u.c. U P ecmlg |N m/u.c.
11.816 T 2,448 36.429 4,153 2,187 1,587
9.321 | 2.156 46,445 4,255 4.319 1,932
5.128 1.468 h2,83% Lh.193 54828 2,089

Kr on HER at 229.3°K || 30.012 It .008 10.812 2.342
0.720 0.062 15.384 3.720 18,146 2.578
2,132 0.231 9.612 3,495 ‘r'21.968 2,675
3.823 0.384 2.351 2.836 28,654 | 2,792
8.016 0.781 0.238 1.845 36.715 2.867
9.438 | 0.872 Kr on H~CFF at 163.8°K. |
15.873 1.263 0.014 0.275 || 45.230 -| 2.986
21.739 1.624 0.h62 1.356 38.615 2.892
25.132 1.843 0.618 1.554 32,132 2.826
35.078 2,189 2.173 2.081 25,014 2,713
44.739 2,456 2.928 2,197 14,421 2,496
40,006 2.372 4,630 2,409 8.754 2,273
29.756 | 2.007 '5.588 2.487 3.296 1.784
20,283 1,513 8.730 2,881 1.625 1.432
13.002 1.132 12.992 2.911 - 0.458 1.034
5.624 | 0.564 1 18.791 2.971 Kr. on H-OFF at 1907
Kr on H-OFF at 144.4%26 745 3.111 0.002 | 0.228
0,091 0.6u4k 37,887 3,336 0.537 | 0.705
0.109 1.h29 43.105 3.h12° 0,823 0,941
0,396 2.185 39.896 3.383 1.345 1.075
0.789 2,476 31.254 }  3.186 2.518 1,308
3.812 | 3.077 20.511 2,987 || 4.257 | 1.550
5.112 | 3.261 15.493 | 2.896 7.989 | 1.805
7.100 3.388 6.621 2.518 10,952 | 1.922
12,004 3.613 1.016 1.827 15.810. ] 2,060
1,214 3.689 Kr on H-OFF at 178.2°k
20.442 3.867 0.279 0,723 20,348 2.123
28.301 %.039 0.865 1.248 ||. 25635 2.223




contd, Acontd.

P amHg N m/u.c. P cmHg N m/u.c.
32,478 2.315 34,385 12,076
34,927 2.388 24,757 1.973
45,732 2.493 14.458 1.784
40,968 2.414 7+ 569 1.506
29,629 2.292 3.862 1.174
22,003 2.182 | ‘
12.589 1.987 Kr on H-CFF at 231.3°K
5.517 1,656 0.623 0.073
0,783 0.853 1,346 0.178
' o 3.321 0.385
Kr on H-OFF at.213.8 K 7. 543 0.726

0.586 0,432 12.738 1,003
1.012 0.597 16.015 1.126
1.978 0,872 - 24,232 1.382
2.693 1,013 33.160 1.548
- 5.986 1.389 44,372 1,694
10.012 1.668 49.463 1.816
" 120321 1,720 39.315 1,647
17.938 1.864 25.973 1.403
23.652 1.958 18.014 1,187
29.005 2.066 10.521 0.898
39.286 2.137 6.034 0.597
Lh,927 2,175 . 2,126 0.253

43,321 2,162 | '
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Auxiliary terms used for calculation of the equilibrium .

constant K" and the thermodynamic properties in the cor-

responding standard state (a; mi/ﬁ = 1). "“ Y
C = k,N henée al =x.a where k, = 192
S 1 ’ S - 1 S, 1 Mo"I-
1

Cg = k2P, where k2 = 73§T

M - weight of the unit cell (Table 15).

¥V - water content, cc/g (Table 15).

o

T -~ temperature K.

R - gas conétant.

The relatioh betwéen the equilibrium constants K' .
and K" is, cbnsequenfly, K" = El X! andrthg aétivity co-
efficients are independent of tﬁe,units of concentration
used. ' v .

In the standard state associated with K" (aé = 1)
the concentration of the‘sorbed phase cg.can be obtained.

Graphs of ag as a function of N, Fig. 85,86 and 87, give,ﬁ

for each temperature, the N which corresponds to a_ = El
. , .
(a' =%k, a , when at =1, a = —l).' The X's corres-'j
s 1 s , s .8 k1
ponding to these values of N tan he obtained from Fig. 88,

89 and 90 and c® calculated,. as c? = - when al = ¥c¢ © = 1.
s S s Y s.. s .

2



Structure analyses on Bal based on Fourier syntheses.

The analyses were carried out in collaboration with Dr.

H. Villiger. The computer programs used were those given in

reference 11, Both hydrated and dehydréted forms of Bal were

investigated. For the intensity measurement in the former

case a powder diffractometer pattern, obtained at room temper-

ature.was used and
55000, measured by

meter.

The structuré»

reliability factor
like X* in KL(11).
hydrated structure

corresponds to the

in the latter - Lenné powder pattern at

means of Joyce double-beam microdensito-

of the hydrated form was .refined with final
RI = 0,18. Ba++ was found fq be positioned
The present stage of refinement of the de-
at high'temperature (RI'as given on p. 0)

following parameters:

Fractional _ .

Atonm occupancy. x y z B
Bat"| 0.0350 0.1885 0.3770 '0.0000 4.0
Baz | -0.0480 0.1262 0.252h 0.1000 6.0
Ba3 0.067 10,3620 0.7240 0.1476 6.0
Bal 0.063 0.0000 0.1380 0.3524 6.0
Ba5 . 0.018 0.0500 ~0.1000 0.5000 6.0
K1 0.070 0.3333 0.6666 0.5000 4.0
K2 0.090  0.0000 0.5000 . 0.5000 4.0
X 0,032 0.3333 0.6666 | "0.0000 4,0
06 0.50 ' 0.1262 0.4640 0.0000 2,8
05 0.50 0.4k267 | 0.8534 0.2388 2.5
ol 1.00 0.1010 0.4078 0.3560 3.0
03 0.50 0.2675 0.5350 0.2760 4.5
02 0.25 0.1654 0.3308 0.5000 2.0
01 0.25 0.0000 0.2687 0.5000 2.0
Si2 1.00 - 0.1662 0.4965 . | 0.2087 2.0
Sit 0.50 .0.0916 " | 0.3595 0.5000 2.5
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